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ARTICLEINFO ABSTRACT

Key words: Alpine treelines serve as a sensitive bio-monitor and an early warning indicator of
Climate change climate change impacts on high-altitude ecosystems. We conducted a
Dendrochronology

dendrochronological study in the treeline ecotones in the Mustang region, Annapurna
Conservation Area, Nepal, to assess the effects of climate change on Abies
spectabilis (D. Don) Mirb. We collected tree core samples from 40 trees and analysed
them, using the standard dendrochronological procedure. We developed a 97-year
tree-ring width chronology spanning from 1919 to 2015, which demonstrates strong
dendroclimatic potential. The sampled trees had an average annual radial growth of
0.37 = 0.74 mm/yr and a mean age of 43.1 years. The basal area increment (BAI)
chronology of this species in this region indicates a slight decline in its growth in
recent years. Moisture availability during the growing season primarily controls the
growth of A. spectabilis, as indicated by its negative relationship with summer
maximum temperature and positive relationship with precipitation. A higher winter
maximum temperature also positively favoured the growth in the following growing
season. These climatic influences have shifted over time, with increasingly negative
relationships with June and August temperatures and a weakened positive
relationship with July temperatures, while the positive influence of August
precipitation remains stable. The projected increases in drought frequency and
severity under ongoing global warming are likely to adversely affect the growth of
A. spectabilis at high-elevation treelines.

Himalayan fir
Trans-Himalayan
Tree-ring

INTRODUCTION change through changes in demography, regeneration
patterns, growth rates, growth forms, and the position
of the treeline itself (Korner, 2012; Sigdel et al., 2018,
2024; Gaire et al., 2023a; Lu et al., 2025). Temperature
and moisture balance are two significant factors that
influence treeline formation and drive large-scale
ecological changes (Lu et al., 2025). Situated in the
central part of the Himalayas, Nepal provides an
opportunity to investigate the response of treeline to
climate change. Three to four species often form the
treeline ecotone in the Nepal Himalayas, although
monospecific treelines also occur (Gaire et al., 2023a).
Studies from the Nepal Himalayas have shown stable
to changing treeline positions, increasing regeneration

Nepal Himalayas are experiencing rapid climate
change and increasing climatic extremes, which are
adversely affecting multiple sectors (DHM, 2017; Karki
et al.,, 2017; MoFE, 2021a, b; Chaudhary et al., 2023;
ICIMOD, 2023). Researchers consider the alpine
treeline ecotone a highly sensitive bioindicator and
bio-monitor of climate change impacts on high-
mountain plant communities (Koérner, 2012; Lu et al.,
2025). Treeline shift, an influence of climate change,
has been reported from various parts of the world with
varying rates at different sites (Lu et al., 2025). Trees in
the alpine treeline ecotone often respond to climate
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and varying tree growth rates in response to recent
climate change (Tiwari et al., 2017a; Sigdel et al., 2018,
2024; Pandey et al., 2020; Panthi et al., 2020; Gaire et
al., 2023a, b).

The trans-Himalayan region is considered one of the
most climate change-sensitive areas and is an
important Himalayan biodiversity hotspot and,
therefore, an ideal place to study the impacts of climate
change (Aryal et al., 2018; Bhadra et al., 2021; ICIMOD,
2023; Adhikari et al., 2024). Manang and Mustang
districts in Nepal typically represent the physiographic
characteristics and climate of the trans-Himalayan
region. Mustang is rich in biological and cultural
diversity and is a famous tourist destination,
particularly the Annapurna Conservation Area (ACA)
(DNPWC, 2019). However, the area has been
witnessing rapid climate change, increasing extremes
and ensuing disasters in recent years with adverse
impacts on its biophysical and socioecological systems
(Fort, 2014; Aryal et al., 2017; Bhadra et al., 2021; Hamal
et al., 2022; Sigdel et al., 2022; Adhikari & Mathema,
2023; Adhikari et al., 2024; Ghimire et al., 2025). The
region recently experienced extreme floods, which
damaged infrastructure and threatened local
livelihoods (Fort et al., 2024), for example, the Kagbeni
flood in August 2023 and the glacial lake outburst flood
(GLOF)-induced flood in Chumjung, Upper Mustang, in
July 2025. At the same time, prolonged drought-
associated drying of water sources has severely
affected agriculture and other livelihood options. This
ultimately leads to abandonment of settlements and
migration of communities from villages, as has
happened as Dhye and Samjong villages (Poudel &
Duex, 2017; Sherchan, 2019; Bhadra et al., 2021). These
climatic extremes are adversely affecting the
livelihoods of the local people (Aryal et al., 2017).
Mustang lies in one of the driest regions of Nepal, and,
hence, offers a unique opportunity to assess how forest
vegetation responds to the warming and drying
conditions in the future (MOFE, 2021a; IPCC, 2022).
However, there are limited studies on the impacts of
climate change on forests and biodiversity sectors of
the region (Meier et al., 2022; Ghimire et al.,, 2025).
Among the several approaches used to assess the
impacts of climate change on forest vegetation in the
treeline ecotone, such as repeat monitoring of
permanent plots, remote sensing, vegetation surveys
and tree rings, the tree-ring methods are the most
widely used (Speer, 2010; Koérner, 2012; Lu et al., 2025).
Therefore, we conducted the present dendrochronolog-
ical study in the Mustang region.

Study of tree rings offers a wide range of applications,
including assessment of the climate sensitivity and
vulnerability of species to climate change (Fritts, 1976;
Speer, 2010). Tree rings provide exceptionally valuable
paleoclimatic information across spatial scales,
ranging from a few hectares to entire hemisphere and
across temporal scales, spanning, such as ice-storms,
to decades of droughts and centuries of shifts in
changed global atmospheric circulation (Fritts, 1976;
Cook et al., 2003; PAGES 2k Consortium, 2013). They
have been extensively used to investigate treeline
dynamics, reconstruct past climate, analyse long-term
forest growth, forecast future growth, examine forest
health and support archaeological studies, among
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other applications (Speer, 2010; Camarero et al., 2021;
Aryal et al., 2023).

The Mustang region hosts several promising tree
species for dendrochronological research, and previous
dendrochronological studies in the region have
examined Abies spectabilis, Betula utilis, Juniperus
spp. and Pinus wallichiana (Cook et al., 2003; Kharal et
al., 2014; Tiwari et al., 2017a, b; Brunello et al., 2019;
Gautam et al., 2020). Abies spectabilis (D. Don) Mirb.,
also known as the Himalayan Silver Fir, a Himalayan
native species, is highly sensitive to climate change
(Gaire et al.,, 2023a). Researchers have also utilized
tree-ring studies in the Mustang region to investigate
settlement history and to date ancient structures in the
region, such as a historical palace (Schmidt, 1992;
Schmidt et al., 1999; Gminska-Nowak & Wazny, 2020).
A treeline dynamics study from Mustang reported the
gradual upward shift of A. spectabilis in the treeline
ecotone (Tiwari et al, 2017a). Furthermore, recent
growth decline in another treeline-forming species,
Betula utilis, has been reported (Tiwari et al., 2017b).
However, studies evaluating long-term growth and
climate sensitivity of A. spectabilis using basal area
increment (BAI) in the treeline ecotone remain limited,
and we did not find any published literature on BAI
studies for this species from the Mustang region. In
other parts of the Nepal Himalayas, BAI studies on A.
spectabilis in the treeline ecotone have reported both
increase and decrease in growth consequent to climate
change (Panthi et al., 2020; Camarero et al., 2021; Gaire
et al.,, 2023b). This study aims to develop a tree-ring
width and BAI chronology of A. spectabilis to assess
its long-term growth pattern and climatic responses,
along with the temporal stability of growth—climate
relationships. The finding of this study will provide an
important reference for understanding the climatic
sensitivity and growth dynamics of A. spectabilis in
the context of rapid climate change in Nepal.

MATERIALS AND METHODS
Study area and climate

The study area is located in Mustang District (Figure
1), which is part of the ACA (DNPWC, 2019). The
southern part of the district supports diverse
vegetation, dominated by Tsuga dumosa, Pinus
wallichiana, Abies spectabilis and Juniper species. In
contrast, the northern and trans-Himalayan zones are
characterized by xerophytic Caragana gerardiana
steppe with occasional Juniperus indica (DNPWC,
2019). The northern Mustang, situated beyond the
orographic barrier, experiences semi-arid conditions,
with strong winds and high solar radiation (Brunello et
al.,, 2019).

The climate of the region is influenced by the
Indian summer monsoon, westerlies and strong
orographic effects. Majority of the annual
precipitation is received during the monsoon
season, but the percentage share in annual total
rainfall is less compared to the stations situated
in the southern slope of the Himalayas (DHM,
2017). The northern part of the Mustang district
receives very low annual rainfall because it lies in
the rain shadow zone of Dhaulagiri, Nilgiri and
Annapurna mountains. Winters are extremely
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cold, with snowfall and frequent frost events
during December-February (Figure 2a). The
climate data analysis from the Jomsom
meteorological station (1982-2014) indicates a
mean annual total rainfall of 265 mm. Over this
period, the station recorded a slight but
statistically non-significant increasing trend in
annual rainfall (2.0 mm/yr; n = 33, R = 0.24, p >
0.05) (Figure 2d). However, both annual mean
temperature (0.034 °C/yr) and annual minimum
temperature (0.064 °C/yr) exhibit significant
increasing trends (Figure 2b and 2c).

Tree-core collection and analysis

In the present study, an anthropogenically least-
disturbed Abies treeline site was selected for
sample collection. Tree-core samples were
collected from Yak Kharka (foothills of Dhaulagiri
Mountain) and the Kosari region (foothills of
Nilgiri Mountain). All the samples were collected
from the treeline ecotone at approximately 4,000
masl by using an increment borer (Haglof,
Sweden), following the standard
dendrochronological procedures (Fritts, 1976;
Cook & Kairiukstis, 1990; Speer, 2010). One to two
cores per tree were collected from each tree,
depending on the suitability of the tree for core
collection. All collected cores were packed in
plastic straw pipes, labelled and transported to
the Dendro laboratory of the Forest Research and
Training Centre (FRTC), Kathmandu, and Nepal
Academy of Science and Technology (NAST),
Lalitpur, for further processing and analysis.

In the laboratory, collected cores were airdried for
a few days and mounted on wooden frames using
adhesive glue, with the transverse surface of the
core facing upwards, and again left for drying up
of the glue for a few days. After airdrying of glue,
the surface of each core was progressively sanded
and polished using increasing finer grades of
sandpaper (100 to 1000 grits) until annual ring
boundaries were clearly visible under a stereo-
zoom microscope. Each ring of every sample was
counted and assigned to a calendar year based on
the known outer ring for the sampling year. Cross-
dating was carried out to verify the accuracy of the
calendar dates assigned to each ring of the sample
(Fritts, 1976; Speer, 2010). The width of each ring
was measured to the nearest 0.01 mm precision
using a LINTAB5™ measuring system attached to
a computer with the TSAP-Win software package
(Rinn, 2003). All tree-ring series were visually
cross-dated by matching the patterns of wide and
narrow rings to account for the possibility of ring—
growth anomalies, such as missing or false rings
or measurement error (Fritts, 1976; Speer, 2010).
Additionally, each tree-ring width series was
verified statistically by looking Gleichlaufigkeit, t-
values and the cross-date index (CDI) using the
software package TSAP-Win (Rinn, 2003). The
accuracy of cross-dating and measurements was
further checked using COFECHA, a quality control
program (Holmes, 1983). Cores that showed poor
correlation in COFECHA or had several breakages
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and very young samples were excluded from the
final dataset prior to chronology development.

Standardization and chronology development

The corrected ring-width data were standardized
using the computer programs, RCSigFree (Melvin
& Briffa, 2008;
http://www.ldeo.columbia.edu/tree-ring-
laboratory/resources/software) and the dplR
package in R environment (Bunn, 2008). The
standardization process was applied to remove
geometric and ecological growth trends
associated with the tree-to-tree competition and
stand dynamics, while preserving variability
related to climate (Cook & Kairiukstis, 1990; Bunn,
2008). The ring-width series were standardized
using an appropriate negative exponential, linear
regression, or age-dependent cubic spline,
depending on the characteristics of each series.
After detrending, the individual standardized
series were averaged using a bi-weight robust
mean function (Bunn, 2008) to develop a site
chronology. Various chronology statistics, like
mean sensitivity, standard deviation,
autocorrelation, within-tree correlation, between-
tree correlation, mean series correlation, signal-
to—noise ratio (SNR), expressed population signal
(EPS) and variance explained, were calculated to
assess the quality of the site chronologies (Briffa,
1995; Wigley et al., 1984). To assess the long-term
growth of the trees, the raw tree-ring width
measurements were converted into BAI using the
“bai.out” function in the dplR package (Bunn,
2008), and a BAI chronology was subsequently
developed.

Tree—growth climatic relationship

Climatic data from the nearest meteorological
stations were collected from the Department of
Hydrology and Meteorology (DHM), Kathmandu,
for all available years and analysed. Missing
values in the station datasets were computed by
the average value of the same months’ data and
used in the response function analysis. Because
climate in the preceding growing season often
influences tree growth in the following vyear
(Fritts, 1976), we analysed the effects of
temperature and precipitation from September of
the previous growth year to October of the current
growth  year. Similarly, seasonal climate
responses were evaluated for the three major
seasons that are commonly used in Nepal: winter
(December-February), spring (March-May) and
summer (June-September) (DHM, 2017). The
relationships between the standard tree-ring
width chronology and climatic variables: average
(Tmin = minimum, Tmax = maximum, Tmean =
mean) temperatures and the total precipitation
were analysed by using bootstrapped correlation
functions available in the “treeci/im” R package
(Zang & Biondi, 2015). Temporal stability of the
growth-climate response was assessed by using
moving correlation analysis, also performed with
the “treeclim” R package (Zang & Biondi, 2015).
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RESULTS

Tree-ring chronology and long-term growth of Abies
spectabilis in the treeline region

The analysis of 2,114 annual rings from over 40 trees
indicated that the mean radial growth of A. spectabilis
in the treeline ecotone in the Mustang region was 0.37
+ 0.74 mm/yr, with an average tree age of 43.1 years.
From the study, a 97-year tree-ring width chronology
spanning from 1919 to 2015 was developed using 32
cross-dated samples, revealing distinct periods of
enhanced and reduced growth (Figure 3). A slight
growth increase was observed after the 1970s. The
ring-width chronologies showed a dendroclimatic
potential, characterized by a high expressed
population signal (EPS), moderate mean sensitivity
(0.224) and series intercorrelation (R-bar= 0.509)
(Figure 3). Tree-ring chronology after 1949 is reliable as
it crosses the commonly used EPS threshold value of
0.85 in that year.
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Figure 4 Basal area increment (BAI) chronology of
Abies spectabilis from Mustang (green line), along
with 10-year smoothing spline of BAI (red thick line)
and sample depth (dotted line)

The BAI chronology further indicated that A.
spectabilisin the treeline ecotone was relatively young
and in an active phase, exhibiting an overall positive
growth trend over time (Figure 4). However, a slight
decline in BAI was observed in recent years (Figure 4).

Climatic influence in the growth of Abies spectabilisin
the treeline region

The tree growth-climate relationship indicated that
both temperature and precipitation are the main
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limiting factor for the growth of A. spectabilis in the
alpine treeline ecotone in the Mustang region (Figure
B5). The tree-ring width chronology showed a
significant  positive correlation with  August
precipitation and a positive but non-significant
correlation during the spring and summer seasons. In
case of temperature, it exhibited predominantly
negative correlation, with significant negative
relationship with Tmean and Tmax of the previous year
September, as well as Tmax of the current year August
(Figure 5). However, significant positive correlations
were found with Tmax and Tmean of the previous year
December and with Tmean in July. Seasonal climatic
correlations were relatively weak, but there was a
significant positive relationship with winter Tmax,
while the summer Tmax showed a significant negative
relationship (Figure 5)
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Figure 5 Growth climate response of Abies spectabilis
in Mustang based on bootstrapped correlation
coefficient between the tree-ring chronology and
monthly and seasonal climatic data (precipitation and
temperature) of Jomsom station. The “*” symbol
indicates significant correlation coefficient. A 14-
month dendroclimatic window starting from previous
year September (pS) until current year October (O) is
used.

Temporal stability of growth—climate relationship

Knowing the temporal stability of the growth—climate
response is very important for forest management in
the context of climate change. Our study found some
temporal shifts in the growth limiting factor, though
persistent response with the climate data of some
months was also found (Figure 6). However, the
relationship with Tmean of July, precipitation of
January, February, April and May has weakened in
recent years (Figure 6). The relationship with July
precipitation is becoming more negative during recent
years, which could be related to increasing cloud cover
during the early monsoon season. The importance of
winter precipitation has been weakening during recent
years. Moving response with spring month climate is
relatively weak and unstable over time (Figure 6).
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DISCUSSION
Tree growth in alpine treeline ecotone

Nepal Himalayas, including the Mustang region, are
experiencing rapid climate change with widespread
impacts on natural and socioecological systems (Aryal
et al., 2020; Chaudhary et al., 2023; ICIMOD, 2023). In
this study, we studied the impact of the climate change
on the growth dynamics and climatic sensitivity of the
treeline forming A. spectabilis in the Mustang region.
We developed a century-long tree-ring width
chronology of A. spectabilis from the treeline ecotone
of the ACA, which demonstrated strong
dendroclimatic suitability, as indicated by the R-bar
and EPS statistics (Briffa, 1995; Wigley et al., 1984). The
EPS value exceeded the commonly accepted threshold
value of 0.85 (Wigley et al., 1984) from 1949, indicating
a representative of population signal. The presence of
distinct narrow and wide rings further suggests that A.
spectabilis in the studied region is highly sensitive to
interannual climate variability. The chronology
statistics obtained in the study are comparable to
those reported in the earlier studies from Mustang and
other Himalayan regions (Kharal et al., 2014, 2017;
Chhetri & Cairns, 2016; Tiwari et al., 2017a, b; Aryal et
al.,, 2020; Panthi et al.,, 2020; Gautam et al., 2021).
Although the chronology length is relatively short due
to the focus on treeline for sampling, much longer
Abies chronologies (up to ~600 years) have been
developed from lower elevations in Nepal (Cook et al.,
2003). Average annual radial growth of A. spectabilis
found in the present study (0.37 mm per year) is lower
than the values reported for the same species in other
treeline regions, including the Mt Everest region,
Manang, Manaslu, Rara and Gaurishankar (Kharal et
al., 2017; Tiwari et al., 2017a; Gaire et al., 2020; 2023b;
Panthi et al., 2020). The lower growth rate observed in
this study likely reflects the cold and dry climate of the
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region. Moreover, the variations in growth rates of A.
spectabilis across sites may be influenced by
difference in the tree age and local topo-climatic
conditions (Fritts, 1976; Speer, 2010).

The BAI chronology indicated that A. spectabilis in the
treeline ecotone in Mustang is relatively young and
currently in an active growth phase, with an overall
positive growth trend. However, the slight decrease in
BAIin the recent few years may be associated with the
increasing drought condition in the region (Aryal et al.,
2017; Gaire et al., 2019). At a global scale, an alpine
treeline ecotone is assumed to be formed due to the
low temperature limitation during the growing season
(Korner, 2012). Thus, in the absence of moisture
constraint, warming is often expected to enhance tree
growth by alleviating low-temperature limitations
(Pandey et al.,, 2020; Panthi et al.,, 2020). The BAI
chronology of A. spectabilis from the treeline ecotone
in the Mustang region showed a positive growth trend
over time. The increasing trend in BAI is a natural
process because the raw BAI chronology generally
follows the sigmoid growth curve (Tiwari et al., 2017b;
Baral et al., 2022; Gaire et al., 2023b; Klesse & Bigler,
2025). As most sampled trees are less than 100 years
old, the increasing BAI could to some extent be the
result of the growing stage of the forest. Previous
studies of Nepal Himalayas' tree-rings have
documented both increasing and decreasing growth
trends, depending on site-specific moisture availability
(Tiwari et al., 2017b; Panthi et al., 2020; Camarero et al.,
2021; Baral et al., 2022; Gaire et al., 2023). The recent
decline in BAI found in this study is consistent with the
findings on another treeline species, Betula utilis, in
Mustang, where a slight decrease in BAI of Betula at
its dry lower limit is reported (Tiwari et al., 2017b).
Such coherence in long-term growth trends across
species and sites suggests that climate change may be
influencing multiple forest species across a broad
region (IPCC, 2022).

Growth—climatic relationship in treeline ecotone of
Mustang

Plant growth is influenced by a range of biotic and
abiotic factors, among which, climatic variables play a
dominant role (Fritts, 1976). Depending on site
conditions, growth can be limited by temperature,
precipitation or their combined effects (ie drought)
(Fritts, 1976; Korner, 2012). Our climate—-growth
relationship analysis shows that radial growth of A.
spectabilis in the alpine treeline ecotone in the central
Himalayas is primarily limited by temperature and
secondarily by moisture stress, due to either low
precipitation or temperature-induced moisture stress,
particularly during the growing season. As the alpine
treeline region is the high elevation site with a short
growing season, high temperature during the growing
season generally enhances photosynthesis and growth
(Korner, 2012; Pandey et al., 2020; Gaire et al., 2023b).
However, in dry sites, high temperature, accompanied
by low precipitation, can suppress growth (Fritts, 1976;
Liang et al., 2014; Sigdel et al., 2024; Lu et al., 2025).
Our findings indicate that favourable -climatic
conditions during July-August are very critical for the
growth of A. sepctabilisbecause this period is the peak
growing season in the alpine treeline ecotone of the
Himalayas (Korner, 2012). Warm conditions in July and
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moist conditions in August were particularly
conducive to the growth of A. sepctabilis. This is
because, July typically maintains a positive moisture
balance, and elevated temperatures during the month
generally promote the growth of A. spectabilis in the
treeline ecotone in our study area. In contrast, high
temperature towards the end of the growing season
negatively affect growth, as indicated by the negative
relationship and low moisture balance during the
period. The trans-Himalayan region receives relatively
low annual rainfall, and hence high temperature
without sufficient water can negatively affect growth.
Some studies have found a positive relationship
between growth and temperature during the summer
season in the treeline ecotone in the Nepal Himalayas
(Chhetri & Cairns, 2016; Gaire et al.,, 2023b), while
some found negative relationship in some dry sites
(Cook et al., 2003; Gaire et al., 2019). In some of the
Himalayan treelines, precipitation has also emerged as
an important controlling climatic driver for tree growth
(Liang et al., 2014; Sigdel et al., 2018, 2024). As the
present treeline ecotone study site lies in a dry trans-
Himalayan mountain slope, with about 300 mm annual
rainfall, moisture stress is expected, particularly during
the early and later parts of the growing season. The
positive correlations observed with early summer
precipitation and maximum temperature suggest that
warm and wet conditions during summer are beneficial
for radial growth (Tiwari et al.,, 2017b; Pandey et al.,
2020; Gaire et al., 2020, 2023b). In the treeline of the
Lete area of Mustang (south of the current study),
Kharal et al (2014) also found a positive relationship
with pre-monsoon precipitation and predominantly
negative correlation with temperature, which is
consistent with our results. Similarly, in the treeline
ecotone near Chimang in Mustang, temperature
showed a largely negative influence on growth,
whereas precipitation showed a positive effect (Tiwari
et al., 2017a). The positive relationship between tree-
ring chronology and winter temperature may reflect
the chilling requirement of trees in cold climate regions
(Luedeling et al, 2011; Guo et al, 2014). A high
temperature in winter may promote early snowmelt
and improve soil moisture for early season growth
(Chhetri & Cairns, 2016; Shah et al., 2019; Gaire et al.,
2020, 2023b). A positive relationship with summer
minimum temperature but a negative relationship with
maximum temperature may indicate the temperature
threshold and moisture balance effect on tree growth
(Fritts, 1976). Although the direction of the correlation
with spring precipitation aligns with previous
Himalayan treeline studies, the strength of the
relationship in our site is comparatively weak (Liang et
al., 2014; Tiwari et al., 2017a.b; Kharal et al., 2017). This
may reflect the high elevation aridity of the trans-
Himalayan environment, where moisture limitations
during the early growing season are particularly
pronounced.

Temporal stability of growth—climate response

Understanding the stationarity of growth limiting
factor is very crucial for sustainable forest
management in the context of climate change. In our
study, we found temporally stable to changing
response of tree growth with monthly temperature and
precipitation data. Relationship with summer month
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temperature is negatively intensified, while the
positive response to winter month precipitation is
becoming weaker. The intensified negative response
to temperature could be owing to increasing drought
events due to rapid increase in temperature. There are
no moving response analysis studies found from the
trans-Himalayan region of Nepal for direct comparison
of findings; however, studies from southern slopes of
the Himalayan mountains have found stable to
changing growth—climate response of A. spectabilis
(Schwab et al., 2018; Gaire et al., 2020, 2023). A study
of the treeline in Manaslu did not find a major shift in
the growth limiting factor of Abies (Gaire et al., 2020);
however, in the Gaurishankar region, there is a
temporal shift in the growth limiting factor for the same
species (Schwab et al., 2018). The diversity in the
temporal stability and spatial variability in the growth-
limiting climatic factors in different regions of the
Nepal Himalayas indicate that climate change may
affect tree species in diverse ways (Schwab et al., 2018;
IPCC, 2022; Gaire et al., 2020, 2023b). The temporally
unstable growth—climate relationships identified in our
study highlight the need for dynamic forest
management and biodiversity conservation
approaches to reduce the wvulnerability of treeline
species, particularly in the climate-sensitive trans-
Himalayan region of Nepal.

CONCLUSION

This study developed a tree-ring width chronology of
A. spectabilis from the treeline ecotone of the trans-
Himalayan region of Mustang, demonstrating its
strong potential for dendroclimatic studies. The
growth of A. spectabilisin the study’'s treeline site was
mainly controlled by temperature and moisture
balance during the growing season and preceding to
the growing season. We also detected temporal shifts
in the growth-limiting factors, indicating that the the
climatic sensitivity of the species is not stationary. The
observed temporal unstable growth-climate response,
combined with the recent decline in BAI, suggests that
increasing frequency and intensity of drought events
under global warming could negatively impact forest
growth and treeline dynamics in this region. Therefore,
forest managers need to adapt dynamic climate-
responsive forest management and conservation
strategies to safeguard treeline species in the trans-
Himalayan landscape.
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