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Abstract: This study aims to evaluate how climate variability influences both the long-term radial growth dynamics 
and regeneration patterns of Himalayan birch (Betula utilis) across contrasting slope aspects in the Trans-Himalayan 
region of central Nepal. We investigated radial growth responses and regeneration status of B. utilis using tree-ring 
width and stand regeneration consensus. We produced tree ring-width chronologies of B. utilis; 304 years (1720– 
2023) from the north facing moist slope of Milarepa, and 58 years (1966–2023) from the south facing dry slope of 
Ngawal. Results indicate that warming temperatures in moist Himalayan forests negatively affect the growth of 
B. utilis, particularly through increasing minimum (night-time) temperatures. Radial growth at Ngawal is negatively 
affected by higher late- and early-growing season temperatures but benefits from winter precipitation, whereas growth 
is more strongly limited by both minimum and mean temperatures across seasons at Milarepa. The declining basal area 
increment and ring-width indices from the late twentieth century, especially in the moist forest, further indicated 
higher growth sensitivity. Also, growth sensitivity to climate strengthened from young stands toward old-growth 
forests, suggesting that stand development stage modulates climate–growth relationships. Further, B. utilis shows 
stable regeneration overall, with stronger recruitment at Milarepa, but more limited regeneration at Ngawal due to 
environmental and anthropogenic constraints. These findings highlight that warming in moist Himalayan forests may 
suppress birch growth and increase vulnerability of late-successional forests to climate change.  

Keywords: the Third Pole, Himalayas, Betula utilis, tree-ring, climate, temperature, climate sensitivity. 

Introduction 
Climate change has become one of the most pressing glo-
bal challenges, profoundly influencing ecosystems and 
landscapes worldwide. Rising temperatures, shifting pre-
cipitation regimes, and an increasing frequency of extreme 
weather events are already altering environmental condi-
tions, and these impacts are projected to intensify in the 
coming decades (IPCC 2022). The warming rate of Hima-
layas is higher than the global average (Wester et al. 
2019), which could alter terrestrial ecosystems and species 
interactions (Wang et al. 2023; Sigdel et al. 2024) in multi-
ple ways (Gray and Brady 2016; Román-Palacios and 
Wiens 2020). In addition, climate change is associated 
with increased tree mortality and reduced forest growth, 
particularly in warm and dry regions (Tiwari et al. 2017; 
McDowell et al. 2020). 

Himalayan birch (Betula utilis D. Don) is a medium- 
sized broadleaved pioneer tree species, usually < 20 m tall, 

that dominates extensive subalpine forests up to ca. 
4500 m elevation, often occurring close to glaciers on the 
northern slopes of the inner Himalayas (Stainton 1972; 
Zobel and Singh 1997; TISC 2002; Schickhoff 2005; 
Miehe et al. 2015). Its distribution shows considerable 
local variation, likely influenced by microclimatic varia-
bility and topographic sheltering effects. Betula utilis is 
also a common treeline forming species across many parts 
of the Himalayas (Miehe et al. 2015), yet its growth sen-
sitivity across the diverse climatic zones and complex to-
pography of central Nepal remain insufficiently explored. 
Treeline is generally defined as the highest elevation at 
which a single upright tree exceeding 2 m in height occurs 
across the landscape (Hofgaard 1997; Körner 2003), 
whereas alpine timberline represents the upper limit of 
closed mountain forest with a tree density (trees > 5 m 
tall) covering at least 30% of the area (Wardle 1974; Holt-
meier 2003). Tree species including B. utilis often exhibit 
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contrasting growth responses to warming temperatures at 
their upper and lower distribution limits (Peñuelas et al. 
2008; Cavin and Jump 2016). Various studies indicated the 
higher moisture sensitivity of B. utilis especially at upper 
elevational limits where temperature driven moisture avail-
ability controls tree growth across Himalayas (Dawadi 
et al. 2013; Liang et al. 2014; Tiwari et al. 2017). 
Although warming trends in the Himalayas are widely 
documented (Shrestha et al. 2012; Wester et al. 2019), 
responses of tree growth vary depending on local moisture 
conditions. Usually, in moist sites, warming may enhance 
growth by extending the growing season, whereas in dry 
forests higher temperatures can increase evapotranspira-
tion, soil moisture deficits, and physiological stress. 

Tree radial growth responses to climate are primarily 
controlled by factors such as species, provenance, and site 
condition including soil characteristics and local climate 
(Camarero et al. 2015; Sánchez-Salguero et al. 2018). 
However, stand- and tree-level characteristics, such as 
size, age, structure, and competition, also influence cli-
mate–growth relationships, though their effects are less 
clear due to strong interactions among variables (Fritts 
1976; Rossi et al. 2008; Sánchez-Salguero et al. 2015). 
Young forests often respond primarily to stand dynamics 
and competition, while older forests tend to show stronger 

climate signals due to reduced structural plasticity and in-
creased hydraulic limitation (Carrer and Urbinati 2004; 
Trouillier et al. 2019). Competition is a fundamental driver 
of forest growth, as it constrains access to essential re-
sources such as soil water, nutrients, and light (Orwig and 
Abrams 1997; Weiner 1990). Similarly, tree growth is also 
influenced by slope exposure and microhabitat conditions 
particularly in mountain landscapes (Körner 2003; Bidari 
et al. 2026). This study therefore aims to (i) analyze the 
regional climate pattern and assess the influence of tem-
perature and moisture on radial growth between younger 
and older forest stands of Betula utilis, (ii) examine long- 
term growth trends, and (iii) the stand characteristics 
and regeneration potential of B. utilis in north and south 
facing slopes of Trans-Himalayan zone of Manang in cen-
tral Nepal. 

Study area 
The study area lies in the central Himalayas of Nepal 
(Fig. 1), within the so-called “Third Pole”, which contains 
the largest ice reserves outside the polar regions and plays 
a vital role in regional climate and Asian water resources 
(Yao et al. 2012). The study sites along the Marsyangdi 
River Valley in upper Manang span high elevations of ca. 

Fig. 1. Location map of the sampling sites showing the two slopes of Manang valley; the north facing slope represented by Milarepa 
(4100 m a.s.l.) and the south facing slope represented by Ngawal (3775 m a.s.l.) in Manang, central Nepal (A), map of Manang district 
showing study sites (B) and map of Nepal showing Manang district (C). 
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3400 to 3550 m a.s.l., characterized by low temperatures, 
strong seasonality, and short growing seasons with sum-
mer monsoon precipitation and cold winters. The vegeta-
tion shows clear altitudinal zonation from subalpine forests 
to alpine and nival zones. 

The climate of the study area is the typical monsoon 
climate, with the marked annual variation of temperature 
and precipitation as indicated by Climatic Research Unit 
Time Series (CRU TS) (Harris et al. 2020). The tempera-
tures rise steadily from winter to peak in early summer, 
rising up to 18°C in June and then gradually decline toward 
winter, with minimum temperatures dropping below 0°C. 
Precipitation varies throughout the year, reaching its high-
est levels in mid-summer, especially July (139.62 mm), and 
lowest levels in late autumn to early winter, lowest in the 
month of November with only 10.51 mm rainfall. Overall, 
climate is a temperate continental type characterized by 
cold winters, mild summers, with a maximum rainfall in 
summer. 

Climate of the study area in 1970–2025 was relatively 
dry due to low annual precipitation (700.6 mm yr⁻¹). The 
annual maximum and minimum temperature of the region 
over the past 50 years were 13.05°C and 0.52°C respec-
tively, with the maximum temperature recorded in the 
month of June, while the minimum temperature was re-
corded in the month of January. Similarly, the maximum 
rainfall (139.48 mm) occurred in July while the lowest 
rainfall (10.47 mm) occurred during November (Fig. 2). 

Materials and methods 
Sampling sites 
The sampling locations are bounded by the dry alpine 
deserts of Mustang and Tibet (China) in the north. The 
study sites were selected as two different slopes, i.e., north 
facing slope (Milarepa Cave area: 28.6375° N, 84.04° E, 
4100 m a.s.l.) and south facing slope (Ngawal: 28.6647° N, 
84.0994° E, 3775 m a.s.l.) in the Trans-Himalayan Manang 
valley. The two study sites were selected to represent con-
trasting slope aspects under similar regional climatic con-
ditions. Although located on different mountains, both 
sites fall within comparable elevational ranges and support 

Betula utilis-dominated treeline forests. Site selection 
aimed to minimize major environmental differences (e.g., 
geology, slope angle, and vegetation type), allowing for 
a focused assessment of age and aspect-related variability 
in growth and regeneration (Fig. 1). 

CRU TS climatic data (Harris et al. 2020) were used to 
characterize the study sites as the nearest meteorological 
station at Chame (28.5518° N, 84.2409° E, 2705 m a.s.l.), 
characterized by a completely different physiographic and 
climatic conditions, lies at ca. 18 km distance from the 
study site. We used climate data from the valley below the 
treeline, with both sampling sites located within a ca. 3 km 
aerial distance from the reference point, ensuring that they 
fall within the same local climatic domain. 

Tree-ring sampling and chronology development 
Sampling was conducted during September–October 2024 
along north and south facing transects established in moun-
tain forest area of Milarepa and Ngawal. Tree cores were 
collected from dominant and co-dominant B. utilis tree 
individuals; one to three cores were extracted from each 
tree using a 5.5 mm increment borer (Fig. 3). We em-
ployed standard dendrochronological methods to measure 
annual rings and to develop ring-width chronologies. The 
collected cores were air-dried, mounted on wooden 
holders, and progressively sanded with increasingly finer 
grades of sandpaper following standard dendrochronologi-
cal procedures (Fritts 1976). Ring widths were measured to 
a precision of 0.01 mm using a LINTAB measuring system 
(Rinntech, Germany) and cross-dated. We used COFE-
CHA software program to check the accuracy of cross- 
dating and measurement (Holmes 1983; Grissino-Mayer 
2001). Statistical analyses were conducted using the soft-
ware R (R Core Team 2015). Ring-width indices and basal 
area increment (BAI) chronologies were constructed to 
evaluate both relative and absolute growth trends (Cook 
1985). Each ring-width series was detrended using a nega-
tive exponential, linear, or cubic spline curve as appropri-
ate. To remove autocorrelation, the detrended series were 
pre-whitened using autoregressive modeling, and standard 
chronology was then developed by averaging individual 
series with a bi-weight robust mean (Cook 1985). Chron-
ology quality was assessed using statistics including mean 
ring width, mean sensitivity, standard deviation, autocor-
relation, within- and between-tree correlation, mean series 
correlation, signal-to-noise ratio, and expressed population 
signal (Wigley et al. 1984; Briffa 1995). 

For each series, a negative exponential, linear or cubic 
spline curve was chosen as needed. Then, in order to elim-
inate any auto correlation effects, the detrended ring-width 
index series were pre-whitened by fitting an autoregressive 
modeling (Cook 1987). Standard and residual chronologies 
were created by averaging individual time series using 
a bi-weight robust mean function (Cook 1985), following 
detrending. To evaluate the quality of site chronologies, 
various statistics such as mean ring width, mean sensitiv-
ity, standard deviation, auto correlation, within-tree corre-

Fig. 2. Climatic summary (1970–2025) of the study area, 
following Climatic Research Unit gridded Time Series (CRU 
TS) climatic data of Harris et al. (2020). 
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lation, between-tree correlation, mean series correlation, 
signal-to-noise ratio, expressed population signal were 
used (Wigley et al. 1984; Briffa 1995). Further, we pro-
duced basal area increment (BAI) chronology for B. utilis 
from both north and south facing as BAI is widely used to 
assess tree and stand productivity (Rubino and McCarthy 
2000). Ring-widths were directly converted to BAI using 
the dplR package (Bunn 2008) following formula: 

BAI ¼ � Rn
2� Rn� 1

2
� �

where ‘R’ is tree radius of the tree and ‘n’ is the year of 
ring formation (Biondi and Qeadan 2008). This method 
assumes uniform radial growth and converts ring-widths 
into annual basal area increments (Biondi and Qeadan 
2008; Panthi et al. 2020). 

Growth-climate relationship 
Correlation analysis between tree-ring width indices and 
climatic variables (temperature and precipitation) was con-
ducted to identify the climatic factors limiting tree growth 
in the study area. Pearson’s correlation coefficients were 
calculated using monthly climate data from June of the 
year preceding ring formation to December of the growth 
year, capturing the previous growing season, the interven-
ing winter and spring, and the current growing season. 
This framework enables the assessment of potential lagged 
(preconditioning) climate effects on growth (Biondi and 
Waikul 2004). Correlation coefficients between climatic 
variables and ring-width indices were computed for both 
study sites, and significance was tested at the 95% confi-

dence level using the R package bootRes (Zang and Biondi 
2015). Data processing and visualization were performed 
in R using the packages dplr and Origin. 

Population structure and regeneration potential 
We carried out random-purposive sampling at the upper 
distribution range edge of each tree species in order to 
examine the regeneration potential of selected tree species. 
We laid down sampling at least ten square quadrats of 
10 m × 10 m size, and made a consensus of trees, saplings 
and seedling density for each tree species at each sampling 
location. We estimated the regeneration potential by eval-
uating seedling sapling ration following Deb and Sundriyal  
(2008). 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). The regeneration status of tree species was de-
termined based on the population sizes of seedlings, sap-
lings, and adults, according to Khan et al. (1987)  and  
Khumbongmayum et al. (2006). Regeneration was cate-
gorized as good (seedlings > saplings > adults), fair (seed-
lings > saplings ≤ adults), poor (saplings but no seedlings), 
none (only adults with no seedlings or saplings) and new 
(only saplings and/or seedlings are present with no adults). 

Results and interpretation 
Climatic trends based on archive meteorological data 
The trend of annual means, maximum and minimum tem-
peratures as well as annual precipitation rates of the study 
area are given in Fig. 4. The trend in the climatic data of 

Fig. 3. Betula utilis old growth forest stand at Milarepa at 4100 m a.s.l. (A) and sampled tree at Ngawal at 3750 m a.s.l. (B) in 
Manang. 
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the study area showed an increasing trend in the maximum, 
minimum and mean temperature with significant differ-
ences, while there was no significant trend in the total 
precipitation patterns over the past 50 years (Fig. 4). 

The climatic analysis showed a significant increasing 
trend in minimum and mean temperatures at the study site, 
while there is not any trend for precipitation. This is a si-
milar warming pattern reported across the Hindu Kush 
Himalayan region (Shrestha et al. 1999; Shrestha and 
Aryal 2011). Comparable results have been documented 
by DHM (2017), Khand et al. (2020) and Bajracharya et al. 
(2011), who also highlighted stronger warming in high- 
altitude regions. However, some studies reported contrast-
ing patterns for minimum temperature, showing a decreas-
ing trend in mountain and hill regions (Bajracharya et al. 
2011; DHM 2017; Adhikari and Mathema 2023). 

Annual precipitation at the study site does not exhibit 
a significant long-term trend, that clearly showed that the 
Trans-Himalayan zone of Manang is getting drier in the 
recent years, and similar results were shown by Adhikari 
and Mathema (2023) in Manang. This contrasts with find-
ings of increasing precipitation trends in parts of the Hi-
malayan region reported by DHM (2017) and Sigdel et al. 
(2022) for the Gandaki Basin. In this study, climate trends 
were derived from CRU gridded datasets, which may not 
capture a fine-scale climatic variability in complex Hima-
layan terrain and potentially underestimate short-term or 
aspect-driven microclimates influencing tree growth. 

Growth-climate relationship  
We produced tree ring-width chronologies of B. utilis from 
the north facing slope of Milarepa 304 years (1720–2023), 
and from the south facing slope of Ngwal 58 years (1966– 
2023) (Fig. 5). The mean series length was much longer at 
Milarepa (184.7 years) than at Ngawal (36.6 years), re-
flecting the presence of older trees at Milarepa. Both 
chronologies show reliable chronology characteristics for 
growth-climate relationships (Table 1). 

The Pearson’s correlation analysis between ring-width 
indices and monthly climatic variables at Milarepa showed 
stronger and more widespread significant negative correla-
tions, particularly with temperature variables. Maximum 
temperature showed significant negative correlations 
across parts of the previous winter and several months of 
the current growing season, while minimum temperature 
exhibited widespread and consistent negative relationships 
spanning the previous growing season and most periods of 
the current year. Similarly, both mean and minimum tem-
peratures were negatively correlated with growth across 
multiple seasons. Precipitation displayed limited negative 
correlations during parts of the previous monsoon season 
(Fig. 6). 

In contrast, Ngawal showed fewer but distinct relation-
ships, with negative correlations primarily linked to tem-
peratures during the previous monsoon and early current 
growing season, while precipitation had a limited but po-
sitive influence only during the winter period (Fig. 6). 

Fig. 4. Annual climatic trend of the study area between the years 1970–2023; maximum (A), minimum (B) and mean temperature 
(C) as well as total precipitation (D). 

Polish Polar Research 2026; 3: 81–91, doi: 10.24425/ppr.2026.2755 

Himalayan birch in Trans-Himalayan Zone of Manang 85 



Overall, these results suggest that radial growth at Ngawal 
is negatively influenced by higher temperatures during the 
late previous growing season and early growing season, 
while winter precipitation positively supports growth. 
These findings indicate that radial growth at Milarepa is 

strongly constrained by both minimum and mean tempera-
tures across multiple seasons, highlighting a pronounced 
temperature limitation compared to Ngawal. 

Treeline-forming B. utilis in the Manang valley shows 
strong sensitivity of radial growth to pre-monsoon moist-

Table 1. Tree ring-width chronologies of Betula utilis at Milarepa and Ngawal sampling sites. 

Parameters Milarepa Ngawal 

No. of series (trees) used 55 (38) 49 (25) 

Chronology span (years) 1720–2023 (304) 1966–2023 (58) 

Average mean sensitivity 0.353 0.389 

Series intercorrelation 0.364 0.473 

Signal to noise ratio 7.135 7.535 

Expressed population signal 0.877 0.883 

Mean length of series 184.7 36.6 

Fig. 5. Tree ring-width chronology of Betula utilis from Ngawal (A) and Milarepa (B); black line refers to ring-width indices, red line 
shows a 10-year moving average and dashed line is the number of tree cores. 

Fig. 6. Correlation coefficients between radial growth with temperature and precipitation and; X-axis showing months (previous 
year’s June to Current year’s December), Y-axis showing correlation coefficient, the color code indicated correlation strength. 
Significant correlation at 95 % confidence limit is given * (r = 0.28) for a two tailed test. 
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ure availability, indicating that spring moisture is a key 
limiting factor in the dry Trans-Himalayan environment. 
Further, the radial growth showed higher sensitivity to 
warming climate at moist slope with the dominance of old 
growth trees than at the dry slope dominated by young 
trees. Such age-dependent growth trends have already been 
documented in a variety of tree species (Carrer and Urbi-
nati 2004; Trouillier et al. 2019; Tiwari 2020).Spring sea-
son moisture sensitivity has been reported for both high 
mountain conifers and broadleaved trees in Nepal Hima-
layas (Dawadi et al. 2013; Liang et al. 2014; Tiwari et al. 
2017; Sigdel et al. 2018). On the other hand, spring warm-
ing, combined with increased solar radiation, promotes 
early snowmelt and elevates atmospheric evaporative de-
mand. This intensifies drought stress in the ecotone prior to 
the onset of summer precipitation (Fritts 1976; Cook 1985; 
Winkler et al. 2018). The frequent occurrence of narrow 
and missing growth rings was reported in birch across the 
central Himalayas, which further indicated that drought 
conditions constrain radial growth (Liang et al. 2014). 
Climate–growth relationships differ markedly between 
sites with contrasting slope aspects and moisture regimes. 
At the dry, south-facing Ngawal site, growth responses are 
largely consistent with moisture limitation, where winter 
precipitation, especially snowfall, supports early-season 
growth and moderate warming can enhance cambial activ-
ity by extending the growing season. In contrast, the moist 
north-facing Milarepa site exhibits stronger negative cor-
relations between temperature and ring-width, suggesting 
that higher temperatures increase atmospheric evaporative 
demand and physiological stress, reducing tree growth, 
such slope mediated growth-climate response was also re-
ported for blue pine from Manang (Bidari et al. 2026). 

Basal area increment 
Our results indicated that climate sensitivity of growth 
increases with forest age: young stands at Ngawal (south-
ern slope) showed weak climate signals possibly domi-
nated by competition, whereas mature and old-growth 
stands at Milarepa (northern slope) exhibit strong cli-
mate-driven variability due to reduced plasticity, hydraulic 
limitations, and higher maintenance costs; although mature 
trees are preferred for dendroclimatic studies to minimize 
non-climatic effects (Fritts 1976). Many evidences have 
dealt with physiological processes and growth–climate 
sensitivity varying with age and size (Szeicz and MacDo-
nald 1994; Mencuccini et al. 2005; Rossi et al. 2008;  De 
Luis et al. 2009; Mérian and Lebourgeois 2011; Tiwari 
et al. 2020), and in Himalayan birch (B. utilis) forests, 
warming may reduce productivity, increase drought vul-
nerability, and particularly threaten old-growth stands, em-
phasizing the importance of incorporating stand age and 
structure in climate impact assessments (Tiwari et al., 
2017). 

The basal area increment (BAI) chronology from the 
Ngawal (dry) site (1966–2023), representing a young 
B. utilis population on a dry south-facing slope, shows 

a pronounced long-term increasing trend. BAI values rise 
gradually during the early decades and accelerate after the 
1990s, exceeding ca. 1000 mm² in recent years, indicating 
strong radial growth as trees mature and expand their stem 
diameter (Fig. 7A). In contrast, the Milarepa chronology 
(1720–2023), derived from a moist north-facing old- 
growth forest, exhibits relatively stable BAI values that 
generally remain below ca. 400 mm² and fluctuate around 
a consistent level without a strong long-term increasing 
trend, reflecting the mature developmental stage of trees 
in this stand (Fig. 7B). Moreover, the decreased BAI since 
ca. 1975 indicates that the increased temperatures were 
high enough to hamper the further growth rate of the forest 
stand. 

The contrasting BAI patterns primarily reflect differ-
ences in stand age structure, slope aspect, and site moisture 
conditions. The increasing BAI trend at Ngawal is char-
acteristic of young developing stands where growth accel-
erates as crown size and photosynthetic capacity expand, 
following the typical sigmoidal growth trajectory de-
scribed in forest development studies (Spiecker et al. 
1996; Weiner and Thomas 2001). In contrast, the relatively 
stable BAI at Milarepa reflects the dynamics of mature 
trees in an old-growth forest, where basal area increment 
tends to stabilize after trees reach physiological maturity 
and canopy structure becomes relatively constant (Fritts 
1976; Cook and Kairiukstis 1990). Topographic influences 
may further reinforce these differences, as north-facing 
slopes generally maintain higher soil moisture and lower 

Fig. 7. Basal area increment of B. utilis from Ngawal (A) and 
Milarepa (B) in Manang; black line refers to basal area 
increment, red line shows a 10-year moving average and dashed 
line is the number of tree cores. 
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atmospheric evaporative demand, supporting stable long- 
term growth, whereas south-facing slopes experience war-
mer and drier conditions that may initially limit establish-
ment but allow rapid growth once trees become estab-
lished. Overall, these results demonstrate that stand 
structure, ontogenetic development, and topographic con-
trols strongly influence long-term growth trends, empha-
sizing the importance of considering stand age and site 
conditions when interpreting growth–climate relationships 
in Himalayan dendroecological studies. 

Population structure and regeneration 
The regeneration pattern of B. utilis varied between the 
two study sites and across elevations. Milarepa site showed 
considerably higher regeneration densities. Tree density 
ranged from about 300 to 1100 individuals ha⁻¹, whereas 
sapling and seedling densities were markedly higher, 
reaching up to 3360 and 5140 individuals ha⁻¹, respec-
tively. The highest seedling and sapling densities occurred 
near the upper elevation limit (3950 m).  

In contrast, tree density at Ngawal ranged from ca. 320 
to 660 individuals ha⁻¹, with the highest density at 3950 m. 
Sapling density varied between ca. 140 and 500 indivi-
duals ha⁻¹, while seedling density ranged from roughly 
300 to 460 individuals ha⁻¹ (Table 2). In most elevation 
bands, seedling density slightly exceeded sapling density, 
suggesting ongoing recruitment but relatively moderate 
progression from seedlings to saplings. These patterns in-
dicate that B. utilis maintains active regeneration at both 
sites, although regeneration intensity differs substantially. 
The moderate densities at Ngawal (Table 2) suggest stable 
but limited recruitment, potentially reflecting environmen-
tal constraints such as moisture availability, grazing pres-
sure, or microsite limitations affecting seedling survival 
and transition to the sapling stage. In contrast, the very 

high seedling and sapling densities at Milarepa indicate 
strong regeneration potential and favorable establishment 
conditions, possibly associated with suitable canopy gaps 
and reduced disturbance pressure as the site is far away 
from the settlement area. 

The dominance of juvenile individuals at Milarepa, 
particularly near the upper elevational range, may also 
suggest a potential upward expansion of Betula utilis, con-
sistent with observations from Himalayan treeline ecosys-
tems under changing climatic conditions (Tiwari et al. 
2023). A higher density of seedlings relative to larger size 
classes suggests frequent recruitment but low survival 
rates. The size-class distribution of a species, therefore, 
provides a useful indication of its regeneration status (Lv 
and Zhang 2012). However, increased canopy cover, lead-
ing to reduced light availability, can contribute to higher 
seedling mortality (Marchand and Chabot 1978; Castro 
et al. 2004; Shrestha et al. 2007). Additionally, at higher 
elevations, seedling mortality is often associated with low 
temperatures and winter drought stress, particularly in 
open habitats, further limiting survival (Marchand and 
Chabot 1978; Coates 2002; Castro et al. 2004). Overall, 
the population structure observed in this study reflects 
a generally stable regeneration status of this key treeline 
species, although site-specific environmental factors ap-
pear to influence recruitment dynamics. 

Conclusion 
This study shows that warming temperatures in moist Hi-
malayan forests negatively affect the growth of Betula 
utilis, particularly increased minimum (night-time) tem-
peratures showing negative response to B. utilis growth in 
moist habitat, with site-specific responses showing tem-
perature- and moisture-driven limitations on the southern 
slope at Ngawal and stronger multi-season temperature 

Table 2. Density (trees, saplings and seedlings) and regeneration status of B. utilis at Ngawal and Milarepa. 

Elevation 
(m a.s.l.) No. of trees Density 

per ha 
No.  

of saplings 
Density 
per ha 

No.  
of seedlings 

Density 
per ha 

Regeneration 
status 

Ngawal  

3950 33 660 25 500 18 360 fair 

3890 18 360 14 280 21 420 good 

3856 16 320 10 200 23 460 good 

3786 21 420 7 140 15 300 fair 

Milarepa  

3950 15 300 168 3360 257 5140 good 

3815 36 720 16 320 59 1180 good 

3770 50 1000 7 140 62 1240 good 

3676 55 1100 28 560 207 4140 good  
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limitation on the northern slope at Milarepa. The negative 
relationship between temperature and growth is evident in 
declining basal area increment and ring-width indices from 
the late twentieth century, especially in the moist north- 
facing forest. Climate sensitivity also increased with forest 
stand age, with mature and old-growth stands showing 
stronger responses to temperature variability than young 
stands, where growth patterns may still be influenced by 
juvenile effects rather than climate alone. Betula utilis ex-
hibits overall stable regeneration across sites, with mark-
edly stronger recruitment and potential upward expansion 
at Milarepa, while more moderate and constrained regen-
eration at Ngawal reflects site-specific environmental lim-
itations influencing seedling survival and transition dy-
namics as well as different level of anthropogenic 
disturbance. These findings highlight that forest develop-
mental stage and slope-controlled microclimate must be 
considered when predicting climate change impacts on 
Himalayan treeline ecosystems, and they provide impor-
tant insights into how continued warming may alter forest 
structure, productivity, and ecosystem functioning in the 
central Himalayas. 

Acknowledgements 
We would like to acknowledge the Research Coordination 
and Development Council (RCDC), Tribhuvan University 
under National Priority Research Project NPRP-MRG-3 
(2023–2025), for providing funding for this study. We are 
highly grateful to Annapurna Conservation Area Project 
(ACA) Pokhara for providing field permission and would 
like to acknowledge Kathmandu Center for Research and 
Education (KCRE, CAS-TU) for providing Dendro-Lab 
facility. We sincerely thank the anonymous reviewers for 
their constructive comments and valuable suggestions. 

References 
Adhikari A.P. and Mathema A.B. 2023. Examining trends in 

temperature and precipitation mean/extremes over Gandaki 
Province, Nepal. Journal of Water and Climate Change 14: 
2342–2361, doi: 10.2166/wcc.2023.066 

Bajracharya T.R., Acharya S. and Ale B.B. 2011. Changing cli-
matic parameters and its possible impacts in hydropower 
generation in Nepal (a case study on Gandaki River Basin). 
Journal of the Institute of Engineering 8: 160–173. 

Bidari A., Joshi G.P., Baniya C.B., Bista R. and Tiwari A. 2026. 
Slope mediates growth–climate response of Pinus wallichi-
ana in central Nepal. Flora 336: 152911, doi: 10.1016/j. 
flora.2023.152911. 

Biondi F. and Qeadan F. 2008. A theory-driven approach to tree- 
ring standardization: Defining the biological trend from ex-
pected basal area increment. Tree-Ring Research 64: 81–96,  
doi: 10.3959/2008-6.1. 

Biondi F. and Waikul K. 2004. DENDROCLIM2002: a C++ 
program for statistical calibration of climate signals in tree- 
ring chronologies. Computers & Geosciences 30: 303–311,  
doi: 10.1016/j.cageo.2003.11.004. 

Briffa K.R. 1995. Interpreting high-resolution proxy climate data: 
The example of dendroclimatology. In: von Storch H. and 

Navarra A. (eds.) Analysis of Climate Data Variability. 
Springer: 77–94, doi: 10.1007/978-3-662-03167-4_5. 

Bunn A.G. 2008. A dendrochronology program library in 
R (dplR). Dendrochronologia 26: 115–124, doi: 10.1016/j. 
dendro.2008.01.002. 

Camarero J.J., Gazol A., Sangüesa-Barreda G., Oliva J. and Vice-
nte-Serrano S.M. 2015. To die or not to die: Early warnings 
of tree dieback in response to a severe drought. Journal of 
Ecology 103: 44–57, doi: 10.1111/1365-2745.12295. 

Carrer M. and Urbinati C. 2004. Age-dependent tree-ring growth 
responses to climate in Larix decidua and Pinus cembra. 
Ecology 85: 730–740, doi: 10.1890/02-0478. 

Castro J., Zamora R., Hódar J.A. and Gómez J.M. 2004. Seedling 
establishment of Pinus sylvestris at its southernmost distribu-
tion limit. Journal of Ecology 92: 266–277, doi: 10.1111/j. 
0022-0477.2004.00870.x. 

Cavin L. and Jump A.S. 2016. Highest drought sensitivity and 
lowest resistance to growth suppression are found in the 
range core of the tree Fagus sylvatica L. not the equatorial 
range edge. Global Change Biology 23: 362–379, doi: 
10.1111/gcb.13366. 

Coates K.D. 2002. Tree recruitment in gaps of various sizes in 
British Columbia. Forest Ecology and Management 155: 
387–398, doi: 10.1016/S0378-1127(01)00574-6. 

Cook E.R. 1985. A time-series analysis approach to tree-ring 
standardization. PhD dissertation. University of Arizona. 

Cook E.R. 1987. The decomposition of tree-ring series for envir-
onmental studies. Tree-Ring Bulletin 47: 37–59. 

Cook E.R. and Kairiukstis L.A. 1990. Methods of dendrochro-
nology. Kluwer Academic Publishers, Dordrecht. 

Dawadi B., Liang E., Tian L., Devkota L.P. and Yao T. 2013. 
Premonsoon precipitation signal in tree rings of Betula utilis 
in central Himalaya. Quaternary International 283: 72–77.  
doi: 10.1016/j.quaint.2012.05.011. 

Deb P. and Sundriyal R.C. 2008. Tree regeneration and seedling 
survival patterns in old-growth lowland tropical rainforest in 
Namdapha National Park, north-east India. Forest Ecology 
and Management 255: 3995–4006, doi: 10.1016/j.foreco. 
2008.03.046. 

DHM. 2017. Observed climate trend analysis of Nepal (1971– 
2014). Department of Hydrology and Meteorology, Govern-
ment of Nepal. 

Fritts H.C. 1976. Tree Rings and Climate. Academic Press, Lon-
don. 

Gray S.B. and Brady S.M. 2016. Plant developmental responses 
to climate change. Developmental Biology 419: 64–77, doi: 
10.1016/j.ydbio.2016.07.023. 

Grissino-Mayer H.D. 2001. Evaluating crossdating accuracy: 
A manual and tutorial for the computer program COFECHA. 
Tree-Ring Research 57: 205–221. 

Harris I., Osborn T.J., Jones P.D. and Lister D.H. 2020. Version 
4 of the CRU TS monthly high-resolution gridded multivari-
ate climate dataset. Scientific Data 7: 109, doi: 10.1038/ 
s41597-020-0453-3. 

Hofgaard A. 1997. Inter-relationships between treeline position 
and climate change. Global Ecology and Biogeography Let-
ters 6: 419–429, doi: 10.2307/2997330. 

Holmes R.L. 1983. Computer-assisted quality control in tree-ring 
dating. Tree-Ring Bulletin 43: 69–78. 

Holtmeier F.K. 2003. Mountain timberlines: ecology, patchiness 
and dynamics. Kluwer Academic Publishers. 

IPCC. 2022. Climate Change 2022: Impacts, Adaptation, 
and Vulnerability. Contribution of Working Group II to the 

Polish Polar Research 2026; 3: 81–91, doi: 10.24425/ppr.2026.2755 

Himalayan birch in Trans-Himalayan Zone of Manang 89 

https://doi.org/10.2166/wcc.2023.066
https://doi.org/10.1016/j.flora.2023.152911
https://doi.org/10.1016/j.flora.2023.152911
https://doi.org/10.3959/2008-6.1
https://doi.org/10.1016/j.cageo.2003.11.004
https://doi.org/10.1007/978-3-662-03167-4_5
https://doi.org/10.1016/j.dendro.2008.01.002
https://doi.org/10.1016/j.dendro.2008.01.002
https://doi.org/10.1111/1365-2745.12295
https://doi.org/10.1890/02-0478
https://doi.org/10.1111/j.0022-0477.2004.00870.x
https://doi.org/10.1111/j.0022-0477.2004.00870.x
https://doi.org/10.1111/gcb.13366
https://doi.org/10.1111/gcb.13366
https://doi.org/10.1016/S0378-1127(01)00574-6
https://doi.org/10.1016/j.quaint.2012.05.011
https://doi.org/10.1016/j.foreco.2008.03.046
https://doi.org/10.1016/j.foreco.2008.03.046
https://doi.org/10.1016/j.ydbio.2016.07.023
https://doi.org/10.1016/j.ydbio.2016.07.023
https://doi.org/10.1038/s41597-020-0453-3
https://doi.org/10.1038/s41597-020-0453-3
https://doi.org/10.2307/2997330


Sixth Assessment Report of the Intergovernmental Panel on 
Climate Change. Cambridge University Press, Cambridge, 
UK and New York, NY, USA, doi: 10.1017/97810093 
25844. 

Johnson S.E. and Abrams M.D. 2009. Basal area increment 
trends across age classes for two long-lived tree species in 
the eastern U.S. In: Kaczka R., Malik I., Owczarek P., Gart-
ner H., Helle G. and Heinrich I. (eds.) TRACE—Tree Rings in 
Archaeology, Climatology and Ecology 7. GFZ Potsdam, 
Scientific Technical Report STR 09/03. 

Khan M.L., Rai J.P.N. and Tripathi R.S. 1987. Population 
structure of some tree species in disturbed and protected 
subtropical forests of northeast India. Acta Oecologica 8: 
247–255. 

Khand P.B., KC V.K., Dhungana A.R. and Dhungana S.M. 2020. 
Assessing the trend of climate change in western Nepal. 
American Journal of Environmental Sciences 16: 112–121,  
doi: 10.3844/ajessp.2020.112.121. 

Khumbongmayum A., Khan M.L. and Tripathi R.S. 2006. Bio-
diversity conservation in sacred groves of Manipur, northeast 
India: Population structure and regeneration status of woody 
species. Biodiversity and Conservation 15: 2439–2456, doi: 
10.1007/s10531-004-6901-7. 

Körner C. 2003. Alpine plant life. Springer, Berlin. 
Liang E., Dawadi B., Pederson N. and Eckstein D. 2014. Is the 

growth of birch at the upper timberline limited by moisture or 
temperature? Ecology 95: 2454–2465, doi: 10.1890/13- 
1909.1. 

Lv X. and Zhang Q.B. 2012. Recruitment history of Abies spect-
abilis in Everest region. Journal of Plant Ecology 5: 147– 
156, doi: 10.1093/jpe/rtr012. 

Marchand P.J. and Chabot B.F. 1978. Winter water relations of 
treeline species. Arctic and Alpine Research 10: 105–116,  
doi: 10.1080/00040851.1978.12003867. 

McDowell N.G., Allen C.D., Anderson-Teixeira K. et al. 2020. 
Pervasive shifts in forest dynamics. Science 368: eaaz9463,  
doi: 10.1126/science.aaz9463. 

Miehe G., Pendry C.A. and Chaudhary R.P. (eds.). 2015. Nepal: 
An introduction to the natural history, ecology and human 
environment of the Himalayas. A companion to the Flora of 
Nepal. Royal Botanic Garden Edinburgh, Edinburgh. 

Orwig D.A. and Abrams M.D. 1997. Variation in radial growth 
responses to drought. Trees 11: 474–484, doi: 10.1007/ 
s004680050110. 

Panthi S., Fan Z.X., van der Sleen P. and Zuidema P.A. 2020. 
Growth responses of Himalayan fir. Global Change Biology 
26: 1778–1794, doi: 10.1111/gcb.14983. 

Peñuelas J., Hunt J.M., Ogaya R. and Jump A.S. 2008. Twentieth 
century changes of tree-ring δ13C at the southern range edge 
of Fagus sylvatica: Increasing water-use efficiency does not 
avoid the growth decline induced by warming at low alti-
tudes. Global Change Biology 14: 1076–1088, doi: 10. 
1111/j.1365-2486.2008.01563.x. 

Román-Palacios C. and Wiens J.J. 2020. Climate change and 
species survival. Proceedings of the National Academy of 
Sciences USA 117: 4211–4217, doi: 10.1073/pnas.1913 
007117. 

Rossi S., Deslauriers A., Anfodillo T. and Carrer M. 2008. Age- 
dependent xylogenesis. New Phytologist 177: 199–208, doi: 
10.1111/j.1469-8137.2007.02235.x. 

Rubino D.L. and McCarthy B.C. 2000. Comparative dendroeco-
logical methods. Dendrochronologia 18: 97–115. 

Schickhoff U. 2005. The upper timberline in the Himalaya. In: 
Broll G. and Keplin B. (eds.) Mountain ecosystems. Springer: 
275–354, doi: 10.1007/3-540-27365-4_13. 

Sánchez-Salguero R., Linares J.C., Camarero J.J. et al. 2015. 
Disentangling the effects of competition and climate on in-
dividual tree growth: A retrospective and dynamic approach 
in Scots pine forests. Forest Ecology and Management 358: 
12–25, doi: 10.1016/j.foreco.2015.08.034. 

Sánchez -Salguero R., Camarero J.J., Rozas V. et al. 2018. Re-
sist, recover or both? Growth plasticity in response to drought 
is geographically structured and linked to intraspecific varia-
bility in Pinus pinaster. Journal of Biogeography 45: 1126– 
1139, doi: 10.1111/jbi.13202. 

Shrestha A.B. and Aryal R. 2011. Climate change in Nepal. 
Regional Environmental Change 11: 65–77, doi: 10.1007/ 
s10113-010-0174-9. 

Shrestha A.B., Wake C.A., Mayewski P.A. and Dibb J.E. 1999. 
Maximum temperature trends in the Himalaya. Journal of 
Climate 12: 2775–2786, doi: 10.1175/1520-0442(1999) 
012<2775>2.0.CO;2. 

Shrestha B.B., Ghimire B., Lekhak H.D. and Jha P.K. 2007. 
Regeneration of treeline birch (Betula utilis D. Don) forest 
in a Trans-Himalayan dry valley in central Nepal. Mountain 
Research and Development 27: 259–267, doi: 10.1659/ 
mrdd.0784. 

Shrestha U.B., Gautam S. and Bawa K.S. 2012. Widespread 
climate change in the Himalaya. PLoS ONE 7: e36741, doi: 
10.1371/journal.pone.0036741. 

Sigdel S.R., Wang Y., Camarero J.J., Zhu H., Liang E. and Pe-
ñuelas J. 2018. Moisture-mediated responsiveness of treeline 
shifts to global warming in the Himalaya. Global Change 
Biology 24: 5549–5559, doi: 10.1111/gcb.14401. 

Sigdel K.P., Ghimire N.P., Pandeya B. and Dawadi B. 2022. 
Climate variations in Gandaki Basin. Atmosphere 13: 1866, 
10.3390/atmos13111866. 

Sigdel S.R., Zheng X., Babst F. et al. 2024. Accelerated succes-
sion in Himalayan treelines. Nature Plants 10: 1909–1918,  
doi: 10.1038/s41477-024-01790-1. 

Spiecker H., Mielikäinen K., Köhl M., Skovsgaard J.P. (eds.) 
1996. Growth trends in European forests. Springer. 

Stainton J.D.A. 1972. Forests of Nepal. John Murray, London. 
Szeicz J.M. and MacDonald G.M. 1994. Tree-ring growth re-

sponses of white spruce. Canadian Journal of Forest Re-
search 24: 120–132, doi: 10.1139/x94-017. 

TISC. 2002. Forest and vegetation types of Nepal. TISC Docu-
ment Series 105. Tree Improvement and Silviculture Compo-
nent, Department of Forest, Kathmandu, Nepal. 

Tiwari A. 2020. Age-dependent growth responses to climate from 
Himalayan treeline trees. Nepalese Journal of Zoology 4: 16– 
22, doi: 10.3126/njz.v4i1.30669. 

Tiwari A., Fan Z., Jump A. and Zhou Z. 2017. Warming-induced 
growth decline of Himalayan birch at its lower range edge in 
a semi-arid region of Trans-Himalayas, central Nepal. Plant 
Ecology 218: 621–633, doi: 10.1007/s11258-017-0716-z. 

Tiwari A., Adhikari A., Fan Z.-X., Li S.-F., Jump A.S. and Zhou 
Z.-K. 2023. Himalaya to Hengduan: Dynamics of alpine tree-
lines under climate change. Regional Environmental Change 
23: 157, doi: 10.1007/s10113-023-02153-9. 

Trouillier M., van der Maaten-Theunissen M., Scharnweber T. 
et al. 2019. Size-dependent climate sensitivity of trees. Trees 
33: 183–192, doi: 10.1007/s00468-018-1773-1. 

Wang J., Grimm N.B., Lawler S.P. and Dong X. 2023. Climate 
change and species interactions. Proceedings of the National 

Polish Polar Research 2026; 3: 81–91, doi: 10.24425/ppr.2026.2755 

90 Achyut Tiwari, Aashish Bidari, Devi Lal and Giri Prasad Joshi 

https://doi.org/10.1017/9781009325844
https://doi.org/10.1017/9781009325844
https://doi.org/10.3844/ajessp.2020.112.121
https://doi.org/10.1007/s10531-004-6901-7
https://doi.org/10.1007/s10531-004-6901-7
https://doi.org/10.1890/13-1909.1
https://doi.org/10.1890/13-1909.1
https://doi.org/10.1093/jpe/rtr012
https://doi.org/10.1080/00040851.1978.12003867
https://doi.org/10.1126/science.aaz9463
https://doi.org/10.1007/s004680050110
https://doi.org/10.1007/s004680050110
https://doi.org/10.1111/gcb.14983
https://doi.org/10.1111/j.1365-2486.2008.01563.x
https://doi.org/10.1111/j.1365-2486.2008.01563.x
https://doi.org/10.1073/pnas.1913007117
https://doi.org/10.1073/pnas.1913007117
https://doi.org/10.1111/j.1469-8137.2007.02235.x
https://doi.org/10.1111/j.1469-8137.2007.02235.x
https://doi.org/10.1007/3-540-27365-4_13
https://doi.org/10.1016/j.foreco.2015.08.034
https://doi.org/10.1111/jbi.13202
https://doi.org/10.1007/s10113-010-0174-9
https://doi.org/10.1007/s10113-010-0174-9
https://doi.org/10.1175/1520-0442(1999)012%3C2775%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012%3C2775%3E2.0.CO;2
https://doi.org/10.1659/mrdd.0784
https://doi.org/10.1659/mrdd.0784
https://doi.org/10.1371/journal.pone.0036741
https://doi.org/10.1371/journal.pone.0036741
https://doi.org/10.1111/gcb.14401
https://doi.org/10.1038/s41477-024-01790-1
https://doi.org/10.1139/x94-017
https://doi.org/10.3126/njz.v4i1.30669
https://doi.org/10.1007/s11258-017-0716-z
https://doi.org/10.1007/s10113-023-02153-9
https://doi.org/10.1007/s00468-018-1773-1


Academy of Sciences 120: e2218501120, doi: 10.1073/pnas. 
2218501120. 

Wardle P. 1974. Alpine timberlines. In: Livesley J.D. and Barry 
R.G. (eds.) Arctic alpine environments. Methuen, London: 
371–402. 

Weiner J. 1990. Asymmetric competition in plant populations. 
Trends in Ecology & Evolution 5: 360–364, doi: 10.1016/ 
0169-5347(90)90095-6. 

Weiner J. and Thomas S.C. 2001. Age-related decline in forest 
productivity. Oikos 94: 374–376, doi: 10.1034/j.1600- 
0706.2001.940216.x. 

Wester P., Mishra A., Mukherji A. and Shrestha A.B. (eds.) 2019. 
The Hindu Kush Himalaya Assessment. Springer. 

Wigley T.M.L., Briffa K.R. and Jones P.D. 1984. Correlated time 
series in dendroclimatology. Journal of Climate and Applied 
Meteorology 23: 201–213. 

Winkler D.E., Backer D.M., Belnap J. et al. 2018. Beyond tradi-
tional ecological restoration on the Colorado Plateau. Re-
storation Ecology 26: 1055–1060, doi: 10.1111/rec.12876. 

Yao T., Thompson L.G., Mosbrugger V. et al. 2012. Third Pole 
Environment (TPE). Environmental Development 3: 52–64,  
doi: 10.1016/j.envdev.2012.04.002. 

Zang C. and Biondi F. 2015. Treeclim: An R package. Ecography 
38: 431–436. 

Zobel D.B. and Singh S.P. 1997. Himalayan forests and ecolo-
gical generalizations. Bioscience 47: 735–745. 

Polish Polar Research 2026; 3: 81–91, doi: 10.24425/ppr.2026.2755 

Himalayan birch in Trans-Himalayan Zone of Manang 91 

https://doi.org/10.1073/pnas.2218501120
https://doi.org/10.1073/pnas.2218501120
https://doi.org/10.1016/0169-5347(90)90095-6
https://doi.org/10.1016/0169-5347(90)90095-6
https://doi.org/10.1034/j.1600-0706.2001.940216.x
https://doi.org/10.1034/j.1600-0706.2001.940216.x
https://doi.org/10.1111/rec.12876
https://doi.org/10.1016/j.envdev.2012.04.002

	Introduction
	Study area
	Materials and methods
	Sampling sites
	Tree-ring sampling and chronology development
	Growth-climate relationship
	Population structure and regeneration potential

	Results and interpretation
	Climatic trends based on archive meteorological data
	Growth-climate relationship
	Basal area increment
	Population structure and regeneration

	Conclusion
	Acknowledgements
	References

