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This study assessed the
regeneration status of tree
species at different
. elevations in Himalayan
forests. For this purpose,
we assessed the densities
of seedlings, saplings, and
adult trees of various
forest-forming species to
understand their population structure and regeneration
patterns. Five elevational ranges—<2000, 2000-2500, 2500-
3000, 3000-3500, and >3500 m above sea level—were
selected in various ranges in the Bhagirathi River catchment
area in the Garhwal Himalaya. The highest species richness was
recorded at the lowest elevational range, and the lowest species
richness was recorded at the highest elevational range. Species
diversity, measured using the Simpson and Shannon-Wiener
diversity indices, was highest at the lowest elevations and

Introduction

It is important to understand how evolution and the
ecological potential of life forms help them to adapt to
climate change (Woodward and Kelly 2008), because
Himalayan forests are heavily influenced by climate
change (Polanski et al 2014; Chakraborty et al 2018). In
Himalayan forests, the regeneration potential of different
species directly depends on climate, topography, and soil
conditions and their geographical distribution (Sharma,
Mishra, et al 2016a; Mishra et al 2017). Therefore, forest
structure and regeneration are key to the understanding
of forest ecological processes and dynamics (Elouard et al
1997).

Forest structure and composition in the Himalayan
region are mainly driven by elevation and climate
(Vetaas 2000; Sharma, Mishra, et al 2016b; Sharma et al
2017, 2018), and future changes in climate are projected
to cause changes in vegetation distribution (Gao et al
2017). As elevation changes, geographical and climatic
conditions change sharply (Bandopadhyay 2016). This
generates diverse vegetation structures and high species
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lowest at the highest elevations. Abies spectabilis, Cedrus
deodara, Rhododendron arboreum, Pinus roxburghii, and
Quercus oblongata were dominant and widely adapted with
appropriate regeneration potential at various elevations,
whereas Aesculus indica, Juglans regia, and Sorbus
cuspidata showed less ability to regenerate, indicating a threat
to their survival in the near future. Tree species of subalpine
forests Abies pindrow, A. spectabilis, Acer acuminatum,
Betula utilis, and R. arboreum were observed to expand their
upper limits into alpine meadows. Weak regeneration by some
dominant tree species, and expansion by a few less-dominant
or even rare species, indicate likely future compositional
changes in Himalayan forests.

Keywords: Elevation; forests; regeneration patterns; Bhagirathi
River; India.
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diversity (Chawla et al 2008). Many environmental
factors (eg temperature, precipitation, atmospheric
pressure, solar radiation, and wind velocity) change
systematically with elevation. Therefore, elevational
gradients are powerful natural experiments for testing
the ecological and evolutionary responses of forests to
environmental changes (Cui et al 2005; Kérner 2007).
Although changes in species composition, distribution,
diversity, and community structure along elevational
gradients have been well documented (Guo et al 2013;
Sharma et al 2017, 2018), regeneration dynamics have
been insufficiently quantified to date, although such
data are crucial to assess the role of climate change and
species shift in high-mountain forests (Sharma et al
2014).

The existence of a community depends largely on its
regeneration potential under varied environmental
conditions: climate, soil characteristics, disturbance
regimes, and seed bank composition. The regeneration
of a species is affected by both natural (Behera et al 2012;
Mishra, Behera, et al 2013) and anthropogenic
(Chaturvedi et al 2017) factors. The causes of failure to
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regenerate include lack of viable seed production, insect
and animal predation, unfavorable microclimatic
conditions, overgrazing, habitat changes, and biological
invasions. Successful regeneration guarantees long-term
sustainability of a forest (Malik and Bhatt 2016).
Regeneration is critical in a forest because it determines
future species composition and stocking. When the
regeneration of any species is confined to a particular
range of habitat conditions, the extent of those
conditions is a major determinant of that species’
geographical distribution (Grubb 1977). The lack of
adequate forest regeneration is an issue recognized by
both foresters and ecologists (Ceccon et al 2004; Mishra
and Singh 2017), and there is a need for forest
restoration and conservation (Vieira and Scariot 2006;
Wale et al 2012). Rehabilitation and ecosystem recovery
also depend on regeneration capacity (Pandey and
Shukla 2001), which plays a direct and vital role in forest
growth and management.

The presence of a sufficient number of seedlings,
saplings, and trees in a forest indicates successful
regeneration (Dutta and Devi 2013). The density of
species regeneration is expected to vary spatially because
of forest structure and physiographic conditions (Ward
et al 2006; Mishra, Bajpai, et al 2013). The understanding
of processes affecting the patterns of regeneration of
forest-forming species is of crucial importance to
ecologists and forest managers (Slik et al 2003). It enables
them to undertake proper forest management planning,
which in turn helps make it possible to utilize a given
forest ecosystem wisely and sustainably. Therefore, for
successful management and conservation of natural
forests, reliable data on regeneration trends are required
(Eillul and Obua 2005). Regeneration patterns in Indian
Western Himalayan forests have not been thoroughly
studied, and a better understanding of this topic may be
helpful in assessing many other parameters of forest
ecosystems.

In the Western Himalayan region, the effects of both
elevation and climate change on forest composition are
evident, but they need to be measured in more detail
(Sharma, Mishra, et al 2016a, 2016b; Sharma, Tiwari, et al
2016). An assessment of species regeneration along the
elevational gradient is critical in order to explore
compositional changes and species migration in
Himalayan forests. The regeneration potential of tree
species in ridgetop forests with uniform environmental
conditions can effectively predict the influence of climate
change on Himalayan forests. Therefore, the objectives of
this study were to analyze (1) the regeneration of various
forest-forming tree species along elevational gradients
and (2) the influence of elevation on forest structure and
the regeneration potential of different tree species in the
catchment area of the Bhagirathi River in the Garhwal
Himalaya.
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Methodology

Study area

This study was conducted in the catchment area of the
Bhagirathi River, one of the headstreams of the Ganges, in
India’s Garhwal Himalaya, an area that contains tropical
to subalpine forests. The study took place between
latitudes 30°04'25.4"-30°49'56.2"N and longitudes
078°37'35.9”7-078°47'35.00"E, in 2 districts, Uttarkashi and
Tehri, in Uttarakhand State. It covered different forest
types in 5 elevation ranges—<<2000, 2000-2500, 2500-
3000, 3000-3500, and >3500 m above sea level (masl) in
the mountain ranges of Narendranagar-Hindolakhal
(800-2050 masl), Mussoorie-Dhanolti (1900-2900 masl),
Chaurangikhal-Harunta (2400-3300 masl), and Dayara-
Gidara (2500-3750 masl). The study area is shown in
Figure 1, and the forest types and their dominant species
are shown in Table 1.

The study area has a subtropical to temperate
monsoon climate with a mean annual rainfall of 2000 mm
and 3 main seasons: a cool and relatively dry winter
(October to February), a warm and dry summer (March to
June), and a warm and wet period (July to September)
called the monsoon or rainy season. Frost is common
during the winter; at higher elevations, heavy snow may
persist into April and May in shady locations.

Sampling methods

Ten sample plots of 0.1 ha each (31.62 X 31.62 m) were
randomly laid out on ridgetops in each elevational range
to analyze tree composition and regeneration. Within
each 0.1-ha plot, eight 5 X 5-m quadrats for saplings (10 X
8=280) and four 1 X 1-m quadrats in each 5 X 5 m quadrat
for tree seedlings (10 X 8 X 4 = 320) were analyzed (as per
Phillips 1959). The size and number of quadrats were
standardized using the species area curve method (Mishra
1968).

Samples were categorized as seedlings (height <20 cm),
saplings (diameter at breast height <10 cm and height
>20 cm), or mature trees (diameter at breast height >10
cm) as per Deb and Sundriyal (2008). Voucher specimens
of tree species were collected and identified with the help
of authenticated floras (Gaur 1999; Pusalkar and Singh
2012) and the herbarium of Hemwati Nandan Bahuguna
Garhwal University in Srinagar Garhwal.

Data analysis

The structure and composition of forests was determined
following Misra (1968) and Mueller-Dombois and
Ellenberg (1974). Tree species diversity (species richness &
evenness) was assessed using the Shannon-Wiener index,
calculated as —X (ni/N) In (ni/N), where ni is the importance
value index (IVI) of a single species and N is the sum of the
IVI values of all species (Shannon and Weaver 1949).
Species dominance was assessed using the Simpson index,
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FIGURE 1 Map of the study area. (Map of the study area by Ashish K. Mishra; map of India by Andreas Brodbeck, courtesy of MRD)
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calculated as X (nlﬂV)Q (Simpson 1949). The IVI of each * good if seedlings > saplings > adults;
species was calculated by adding the relative values of * fair if seedlings > saplings < adults;
their frequency, density, and basal area. * poor if there were saplings but no seedlings (irrespective
The regeneration status of tree species was determined of the relative numbers of saplings and adults);

based on the population sizes of seedlings, saplings, and * none if only adults were present, with no seedlings or
adults, according to Khan et al (1987), Shankar (2001), and saplings;

Khumbongmayum et al (2006). Regeneration was * new if only saplings and/or seedlings were present, with
categorized as follows: no adults.

TABLE 1 Dominant tree species at different elevations.

Elevation (masl) Studied mountain ranges Dominant forest type Dominant tree species

<2000 Chaurangikhal Tropical moist forest A. latifolia
Hindolakhal Moist temperate forest P roxburghii
Mussoorie R. arboreum
2000-2500 Dayara-Gidara Moist temperate forest P wallichiana
Chaurangikhal Subalpine forest Q. oblongata
Mussoorie R. arboreum
2500-3000 Dayara-Gidara Moist temperate forest A. pindrow
Chaurangikhal Subalpine forest Q. semecarpifolia
Mussoorie R. arboreum
3000-3500 Dayara-Gidara Moist temperate forest A. spectabilis
Chaurangikhal Subalpine forest P wallichiana

Q. semecarpifolia

Dayara-Gidara Subalpine forest A. spectabilis
B. utilis
Q. semecarpifolia
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Linear regression analysis was performed using SPSS
version 20 (SPSS, Chicago, IL, USA) to assess the relation
between forest structure and regeneration potential
against the elevational gradients. Graphical
representations of species richness, density, and the
regeneration status of dominant species were done using
SigmaPlot version 12.

Results

The dominant tree species in the seedling, sapling, and
tree categories in each elevation range in the study area
are presented in Table 1 and Figure 2. A total of 75 tree
species were recorded: 69 in the tree/adult stage, 55 in the
sapling stage, and 42 in the seedling stage. Forest
composition by growth stage and elevation is summarized
in Figure 3. The highest species richness was found in the
forests below 2000 masl elevation, followed by 2500-3000,
2000-2500, and 3000-3500 masl; the lowest species
richness was recorded above 3500 m (Figure 3). This
showed that species richness was inversely proportional to
elevation. Species density for all 3 growth stages increased
with increasing elevation (Figure 3).

The lowest Simpson index value was recorded at the
lowest elevations and the highest at the highest elevations.
Tree species grew increasingly homogenous with
increasing elevation (Figure 4). However, the highest
Shannon-Wiener index value was found at the lower
elevations. Therefore, the highest species diversity of tree
species was recorded at the lowest elevations; diversity
gradually decreased with increasing elevation. Trees and
saplings had almost similar patterns in the Simpson and
Shannon-Wiener indexes, whereas seedlings showed
different trends (Figure 4). Across all elevations, the
regeneration of widely adapted species such as Abies
pindrow, A. spectabilis, Anogeissus latifolia, Cedrus deodara,
Pinus roxburghii, P. wallichiana, Quercus oblongata, Q.
semecarpifolia, and Rhododendron arboreum was good. On the
other hand, Acer caesium, Aesculus indica, Juglans regia,
Populus ciliata, Sorbus cuspidata, and Taxus wallichiana
showed poor or no regeneration (Supplemental material,
Table S1: http://dx.doi.org/10.1659/MRD-JOURNAL-D-15-
00076.S1).

Figure b summarizes regeneration patterns at different
elevations. The highest number of well-regenerating
species was recorded at the lowest elevations (<2000
masl), followed by 2500-3000, 2000-2500, and 3000-3500
masl; the number was lowest above 3500 masl (Figure 5).
The most nonregenerating species were found below 2000
masl, followed by 2500-3000 masl, 2000-2500 masl, and
3000-3500 masl; the fewest were found at 3000-3500 masl.
“New” species (only seedlings and/or saplings found, with
no mature trees) were most numerous below 2000 m,
followed by 2500-3000 and 3000-3500 m. There were no
new species at 2000-2500 m or above 3500 m. Linear
regression analysis between the components of forest
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structure and regeneration against the elevational
gradients is tabulated in Table 2.

Discussion

In the Bhagirathi River catchment area in the Garhwal
Himalaya, A. pindrow, A. spectabilis, Alnus nepalensis, A.
latifolia, C. deodara, Cupressus torulosa, P. roxburghii, Q.
semecarpifolia, and Q. oblongata were the most dominant and
widely distributed species for all 3 growth stages at all
elevations. Tree species exhibited different patterns of
distribution along elevational gradients. Total species
richness was greater at lower, warmer elevations than at
higher, cooler elevations. The higher mountain forests
were represented by only a few tree species—A. pindrow, A.
spectabilis, Betula utilis, Q. semecarpifolia, and R. arboreum—
that can thrive under harsh climatic and environmental
conditions. In general, a consistent decline in species
richness was observed with increasing elevation;
moreover, Simpson index and species richness were
significantly negatively proportional to elevation (Figures
3 and 4). The occurrence of higher diversity and species
richness at lower elevations might thus be explained by
the communities’ susceptibility to invasion, with ample
gaps in the sparse vegetation due to anthropogenic
disturbances (Choler et al 2001). At higher elevations, a
single species or a few species dominated (as was revealed
by the Simpson index). Other mountain studies (Burns
1995; Austin et al 1996) have also reported highest species
richness at lower elevations. The variation in quantitative
parameters like species richness and tree species
composition at different elevations was also due to
physiographic, climatic, and edaphic factors (Rosbakh et
al 2014). Distributional ranges of several species varied
with elevation (as was also reported by Kharkwal et al
2005). Pauses and Austin (2001) suggested that over any
large region, the distribution of species richness is likely
to be governed by 2 or more environmental factors and
not by a single factor.

There was a gradual increase in the densities of trees
and saplings (36.4-60 individuals 100 m?), and trees (5.5—
6.2 individuals 100 m™?) with an increase in elevation.
Density of seedlings (427-940 individuals 100 m~) was
lowest at <2000 masl and highest at upper elevations,
decreasing at middle elevations (2500-3000 masl). Species
density values conformed to the findings of Parthasarathy
and Karthikeyan (1997) for the Western Ghats and Samant
and Joshi (2003) for the temperate forests of Himalaya.
The differences in relative proportions of seedlings,
saplings, and trees at different elevations may be due to
variations in biotic pressure and forest composition as
well as abiotic factors. The reason for good regeneration
at higher elevations can be attributed to the lower biotic
pressure prevalent there. Sapling density values did not
vary considerably across elevations; similar findings have
been reported by other authors (Singhal and Soni 1989;
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FIGURE 2 Population structures of dominant species at different elevations.
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Adhikari and Tiwari 1991; llorkar and Khatri 2003). For diversity (1.30) at lower elevations and lower diversity
the Garhwal Himalaya, Pande (2001) reported densities of  (0.39) at higher elevations (Figure 4), which was in
792-1111 stems ha™', which are higher than our values. accordance with the values reported for other temperate
The Shannon-Wiener index showed significantly higher  forests (Singh and Kaushal 2006; Sharma et al 2009, 2018).
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FIGURE 3 Species richness and density at different elevations.
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The lowest Simpson index and highest Shannon-
Wiener index values for saplings showed that forests at all
elevations supported greater diversity and density of
understory vegetation than of overstory and ground
vegetation; sapling density was highest at 3000-3500 m.
The Simpson and Shannon-Wiener indexes were
significantly correlated with elevation (Table 2). In his
long-term study of mountain birch forests, Durak (2012)
recorded similar diversity trends for different growth
stages in Himalayan forests.

Limited regeneration and subsequently declining
populations of some dominant native species such as Acer

>3500

acuminatum, B. utilis, Lyonia ovalifolia, Picea smithiana, Quercus
Sfloribunda, Q. semecarpifolia, R. arborewm, Prunus cornuta, and
S. cuspidata indicate that compositional changes may be
expected in the near future. Poor regeneration was
recorded for A. indica, B. utilis, P. ciliata, Spondias pinnata,
Falconeria insignis, Symplocos paniculata, and Ulmus
wallichiana. No regeneration was observed for A.
acuminatum, A. caesium, Albizia lebbeck, Albizia procera, J. regia,
Terminalia tomentosa, and T. wallichiana, which may be
because of their greater economic value leading to
overexploitation, a potential threat to their survival in the
forests of the Garhwal Himalaya.

FIGURE 4 Species diversity by growth stage and elevation as measured by the Simpson and Shannon-Wiener indexes.
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FIGURE 5 Species regeneration at different elevations—general trends.
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Species including Cocculus laurifolius, Ilex dipyrena,
Neolitsea cuipala, P. cornuta, and Lindera pulcherrima
occurred as seedlings only, which indicates that they are
recent invaders. The overall regeneration status was fairly
high at higher elevations, maybe because these areas were
less disturbed. A. spectabilis has shown wider ecological
amplitude at high elevations (3000-3675 masl; Sharma et
al 2017) with good regeneration ability and coexistence
with other species (Table 1) and is therefore
recommended as a prized tree species for higher
elevations in the Garhwal Himalaya. Niche overlap, intra-
and interspecific competition, availability of space
(Chesson 2000), recruitment potential of seedlings and
saplings (Chaturvedi et al 2012; Saikia and Khan 2013;
Chaturvedi et al 2017), occurrence of fire (Murthy et al
2002), grazing, light (Behera et al 2012), canopy density,
soil moisture, and soil nutrient status also affect species
regeneration (Mishra, Bajpai, et al 2013).

P. wallichiana also showed good regeneration ability in
all habitats except in Q. semecarpifolia forests at higher
elevations. Out of 75 tree species recorded at all elevations
in this study, 22 species were regenerating poorly and 23
species were not regenerating (Figure 5). A forest in which
the seedling/tree ratio is higher than the sapling/tree ratio
shows relatively low conversion of seedlings to saplings.

MountainResearch

The higher seedling and sapling densities and their ratios
to mature tree densities indicate the forest composition of
the future. The regeneration potential of a tree species
hints at its future sustainability. Thus, the future
composition of forests depends on the regeneration
potential of existing tree species. Regression results
clearly showed positive significant impact of elevation on
basal cover values (R? = 0.9597) and Shannon-Wiener
diversity indices (R* = 0.9045) and negative significant
impact on Simpson indices.

The higher diversity and lower dominance on the
ridgetops of lower elevations may be due to closeness to
human settlements, which causes moderate disturbance
and might have led to a variety of microclimates in this
area. The higher elevations were represented by high
dominance; lower diversity may be due to low
temperature and harsh climatic conditions. Both positive
regeneration (R® = 0.8732) and negative regeneration (R”
= 0.7451) were significantly correlated with elevation. The
study revealed fair to good regeneration of various tree
species on the ridge tops at elevational ranges of <2000
masl, followed by 2500-3000, 2000-2500, and 3000-3500
masl, and lowest at >3500 masl. Negative regeneration
was observed only in tree/adult growth stage at different
elevations, with corresponding seedlings and saplings
completely absent. Weak regeneration of some dominant
tree species and significant contribution by a few less-
dominant species clearly indicate future forest
compositional changes in the Himalayan ranges.

Ridgetop forest plants may respond to climate change
either by adapting their life cycles to the new conditions
or by shifting upwards/downwards from their
conventional distribution ranges to habitats that are more
appropriate (Sharma et al 2014). Most high-mountain
forests are sensitive to a variety of environmental changes.
Regeneration results show that some tree species in the
subalpine range—A. pindrow, A. spectabilis, A. acuminatum, B.
utilis, and R. arboreum—are expanding into alpine
meadows. Above the timberline, seedlings and saplings of
these species were observed to expand their upper
distribution limits of growth to alpine meadows (species

TABLE 2 Results of linear regression analysis of forest structure, regeneration potential, and elevation.

f¥Mountain-Research-and-Development on 16 May 2024

Elevation regression formula

67.85850 — 0.01730
529.14000 + 0.02530
23.10310 + 0.02010
—0.19600 + 0.00019
1.90140 — 0.00040
60.00310 — 0.12530

68.12140 — 0.17090
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migration/shift). Therefore, forest structure and
regeneration patterns at higher elevations in this region
may change in the near future. Similarly, P. roxburghii and
C. deodara were found to encroach on the habitats of
mixed broadleaved forest at midelevation (2200-2500
masl) and higher elevations (> 3100 masl), respectively.

Conclusion

In the mountain ranges of the Garhwal Himalaya, mature
forests were recorded at elevations of 2500-3500 masl and
regenerating forests below 2000 masl (mainly because of
anthropogenic pressures). Species with declining
population size, infrequent regeneration, and narrow
tolerance ranges—for example, A. caesium, Betula alnoides, J.
regia, Q. floribunda, S. paniculata, S. cuspidata, T. wallichiana,
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