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Abstract

The vegetation types of Sikkim Himalayas more particularly Southern Sikkim has not been studied before. This study is
the first comprehensive one on the tree species diversity and composition across four forest types (Tropical semi evergreen
forest (TSEF), Sub-tropical broad mixed leaved hill forest (STBLHF), Himalayan wet temperate forest (HWTF) and Sub
alpine Forest (SAF) in the region. We employed quadrat sampling and all the trees>=10 cm DBH at 1.37m height were
considered for the purpose. A total of 130 tree species belonging to 91 genera and 52 families were recorded in the study
sites of which Moraceae and Lauraceae represented the highest number of species (8 each). The tropical semi evergreen
forest (TSEF) harboured 61 species, followed by sub-tropical broad mixed leaved hill forest (STBLHF) (59), Himalayan
wet temperate forest (HWTF) (43) and sub-alpine forest (SAF) (25). The Shannon-Weiner diversity index (H’) in TSEEF,
STBLHF, HWTF and SAF was 3.31, 2.92, 2.82, and 2.34 respectively. The H* showed a linear relation with elevation
(R?=0.9265, p<0.05) and the Margalef’s species richness (S) indicated a significant quadratic relation (R?=0.9996,
p<0.05) with elevation. A hump-shaped pattern was observed for tree species richness while the DBH size class showed
a reverse J shaped pattern. It concluded that tree species diversity in South Sikkim Himalayas is primarily influenced by
elevation, showing a linear decline in H' and a hump-shaped pattern for species richness, peaking at mid-elevations. The
reverse J-shaped DBH distribution indicates active regeneration, further supporting the observed diversity pattern.
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Introduction ecological features that correlate significantly with pre-

vailing environmental components (Lalfakawma et al.
Forests are the vital source of life ensuring the flow of = 2009; Sahoo and Lalfakawma 2010; 2013; Thakur et al.
a wide range of ecosystem service. Species diversity, = 2021). Quantification of these attributes has played a
floristic composition and forest structure are important  pivotal role in understanding the biodiversity and forest
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health (Behera et al. 2023, 2024) and is the basis of sus-
tainable forest management (Musa and Sahoo 2023).
The conservation of biodiversity and sustainable use
are priority agenda of Sustainable Development Goals
of the United Nations Framework Convention on Cli-
mate Change (Rees et al. 2018; Pettorelli et al. 2021).
Tree diversity differ from place to place due to variation
in habitat, ecology and disturbance (Naidu and Kumar
2016). Besides, climate change, land degradation, frag-
mentation of habitat, change in land use and gaps in the
forest canopy due to deforestation have potential influ-
ence on tree diversity and its population in the forest
(Behera et al. 2023; Lalfakawma et al. 2009; Lilabati
et al. 2018). Amongst the different forest types tropi-
cal forest contributes significantly in regulating climate
dynamics on Earth (Lewis et al. 2009) contributing about
25% of the total terrestrial carbon stock and serving as a
major sink (Ahirwal et al. 2021; Gogoi et al. 2020, 2022;
Sahoo et al. 2019; Singh et al. 2018). More specifically,
the diversity of woody taxa can be utilized to forecast
the patterns of plant species diversity across all forest
ecosystems (Giorgini et al. 2015). The woody taxa con-
tribute to habitat maintenance and resource provision for
all other connected species, and their richness in some
way reflects the biodiversity of the relevant forest types
(Bhat et al. 2020). Elevation is one of the crucial ele-
ment which affect the distribution of trees because it has
a direct impact on micro climate of habitat (Shaheen et
al. 2012) and it has been reported that the number of spe-
cies decrease with increasing altitude (Laing et al. 2019),
similarly the density of trees is higher in lower altitude
than the higher altitude (Saha et al. 2016).

The Himalayas possess a distinctive and richest ecosys-
tem with a varied range of forests, These forests greatly
differ in their characteristic features due to wide range of
altitudinal and climatic changes from lowlands to alpine
peaks. A review of literature reveal that studies on spe-
cies diversity, composition and forest structure along the
elevation gradient have been done in adjacent hill ranges
of Nepal (Gachhadar et al. 2023; Nepali et al. 2021), and
Bhutan (Tenzin et al. 2016; Thorne et al. 2022), while a
very limited number of studies on the above aspects have
been carried to on the Indian Eastern Himalayas such as
Arunachal Pradesh (Bharali et al. 2011; Dash et al. 2021),
Meghalaya (Pao and Upadhaya 2017; Shankar and Tripa-
thi 2017) and Assam (Buragohain et al. 2023; Dutta and
Devi 2013; Gogoi and Sahoo 2018). Sikkim one of the
East Himalayan Indian state that is known for its bio-
diversity hotspot gives a tremendous scope in research
area for studying the phytodiversity along the elevation
(Sharma et al. 2019; Bhutia et al. 2019), the vegetation
inventory of South Sikkim has not been attempted so far.
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South Sikkim is located in the Eastern Himalayas and
is regarded as a rich biodiversity hotspot. A check list of
species in Mamlay and Sumbuk (Myers 1988; Subba et
al. 2020) and Maenam wildlife sanctuary (Hynniewta and
Chhetri 2013) has been reported, however, these stud-
ies do not account a detailed vegetation inventory and
there is also limited understanding to species diversity,
distribution, floristic composition and forest structure of
woody taxa in the major forest types and elevation gradi-
ent (500-3200 m asl) in this part of Eastern Himalayas.
Through this study, we investigated to find out (i) what is
the tree species composition, and how are they distributed
in the major forest types/ along the wide elevation gra-
dient in South Sikkim, (ii) quantify the phytosociologi-
cal attributes and (iii) find out the relationship between
elevation and species richness. Addressing these research
gaps may help in sustainable management of forests and
can significantly contribute in planning and policy mak-
ing to forest managers in this area.

Materials and methods
Study area

The study was conducted in South district of Sikkim of
India (Fig. 1) conducted during December 2022 to May
2023. The total forest cover of South Sikkim is 750 sq. km
(76.15%) of the state’s total geographical area wherein
four forest types (based on Champion and Seth 1968)
viz. (a) Tropical semi-evergreen forest, (b) Sub-tropical
mixed broad leaved hill forest, (c) Himalayan wet tem-
perate forest and (d) Sub alpine forest were selected for
vegetation inventory along an elevation gradient of 500—
3200 m above mean sea level (Table 1). South Sikkim is
located in the Eastern Himalayas, experiences a humid
subtropical to temperate climate, depending on altitude.
However, low elevations (below 1500 m) experience
warm summers and mild winters, while higher eleva-
tions (above 1500 m) coolor summers and cold winters
(Singh et al. 2018). The average temperature ranges from
5 °C (in winter) to 25 °C (in summer). Additionally, the
area experiences heavy rainfall due to the influence of
the south monsoon (June to September) and the average
annual rainfall ranges between 2000 mm and 3500 mm
(Gupta et al. 2024; Kakkar et al. 2022). The study site
is characterized by four seasons viz. summer (March to
mid June (moderate), wet rainy (mid June to September),
Autumn (October to November) and winter (December
to Febraury) (Sharma and Shrestha, 2016). Moreover,
the geographical composition of South Sikkim is part of
Himalayan orogenic belt, characterized by metamorphic
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Fig. 1 Study area map showing the sampling location along the elevation
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Table 1 Forest types, elevation range, management status and disturbance level

Forest name Area sampled Elevation Management status Causes of disturbance Disturbance
(ha) Range (m)

TSEF 0.45 300-900 Un reserved Less settlement, landslide Medium

STBLHF 0.6 1000-1800 Un reserved More settlement, wood extraction Highly

HWTF 0.75 1800-2700 Reserved less anthropogenic factors Low

SAF 0.45 2800-3500 Reserved less anthropogenic factors Low

TSEF-Tropical semi evergreen forest; STBLHF- Sub-tropical broad mixed leaved hill forest; HWTF- Himalayan wet temperate forest; SAF-

Sub alpine Forest

rocks such as schists, gneisses, quartzites, and phyllites,
although, these rocks are part of the daling group and
Darjeeling gneissic complex (Jha and Sharma 2022). Fur-
thermore, the soil type in the site mostly include loamy
to clay rich in organic matter, however, red loam and
brown forest soils are also typical (Gangopadhyay and
Bhattacharyya 2022). Simultaneously, South Sikkim lies
within a seismically active zone due to the collision of the
Indian plate with the Eurasian plate (Singh et al. 2007).

Sampling

Quadrat samplings were employed for enumerating
woody stems of size > 10 cm diameter at breast height
(DBH) (1.37 m from the ground). Three replicated plots
of 0.1 ha (50 m x 20 m) was laid in each elevation band
and in each 0.1 ha plot, five 10 m X 10 m quadrats were
laid down for the vegetation survey. Every individual
woody plant species was identified with the help of
regional floras (Rai 2018; Gogoi et al. 2021). A measur-
ing tape was used for DBH measurement while ocular
estimate was done for tree height. A total of 45 quadrats
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in tropical semi-evergreen forest (TSEF), 60 quadrats in
sub-tropical broad mixed leaved hill forest (STBLHF),
75 quadrats in Himalayan wet temperate forest (HWTF)
and 45 quadrats in sub-alpine forest (SAF) were sampled
(Table 1). Tree density, basal area and girth class were
estimated from 0.45 ha area, 0.60 ha and 0.75 and 0.40 ha
area respectively and extrapolated on per ha basis. The
management and disturbance level of the forests are
shown in Table 1.

Data analysis

The data collected in the field was analysed following
standard ecological methods (Misra 1968). Frequency,
density and basal area were determined for each species
following Ellenberg and Mueller-Dombois (1974). The
importance value index (IVI) was calculated by the sum-
mation of relative values of frequency, density and basal
area. The Abundance to Frequency ratio (A/F) of each
species was calculated to study the population distribution
pattern. The ranges of values for determining distribu-
tion pattern were: regular (<0.025), random (0.025-0.05)
and contiguous (>0.05) as given by Curtis and McIntosh
(1951). Population structure of tree species was analysed
using girth and height classes. Plant classification was
done following APG classification using plant list (World
Flora Online). The Shannon-Wiener diversity index (H”)
was calculated following Shannon and Wiener (1963),
Simpson’s dominance index was calculated following
Simpson (1949), Simpson and Pielou’s index of evenness
was calculated following Pielou (1975) and species rich-
ness calculated using Margalef (1957). Species richness
was determined as the total number of species in sampled
area for different life forms. Linear regression analysis
was used to determine the linear/quadratic relationship

population structure of sampled tree species was assessed
based on the data on individuals’ >10 cm DBH. The data
were analysed using RStudio (Version 2023.06.0) and
Microsoft excel (version 2019).

Results

Species composition, density and dominant woody
taxa in four forest types

The composition of woody taxa varied significantly
between the forest types. The composition of spe-
cies was in the order of TSEF (61 species,46 genera
and 29 families)>STBLHF (59 species, 48 genera
and 34 families)> HWTF (43 species, 33 genera and
27 families) > SAF (25 species,18 genera and 16 fami-
lies) (Table 2). The total number of woody individuals
(=10 cm DBH) similarly, varied extensively between
the sampled sites (798 woody individuals in TSEF, 1136
individuals in STBLHF, 1277 individuals in HWTF and
2584 individuals in SAF). The dominance of species also
differed from forest to forest (Suppl. Table 1). While
Ostodes paniculata (IVI1-36.89) was the dominant species
at TSEF, the co-dominant species in TSEF were Schima
wallichii (IV1-33.21), Engelhardia spicata (IVI-25.90)
and Ailanthus integrifolia (IV1-24.82). In STBLHF, the
dominant species was Engelhardia spicata (IVI-50.59)
and the co-dominant species were Ostodes paniculata
(IVI-19.60) and Lyonia ovalifolia (IVI-15.38). In HWTE,
the dominant species was Sympocos dryphila (1IV1-39.93)
and the co-dominant species were Machilus odoratis-
simum (IVI-39.08), Viburnum erubescens (31.87) and
Lithocarpus pachyphyllus (28.93). In SAF, the domi-
nant species was Lyonia ovalifolia (IVI-47.99) and the

between diversity and tree richness with elevation gra-  co-dominant species were Rhododendron falconeri
dients in different forest types of Sikkim Himalaya. The

Table 2 Diversity indices of all four forest types of South Sikkim

Attributes All TSEF STBLHF HWTF SAF
Number of species 130 61 59 43 25
Genera 91 46 48 33 18
Families 52 29 34 27 16

No. of individuals 3158 359 678 958 1163
Density (ha™ ') 5789.54 797.8 1130 1277.3 2584.44
Basal area (m? ha ') 183.16 28.66 25.17 76.53 52.8
Shannon -Weiner’s diversity index (H') 11.39 3.31 2.92 2.82 2.34
Evenness index 3 0.81 0.72 0.74 0.73
Simpson’s diversity index (D) 3.6 0.93 0.89 0.91 0.87
Simpson’s reciprocal index (1/D) 4.43 1.07 1.12 1.1 1.14
Concentration of dominance (Cd) 0.34 0.06 0.11 0.07 0.1
Margalef’s richness index (R) 28.91 10.2 8.9 6.41 34

TSEF-Tropical semi evergreen forest, STBLHF-Subtropical mixed broad leaved hill forest, HWTF-Himalayan wet temperate forest, SAF-Sub-

alpine forest
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(IVI-43.96), Lithocarpus pachyphyllus (IVI-38.60) and
Daphniphyllum himalense (IV1-25.48).

Diversity indices and species richness

The diversity indices differed between forest types
(Table 2). Shannon-Weiner’ diversity index (H') was
3.31,2.92,2.82, and 2.34 in TSEF, STBLHF, HWTF and
SAF respectively (Table 2). The species richness was in
the order of TSEF,> STBLHF > HWTF > SAF.

Tree height and DBH distribution

There was a distinct variation in tree height between the
forest types. A majority of tree species were of <5 m
and 5-<10 m height found in SAF. There was a dis-
tinct and gradual decline in tree height in the order of
SAF >HWTF > STBHLF > TSEF for 5-<10 m height
class (Fig. 2). The larger height trees (10-<15 m,
15-<20 m and > =20 m) were found in HWTF. The stem
diameter in four forest types of Sikkim was divided into
seven classes (Fig. 3), the highest class was recorded by
10-30 cm in four forest types, and shown J shaped, DBH
class distribution decreased with the increase in diameter

DBH (cm)

HWTF SAF

of trees, but the lack of big diameter class also could be
due to disturbance or cutting of big tree by local commu-
nity or local people around forest (Fig. 4).

Relationship between elevation with diversity and
species richness

A strong relationship was observed between the eleva-
tion with diversity (R2=0.9265) and species richness
(R2=0.9996) in the study area (Fig. 5).

Discussion
Species composition, density of woody taxa

The forest types differed from one another with respect
to tree species composition, density, and diversity. As
expected, the altitude-induced climatic variation along with
forest management and anthoropogenic disturbances, these
factorsmay influence tree growth and species composition.
The HWTF and SAF are reserved forests with minimal
anthropogenic disturbances while TSEF and STBLHF are
unreserved and therefore, the latter two forest types were
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subjected to higher level of anthropogenic disturbances
(Table 1). The species richness in TSEF, STBLHF, HWTF
and SAF was 61, 59, 43, and 25 respectively. This clearly
suggested that the altitude played an important role in deter-
mining species richness. Many authors also have reported
that species richness decreases with increase in altitude
and also from high to low-rainfall regions (Rahbek 1995;
Pandey et al. 2016; Bhutia et al. 2019; Mohandass et al.
2016). The higher number of individuals per unit area in
HWTF and SAF reflect that the forest with low human dis-
turbances and forest protection towards illegal felling and
encroachment (Table 1). Various authors have reported that
the vegetation composition and functional traits of plant
communities are influenced by a variety of environmental
processes including topography, disturbance, and edaphic
factors (Sahoo et al. 2009; Thakur et al. 2021). Besides,
global climate change, land degradation, habitat fragmenta-
tion, land-use change and gaps in the forest canopy due to
logging have potential influence on diversity and tree popu-
lation in the forest (Gachhadar et al. 2023; Gogoi and Sahoo
2018; Gogoi et al. 2020).

A total 130 species belonging to 82 genera and 51 fami-
lies were recorded in four forest types of south Sikkim. This
result indicate that the species richness reported in the pres-
ent study is highest compared to other studies in India. For
example, 97 species of a mid-elevation tropical montane
evergreen forests (sholas) of the Western Ghats, Southern
India (Mohandass et al. 2016), 122 species in Western Hima-
layan Moist Temperate Forest in Kashmir (Shaheen et al.
2012), 118 tree species were recorded in sub-tropical forest
of Nagaland, Northeast India (Ao et al. 2021). The dominant
families reported in the forests are Moraceae and Anacar-
diaceae in STEF, Anacardiaceae in STBLHF, Araliaceae
and Ericaceae in HWTF, and Ericaceae in SAF. The overall
dominant families are Moraceae (8) Lauraceae (8) followed
by Anacardiaceae (7), Ericaceae (6) and Araliaceae (4).
Similarly recorded by Pandey et al. (2016) reported that Eri-
caceae was the most dominant family while Lauraceae was
reported to be the dominant family (Mohandass et al. 2016).
The dominant families reported in a mid-elevation Tropical
Montane Evergreen Forests (sholas) of the Western Ghats,
Southern India are Rubiaceae, Euphorbiaceae, Myrtaceae
and Symplocaceae (Mohandass et al. 2016). These findings
suggest that the dominance of a particular or group of fami-
lies are specific to a location and the micro environmental
factors operating in the ecosystem.

Dominance and diversity of tree species
Importance value index is a reliable measure to assess the

relative importance of a species since it takes into account
several properties of the species in the vegetation (Myer

1988; Nayak and Sahoo 2020). The highest IVI species
indicate the dominance of species in given forest, density
per unit area and frequency. As discussed by Padalia et
al. (2004) and Naidu and Kumar (2016) diversity of tree
species in a forest is attributed mainly to the variation in
habitat, biogeography and disturbance. The distribution of
species has been found to be strongly correlated with cli-
matic variation (Khaine et al. 2017). We found increase in
H' with the increase in number of species in forest type as
well as decrease with increase of elevation or richness of
species decline with increase in altitude. As mentioned ear-
lier the reduction in tree species diversity is also arising due
to the high dependency on forest resources by the surround-
ing local villages for fuel wood, medicine, and shifting cul-
tivation (Ao et al. 2021). Species diversity and structural
complexity of a forest nevertheless could also be influenced
by rainfall and other environmental factors that help in the
development of vegetation (Khaine et al. 2017). Therefore,
the higher value of diversity reveal a forest with high tree
species diversity and abundance, and species diversity can
be very useful tool in forestry and/or plant ecology to com-
pare the composition of different tree species (Naidu and
Kumar 2016). Moreover, altitude is one of important factors
of tree distribution due to its direct impact on habitat micro-
climate (Shaheen et al. 2012). The H' value in STBLHF is
higher than western Himalayan moist temperate forest in
Kashmir which ranged from 0.75 to 2.27 (Shaheen et al.
2012), Dhanaulti of Garhwal Himalaya ranged from 0.84
to 2.13 for trees (Saha et al. 2016), different sites of tropi-
cal forest in Myanmar the species diversity (H) ranged from
2.03 to 3.20. Likewise, H' value in our study was found less
than the sub-tropical forest of Nagaland, Northeast India
that ranged from 2.95 to 3.88 (Ao et al. 2021), 3.40 in a mid-
elevation tropical montane evergreen forests (sholas) of the
Western Ghats, Southern India (Mohandass et al. 2016).

Stand structure: stem diameter, stem density, and
basal area

Tree height, dbh are commonly used to measure the tree
growth and tree height and species richness are both essen-
tial to character a forest structure. Higher densities of the
trees in medium to lower girth classes suggest that the for-
ests are still in the evolving stage. The 1st two dbh classes
(10-30 and 30-60 cm) represented more than 98% of total
tree density while the Ist dbh class (10-30 class) rep-
resented more than 70% total tree density (Fig. 3). From
this observation, it can be inferred that the forest is a very
young one and undergoing regeneration that require various
degree of forest protection. Forest structure may also show
variation among continents as well as countries (Khaine et
al. 2017). The frequency and density distribution of trees
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contributes to the forest structure (Yam and Tripathi 2016;
Pandey et al. 2016). The biotic factors e.g. seed quality,
seedling survivorship and recruitment are important in sus-
taining the tree composition of forest (Naidu and Kumar
2016). Likewise, altitude and slope strongly affect the spe-
cies structure and composition. The dbh distribution in Sik-
kim Himalayan is conformity with others (Mohandass et al.
2016; Yam and Tripathi 2016). In this study, we found the
population density, the diameter of tree and/or size classes
showing a reverse J-shaped distribution which mean that the
trees having the lower DBH class are more in the population
than the higher DBH classes. The lower DBH class often
indicates the presence of regenerating tree species within
the forest. However, increased disturbance can lead to varia-
tions in forest cover, resulting greater light availability. This
enhanced sunlight penetration can promote the regeneration
and growth of light-demanding tree species. Contrary to
this many scientists (Pandey et al. 2016; Sharma et al. 2019;
Bhutia et al. 2019) reported that tree species follow a hump-
shaped pattern with elevation. Many others have argued that
the tree density and diversity is higher in small DBH classes
compared to the large DBH (Mohandass et al. 2016; Aye et
al. 2014; Gogoi et al. 2020), likewise the basal area (BA)
was increased with the increasing DBH (Mohandass et al.
2016).

Stem density was in the order of
TSEF < STBLHF <HWTF < SAF which indicated that
with the increase of elevation the density of trees species
increased. The lower elevation forests were subjected to
higher degree of human-disturbances and thus this trend
of stem density. The highest number of stem density was
recorded in SAF is highest compare to Dhanaulti of Gar-
hwal Himalaya tree density ranged from 850 to 1210 per
hectare (Saha et al. 2016), 804 per hectare in dry evergreen
forest to 1293 per hectare in dry dipterocarp forest (Aye et
al. 2014). Mohandass et al. (2016) recorded 1290 stem per
hectare in a mid-elevation Tropical Montane Evergreen For-
ests (sholas) of the Western Ghats, Southern India. As has
been reported by Ao et al. (2021) increasing human popula-
tion can negatively affect the forest wealth. Therefore, the
tree density and compositional variations along the altitudes
are reflection to the factors of anthropogenic activities, natu-
ral calamities and also to soil properties (Naidu and Kumar
2016; Mohandass et al. 2016). Further, stand density are
reported to be influenced by aspects and slopes (Pandey et
al. 2016), besides, to other factors such as dispersal ability,
stand history, habitat suitability, disturbance and ecological
interactions. The forest community type, age, site history
and site conditions too could influence the composition,
diversity and density of tree species (Kumar et al. 2006; Par-
thasarathy 2001). As expected, the basal area of a species
was influenced by the DBH and therefore with the increase

@ Springer

of DBH, the highest basal area per hectare was recorded in
HWTF (76.53 m? ha ') (Table 2) compared to other three
forest types.

Conclusions

This study gives information on woody taxa diversity, com-
position and structure among the different forest types. A
total of 130 tree species that belonged to 82 genera and 51
families were recorded and Moraceae and Lauraceae were
represented by the highest number of species (8 each).
Lower altitude offered a more diverse range of habitats and
microclimates, allowing the coexistence of a greater number
of tree species. As elevation increased a gradual decline in
tree species richness was observed. Overall, the Himalayan
wet temperate forest was the stable ecosystem having indi-
viduals from all the diameter classes. The study depicts the
important role played by the altitude in influencing species
diversity, composition and forest structure.
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