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Abstract

Background: Data on the impact of species diversity on biomass in the Central Himalayas, along with stand
structural attributes is sparse and inconsistent. Moreover, few studies in the region have related population
structure and the influence of large trees on biomass. Such data is crucial for maintaining Himalayan biodiversity
and carbon stock. Therefore, we investigated these relationships in major Central Himalayan forest types using non-
destructive methodologies to determine key factors and underlying mechanisms.

Results: Tropical Shorea robusta dominant forest has the highest total biomass density (1280.79 Mg ha™') and total
carbon density (577.77 Mg C ha™') along with the highest total species richness (21 species). The stem density
ranged between 153 and 457 trees ha™' with large trees (> 70 cm diameter) contributing 0-22%. Conifer dominant
forest types had higher median diameter and Cedrus deodara forest had the highest growing stock (718.87 m?
ha™"); furthermore, C. deodara contributed maximally toward total carbon density (14.6%) among all the 53 species
combined. Quercus semecarpifolia-Rhododendron arboreum association forest had the highest total basal area (94.75
m? ha™"). We found large trees to contribute up to 65% of the growing stock. Nine percent of the species
contributed more than 50% of the carbon stock. Species dominance regulated the growing stock significantly (R* =
0.707, p < 0.001). Temperate forest types had heterogeneous biomass distribution within the forest stands. We
found total basal area, large tree density, maximum diameter, species richness, and species diversity as the
predominant variables with a significant positive influence on biomass carbon stock. Both structural attributes and
diversity influenced the ordination of study sites under PCA analysis. Elevation showed no significant correlation
with either biomass or species diversity components.

Conclusions: The results suggest biomass hyperdominance with both selection effects and niche complementarity
to play a complex mechanism in enhancing Central Himalayan biomass carbon stock. Major climax forests are in an
alarming state regarding future carbon security. Large trees and selective species act as key regulators of biomass
stocks; however, species diversity also has a positive influence and should also reflect under management
implications.

Keywords: Biomass hyperdominance, Elevational gradient, Growing stock, Large trees, Carbon allocation, Forest
management
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Background

For adequate ecosystem functioning and management,
biomass as well as species diversity together play a crit-
ical role and they also address the two most predomin-
ant challenges viz. climate change and biodiversity loss.
Experimental models and long-term studies under grass-
land ecosystems have established a positive relationship
between species diversity and productivity (Tilman et al.
1997; Tilman et al. 2001). These studies regarded niche
complementarity as the underlying principle behind the
effects of diversity on productivity with a rationale that
resource use and availability is greater under diverse spe-
cies. However, the effects become more prominent in
the long term. In short-term studies, the single species
dominant systems appear the most productive (Cardi-
nale et al. 2007). Several studies (Szwagrzyk and Gazda
2007; Day et al. 2014; Mensah et al. 2016; Zhang et al.
2017; Li et al. 2018) under forest ecosystem implicate a
positive relationship between tree species diversity and
biomass; however, most of them reported weak positive
correlation. Furthermore, the tree strata diversity affects
the diversity and biomass relation of the understory
vegetation (shrubs and herbs). The trend, however, is
not ubiquitous. Jacob et al. (2010) reported higher bio-
mass under monocultures than under diverse old-
growth forest counterparts. While, mature to old-growth
primary forests are indispensable for their carbon and
biodiversity repository, and it is primarily the presence
of large diameter trees that hold major carbon stock in
these forests (Gibson et al. 2011). From a global perspec-
tive, it is evident that irrespective of their density, the
large diameter trees (diameter > 60 cm) contribute sig-
nificantly to biomass and their loss could yield a reduc-
tion in structural heterogeneity and the carbon capture
potential of forests (Lutz et al. 2018). These mature for-
ests, therefore are more resilient and provide long-term
carbon pool reservoirs (Day et al. 2014). Thus, apart
from diversity, the forest structure is also critical in deci-
phering management implications. Estimation of bio-
mass carbon has other imperatives as well. Consumption
of fossil fuels leads to greenhouse gas emissions which
have increased substantially (Chu 2009). Around 80% of
the total energy consumption in 2018-2019 was from
coal, lignite, and crude oil as a major fuel source in India
(Energy Statistics 2020). Consequently, the global atmos-
pheric annual CO, concentration has increased from
338.8 ppm in 1980 to 409.8 ppm in 2019, gaining 71
ppm in only 39 years (Dlugokencky and Tans 2020).
Loading of this labile CO, into the atmospheric carbon
(C) pool needs to be managed. One route to achieve this
is through mitigation options which involve reducing the
emissions and sequestering the labile emissions present
into long-term pools (Lal 2008). A practical climate
stabilization measure among other sequestration
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alternatives is terrestrial biotic carbon sequestration.
Forest ecosystems are the largest of all terrestrial ecosys-
tems, globally covering 4.06 billion hectares (30.8%) of
area and India contributes 2% to this global forest area
(FAO and UNEP 2020). Forests have a huge repository
of C, storing 360 Pg C (1 Pg = 10" g) in live and dead
biomass components along with 398 Pg C stored in for-
est soils globally. Along with this, the forest ecosystems
sequester around 1.7 + 0.5 Pg C year '. However, de-
structive anthropogenic activities like deforestation make
forests a net source, e.g., deforestation of tropical forests
alone release 0.3 Pg C year™'; therefore, the forest eco-
systems are not only viable sequestration option but they
need efficient management to preserve their C stock
(Tans et al. 1990; Lal 2008; Lorenz and Lal 2010). India’s
forest cover amount to 71.2 million hectares which con-
stitute 21.67% of the total geographic area (GA) of the
country (FSI 2019). Situated in the foothills of the Hima-
layan mountain ranges lie the Indian state of Uttarak-
hand; it constitutes the central portion of the Indian
Himalayan Region (IHR) (Kafaltia and Kafaltia 2019).
Uttarakhand has the second-highest forest growing stock
(406.8 million cubic meters) and the fourth-highest for-
est carbon stock per hectare in aboveground biomass
(62.77 Mg ha™!) in India (FSI 2019). In the Central
Himalayan grasslands, the species diversity and product-
ivity relationships are well established (Bhattarai et al.
2004; Singh et al. 2005). The information on tree species,
however, is inconsistent. Previous studies in the region
determined associations between species diversity and
biomass; however, elevation attributed the predominant
focus, and the impact of diversity or stand structural
attributes alone were not elucidated (Singh et al
1994; Sharma et al. 2010; Gairola et al. 2011). More-
over, the reports revealed contrasting associations be-
tween diversity and biomass in Central Himalayas.
Gairola et al. (2011) reported no significant correl-
ation between total tree carbon density (TCD) and di-
versity in twelve major temperate Himalayan forest
types, while Sharma et al. (2010) showed a significant
negative correlation between TCD and species diver-
sity in their study involving twenty major Garhwal
Himalayan forest types. With limited studies under
the topic, this creates a need for understanding this
relation in Central Himalayas, since apart from car-
bon management, the conservation of biodiversity is
also crucial for optimum ecosystem functioning.
Therefore, the present study was undertaken with two
broad objectives: (i) determination of growing stock,
biomass, and carbon stock of major forest types in
Central Himalaya along with their comparison with
similar forest types to access their status, and (ii) un-
derstanding the effects of stand structural attributes
and species diversity on biomass and carbon stocks.
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Materials and methods

Study area description

The Garhwal Himalayas of Uttarakhand state in India
(Fig. 1) which lies in the central portion of the Indian
Himalayan Region covering an area of around 32,449
km? represented our study area. Situated in the foothills
of the Himalayas, it gives rise to the two prominent river
systems the Ganges and the Yamuna-Tons basin (Nandy
et al. 2006). The study sites are situated in two districts
viz. Dehradun and Rudraprayag lying between 30° 00’
N-30° 46’ N latitude and 77° 48" E-79° 12" E longitude
covering an elevational range of around 3000 m. To se-
lect areas that represent major forest types of Uttarak-
hand, we selected the forest types having the maximum
forest cover in the state as per FSI (2019) report. The
forest types thus selected represents 63.4% of Uttarak-
hand’s forest cover (FSI 2019). We conducted a prelim-
inary reconnaissance study in 2017 to select the study
areas that comprise of these forest types. The selected
areas represent large stands of a particular forest type,
constitute naturally regenerating forests without planta-
tions, and have a protected legal status to minimize an-
thropogenic influence. Based on these criteria along with
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the ease of access and availability of field research per-
mission, we selected eight forest types as per Champion
and Seth (1968) forest type classification (detailed in
Table 1 and Supplementary Table S1). Physiographically,
the region rises from the Bhabar-Siwalik zone of the
outer Himalaya to the Himadri of the inner Himalayas
(Rajwar 1993). F1 (RNP) and F2 (ASA) had generally flat
topography with a <10% slope. All the other sites
(F3—F8) had undulating hilly terrain with highly variable
slope angles in a range of 20° to 35° and with low (< 30%)
to medium (30-80%) rockiness. The region has a seasonal
climate with three major seasons, i.e.,, winter season
(November to February), summer season (April to
June), and rainy (July to September). A small period
of spring (March) and autumn (October) are also
present between the seasons (Singh and Singh 1987).
The overall climate follows the monsoon pattern of
rainfall having most of the annual rainfall from mid-June
to mid-September. Therefore, the summers represent
the warm dry months and the rainy season represents
the warm and wet months. The maximum temperature
in 2019 ranged between 24 and 46 °C and minimum
between 3 and -30 °C (AccuWeather©, Inc. 2020).
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Fig. 1 Elevational gradient map of Uttarakhand representing study sites. F1-F8 represent the study sites
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Table 1 Study areas with their general properties
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Site Location (District) Avg. elevation  Forest type group* Forest type Legal status
code (m) (Class)®
F1 (RNP) Motichur Range 330 Tropical Moist Deciduous Moist Siwalik Rajaji National Park (Core Zone)
(Dehradun) Forests Sal Forest (3C/C,a)
F2 (ASA)  Asarori Range (Dehradun) 710 Bhabar-Dun Reserve Forest
Sal Forest (3C/
Cb()
F3 Gondar (Rudraprayag) 1663 Sub-tropical Pine Forests Upper or Himalayan Kedarnath Wildlife Sanctuary (Core
(GON) Chir Pine Forest Zone)
(9/Cib)
F4 (CHK) Chakrata (Dehradun) 2140 Himalayan Moist Temperate Ban Oak Forest Reserve Forest
Forests (12/Ca)
F5 (TYN) Triyuginarayan 2158 Moist temperate Kedarnath Wildlife Sanctuary (Core
(Rudraprayag) deciduous forest Zone)
(12/Ce)
F6 (KAN) Kanasar (Dehradun) 2285 Moist Deodar Reserve Forest
Forest (12/Cc)
F7 (CHP) Chopta (Rudraprayag) 2980 Kharsu Oak Kedarnath Wildlife Sanctuary (Core
Forest (12/C>a) Zone)
F8 (TUN) Tungnath (Rudraprayag) 3300 Sub-alpine Forests West Himalayan Kedarnath Wildlife Sanctuary (Core

Fir Forest (14/Cb) Zone)

al: Shorea robusta Gaertn.; Chir Pine: Pinus roxburghii Sarg.; Ban Oak: Quercus oblongata D. Don (Syn. Q. leucotrichophora A. Camus); Deodar: Cedrus deodara (Roxb.

Ex Lamb.) G. Don; Kharsu: Quercus semecarpifolia Sm.; Fir: Abies species

Forest type groups and classes are based upon Champion and Seth (1968) forest type classification

Snowfall in higher elevations begins as early as October
with heavy snowfall during January and February in
temperate and sub-alpine elevations. In the sub-alpine
elevation, F8 (TUN) the snowfall can continue up to
April (Rai et al. 2020).

Furthermore, the microclimate within an area also var-
ies due to slope aspects, topographic relief, windward,
and leeward sides, and even position on the ridge (Kafal-
tia and Kafaltia 2019). Geologically, the study sites lie in
three major tectonic belts viz. (a) the Sub-Himalayan
(SH) belt in the lower elevations comprising of clays,
sandstones, and conglomerates; (b) Lesser Himalayan
(LH) belt which predominantly comprises of sediment-
ary rocks, limestones, grits, shales, and schists; and (c)
The Higher Himalayan Crystalline (HHC) belt mainly
comprising of gneisses and granite (Rajwar 1993;
Mukherjee et al. 2019).

Study design and vegetation sampling

Based on FSI field inventory manual, we classified the
general properties of the area like legal status, topo-
graphy, and rockiness (FSI 2002). The geographic co-
ordinates and elevation were estimated using a handheld
GPS logger (Garmin. GPS 72™) and the slope angle for
the sites was determined using the topographic relief
map from Google Maps (https://www.google.com/maps).
For forest inventory, we randomly laid square quadrats
of dimensions 31.6 m x 31.6 m (~ 0.1 ha) in each forest
type. The minimum distance between the quadrats was

not less than 300 m while in some forest types it was as
large as 5000 m. The plot size is based on FSI field in-
ventory manual (FSI 2002), and is adopted by other in-
vestigators in Himalayan forest types (Thokchom and
Yadava 2017; Banik et al. 2018; Sharma et al. 2018). In
each forest type F1-F6, we laid ten quadrats (10 x 0.1 =
1 ha); however, for upper temperate and sub-alpine
elevations F7 and F8 due to harsh terrain and climatic
conditions, we placed only five quadrats each (5 x 0.1 =
0.5 ha). Overall, 70 quadrats (7 ha) were laid to cover
the forest types in this study. Within each quadrat, we
identified all the tree species, i.e., species that classify as
trees in their growth form by recognized floras, and have
a diameter > 10 cm at breast height (137 cm from the
ground). The circumference over bark was measured at
breast height (CBH) using a measuring tape as per
standard rules (Singh et al. 1994; UNFCCC 2015). For
taxonomic identification, we consulted local floras viz.
Flora of the district Garhwal (Gaur 1999), Flora of Jaun-
sar Bawar (Agarwal 2017), Flora of Rajaji National Park
(Singh and Prakash 2002), Plants of Kedarnath Wildlife
Sanctuary, Western Himalaya: a field guide (Rai et al
2017) as well as the taxonomic knowledge from the local
community.

Stand structure and species diversity

The stand structure or the population structure was ana-
lyzed using density-diameter curves which were plotted
along with the growing stock volume for a comparative
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visualization. The distribution and skewness of the DBH
distribution are represented using a box-whisker plot in-
dicating the overall girth distribution along with the dis-
tribution pattern of large trees (DBH > 70 cm). Various
studies use different criteria to delineate large trees ran-
ging from >60 cm DBH to > 100 c¢cm, and even associ-
ated biomass values (Lutz et al. 2013; Sist et al. 2014). In
the absence of any unified classification system for the
Himalayan region, we regard trees with DBH > 70 cm as
large trees since this parameter is used by various inves-
tigators (Brown and Lugo 1992; Slik et al. 2013; Bradford
and Murphy 2019) thus facilitating easier comparisons.
To determine the species dominance, we calculated the
Importance Value Index (IVI) for each species. Summa-
tion of relative density, relative frequency, and relative
basal area of the species constituted the IVI (Misra
1968). General species richness was attributed to the
total species richness (TSR): number of distinct species
in each forest type. To incorporate sampling adequacy,
we used Margalef’s richness (MR) index to characterize
species richness. Margalef’s richness index, MR = (TSR -
1)/ In(total number of individuals) (Margalef 1958). Spe-
cies diversity was computed using the Shannon-Wiener
index (H') which is the most widely used diversity index.
H' = - Xp;Inp,; here p=ni/n wherein n; is the IVI of
ith species and # is the total IVI of all the species (Shan-
non and Weaver 1949; Magurran 2004).

Growing stock, biomass, and carbon stock estimation

Since the climatic, edaphic, and topographic factors
along with inherent anthropogenic influence modulate
the biomass of a region, therefore, the use of general
biomass allometric equations might be inaccurate for
region-specific studies (Brown and Iverson 1992; Zianis
2008). Moreover, since destructive biomass sampling is
prohibited in protected forest areas, and species-specific
or general allometric equations for biomass estimation
are not available for most of the species in the Indian
Himalayan region, therefore we used a volume-based
method. Other investigators (Brown et al. 1999; Chhabra
et al. 2002; Dimri et al. 2017a) also used a similar ap-
proach. For each individual, wood volume (m®) was
therefore determined using species and region-specific
volume equations (detailed in Table 2) as per the Forest
Survey of India publications (FSI 1996; FSI 2011). For
species where equations were not available, we used
either genus-specific or general equations for the region
(Table 2). The growing stock volume density (GSVD, m®
ha™') for each forest type and their constituent species
was determined through the summation of volume for
each tree individual. Since for forest types, F7 and F8
only 0.5 ha area were sampled, the summation of grow-
ing stock volume (species wise) was extrapolated to 1 ha.
To convert GSVD into aboveground biomass density
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(AGBD, Mg ha™'), we multiplied the GSVD with appro-
priate biomass expansion factor (BEF, Mg m™®) which
converts wood volume into biomass and accounts for
non-commercial tree components like branches, twigs,
bark, foliage, and reproductive parts thus, providing total
tree AGBD (Schroeder et al. 1997). Table 3 details the
regression equations of BEFs and BEF values (Brown
et al. 1999). To determine the belowground biomass
density (BGBD, Mg ha™') which represents the biomass
of root components, we used the regression equation
(Table 3) given by Cairns et al. (1997) (Brown et al.
1999). The equation determines the BGBD based upon
AGBD and latitudinal zone (temperate zone in our case).
Summation of AGBD and BGBD yields the total biomass
density (TBD, Mg ha™") for trees. For aboveground car-
bon density (AGCD, Mg C ha™!) and total carbon dens-
ity (TCD, Mg C ha™'), we multiplied the AGBD and
TBD, respectively with species-specific carbon factor. If
factors were unavailable for a species, broad factors were
used, i.e., 46.19% for conifers; 45.02% for dicot, decidu-
ous; 44.91% for dicot, evergreens; and 45.37% for exotic
species like Eucalyptus (Negi et al. 2003).

Statistical analysis

To understand the impact of species dominance over
growing stock distribution, we ran a linear regression be-
tween Log. IVI and Log. GSVD (at species level) to
quantify the dependence between the variables. For de-
termining the evenness in growing stock distribution
within the forest types, we used one-way analysis of vari-
ance (ANOVA) to compare means of GSVD at quadrat
level within forest types. A two-tailed Pearson’s correl-
ation between the topographic (elevation) variable, total
stem density, large tree stem density, maximum tree
diameter, TBA, GSVD, TBD, TCD, TSR, MR, and H’
using IBM SPSS software (Ver. 23.0.0.0) determined the
degree and direction of the association between the vari-
ables. Mean values for the entire forest types were used
to run the correlation to avoid error bias due to plot var-
iances because of the smaller plot size (0.1 ha). The di-
mension reduction was done by principal component
analysis (PCA) using Paleontological Statistics software
(PAST, Version 4.03) of biomass variable (TBD), species
richness variables (TSR and MR), diversity variable (H"),
and stand structure variable (large tree stem density).
PCA was run using a correlation matrix, and compo-
nents with cumulative eigenvalue (as %) 80% or greater
were retained. Furthermore, a scree plot of eigenvalues
(as % variation) is also considered, and components at
the elbow point (below the broken stick model) were
considered less significant (Zuur et al. 2007). Loading
coefficients and PCA biplot were used to interpret the
association between the variables and principal axes.
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Table 2 List of volume equations for the tree species in the study sites

Tree species

Volume equations

Abies spectabilis (D. Don) Mirb.

Acer caesium Wall. ex Brandis

Acer sterculiaceum Wall.

Aegle marmelos (L.) Corréa

Aesculus indica (Wall. ex Cambess.) Hook.
Albizia procera (Roxb.) Benth.

Alnus nepalensis D.Don

Betula alnoides Buch. -Ham. ex D.Don
Cedrus deodara (Roxb. ex D. Don) G.Don
Cupressus torulosa D.Don ex Lamb.
Eucalyptus tereticornis Sm.

Ficus benghalensis L.

Ficus religiosa L.

Holarrhena pubescens Wall. ex G. Don
Juglans regia L.

Lyonia ovalifolia (Wall.) Drude

Mallotus nudiflorus (L) Kulju & Welzen
Mallotus philippensis (Lam.) MUll.Arg.
Mitragyna parvifolia (Roxb.) Korth.
Picea smithiana (Wall.) Boiss.

Pinus roxburghii Sarg.

Pinus wallichiana AB. Jacks.

Quercus floribunda Lindl. ex A. Camus
Quercus glauca Thunb.

Quercus oblongata D. Don

Quercus semecarpifolia Sm.
Rhododendron arboreum Sm.

Senegalia catechu (Lf) PJ.H. Hurter & Mabb.
Shorea robusta C.F. Gaertn.

Syzygium cumini (L) Skeels

Taxus wallichiana Zucc.

Tectona grandis Lf.

Terminalia anogeissiana Gere & Boatwr.
Terminalia bellirica (Gaertn.) Roxb.

Terminalia elliptica Willd.

V'=0.22742 — 1.06194D + 7.21004D? + 3.04194D°
VV = —0.10851 + 3.04250D

V/D? = 0.16609/D° — 2.78851/D + 17.22127 — 11.60248D
vV =0.220191 4 3.923711D - 1.117475v/D

V= — 0043832 +3.262852D’

VV = —0.136676 + 3.60113D

V= —0.12110+1.58826D + 1.966430D°

V= —000165 + 8209795D°

log.V/ = 2.101388 + 2.418695log.D

VV = —0.0868 + 2.8335D

VV = 0.03629 + 3.95389D — 0.84421v/D

V=0.17994 — 2.78776D + 14.44961D°

VV = —0.207229 + 3.254007D

V=0.03468 — 0.56878D + 4.72282D°

VV = —0.45312 - 0.41426D + 2.10913v/D
V=0.14749 — 2.87503D + 19.61977D* — 19.11630D°
V/D? = 0.099768/D* — 1.744274/D + 10.086934
V/D? = 0.26072/D° — 3.29692/D + 14.71246
V=0.12844 —2.23711D + 11.78506D° — 0.56094D°
V'=0.223139— 2.35096D + 11.90669D>

VIV = 0.47511 - 4.93282D — 2.450475v/D
V=0.06839 - 0.95816D + 6.06105D° + 2.66635D°

V=0.08355 - 1.28586D + 8.76867D° + 1.1215D°

V = 0.06007 — 0.21874+/D + 3.63428D*
V=002384—0.72161D + 7.46888D°

V=0.03085 — 0.77794D + 8.42051D” + 5.91067D°

V/D? = 0.09809/D° — 1.94468/D + 13.36728 — 6.33263D
V = 0.487126 + 3.698924D — 1.856459v/D
V'=0.08847 — 1.46936D + 11.98979D° + 1.97056D°

VV = 0.46976 + 5.99849D — 2.60729+/D

vV = —0.0233308 + 2.803750D

Adina cordifolia (Roxb.) Brandis; Ailanthus excelsa Roxb.; Cassia fistula L.; Grevillea robusta A. Cunn. ex RBr.; Holoptelea integrifolia (Roxb.) Planch.; Naringi
crenulata (Roxb.) Nicolson; Schleichera oleosa (Lour.) Oken: For these species general volume equation for Lansdowne/Yamuna/Tehri/Garhwal division
was used.

V =0.03843 — 0.36982D + 2.62185D° + 7.68659D°

Buxus wallichiana Baill; Carpinus viminea Lindl. ex Wall,; Cornus capitata Wall.; Daphniphyllum himalense (Benth.) Mill.Arg.; Euonymus tingens Wall,; llex
dipyreana Wall.; Machilus odoratissima Nees; Neolitsea pallens (D.Don) Momiy. & H. Hara; Prunus cornuta (Wall. ex Royle) Steud.; Pyrus pashia Buch.-
Ham. ex D. Don; Sorbus foliolosa (Wall.) Spach.: For these species general volume equation for Alaknanda catchment/Chamoli/Pauri Garhwal was used.
V/V=0.60124+5.32265D — 2.921 95\/5

V volume (m?) under bark, D diameter at breast height (1.37 m) over bark in meters
Reference: Aegle marmelos (FSI 2011), rest all the equations are from FSI (1996)
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Table 3 Biomass expansion factor (BEF) values/regression equations and belowground biomass density (BGBD) regression equation

Forest types

GSVD value (m3 ha™")

BEF equation/value (Mg m~3)

GSVD > 200
GSVD < 200
GSVD > 160
GSVD < 160
Pine GSVD < 10
GSVD = 10-100
GSVD >100

Hardwoods

Spruce-fir

1.0

BEF =exp {1.91 — 0.34 X In(GSVD)}
1.0

BEF =exp {1.77 — 0.34 XIn(GSVD)}
1.68

0.95

0.81

BGBD (Mg ha™") = exp [(— 1.0587) + (0.8836 x Ln (AGBD, Mg ha™")) + (0.284)]
exp exponent, Ln natural logarithm

Results

Stand structure and species diversity

Forest types F2, F6, and F8 are pure stands of S. robusta,
C. deodara, and Abies spectabilis respectively with more
than 80% of the total tree density, while the remaining
forest types are of mixed stand type (Supplementary
Table S2). The stem density ranged from 153 to 457
trees ha™' (Table 4). The maximum stem density was re-
corded in 30-40 cm DBH class (21.6%) in F1, 20-30 cm
DBH class (32.6%) in F2, 10-20 cm DBH class (23.5%)
in F3, 30-40 cm DBH class (30%) in F4, 10-20 cm and
20-30 cm (30% each) DBH class in F5, 60-70 cm DBH
class (17.5%) in F6, 10-20 cm DBH class (19.6%) in F7,
and 30-40 cm DBH class (31%) in F8 (Fig. 2). Contribu-
tion of large trees toward stem density was 10.8%, 0%,
20.9%, 3.6%, 8.9%, 22.3%, 19%, and 18.4% in F1 to F8 re-
spectively (Fig. 3). On average, large trees were more
concentrated in temperate and sub-alpine forest types.
The TBA ranged between 94.75 (F7) and 37.40 (F3) m?
ha™' (Table 4). Conifer dominant forest types F6 (51.9
cm), F3 (49.7 cm), and F8 (44.9 ¢cm) had the highest me-
dian DBH (Fig. 3). F2, F4, and F5 had the least spread
indicating trees with even DBH distribution (Fig. 2 and
Fig. 3). F3 showed the greatest spread indicated by its
interquartile (IQ) range along with a higher

Table 4 Tree parameters, growing stock, biomass, and carbon
stock for forest types studied

Site SD TBA GSVD AGBD AGCD BGBD TBD TCD

F1 232 4876 58170 1001.76 45192 27903 128079 57777
F2 457 3860 42500 45706 20847 10911 566.17 25822
F3 153 3740 40915 47182 21566 12436 59618 27252
F4 360 5043 39952 49937 22909 13483 63420 29092
F5 351 5092 44770 75739 34206 21117 96856 43745
F6 275 6724 71887 75883 35020 17657 93540 43165
F7 368 9475 66856 67463 31125 15827 83290 384.27
F8 174 4053 40236 48590 22380 12202 60792 27997

SD stem density (trees ha™"); TBA total basal area (m? ha™"); GSVD (m*® ha™");
AGBD (Mg ha™"); AGCD: (Mg C ha™"); BGBD: (Mg ha™"); TBD: (Mg ha™"); TCD:
(Mg Cha™)

concentration of trees in the lower DBH (25™-50" per-
centile) quartile (Fig. 3). Large trees were predominantly
outliers to extreme outliers in all the forest types indicat-
ing their rarity (Fig. 2 and Fig. 3). Overall, 53 tree species
were present in all the forest types. F1 had the greatest
number of tree species (21) followed by F5 (18) (Supple-
mentary Table S2). Margalef’s richness index ranged be-
tween 0.58 (F7) and 3.67 (F1). Shannon’s diversity index
varied from 0.77 (F2) to 2.63 (F1).

Growing stock, biomass, and carbon stock

GSVD ranged between 399.52 m?> ha™! (F4) and 718.87
m?® ha™' (F6) (Table 4). F1 had the highest AGBD
(1001.76 Mg ha™'), AGCD (451.92 Mg C ha™'), BGBD
(279.03 Mg ha™), TBD (1280.79 Mg ha™'), and TCD
(577.77 Mg C ha™') in our study (Table 4). At the
species level, C. deodara had the maximum percentage
contribution of 14.56% to the TCD, followed by S.
robusta (12.28%) and Q. semecarpifolia (9.96%) (Supple-
mentary Table S3). Gymnosperms contributed 28.54% to
the TCD while the angiosperms contributed the
remaining 71.46%.

The maximum GSVD contribution was by >100 c¢cm
DBH class (32%) in F1, 40-50 cm DBH class (35%) in
F2, >100 cm DBH class in F3, 50-60 cm DBH class
(22.2%) in F4, > 100 cm DBH class (40.7%) in F5, 60-70
cm DBH class (23.3%) in F6, > 100 cm DBH class (30%)
in F7, and 60-70 cm DBH class (14.9%) in F8 (Fig. 2).
Large trees contributed 49.1%, 0%, 58.2%, 15.5%, 64.5%,
50.1%, 65.1%, and 46.2% toward GSVD in forest types
F1-F8 respectively (Fig. 2). Under Moist Siwalik Sal for-
est (F1), S. robusta contributed the maximum to GSVD
(34.22%) and TCD (21.88%). In the Bhabar-Dun Sal for-
est (F2), S. robusta contributed 98.06% toward GSVD
and 90.52% for TCD. In the sub-tropical Himalayan Chir
Pine forest (F3), Pinus roxburghii contributed 51.48% to-
ward GSVD; however, the maximum contribution to
TCD was by Alnus nepalensis (39.47%). Quercus oblon-
gata had the maximum GSVD (50.34%) and TCD
(43.77%) in (F4) Ban Oak forest. Aesculus indica contrib-
uted predominantly in the moist temperate deciduous
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Fig. 2 Graphical distribution of tree density and growing stock volume cor

responding to their diameter classes. F1-F8 represents the study sites

forest (F5) toward GSVD (42.96

%) and TCD (27.87%). C.

deodara had the highest GSVD (85.20%) and TCD
(79.85%) in moist Deodar forest (F6). Q. semecarpifolia
contributed maximum toward GSVD (66.78%) and TCD
(65.75%) in Kharsu oak forest (F7). A. spectabilis was the
dominant contributor to GSVD (84.61%) and TCD
(69.30%) in the sub-alpine Himalayan Fir forest (F8)
(Supplementary Table S2). AGBD contributed an aver-
age of 79.6 + 1.2% to the TBD while the belowground

biomass contributed 20.4 + 1.2% in this study. Tropical
(F1 and F2) and sub-alpine forest (F8) types showed
homogenous GSVD distribution. However, the sub-
tropical (F3) and temperate (F4—F7) forest types showed
a statistically significant difference in growing stock
volume between the quadrats under each forest type [F3:
F(9, 143) = 4.40, p < 0.001; F4: F(9, 349) = 398, p <
0.001; F5: F(9, 341) = 2.55, p = 0.008; F6: F(9, 263) =
3.26, p < 0.001, and F7: F(4, 179) = 4.33, p = 0.002]
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indicating uneven distribution of growing stock. The (R = -0.321, p = 0.44); however, the correlations were
linear regression indicates that species dominance (IVI)  non-significant. Large trees stem density showed a
explains 70.7% of the total variation in the growing stock  significant positive correlation with GSVD (R = 0.754,
(Fig. 4). Elevation was negatively correlated with MR (R p = 0.03). Maximum diameter was significantly positively
= -0.502, p 0.25), H' (R = - 0.464, p = 0.25), and TCD  associated with TBD (R = 0.719, p = 0.045) and TCD (R =
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Table 5 Eigenvalues and cumulative variance explained by components along with loading coefficients and correlation of variables

with principal axes

Parameter Component 1 Component 2 Component 3 Component 4
Eigenvalue 265 1.15 0.19 0.01
Cumulative variance (%) 66.35 28.79 466 0.21

Loading coefficients

Loading correlations

Variable PC1 PC2 PC1 PC2
LTSD 0.146 0.891 0.237 0.956
MR 0.583 -0283 0.949 —-0.304
H’ 0.582 -0.209 0.948 -0.225
TBD 0.548 0.287 0.893 0.307

Loading coefficients of PC1 and PC2 are only represented since these components were the only significant components. Bold loading correlations indicate

significant correlations

PC1 principal component 1, PC2 principal component 2, LTSD large tree stem density, MR Margalef richness index, H' Shannon-Weiner Diversity Index, TBD total

biomass density

0.716, p = 0.046). TBA showed significant strong positive
correlation with GSVD (R = 0.792, p = 0.019). TBD
showed significant strong positive correlations with TCD
(R=1,p<0.001), TSR (R = 0.719, p = 0.044), MR (R =
0.738, p = 0.037), and H' (R = 0.707, p = 0.050). TCD also
showed significant strong positive correlation with MR (R
= 0.720, p = 0.044). PCA axis 1 (PC1) and axis 2 (PC2) to-
gether explain 95.13% of the cumulative variation in the
data (Table 5); moreover, the scree plot indicates that both
the components (PC1 and PC2) lie above the elbow and
the broken stick model (Fig. 5a); therefore, PCA axis 1
and 2 were significant components (Table 5). The eigen-
values and cumulative variation contributed by each com-
ponent are represented in Table 5. PCA biplot indicates
(Fig. 5b) species richness (MR) and diversity (H’) parame-
ters have large positive loading coefficients (Table 5) with
PC1 that explains 66.35% variation in the data. Large tree
density, however, very strongly associates positively with

PC2 (Table 5 and Fig. 5b) which accounts for 28.79% vari-
ance. TBD is correlated only to PC1 along with diversity
and richness parameters, not the large tree stem density
(Table 5 and Fig. 5b). Therefore, PC1 focuses on the diver-
sity and biomass parameters while the PC2 regulates the
large tree stem density (Table 5 and Fig. 5b).

Discussion

Association of biomass carbon stock with stand structure
and large trees

The biomass distribution between pure and mixed forest
stands did not show any trend upon comparison with
similar forest types in this study. For instance, Sal mixed
forest (F1) had higher biomass density than pure Sal
counterpart (F2); however, pure C. deodara forest (F6)
had higher biomass density than mixed oak-deodar for-
est (F4) (Table 4). Under this aspect, population struc-
ture and species composition played a significant role.

T 3 7
nt

(green lines)

Fig. 5 Representation of PCA analysis. a Scree plot indicating the number of significant principal components. Red dot-dash line indicates the
broken stick model, eigenvalues under this curve are non-significant. b PCA bi-plot representing the ordination of sites (F1-F8) and variables

LTSD

oF7

ponent 2

Component 1
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The density-diameter curves (Fig. 2) not only represent
the population structure of a forest but also give inter-
pretation over age structure, successional stage, and re-
generation status (Rao et al. 1990). Forest types F1, F2,
F4, and F8 show lower stem density in the lowest diam-
eter classes (Figs. 2 and 3). This indicates poor regener-
ation potential in these forests or selective harvest of
smaller diameter individuals. Being forest types with cli-
max species viz. S. robusta, Q. oblongata, and A. spect-
abilis, this loss of regeneration could influence the
future carbon stocks of these forests drastically. Previous
studies (Singh and Singh 1986; Singh and Singh 1987;
Rai et al. 2012) in the region also highlight the regener-
ation loss. F2 and F4 indicate unimodal stacking of indi-
viduals (Fig. 2) in the intermediate DBH classes along
with a lower concentration of large trees (Fig. 3). This is
further corroborated with the least spread (smaller box)
in the box plot analysis (Fig. 3), suggesting that these
forests are still maturing and represent even-aged forests
having maximum GSVD stacking in intermediate diam-
eter classes. These forests require stringent management
since natural or anthropogenic disturbance could diminish
the carbon stock of these forests especially F2 wherein
S. robusta is highly susceptible to pest infestation (Singh
and Thapa 1988). Species-specific pest infestations impact
the carbon stock of a region immensely, causing the loss
of standing biomass. Furthermore, the snags and dead-
wood thus produced affect the regeneration potential,
species composition, carbon pool, and fire dynamics in
the region (Lutz et al. 2021). F3, F5, F6, and F7 showed
efficient regeneration with maximum GSVD allocation to
the larger diameter classes (Figs. 2 and 3).

The most prominent observation from stand structural
analysis yields large trees as the chief contributors to-
ward growing stock (Fig. 2). For the even-aged forest
stands, the diameter classes with the maximum stem
density did not have maximum GSVD (Fig. 3). Our
study, therefore, signifies that overall stem density had
no relation with either growing stock or biomass carbon
stock. Furthermore, a significant positive association of
total basal area, stem density of large trees with GSVD,
and maximum DBH with TBD and TCD signify the im-
portance of large trees in regulating the growing stock.
Thus, the occurrence of trees in the larger diameter clas-
ses instead of total stem density is a major stand struc-
tural factor regulating the growing stock in these major
Central Himalayan forest types. Sharma et al. (2010) also
observed no significant correlation between stem density
and total carbon density in twenty major forest types of
Garhwal Himalayas. In this study, the large trees though
constituting only 0-22.3% of stem density contributed
0-65.1% of the total GSVD. In Eastern Himalayas, also
large trees contributed significantly to biomass carbon
stock (Sundriyal and Sharma 1996; Baishya and Barik
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2011). The enormous carbon stock of large trees has
global recognition. Brown and Lugo (1992) concluded
that large trees contributed around 40% to aboveground
biomass in tropical Amazon forest with stem density no
more than 3% of the total. Slik et al. (2013) also reported
25.1-44.5% biomass allocation to large trees in the Neo-
tropical and Paleotropical forest where such trees occu-
pied no more than 3.8% of the total stem density. Large
trees contributed 33% of the total biomass in the Austra-
lian wet tropical rainforest though being only 2.4% of
total stem density (Bradford and Murphy 2019). This
indicates that these large trees are rare in the forest
structure, the box-plot also place such individuals as
outliers from the general population distribution (Fig. 3).
Therefore, the loss of even a single large tree though
may not give any pronounced effect over stem density,
and may go unnoticed but would reduce the carbon
stock of the forest substantially. Furthermore, large trees
are regarded as important keystone species in various
terrestrial ecosystems, and prevent the establishment of
invasive and ruderal species (Gandhi and Sundarapandian
2017; Bradford and Murphy 2019). Luyssaert et al. (2008)
and Korner (2017) aptly justified the significance of old-
growth large trees in maintaining the carbon pool globally
as well as acting as efficient global carbon sinks refuting
the claim that large trees are not efficient carbon
sequesters. There is significance of small and intermediate
diameter trees since these individuals would enhance the
carbon stock of the forest types with time on account of
their higher carbon sequestration potential (Gandhi and
Sundarapandian 2017). In our study, we saw the prepon-
derance of intermediate DBH classes in all forest types
except F5 and F7 (Fig. 2); this explains lower recruitment
and exploitation of higher diameter classes in maturing
forests. A similar trend was also observed by Saxena et al.
(1984) in Kumaun Himalayas. F5 and F7 indicate decreas-
ing tree density with increasing DBH classes (Fig. 2), and
Sundriyal and Sharma (1996) regarded such a trend as a
sign of healthy forest structure.

ANOVA results show between groups (quadrats) vari-
ability among all sub-tropical (F3) and temperate (F4—
F7) forest types, also visualized by broader IQ range for
these zones (Fig. 3). Uneven distribution of large trees
predominantly causes such heterogeneity. Similar observa-
tions were also reported by Gandhi and Sundarapandian
(2017) in the tropical dry deciduous forest of Eastern
Ghats, India. Thus, even the slightest destruction on
account of anthropogenic activity could lead to greater
carbon stock loss for such forests.

Association of biomass carbon stock with species
diversity

Species composition plays a vital role in modulating for-
est carbon stocks. Negi et al. (2003) reported maximum
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carbon allocation in the conifer woods followed by dicot
deciduous and dicot evergreen species. This pattern is
evident since the top ten species in order of TCD (Sup-
plementary Table S3) are either conifers or dicot decidu-
ous. Oaks being evergreen still have a higher carbon
content in their wood along with a longer rotation
period as compared to other evergreen species leading
to higher TCD (Sharma et al. 2010). The total species
richness recorded in this study (4-21 species) is within
the range reported (7-22 species) for Garhwal Hima-
layas (Sharma et al. 2018). Our diversity (H') value
(0.77-2.63) was higher than the values reported (0.28-
1.75) for major forest types of Garhwal Himalayas
(Sharma et al. 2010). Since the study sites fall under re-
served forests, wildlife sanctuary, and national park,
therefore, the anthropogenic disturbance is quite limited
thereby realizing the true diversity potential of the re-
gion. The regression analysis (Fig. 4) indicates the im-
portance of species dominance as a predictor in growing
stock contribution. IVI incorporates the three major
components of a species viz. relative density, relative fre-
quency, and relative basal area, therefore IVI gives a true
sense of species dominance to a species relative to its
population. This relation justifies the organization of
species in decreasing order of TCD contribution (Sup-
plementary Table S3) since the top-level species are
either dominant or co-dominant species for different
forest types. This relation is significant under forest
management since basic phytosociology could identify
prominent species that could be earmarked for conser-
vation and afforestation plans.

In our study, just 9.4% of the total species accounted
for 50.6% of the TCD in the study (Supplementary Table
S3). Corollary to this in the Amazonian forest just 1% of
the total species account for 50% of the total carbon
stock and productivity (Fauset et al. 2015). This indicates
that there is biomass hyperdominance in these major
Central Himalayan forest types. Biomass hyperdomi-
nance is a concept wherein a small number of species
have a disproportionate effect on total biomass and
productivity (Fauset et al. 2015). Such species thus be-
come indispensable under management implications.
Our results also indicate a strong significant positive
correlation between species richness, diversity, and bio-
mass density. Gogoi et al. (2020) in Eastern Himalayas
reported a weak positive association between species di-
versity (H') and TCD (R*= 0.25, p < 0.05). Behera et al.
(2017) reported strong positive correlation between spe-
cies richness, species diversity, and above-ground bio-
mass in Indian tropical deciduous forests with S. robusta
and Tectona grandis as major elements. Several investi-
gators have also shown a positive relationship between
species richness and biomass globally (Day et al. 2014;
Mensah et al. 2016; Zhang et al. 2017; Sintayehu et al.
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2020). This association of biomass with species diversity
is mutually beneficial for conservation, and plays a key
role under management implication. Any management
plan must not only focus on biomass enrichment but
also aim to maintain if not enrich the biodiversity. In this
regard, monospecific plantations would harm the eco-
system functions of such forests. Furthermore, with ap-
propriate management strategies, the forest types studied
provide co-benefit of biomass and biodiversity enhance-
ment. It is recommended to consider the prominent
native species for each forest type along with endemic and
threatened Himalayan species for management practices.
In recent times, exotic and commercial species such
as T. grandis, Eucalyptus sp., P. roxburghii are being given
more preference over the native species for management
purposes (Singh and Singh 1987). These species have a
smaller rotation period than their counterparts like S. ro-
busta and oaks (Sharma et al. 2010), thus such manage-
ment efforts would yield only short-term carbon gains on
the cost of long-term carbon storage and biodiversity.

The results from PCA analysis (Fig. 5 and Table 5) sig-
nify the role of both large tree density and species diver-
sity in influencing the ordination of study sites. F1 and
F5 cluster together in the positive direction of PC 1
since they have maximum diversity, species richness,
and TBD (Fig. 5b). Therefore, in these sites, manage-
ment of diversity is crucial for securing carbon stock.
Sites F6, F7, and F3 ordinate in the positive plane of PC2
having a maximum correlation with large tree stem
density (Fig. 5b). These sites thus require stringent man-
agement to secure large trees to preserve the carbon
stock; moreover, these sites represent poor species rich-
ness and diversity. Management strategies could focus
on this aspect too. Sites F2, F8, and F4 club in the bot-
tom left quadrant indicating that these sites have the
lowest values for all the variables as all the variables
point in the positive and increasing values of compo-
nents (Fig. 5b). These sites require special attention, the
management strategy for such regions require focus for
the preservation of natural regeneration, enrichment of
diversity through plantations, and preservation of exist-
ing large diameter trees. Sintayehu et al. (2020) reported
that functional diversity traits (maximum DBH, max-
imum tree height, wood density) are more strongly cor-
related with Ethiopian woodland aboveground biomass
than species diversity components. Based on this, they
considered that the natural ecosystems might have
achieved their species richness potential. In our study,
both the functional traits (maximum DBH) and species
richness traits correlate significantly with biomass, indi-
cating that our forests can still accommodate more spe-
cies. Therefore, management implications can aim in
enhancing the biodiversity of forest stands which would
concurrently enhance the carbon stocks. Our PCA
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Table 6 Comparative review between biomass and carbon stock estimates in similar forest types reported under previous

investigations and the present study

Reference

Region Comment AGBD AGCD TBD TCD
Tropical to sub-tropical forests with presence of S. robusta
Present study (F1 and F2) Mixed and pure S. robusta dominant forest 457.1- 208.5- 566.2— 258.2—
1001.8 4519 1280.8 5778
Nepal' No correlation between species richness and biomass carbon - - 254+72 120+ 34
Cambodia® Biomass carbon of tropical evergreen and semi-evergreen forest - - - 1638 £
78
Tripura® No correlation between species diversity and biomass 110.5- 553-89.9 139.3- 167.6—
179.9 2266 219.7
Meghalaya* Tropical semi-evergreen Sal plantation 406.0 2032 - -
Meghalaya® Primary tropical old-growth forest 3237 1584 3745 1823
Uttarakhand® Moist deciduous Shiwalik Sal forest 268.6- - 3384- 169.2—
(Dehradun) 3477 4382 219.1
Uttarakhand’ Negative correlation between species diversity and total carbon density  279.6 + - 3465 + 1594 +
(Pauri Garhwal) 376 455 209
Sub-tropical Pine forest
Present study F3 P. roxburghii and A. nepalensis association forest 4718 2157 596.2 2725
Nepal® Sub-tropical pine forest 86.0 387 - -
Nepal’ Monospecific forest stands had higher biomass carbon than mixed - 896+ 74 - -
stands
China'® Six forest types with Pinus elements - - 518-1205 -
Korea'' 74-year-old P. koraiensis plantation 3399 - - -
USA, Wyoming'? Unmanaged P. ponderosa forest 1854 - - -
Meghalaya' Old-growth P. kesiya forest 4197 2057 4605 2244
Meghalaya' Weak positive correlation between tree species diversity and biomass - - - 63-74.7
Uttarakhand '* (Pauri Van Panchayat managed non-degraded pine forest 790.5 - - 4903
Garhwal)
Uttarakhand '° (Garhwal) Old-growth forest 3634 +99 1672+ 4477 £ 12 2059 +
46 55
Uttarakhand ' (Kumaon) Monospecific P. roxburghii forest - - 2108 + -
36.6
Temperate forests
Present study (F4-F7) Ban oak forest, temperate deciduous forest, Moist deodar forest and 499 4~ 229.1- 634.2— 290.9-
Kharsu Oak forest 7588 350.2 968.6 4375
Belgium '® Temperate forest - - - 1010
USA™ Mid-Atlantic temperate forests 81-266 - 101-326 -
USA, Kentucky?° 90-year-old second growth temperate mixed deciduous forest 108.3- - - -
111.0
Jammu and Kashmir ' C. deodara dominant forest 3937 + - 4967 + -
2213 2789
Manipur® Largest sacred grove in Manipur, India 9629~ 4815- - -
11308 5654
Uttarakhand 2* (Kumaon) Q. oblongata forest - - 3873 +
439
Uttarakhand ** (Garhwal)  Ridge top Q. oblongata forest - - 49732 22875
Uttarakhand > (Kumaon) Temperate deciduous A. indica forest 397.2 - 501.8 -
Uttarakhand '® (Garhwal)  Old-growth temperate deciduous A. indica forest 4298 + 1934+ 5276+ 2374 +
14.6 6.6 175 78
Uttarakhand '® (Garhwal) ~ Old-growth temperate C. deodara forest 546.7 + 2515+ 6676+ 307.1
205 94 24.5 113
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Table 6 Comparative review between biomass and carbon stock estimates in similar forest types reported under previous

investigations and the present study (Continued)

Reference

Region Comment AGBD AGCD TBD TCD

Tropical to sub-tropical forests with presence of S. robusta

Uttarakhand ?® (Garhwal) Q. semecarpifolia dominant forests - 136.9- - 179.6—

2214 2859

Uttarakhand ?” (Garhwal) Q. semecarpifolia dominant forest with northern slopes having greater 190.5- - 238.2- 107.2—
biomass 2871 3557 160.1

Uttarakhand 2> (Kumaon) Temperate Q. semecarpifolia dominant forest 4597 - 590.2 -

Uttarakhand *® (Tehri) Sem Mukhem sacred forest 12249 15497 7748

Sub-alpine forest

Present study F8 A. spectabilis dominant forest 4859 2238 607.9 2799

Poland® A. alba dominant forest 03-2936 - - -

UsA®® Old-growth A. amabilis forest 464.8 - - -

Sikkim?' Species diversity and richness have positive relation with biomass 1913 - - 1342
carbon

Uttarakhand® (Garhwal)  Treeline ecotone forest - - 32-387 -

AGBD: Mg ha™'; AGCD: Mg C ha™"; TBD: Mg ha™'; and TCD: Mg C ha™"

References: 1: Thapa Magar and Shrestha 2015; 2: Samreth et al. 2012; 3: Banik et al. 2018; 4: Baishya et al. 2009; 5: Baishya and Barik 2015; 6: Shahid and Joshi
2015; 7: Sharma et al. 2010; 8: Baral et al. 2009; 9: Pariyar et al. 2019; 10: Guo et al. 2010; 11: Son et al. 2007; 12: Tinker et al. 2010; 13: Baishya and Barik 2011; 14:
Gogoi et al. 2020; 15: Vikrant and Chauhan 2014; 16: Dimri et al. 2017a; 17: Chaturvedi and Singh 1987; 18: Walle et al. 2005; 19: Jenkins et al. 2001; 20: Newman
et al. 2006; 21: Dar and Sahu 2018; 22: Waikhom et al. 2018; 23: Rawat and Singh 1988; 24: Sharma et al. 2016; 25: Adhikari et al. 1995; 26: Dimri et al. 2017a b; 27:
Sharma et al.,, 2011; 28: Pala et al. 2013; 29: Jagodzinski et al. 2019; 30: Turner and Singer 1976; 31: Rai et al. 2018; and 32: Rai et al. 2020

findings were comparable to Day et al. (2014) in the
Central African rainforest; however, their second PCA
component had a significant correlation between stem
density and biomass. This indicates that different sites
have different factors that yield maximum biomass
production.

The two most predominant mechanisms elucidated for
the effect of species richness over biomass are comple-
mentarity effects (diverse species have different niche re-
quirements leading to resource partitioning thus leading
to maximum resource utilization and enhanced product-
ivity) and selection effects (enhanced productivity on ac-
count of the dominance of species with specific traits)
(Loreau and Hector 2001; Cardinale et al. 2007). Under
our observations, not only a few dominant species and
species with larger diameter contribute to biomass car-
bon stocks but the species diversity and richness are also
positively associated. Thus, these forest types have a
complex interplay of both mechanisms. Similar results
were reported by Cavanaugh et al. (2014) on a global
scale. We, however, do not generalize our findings to
Central Himalayas since we did not consider all the for-
est types present in the region, and on account of the
smaller sample size. Zhang et al. (2017) also emphasized
that positive species diversity and biomass relationships
though ubiquitous across all vegetation strata; however,
the overstorey diversity and biomass profoundly impact
the understorey biomass predominantly through re-
source filtering. This study would help researchers

focusing on understorey diversity and biomass relations
in the region. Furthermore, the relationship between
species diversity and biomass is inconsistent; there were
reports of negative to no significant association between
species diversity and biomass within the region (Sharma
et al. 2010; Gairola et al. 2011), in India (Sahu et al.
2016; Behera et al. 2017; Gandhi and Sundarapandian
2017) and the world (Jacob et al. 2010; Szwagrzyk and
Gazda 2007). Therefore, on a regional scale, such studies
are imperative for deciphering adequate management
strategies since the associations between variables might
get diluted in large-scale studies thereafter hindering for-
est management and carbon stock enhancement at the
regional scale.

Variations in biomass carbon stocks

The segregation of TBD into above and belowground
components showed a distinct pattern in all the forest
types. The ccontribution of AGBD (79.6%) and BGBD
(20.4%) to the TBD in the present study is comparable
to the value reported (78.54% AGBD and 21.46% BGBD)
by Sharma et al. (2018) for Garhwal Himalayas, (79%
AGBD and 21% BGBD) for pan-India biomass (Chhabra
et al. 2002), and Brazilian Amazon tropical moist forest
(10-50% by BGBD) (Brown and Lugo 1992). Lower con-
tribution by belowground biomass is normal since plants
invest in belowground biomass significantly only under
stressful conditions.
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In our study, elevation had a negative association with
stem density, species richness, species diversity, TBD,
and TCD; however, the associations were not significant.
Singh et al. (1994) reported that elevation had a signifi-
cant negative association with stem density, species rich-
ness, species diversity, and biomass in the Central
Himalayan forest types. Since we selected predominant
Central Himalayan forest types and not all within the
elevational range therefore, our trends with elevation
were not significant. At elevations around 2800—-2900 m,
we saw a spike in stem density, basal area, and biomass
due to much-branched Krumholtz like growth of R.
arboreum in these elevations which forms a major under
canopy tree layer contributing significantly to stem dens-
ity, basal area, and biomass (Singh et al. 1994; Rai et al.
2018). The treeline ecotone forest F8 depicts lower
values across all parameters since these forests form a
limit of closed-canopy forests, and only a few species ac-
climated to the harsh alpine conditions thrive at such el-
evations. Furthermore, new recruitment in A. spectabilis
dominant Tungnath (F8) treeline ecotone is sparse
which is reflected in the population structure also (Fig.
2) (Rai et al. 2012). Stringent management approach is
deemed necessary in such regions to facilitate and con-
serve natural regeneration to preserve treeline carbon
stock. Sub-tropical pine forest (F2) recorded the lowest
carbon stock in our elevational range since these forests
are inflicted with forest fires which limit their productiv-
ity and affect regeneration (Sharma et al. 2010). On aver-
age, temperate forest types had higher carbon stock due
to the presence of mature to old-growth large-diameter
hardwood and conifer trees (Dimri et al. 2017a).

The estimates for growing stock, biomass, and carbon
stock though give a quantitative measure to compare the
forest types; however, the state of the forests could only
be visualized upon comparing the results with similar
forest types. Our biomass and carbon stocks were higher
or within the range as reported by previous investigators
(Table 6). Our estimates were most comparable with ei-
ther mature old-growth forests, community-managed
forests, or sacred grooves (Table 6). These forests are
pristine undisturbed forests representing the true poten-
tial of biomass and carbon stock in the region. Such for-
ests are used as control sites in biomass modeling
studies (Osuri et al. 2014). This study, therefore, eluci-
dates that the selected predominant Central Himalayan
forest types have huge biomass carbon stock and thus,
require protection from anthropogenic activities.

Conclusions

The knowledge under growing stock provides quanti-
tative value to the forest land helping forest managers
to delineate regions as carbon-rich or deficient, and
proceed accordingly. Results from quantitative stand
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structural attributes implicate predominant Himalayan
climax species and forest types have a preponderance
of intermediate DBH class along with a significant de-
cline in new recruitment. The total basal area, the
density of large trees, and maximum DBH are key
stand structural factors that regulate the biomass car-
bon stock. Large trees although low in abundance (up
to 22%) were key contributors to the total biomass
(up to 65%). Though species richness and diversity
correlated significantly with biomass carbon density
only a handful of species (9.4%) contributed more
than 50% of the total biomass indicating biomass
hyperdominance. The biomass distribution was also
heterogeneous within the forest types, and species
dominance regulate the growing stock directly. Eleva-
tion did not show significant correlations indicating
that the entire elevational range has huge carbon
stock. Regulation of biomass carbon by both struc-
tural and diversity components suggest a complex
interplay of complementarity effects and selection ef-
fect that enhance the carbon stock of the region. The
comparative review illustrates that these Central
Himalayan forest types are carbon-rich and represent
stock equivalent to sacred grooves and community-
managed forests where communities preserve the for-
est resources.

Under management implications, we recommend
that for any timber requirements the small diameter
trees are a viable alternative since they have greater
stem density and lower contribution towards growing
stock. However, sustainable utilization is necessary
since these individuals represent future carbon stock
security. For further enhancing the carbon security,
the preservation as well as supplementing the natural
regeneration is pertinent. For conservation of present
carbon stock, the large trees require special focus in
the region. Tagging and enumeration of these individ-
uals will secure their conservation. The deadwood
large trees are also vital ecosystem components and
support essential ecological processes. Uniform imple-
mentation of forest management within an area is
essential since there is heterogeneity in biomass
distribution thus, creating biomass hotspots, and any
disturbance especially in the peripheral areas of
protected regions close to habitations could lead to
significant loss. All management strategies require
focus over both biomass and diversity enhancement,
monospecific strategies are not a viable option. The
management of these regions by forest authorities
alone is not sufficient; the co-operation from local
communities is a key necessity. Therefore,
sensitization of local communities for sustainable use
of forest resources along with enhancement of forest
biodiversity is crucial. Further research is required for
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generalization of results, especially incorporating all
the forest types along entire elevational gradients.
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