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Background: Plant species of the alpine treeline ecotone are highly sensitive to climate
change and may adjust their population dynamics, and functional traits in response to
changing climate. This study examined regeneration patterns and leaf traits variations
in an important treeline ecotone element Rhododendron campanulatum along the el-
evation gradient in western Nepal to assess its potential adaptive responses to climate
change. The distribution range of R. campanulatum (3,400-3,800 m above sea level [a:s.l.])
was divided into five horizontal bands, each with a 100 m elevational range. Eight plots
(10 m x 10 m) were sampled in each band, resulting into a total of 40 plots. In each plot,
all R. campanulatum individuals and co-occurring tree species were counted. From each
elevation, R. campanulatum leaf samples were collected to determine leaf dimensions, leaf
density, specific leaf area (SLA), and stomatal density (SD).

Results: The density-diameter curve indicated that R. campanulatum was regenerating
well, with enhanced regeneration at higher elevation (3,800 m a.s.l) than at lower. Tree
canopy cover appeared to be the major determinant of R. campanulatum regeneration, as
indicated by a higher number of seedlings in treeless stands. With increasing elevation, the
leaf length, width, SLA, and stomata length decreased but leaf thickness and SD increased.
Conclusions: Overall, a higher regeneration and lower SLA with the high SD in the
leaves at the upper limit of the species distribution suggested that R. campanulatum is
well adapted at its upper distribution range with the possibility of upslope range shift as
temperature increases.
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global warming, creating higher stand densities and driv-
ing treelines to higher elevations (Gaire et al. 2017; Singh et

High-elevation regions are particularly sensitive to shift-
ing climatic belts due to global climate changes, and, con-
sequently, they are strong indicators of climate change be-
cause the vegetation they have is highly influenced by
temperatures (Grabherr et al. 1994). The growth and re-
production of plant communities in higher elevations are
mainly controlled by temperature (Grace et al. 2002), re-
sulting in steep ecological gradients along with elevation
and restricted ecotone (Pauli et al. 2015). Therefore, minor
fluctuations in ambient temperature may induce alter-
ations in the elevational position of the treeline. Addition-
ally, many plant species are shifting upward as a result of

al. 2018; Tiwari et al. 2017).

Treeline dynamics can be characterized by studying re-
generation patterns of the treeline forming species (Mainali
et al. 2020; Sharma et al. 2020), which may be reflected in
the population structure (Tiwari et al. 2018). Successful re-
generation is indicated by the presence of an adequate
number of seedlings, saplings, and young trees in a given
population (Mishra et al. 2013; Pokhriyal et al. 2010). Re-
generation not only displays the current condition, health,
and vitality of the forest but also shows how the forests will
look like in the future (Zhang et al. 2007). Regeneration
varies along elevation gradients due to differing tempera-
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tures, precipitation, and vegetation zones. Climate change
disrupts this process by modifying temperature and mois-
ture levels, consequently disturbing critical phases such as
flowering, germination, and seedling establishment of the
plant species (Vandvik et al. 2020). Furthermore, climate
change intensifies disturbances, like fires and pests, im-
pacting the regenerative capacity of plants across various
elevations (De Deus Vidal et al. 2021).

In addition to regeneration, plants also respond to eleva-
tion and climatic gradients by changing functional traits
and other physiological processes. For example, the species
that grow in cold temperature or at very high elevations
can cope with stressful environmental conditions like low
temperatures, intense radiation, less water availability, and
strong winds by changing the characteristics of their leaves,
such as by making them smaller and thicker (Liu et al. 2020),
yet they are still sensitive to climate change (Zhang et al.
2010). As a result, leaf area (LA), as well as specific leaf area
(SLA) decrease as elevation rises and temperature decline
(Zhang et al. 2010). A reduction in leaf size and an increase
in thickness can increase a plant’s mechanical strength, al-
lowing it to endure stressful environments like freezing
temperatures (Liitz 2010). The variation in biological pro-
cesses like growth, survival, and reproduction is known to
be significantly influenced by leaf functional traits such as
the LA, and SLA (Chen et al. 2021; Wright et al. 2004).
Therefore, the leaves play a significant role in overall eco-
system functioning and are the most vulnerable organ to
climate change in plants (Huang et al. 2020; Shi et al.
2020). Additionally, stomata—the turgor-operated valves
to regulate the exchange of gases between plant tissues and
the atmosphere—are crucial for controlling the cycling of
both water and carbon (Taylor et al. 2012). Environmental
changes may alter the form, distribution, and density of
stomata (Hetherington and Woodward 2003), as higher
stomatal density (SD) has been found with increased sun-
light exposure (Kelly and Beerling 1995), rising elevation
(Woodward 1986), and lower atmospheric CO, concentra-
tion (Royer 2001).

Responses of mountain plants to environmental gradi-
ents such as the elevation (a proxy measure of change in
temperature and other climatic variables) may vary from
one region to another. For example, a synthesis by Zobel
and Singh (1997) has revealed that the Himalayan forests
are functionally and structurally distinct both from tropi-
cal and temperature forests, and that biosphere-level eco-
logical generalization with poor representation of Himalayan
data may introduce multiple errors in such generalizations.
Together with this, high vulnerability and sensitivity of the
Himalayan vegetation to climate change warrants addi-
tional studies on functional and structural aspects of the
forest in the Himalaya, a data poor region (Chakraborty et
al. 2018; Zobel and Singh 1997). One of the major plants of
high elevation vegetation in the Himalaya are Rhododen-
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dron (Ericaceae) species. In Nepal, 31 species of Rhodo-
dendron are known to exist, with their distribution span-
ning from subtropical to nival regions (DoFSC 2019).
Among these species, Rhododendron campanulatum D.
Don thrives within the treeline ecotone of Nepal, which
has been classified as one of the most vulnerable ecosys-
tems in the world (Wielgolaski et al. 2017). The species
plays an important role in the treeline ecosystem by en-
hancing soil fertility and stability and influencing the soil
water dynamics by intercepting precipitation and reducing
evaporation (Singh et al. 2019). It also shows high adapt-
ability and resilience to the harsh climatic conditions and
potential upward expansion due to global warming (Singh
et al. 2018). A previous study has suggested that this spe-
cies has already shifted upward away from the Abies spect-
abilis (D. Don) Spach treeline (Mainali et al. 2020), and
that the species is well adapted in climatically stressful al-
pine habitat (Sharma et al. 2020). In another study, Schwab
et al. (2017) have reported that krummbholz formed by R.
campanulatum has prevented other tree species from shift-
ing upslope in response to climate change. Moreover, com-
pared to the Betula utilis D. Don treeline, R. campanula-
tum exhibits a significantly more rapid process of stand
densification and shifting to form a pure stand above the
treeline (Tiwari and Jha 2018). Given that all above studies
were conducted in central and eastern Nepal, the regenera-
tion status and plant functional trait variation of R. cam-
planulatum along the elevation gradients remain unknown
in western Nepal. Therefore, we chose R. campanulatum as
the target species of our study in western Nepal Himalaya,
aiming to gain insight into its adaptive mechanisms and
responses to changing environmental conditions. We
aimed to 1) study changes in regeneration of R. campanu-
latum along the elevation gradient and 2) analyse the vari-
ation of leaf traits of R. campanulatum along the elevation
gradient. Quadrat sampling method was used to analyse
population structure and subsequently access regeneration.
Selected leaf functional traits were determined in leaf sam-
ples collected from each quadrat. Studying the population
structure of dominant species along elevation gradients in
mountainous regions may provide valuable insights into
how environmental factors affect the species’ natural re-
generation. By examining the functional characteristics of
plants across elevation gradients, we can gain insights into
how species are adapted to the harsh alpine environment
and how they may respond to global climate change.

Study area
This study was conducted in the Khali forest of Kankasundari

rural municipality (29.21°N latitude, 82.09°E longitude, ele-
vation: 3,400 to 3,800 m above sea level [a.s.l.]), which is lo-
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cated at the middle of the Sanja region of Jumla district in
western Nepal (Fig. 1). The mean annual precipitation is
1,256 mm, and the mean annual temperature is 10.15°C
(DHM 2017). About half (47%) of the district’s area is cov-
ered by forest (Acharya and Paudel 2020). A reconnais-
sance survey of the study area has revealed a clear zonation
of the forest types. In the lower parts (2,000 to 3,000 m
a.s.l.), there are Pinus wallichiana A. B. Jacks. forests with
broad-leaf species such as Quercus semecarpifolia Sm.,
Juglans regia L., and Rhododendron arboreum Sm. are
major associated species. Between 3,000 and 3,800 m a.s.l,
there are A. spectabilis forests and B. utilis forests. In the B.
utilis forest, the understory vegetation is dominated by R.
campanulatum which expands well above the B. utilis
treeline. Therefore, R. campanulatum is a major element of
the treeline ecotone.

Study species

Rhododendron campanulatum, also known as Chimal
in Nepal, is a shrub, or small tree up to 8 m high (Singh et
al. 2018) with reddish-brown or white stems and smooth
bark that peels off in thin flakes. The leaves are shiny,
leathery, arranged in whorls at the branch ends, oval to el-
liptical in shape, and around 9.5-14 cm long. The flowers,
which are pale mauve to rosy-purple (sometimes white
with purple spots), form loose clusters with rounded bell-

shaped corollas (Polunin and Stainton 1987). Flowering
occurs during April-May, followed by fruiting in June
(Bisht et al. 2014).

Vegetation sampling
The field sampling was conducted during August 2022.

The population structure of R. campanulatum and associ-
ated tree species was studied by a systematic sampling
method. In the study area, R. campanulatum was found
from 3,400 to 3,800 m a.s.l. The forest was divided into five
horizontal transects defined at an elevation range of 100 m
and eight plots (10 m x 10 m) were sampled in each tran-
sect with a total of 40 plots throughout the elevations (Fig.
1). In each plot, all individuals of R. campanulatum and as-
sociated tree species were counted. Individuals with a
height of > 2 m were categorized as trees (Korner 2012).
Individuals < 20 cm tall were recorded as seedlings, where-
as those with a height > 20 cm and < 2 m were categorized
as saplings (Sharma et al. 2020). The linear tape was used to
measure the basal diameter of trees (measured at 20 cm
above the ground) and the height of seedlings and saplings,
while the basal diameter of seedlings and saplings was mea-
sured at 5 cm above the ground by a digital vernier caliper.
Each plot was divided into four sub-plots (5 m x 5 m), and
two sub-plots lying diagonally were selected randomly for
seedling and sapling counts.
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Leaf morphological traits
During field sampling, five healthy adult plants with no

sign of disease were selected in each quadrat. Five leaves
fully exposed to sunlight were collected from each of the
selected trees; altogether, 25 leaves were collected from
each quadrat. The length, width, thickness, and area of
each fresh leaf were measured instantly in the field. Leaf
thickness was measured using a digital vernier caliper,
making sure to avoid the leaf midribs. Leaf area was mea-
sured by drawing a leaf outline on A4-sized paper and
measuring the area of leaves by the grid method (Radzali
et al. 2016). The sampled leaves were kept in between news-
papers using the herbarium press and brought to the labo-
ratory. They were oven dried at 80°C for 72 hours and
weighed using a digital balance (0.001 g) to determine dry
biomass (Pérez-Harguindeguy et al. 2016). Leaf traits and
stomatal features (see below) were measured in laboratory
during September to November 2020.

Stomatal features
Five leaves, one from each of the previously selected

plants, were collected from each quadrat. Stomatal charac-
teristics were determined from surface imprints of the
mid-blade abaxial leaf surface (avoiding the leaf margin
and main vein) made with clear enamel nail polish (Wang
et al. 2014). We randomly selected five stomata in each leaf
and measured their length and width under a light micro-
scope with the help of a software coslab (scope image 9.0).
For the SD (stomata/mm?), we counted the number of sto-
mata per unit area (mm®) within the images captured at a
magnification of 400x. The stomatal apparatus area (As)
was calculated following Cai et al. (2014):

1
As = nzlw

where, | and w denote the length and width of the stomatal
apparatus, respectively.

Numerical analysis
Field data were used to calculate density (plants/ha), fre-

quency (%), and basal area (m?*/ha) following Zobel et al.
(1987). The basal diameter was used to calculate the basal
area of each individual rooted in a plot, which was
summed to obtain the plot-level basal area of each species.
In each elevation band, relative density (RD) of a species
was calculated as the ratio of the density of the given spe-
cies (d) to the sum of densities of all species (D) and ex-
pressed as percentage RD = (d / D) 100. In the same way,
relative frequency (RF), and relative basal area (RBA) were
calculated. The relative values of each species were
summed up to obtain the importance value index (IVI)
(IVI = RD + RF + RBA; Zobel et al. 1987). Following the
same method, we calculated the IVI of each species sepa-
rately in each elevation band. Accordingly, sum of the IVI
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of all species at each elevation would be 300. As the basal
diameter of trees were > 4 cm, the trees were grouped into
five diameter classes starting from 4 cm (4-10, 10-16, 16—
22,22-28, and 2 28 cm) to examine the density-diameter
relationship following Sharma et al. (2020). The densities
of each diameter class were also calculated. Crown cover of
each plot was measured by crown densiometer and it was
designated in to one of the following four categories: open
(crown cover ranging from 0% to 10%), sparse (crown cover
ranging from 10% to 30%), moderate (crown cover ranging
from 30% to 70%), and closed (crown cover exceeding 70%).

The SLA was determined as the ratio of fresh leaf area to
corresponding dry biomass (Pérez-Harguindeguy et al.
2016). Similarly, leaf density (LD) was calculated as the ra-
tio between leaf dry biomass and volume (the product of
leaf area and leaf thickness).

To assess the difference in leaf traits (e.g., leaf length,
width, thickness, leaf area, leaf dry mass, SLA, LD, SD, sto-
mata length, and stomatal apparatus area) of R. campanu-
latum across different elevations, a one-way analysis of
variance (ANOVA) was performed. Once the variables
were equal, the least significant difference test was used for
multiple comparisons. Pearson’s correlation test (p < 0.05)
was performed to find out the relationship between regen-
eration (sum of seedling and sapling density), elevation,
and crown cover. Moreover, regression analysis between
regeneration and tree basal area was also performed to find
out their relationship. The relationship of sapling and seed-
ling density with total basal area was assessed using regres-
sion analysis. Quadratic regression models showed better
fit compared to linear models and higher order polynomi-
als. We selected the quadratic model based on r* and p-val-
ues (Zar 1999). Before conducting the statistical analyses,
the data were checked for normality using the Kolmogor-
ov-Smirnov test and assessed for homogeneity of variance
using Levene’s test. All the statistical analyses were per-
formed using the Statistical Package for Social Sciences
version 24.0 (IBM Co., Armonk, NY, USA).

Community structure
Four tree species, R. campanulatum, B. utilis, A. specta-

bilis, and Q. semecarpifolia, were recorded in the study
area (Table 1). The change in tree density revealed a consis-
tent trend across the elevation gradient. It was found that
total tree density decreased as elevation increased; it was
the highest at 3,400 m a.s.l. and the lowest at 3,800 m a.s.l.
(Table 1). The mean basal area of trees was 29.9 + 7.14 m*ha™.
The variation of basal area followed a unimodal pattern,
with the peak occurring at 3,600 m a.s.l. (49 m?/ha) (Table 1).

The IVI of the tree species varied across the elevation
gradient. For example, A. spectabilis had the highest IVI at
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Frequency, density, basal area, and importance value index of Rhododendron campanulatum and associated tree species along the

elevation gradient in the Khali forest, Jumla

Elevation (m a.s.l.) Species Frequency (%)  Density (plants/ha) Basal area (m*/ha) VI
3,400 Abies spectabilis 67 233 19.11 108
Betula utilis 33 67 6.20 40

Quercus semecarpifolia 50 233 5.20 58

Rhododendron campanulatum 50 783 3.17 94

Total 1,316 33.68 300

3,500 Abies spectabilis 67 165 13.30 74
Betula utilis 67 182 18.05 88

Quercus semecarpifolia 67 199 4.68 54

Rhododendron campanulatum 83 499 2.55 84

Total 1,045 38.58 300

3,600 Abies spectabilis 50 167 5.05 53
Betula utilis 100 483 43.14 189

Rhododendron campanulatum 50 300 0.83 58

Total 950 49.02 300

3,700 Abies spectabilis 87 50 1.48 56
Betula utilis 87 300 15.21 152

Rhododendron campanulatum 25 575 3.40 92

Total 925 20.09 300

3,800 Betula utilis 80 100 5.53 146
Rhododendron campanulatum 40 740 2.72 154

Total 840 8.25 300

IVI: importance value index.
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3,400 m a.s.]. but at higher elevations it had a relatively low
IVI (Table 1). Similarly, R. campanulatum was the domi-
nant species with the highest IVI at 3,800 m a.s.l., which
corresponds to the tree line. Moving to the lower elevation,
B. utilis was the dominant species at 3,500-3,700 m a.s.l.
while R. campanulatum and other species were found as
associated tree species.

Regeneration of Rhododendron campanulatum
The number of seedlings, saplings, and trees of R. cam-

panulatum varied across different elevations. The seedling
density increased with increasing elevation, and it was the

Correlation coefficients among elevation, crown cover,
and regeneration (sum of seedling and sampling density) of
Rhododendron campanulatum

Elevation Crown cover  Regeneration
Crown cover -0.94™ 1
Regeneration 0.93* -0.73** 1

p<0.01.

highest at 3,800 m a.s.l. (Fig. 2). Sapling and tree density
also varied with elevation, but without a consistent pattern.
The density of R. campanulatum saplings decreased from
3,400 to 3,700 m a.s.l. but increased at 3,800 m a.s.l.,, where
it reached its highest density (Fig. 2). Similarly, the tree
density of R. campanulatum decreased first up to 3,600 m
a.s.l. but increased from 3,600 to 3,800 m a.s.l. and the
highest tree density was observed at 3,400 m a.s.l. (Fig. 2).
Except at one elevation band (3,600 m a.s.l.), sapling densi-
ty was lower than tree density.

It was observed that open-canopy stands had a greater
abundance of R. campanulatum seedlings and saplings.
The regeneration (seedling + sapling density) showed a
negative correlation with tree crown cover (Table 2). The
density-diameter curve of R. campanulatum in the study
area resembled a reverse J-shape, with a decline in the den-
sity as tree diameter class increased (Fig. 3). The density of
seedling and sapling of R. campanulatum is affected by the
total basal area (p < 0.05). The regression drawn between
seedling, and sapling density and elevation showed a sig-
nificant quadratic relation (Fig. 4).
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Leaf traits
Morphological traits

Leaf morphological traits such as, leaf length, width,
thickness, leaf area, leaf dry mass, SLA, and LD were sig-
nificantly affected by elevation (Fig. 5). Specifically, as the
elevation raised, leaf length, width, leaf area, and SLA de-
creased. However, leaf thickness, leaf dry mass, and LD in-
creased with raising elevation (Fig. 5).

Stomatal features

The result of the one-way ANOVA showed that the leaf
stomatal traits of R. campanulatum, such as SD, stomata
length, and stomatal apparatus area, were significantly af-
fected by elevation (Fig. 6). The SD increased with rising
elevation, but the stomata length and stomatal apparatus
area did not change significantly at lower elevation, but
both of them declined significantly at higher elevations.
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Community structure
Three tree species, namely A. spectabilis, B. utilis, and Q.

semecarpifolia were found to be co-occurring with R. cam-
panulatum in the study area (Table 1). In fact, A. spectabi-
lis and B. utilis are the most dominant tall treeline species
throughout the Nepal Himalaya, while R. campanulatum
is the common understory tree species co-occurring with
them (Gaire et al. 2014; Liang et al. 2014; Mainali et al.
2020). In addition, we also found R. campanulatum form-
ing a pure stand beyond the upper limit of A. spectabilis,
as observed by Mainali et al. (2020) in Langtang National
Park, Central Himalaya.

Regeneration of Rhododendron campanulatum
It is well recognized that anthropogenic disturbance and

the impacts of global climate change have modified the
structure and function of the treeline ecotone (Korner
2012). Stressful environmental conditions naturally preva-
lent at treeline ecotones cause tree species to struggle for
their growth, regeneration, and existence (Rai et al. 2012).
However, responses to anthropogenic disturbances and
natural stressors are highly species-specific. Therefore, any
change in the environmental condition can significantly
affect the regeneration of one or another species in the al-
pine ecotone. In the Western Himalaya, limited regenera-
tion of R. campanulatum has been observed along the
treeline ecotones (Rai et al. 2012). However, our result re-
vealed that R. campanulatum had enhanced regeneration
at treeline ecotone (3,800 m) than at lower elevation (3,400
m). Similar findings have been reported for the same spe-
cies at other study sites in Nepal (e.g., Manaslu Conserva-
tion Area [Rana et al. 2016], Langtang National Park
[Mainali et al. 2020], Annapurna Conservation Area [Shar-
ma et al. 2020]) and India (e.g., Kedarnath Wild Life San-
tuary of Garhwal/Uttarakhand [Jamloki et al. 2023]). The
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favorable climatic conditions for seedling establishments,
such as direct sunlight, a warmer temperature at micro-
habitat, and low competition at a higher elevation, might
have contributed to the enhanced regeneration of R. cam-
panulatum at treeline ecotone. This suggests that R. cam-
panulatum has the potential to spread further into alpine
grassland in response to climate change. The possibility of
R. campanulatum expansion to the alpine grasslands of the
Nepal Himalaya has also been indicated by previous stud-
ies (e.g., Mainali et al. 2020; Sharma et al. 2020). The
warming temperatures may facilitate woody vegetation en-
croachment on alpine habitats by filling open microhabi-

tats and advancing treeline species (Myers-Smith et al.
2011). Furthermore, the presence of the dwarf shrub Rho-
dodendron anthopogon above the treeline may provide a
warm microhabitat for seedling recruitment and influence
the regeneration of R. campanulatum at higher elevations
(Cavieres and Badano 2009). This facilitative activity of R.
anthopogon might be the reason why R. campanulatum
seedlings and saplings were found more frequently within
R. anthopogon patches compared to open locations ob-
served during sampling (personal observations of DK).
Previous research has described a decrease in crown area
with an increase in diameter at breast height and basal area
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(Coombes et al. 2019; Mitchell and Popvich 1997). Compe-
tition can affect the rate of increase in crown size; canopies
can expand when there are fewer neighbours to restrict
growth (Verma et al. 2014). Additionally, canopy gaps re-
sulting from environmental conditions provide an oppor-
tunity for seedling establishment, increased regeneration,
and species richness, while a closed canopy minimizes
seedling establishment and regeneration in mountain for-
ests (Damptey et al. 2023; Shrestha et al. 2007). Similarly, a
negative relation was observed between the total basal area
and seedling and sapling density of R. campanulatum
which was mainly due to competition for light. Similar re-
sults were reported for Picea engelmannii in subalpine for-
est of San Juan Mountains, Colorado (Carlson et al. 2020).
A reduction in total basal area at higher elevations contrib-
utes to plant density and species richness (Rawat et al.
2018). In this study site, it was observed that the density of
R. campanulatum was higher in sites with open canopies
compared to sites with closed canopies. It is obvious that,
as an early successional plant, R. campanulatum requires
more sunlight for seedling establishment (Mainali et al.
2020). The density distribution of R. campanulatum across
diameter classes exhibited a non-uniform pattern in the
study area. A consistent decline in adult plant density was
observed along the elevation gradient, which aligns with
the findings of Jamloki et al. (2023) in the Western Hima-
laya. As the diameter size classes increased, the number of
individuals declined, indicating a density-diameter curve
that resembles a reverse J-shape. This pattern is typically
associated with a stable population structure and continuous
regeneration (Malik and Bhatt 2016; Shrestha et al. 2007).

Leaf traits
The leaf characteristics of R. campanulatum along an el-

evational gradient up to the treeline ecotone demonstrated
the plant’s ability to adapt to stressful environments.
Leaves can change their morphological and anatomical
features in response to changing habitat conditions since
they are directly exposed to the environment (Margaris
and Mooney 2012). Additionally, leaf size reflects the func-
tions of the leaf, and it is an important trait of plants to
adapt to their environment. In the present study, leaf size
(measured as leaf length and width) of R. campanulatum
decreased with rising elevation; in other words, plants
growing at higher elevations have smaller leaves than those
at lower elevations. A similar response of leaf size has also
been reported in other studies (Liu et al. 2020; Wang et al.
2016; Zhang et al. 2014). The small leaf sizes can reduce the
rate of evapotranspiration and the absorption of solar en-
ergy, thus mitigating the potential damage caused by in-
tense ultraviolet radiation and strong winds prevalent at
high elevations (Tian et al. 2016). Accordingly, smaller
leaves of R. campanulatum at higher elevations can be a
significant adaptation of this species to withstand cold
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temperatures, strong solar radiation, and wind exposure.

The SLA has been widely used in plant functional ecolo-
gy, agriculture, and forestry to understand carbon gain
from individual leaf to entire canopy (Poorter et al. 2009).
It is a key feature in plant growth that is closely related to
photosynthesis and relative growth rate (Cornelissen et al.
2003; Shi et al. 2020). In general, higher SLA is linked to
greater photosynthetic efficiency (Zhang et al. 2020) while
the lower SLA observed a phenotypical adaptations of
plants to harsh environments (Halbritter et al. 2018). To
improve mechanical strength and reduce water loss, the
SLA frequently decreases in cold temperatures and/or
windy conditions (Kudo et al. 1999). Accordingly, the low-
er SLA of R. campanulatum at higher elevation may enable
plants to withstand low temperatures and windy condi-
tions. A similar decline in SLA with rising elevation has
been reported previously in R. lepidotum (Pandey et al.
2021), R. anthopogon (Rathore et al. 2018), R. capitatum
(Yang et al. 2022), and R. campanulatum (Jamloki et al.
2023; Sharma et al. 2020).

For a better understanding of how plant species adapt or
react to shifting environmental conditions over large geo-
graphical scales, SD and their size are preferable traits
(Hetherington and Woodward 2003; Woodward 1986).
Stomata serve as essential conduits for the exchange of CO,
and H,O between the interior leaf space and the outside
environment (Wang et al. 2014). Therefore, SD is a crucial
characteristic that controls this exchange. An increase in
SD with rising elevation that we observed in R. campanu-
latum is similar to the findings of previous studies by
Wang et al. (2014) and Yang et al. (2014) in Tibetan and
Mongolian grassland species. According to Pato and Obeso
(2012), the CO, availability theory may help to explain the
SD and elevation relationship. The theory suggests that SD
is influenced by the partial pressure of CO,. Plants may in-
crease SD at higher elevations to enhance gas absorption
due to the lower CO, and O, levels. Higher stomatal densi-
ties facilitate efficient CO, diffusion for photosynthesis,
which promotes plant survival in high-elevation environ-
ments (Medlyn et al. 2011; Royer 2001). Increased SD in re-
sponse to low CO, is a functional adaptation in high-eleva-
tion environments (Kelly and Beerling 1995).

Gaining knowledge about the regeneration potential and
leaf traits of R. campanulatum in the treeline ecotone is
crucial for understanding the impact of climate change on
the position and functioning of treeline ecosystems. The
remarkable regeneration of R. campanulatum at higher el-
evations serves as evidence of its successful adaptation to
the environmentally stressful conditions. Canopy gaps may
provide an opportunity for seedling establishment and
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higher regeneration. The successful regeneration of R.
campanulatum in such adverse environmental conditions
may lead to the expansion of this species to higher eleva-
tions in the studied region. Additionally, lower SLA with
the high SD in the leaves at the upper limit of the species
distribution suggested that R.campanulatumis well adapt-
ed at its upper distribution range. However, long-term
monitoring is necessary to better understand its regenera-
tion dynamics and fitness above the treeline.
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