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Abstract: The impacts of global warming are pervasive across different forest biomes and are most pro-
nounced in high mountain ecosystems such as the Himalayas. This study examines the growth response
of Blue pine (Pinus wallichiana) to climate from Bumthang district in the central Bhutan Himalaya. Tree
radial growth parameters (ring width index and basal area increment) were correlated with monthly and
daily climate. Temporal changes in significant climate response were assessed using running correlations.
Irrespective of tree growth parameters or temporal resolution of climatic variables, growth-climate re-
sponse revealed maximum temperature during summer as the most significant climatic factor regulating
the growth of P. wallichiana in central Bhutan. The strength and stability of the climate response improved
when using daily climate, which is not restricted by non-biological calendar months. Around the turn of
the 21st century, we observed a rapid rise in radial growth. Over the last ~30 years, blue pine from central
Bhutan has benefited from warming summer season maximum temperatures. This study highlights the
importance of considering daily climate variables for more accurate assessments of tree growth responses
to climate. These findings have significant implications for understanding the impact of climate change on
forests in the Himalayan region.
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Introduction it is one of the most biologically diverse regions of

the world (Salick et al., 2014). Bhutan, which lies in
The distribution of vegetation in the Himalayan the eastern Himalayas, has been experiencing rapidly
regions is mainly attributed to climatic factors, and rising trends in temperature and precipitation both
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during summer and winter (Chhogyel & Kumar,
2018). The distribution range of major timber and
fuelwood species in Bhutan is projected to decline
substantially and shift to higher altitudes due to cli-
mate change (Choden et al., 2021). While most stud-
ies of species distribution assume linear relationships
between tree species and climate, it is becoming in-
creasingly clear that trees and, therefore, forests may
respond dynamically to environmental changes (Mc-
Dowell et al., 2020). Such variations in tree response
can be evaluated more effectively from the level of
individual trees to forest stands or even entire forest
biomes by using tree rings (Speer, 2010).

The tree growth-climate response in dendrochron-
ological studies is primarily carried out with month-
ly climate variables. This is partly because relatively
long-term gridded climate datasets can be easily ob-
tained at monthly time scales, even in places where
station data are unavailable. Consequently, the usage
of monthly climate is a common practice for identi-
fying significant climatic variables. The restriction of
climate variables to calendar months may dilute the
climate signal embedded in tree rings since months
are arbitrary limits and do not correspond with tree
physiological processes. Recent improvements in
methodology and availability of high-resolution dai-
ly climate records have aided in the analysis of tree
growth-climate response to daily climate (Beck et
al., 2013; Pritzkow et al., 2016; JevSenak & Levanic,
2018; Nechita et al., 2019; Thomte et al., 2021; Mag-
nusson et al., 2023). Studies using daily climate have
demonstrated an enhanced relationship between
climate and tree growth indices (Sun & Liu, 2016;
Jevsenak, 2019; Thomte et al., 2022) and the poten-
tial for capturing the influence of short, extreme cli-
mate events on the growth of trees (O’Donnell et al.,
2021; Trumper et al., 2022). Similar growth and daily
climate response analyses have rarely been investi-
gated in the Himalayan region, including Bhutan.

Dendroclimatic reconstructions are developed
based on the assumption of a temporally stable
response of trees to climate (Fritts, 1976). Conse-
quently, if the climate response of trees is unstable,
it would adversely impact the accuracy and reliabil-
ity of the reconstructed climate. A global review by
Wilmking et al. (2020) noted that around two-thirds
of tree-ring studies did not evaluate for stationary of
tree growth and climate relationships. Further, the
authors found that more than half of the studies that
tested the temporal stability reported a non-station-
ary temporal response of trees to climate. A non-sta-
tionary relationship between tree growth and climate
may indicate a shift in the climatic variable limiting
tree growth (D’Arrigo et al., 2008; Lebourgeois et
al., 2012). Conversely, trees’ temporally variable
climate response may simply result from a dynam-
ically evolving natural response between trees and

their environment (McDowell et al., 2020; Wilmking
et al., 2020). Analyzing the stability of tree growth
climate responses over time may provide important
clues to understanding and predicting the response
of trees to climate change (Peltier & Ogle, 2020).

The basal area increment (BAI) or ring area is a
two-dimensional variable considered a good meas-
ure of overall tree growth and productivity (Biondi,
1999; Biondi & Qeadan, 2008; Correa-Diaz et al.,
2019). The conversion of ring width measurements
to BAI removes the geometric restriction of decreas-
ing (increasing) ring width (circumference) towards
the bark. The BAI chronology may be an alternative
to standard ring-width detrending methods used as
(Sullivan et al., 2016; Mazza & Sarris, 2021). Some
studies have demonstrated higher growth-climate
correlations with BAI chronologies than detrended
ring-width chronologies (Baral et al., 2019; Labrec-
que-Foy et al., 2023). A comparative analysis of the
climate response of BAI and ring width chronologies
may improve the reliability of potentially observed
growth-climate relationships.

The abundance of forests and long-lived trees
in the Bhutan Himalayas makes the region an im-
portant storehouse of paleoclimatic information.
Sano et al. (2013) reconstructed 269-year summer
monsoon precipitation using stable oxygen isotopes
from tree rings of Larix griffithii. Multi-centennial
temperature reconstructions have also been devel-
oped from the region using tree-ring width chronol-
ogies of Picea spinulosa (Krusic et al., 2015) and Abies
densa (Khandu, Polthanee, & Ayutthaya, 2022b).
Advancing tree lines have recently been reported in
the northern extreme of Bhutan based on observa-
tions of regeneration and expansion rates of Abies
densa (Khandu, Polthanee, & Ayutthaya, 2022a). The
density fluctuations and scars observed in tree rings
of multiple species were used to reconstruct flood
history and estimate the streamflow of the Dhur
River in north central Bhutan (Speer et al., 2019).
The focal theme of most of these studies is for re-
constructing past climate/ hydroclimate variability
from tree-ring-derived proxies. Only a few studies
have attempted to address aspects of tree growth
variability due to changes in climate and other envi-
ronmental parameters.

Blue pine (Pinus wallichiana A.B. Jackson) is con-
sidered one of the most suitable species for dendro-
climatological studies in the Himalayan region due to
its high sensitivity to climatic variables and wide ge-
ographical distribution (Gautam et al., 2021). It is a
conifer native to the Himalayan region and is found at
an altitude ranging from 1800-4000 m.a.s.l. (Dukpa
etal., 2018; Wangchuk et al., 2018). P. wallichiana pro-
duces clear and dateable annual rings and has been
extensively used in paleoclimatic studies across the
entire range of the Himalayas (Shrestha et al., 2015;
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Gaire et al., 2019; Shah et al., 2019; Bhandari & Speer,
2020; Gautam et al., 2022). Despite its prevalence in
the forests of Bhutan, limited dendrochronological
studies of P. wallichiana have been conducted in the
region and are confined to a few localities (Tshering et
al., 2023). One study focused on the relationship be-
tween three Pinus ring width chronologies (including
P. wallichiana) from Bhutan, India, and Thailand with
global surface temperatures (Buckley et al., 2005).
In this study, spatial correlations with surface tem-
peratures were distinct and weaker for Bhutan pines
than those from India and Thailand. In the temper-
ate conifer forest of western Bhutan, Wangchuk et al.
(2018) examined the effect of topography and climate
on the radial growth of P. wallichiana. Correlation
analysis indicated radial growth was negatively cor-
related with altitude (slope and aspect) in the trees
from the northern (southern) aspect (Wangchuk et
al., 2018). They also described a higher climate sen-
sitivity in trees from the southern aspect compared
to the northern aspect. A recent study by Choden et
al. (2021) modeled the future distribution of P. wal-
lichiana in Bhutan, which projected a range contrac-
tion by as much as 78% towards the end of the 21
century. Considering the potentially drastic decline in
species distribution, the effect of climate change on
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the growth and productivity of P. wallichiana in Bhu-
tan remains poorly understood.

This study addresses the dynamic relationship be-
tween climate variability and tree growth in Bhutan,
focusing on P. wallichiana in central Bhutan. Specifi-
cally, our objectives include the development of tree-
ring chronologies based on detrended ring width and
BAI, analyzing tree growth trends, and assessing
the impact of climate variability using daily climate
variables. This research aims to enhance our under-
standing of how P. wallichiana responds to changing
climatic conditions and contribute valuable insights
for forest management and conservation strategies in
the Himalayan region.

Materials and methods

Study area

The sampling was conducted in the Ugyen
Wangchuk Institute for Forestry Research and
Training (UWIFoRT) forest research preserve
(27°31’-27°33’N and 90°41’-90°44’E) situated in the
Bumthang district of Bhutan, Central Bhutan Hima-
laya (Fig. 1). The samples were collected during the
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Fig. 1. Geographical location of the study area showing tree-ring sampling site and elevation
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first week of September, 2021. The research preserve
area lies at an elevation ranging from 2831 m.a.s.1 to
4021 m.a.s.l., covering an area of 1098 ha. The region
receives an annual rainfall of 1404 mm with summer
temperatures as high as 23° C while the temperature
during winter months may fall to -6° C (Pearl et al.,
2015; Dhendup et al., 2019). The vegetation com-
prises mainly mixed conifer species such as P. wal-
lichiana, Picea spinulosa, Tsuga dumosa, Rhododendron
spp., and bamboo.

Sample collection, processing and
chronology development

The sampling areas were confined at an ele-
vation of 2800 to 3000 m.a.s.l. The dominant and
co-dominant P. wallichiana trees having straight
boles with large crowns and gnarled branches were
sampled. In total, 30 trees (60 cores) were sampled
at breast height using Swedish increment borers fol-
lowing the standard procedures of dendrochronol-
ogy (Fritts, 1976; Smith & Lewis, 2006). For each
tree, two 5 mm increment cores were obtained from
opposite sides of the tree. The diameter at breast
height (dbh) was also measured and recorded for all
sampled trees.

The core samples were brought to the laborato-
ry and mounted on a wood block using water-sol-
uble glue. These samples were dried at room tem-
perature and later sanded using progressively finer
sandpapers. Each sanded sample was placed under
a high-resolution scanner, and its images were cap-
tured for measurement. Individual ring widths were
measured and visually cross-dated to the calendar
year of their formation using the CooRecorder soft-
ware (Fig. S1) to the nearest 0.01 mm (Maxwell &
Larsson, 2021). The cross-dating accuracy was ascer-
tained using COFECHA software (Holmes, 1983).
Problematic tree cores that could not be corrected or
were decayed, twisted, or damaged were discarded.
Our experiments with different curve-fitting options
indicated that the age-dependent splines (Melvin et
al., 2007) produce the optimal growth curve for each
ring width series. A ring width index (RWI) chro-
nology was developed using the signal-free meth-
od (Melvin & Briffa, 2008) in the RCS signal-free
tree-ring standardization computer program version
RCSsigfree 2019 (Cook et al., 2017) and the vari-
ance was stabilized (Osborn et al., 1997). To assess
the quality and reliability of the detrended chronol-
ogy, we calculated the chronology statistics such
as mean sensitivity (MS), standard deviation (SD),
serial autocorrelation (AC), inter-series correlation
(Rbar), signal-to-noise ratio (SNR), running mean,
sub-sample signal strength (SSS), expressed pop-
ulation signal (EPS) and variance explained by the

first principal component (PC1). We also developed
the basal area increment (BAI) chronology to esti-
mate tree growth trends and a comparative analysis
with RWI chronology. Since most tree core samples
missed the pith, the BAI chronology was computed
with the “outside-in-method” using ring width data
and dbh (LeBlanc, 1993; Biondi, 1999). The BAI was
calculated using the dplR package (Bunn, 2008) in R
programming software (R Core Team, 2022).

Climate and tree growth relationship

The RWI and BAI chronologies developed from
the P. wallichiana tree cores were further processed to
derive the influence of climate on tree radial growth.
The closest station data for the study site is located at
Chamkhar where the records are available only from
1996 CE onwards. As the available station data is too
short to ascertain meaningful correlations, we used
gridded climate data available for a more extended
and uninterrupted period (1951-2020 CE). The cli-
mate variables for the sampling site were extracted
from the nearest 1° x 1° grid (90°30’ E, 27° 30’ N) of
the Indian Meteorological Department (IMD) grid-
ded climate dataset, which includes daily climate re-
cords of maximum and minimum temperatures, and
precipitation (Rajeevan et al., 2008; Srivastava et al.,
2009). Pearson’s correlation was used to examine the
effect of daily and monthly climatic variables on the
radial growth of P. wallichiana. The correlation anal-
ysis was performed between tree growth parameters
(RWT and BAI) with monthly climate for a 14-month
dendroclimatic window beginning from Septem-
ber of the previous year to October of the current
year. Likewise, the same period was used to com-
pute growth-climate correlations with daily climate.
The months from the previous year were included
to account for the influence of the previous year’s
climate on the amount of growth and carbon fixed by
the trees (Grissino-Mayer & Butler, 1993). We also
performed an additional correlation analysis between
growth parameters and climatic variables from the
Chamkhar station for a comparative assessment of
the growth-climate response between the station and
gridded climate data. All correlation analyses were
performed using the R package dendroTools (Jevsenak
& Levanic, 2018; Jevsenak, 2020) in the R program-
ming environment (R Core Team, 2022).

Results and discussion

The tree rings of P wallichiana show clear ring
boundaries with a gradual transition from earlywood
to latewood. Excluding only two problematic cores
from the original collection, we cross-dated 58 core
samples from 30 trees. The final ring width chronology
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Fig. 2. Tree-ring chronologies of ring width index (RWI) and basal area increment (BAI)

spans 58 years (1955-2022 CE) with a median age
of 51 years (Fig. 2). The samples show a high mean
inter-series correlation (0.546), suggesting a strong
common stand-wide signal. This is also reflected in
the between trees Rbar (0.346), within tree Rbar
(0.498), and all series Rbar (0.349). The chronology
statistics indicate moderate values of MS (0.118), SD
(0.119), reliable EPS (0.954), and relatively high SNR
(25.709) and variance explained in PC1 (30.2%). The
presence of autocorrelation, as indicated by positive
AC1 (0.143), suggests the influence of growth from
the previous year on the current year’s growth. The
BAI chronology depicted a consistent positive growth
trend during the initial period until the late 1960s
(Fig. 2). A distinct peak in growth is evident around

the period 2010-2015, which is followed by an abrupt
decline in the last few years.

The correlation analysis was carried out for the
period 1970-2020 CE in both RWI and BAI chronolo-
gies. We truncated the initial period of the chronolo-
gy to 1970 in the analysis to remove the early portion
of the BAI chronology exhibiting a strong positive
growth trend (Fig. 2). Additionally, the SSS value of
0.978 in the RWI chronology for the year 1970 well
exceeds the 0.85 criteria (Wigley et al., 1984). This
further ensures that the less reliable earlier portion
of the chronology with low sample replication is ex-
cluded from the analysis. The climate response of
RWI was most significant (positive) with mid to late
summer maximum temperatures and early summer

Table 1. Optimal correlation coefficients (significant at p < 0.05) obtained for RWI and BAI chronologies with monthly
and daily climate variables. The months from the previous year are prefixed by an asterisk symbol (*). (Abbreviations:
RWI - Ring width index; BAI — Basal area increment; DOY — Day of the year; WL — Window length of optimal climate

response; NS — Not significant)

Parameter Resolution r-value Onset DOY End DOY WL
Maximum Temperature
RWI Daily 0.458 187 (Jul 07) 284 (Oct 11) 97
Monthly 0.416 182 (Jul 01) 273 (Sep 30) 92
BAI Daily 0.433 190 (Jul 10) 216 (Aug 04) 26
Monthly 0.330 182 (Jul 01) 212 (Jul 31) 31
Minimum Temperature

RWI Daily —-0.386 299 (*Oct 27) 329 (*Nov 25) 30
Monthly —0.336 305 (*Nov 01) 334 (*Nov 30) 30
BAI Daily -0.316 302 (*Oct 30) 327 (*Nov 23) 25

Monthly NS

Mean Temperature
RWI Daily 0.337 190 (Jul 10) 215 (Aug 03) 25
Monthly 0.278 182 (Jul 01) 212 (Jul 31) 31
BAI Daily 0.347 191 (Jul 11) 215 (Aug 03) 24
Monthly 0.281 32 (Feb 01) 212 (Jul 31) 181
Precipitation

RWI Daily —0.363 156 (Jun 05) 248 (Sep 05) 93
Monthly —0.348 152 (Jun 01) 273 (Sep 30) 122
BAI Daily -0.317 141 (May 21) 171 (Jun 20) 31
Monthly —-0.325 152 (Jun 01) 181 (Jun 30) 30
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mean temperature (Fig. 3. S2; Table 1). Conversely,
correlations between RWI and the previous Novem-
ber minimum temperature and summer season pre-
cipitation were significant and negative. A positive
response to temperature variables (mean and max-
imum) was obtained for BAI with a shorter earlier
significant period during the early summer (Fig. 3,
Fig. S2, Table 1). The correlation between BAI and
minimum temperature was negative and significant,
with only a daily minimum temperature in Novem-
ber. The negative influence of precipitation on BAI
was observed for a comparatively shorter period than

RWI-Maximum temperature

RWI and, most significantly, during the early sum-
mer months. The growth-climate response comput-
ed using daily climate was broadly consistent with
those observed using monthly climate. Further, RWI
and BAI exhibited similar climate response patterns
peaking during the summer. The climate response of
both tree growth parameters derived from the IMD
gridded data also compared favorably with those
obtained using monthly climate records from the
Chamkhar meteorological station (Fig. S2).

We developed RWI and BAI chronologies based
on the tree-ring width of P. wallichiana from central

BAI-Maximum temperature
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Fig. 3. Correlation coefficients of ring width index (RWI) and basal area increment (BAI) chronology with daily tem-
perature variables (maximum, minimum, and mean temperature) and precipitation for the period 1970-2020. The
dendroclimatic window is considered for a 425-day (14-month) period beginning from the day of the year 244 (Sep 1)
of the previous year to the day of year 304 (Oct 31) of the current year
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Bhutan. Analysis of the climate response of RWI and
BAI chronology reflected a pronounced positive influ-
ence of summer maximum temperature on the radial
growth of P. wallichiana. The growth-climate correla-
tions showed comparatively higher correlations with
daily climate and an essentially shorter optimal win-
dow of significant response with daily precision (Ta-
ble 1). The advantage of identifying a precise window
of significant climate response with daily climate has
helped improve tree-ring reconstructions of past cli-
mate (Dolgova et al., 2022). Previous studies using
daily data have also reported a similarly enhanced cli-
mate response between tree growth indices and daily
climate (Sun & Liu, 2016; Jevéenak, 2019), even with
much shorter tree-ring chronologies (Thomte et al.,
2022). The stability of the temperature response also
improved substantially in the case of BAI chronology
when using daily data (Fig. 4). Analysis of the impact
of warming on radial growth using daily climate has
been demonstrated to be a more effective method
for assessing the relationship between temperature
and the growth of larch trees in Eurasia (Li et al.,,

(a)

2023). Our results broadly align with the positive
growth response to growing season temperatures
commonly found in energy-limited boreal forests
worldwide (Babst et al., 2019). This summer, tem-
perature sensitivity is also consistently observed in
the radial growth of P. wallichiana from different parts
of Bhutan (Wangchuk et al., 2018; Bhandari & Speer,
2020). Similar temperature sensitivity has also been
noted for P. spinulosa from central Bhutan (Krusic et
al., 2015) and A. densa from North Bhutan (Khandu,
Polthanee, & Ayutthaya, 2022a; b). A warm summer
provides optimal conditions for photosynthesis and
xylem production, particularly in temperature-limit-
ed environments. Radial growth of P. wallchiana from
the Western Himalayas have also reported an equally
positive relationship with temperature, although the
primary temperature response occurs during winter
(Yadava et al., 2017; Shah et al., 2019).

Conversely, in moisture-stressed sites, the growth
response of P. wallichiana may be negative (positive)
with temperature (precipitation), such as in cen-
tral Nepal (Gaire et al., 2018; Gautam et al., 2021),
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Fig. 5. Anomalies (Z-score) of (a) RWI plotted against Jul-Sep monthly maximum temperature and (b) BAI plotted
against Jul monthly maximum temperature for the analyzed period of both tree growth parameters (1970-2020)
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North Pakistan (Bhandari et al., 2020). The negative
relationship between radial growth and summer sea-
son precipitation suggests that the moisture supply
is sufficient for overall tree growth in our study site.
The summer monsoon season is often characterized
by enhanced cloudiness associated with frequent pre-
cipitation. Consequently, a decline in insolation and
low temperatures may limit photosynthetic activity,
reducing growth (Takahashi et al., 2005). Studies
of xylogenesis indicated a strong coupling between
photoperiodicity and sub-annual variations in xylem
size increase and temperature with woody biomass
production (Cuny et al., 2015).

Since the mid-1980s, variations in summer maxi-
mum temperatures reasonably tracked fluctuations in
tree growth (Fig. 5). An abrupt decline in growth has
occured during the last few years. It appears to be un-
related to climatic changes. This may result from nat-
ural processes such as stand maturation or periodic
growth suppression due to canopy closure and com-
petition for light and nutrients. The possibility of an-
thropogenic disturbances at the site may be ruled out
since we found no evidence of recent human activity,
such as resin tapping, logging, or livestock grazing.
The trees were also essentially free of injuries, and
there was no known record of fire or insect outbreaks
in the past. In general, the conspicuous intensifica-
tion of warming over the last few decades may pro-
mote the rapid growth of P. wallichiana. A study using
temperature-sensitive trees distributed across the
northern hemisphere also revealed a distinct posi-
tive effect of temperature on radial growth associated
with rapid warming during the late 20" century (Liu
et al., 2022). During the last three decades, increas-
ing growth rates have been noted in temperature-sen-
sitive trees from high-altitude forests worldwide
(Treml & Veblen, 2017; Cao et al., 2018; Devi et al.,
2020). Such temperature-induced growth intensifica-
tion has been projected to reduce the negative im-
pact of climate change-related forest disturbances (Li
et al., 2023). Conversely, under declining moisture
supply, the positive effect of temperature on radial
growth in our site may be inhibited and replaced by
water limitation, as observed elsewhere (Babst et al.,
2019; Mirabel et al., 2023). Analysis of gridded tem-
perature datasets with temperature data from climate
stations in Bhutan depicts a rising trend (Hoy et al.,
2016). The departures in mean annual temperatures
remained consistently positive since 1997, with an
11-year running mean demonstrating an increasing-
ly warming trend beginning around the mid-1970s
(Hoy et al., 2016). According to the National Centre
for Hydrology and Meteorology (NCHM), the annual
precipitation in Bhutan is decreasing with high sea-
sonality characterized by drying winters and increas-
ingly wet summers (Department of Environment and

Climate Change, 2023). Future climate projections
point to a warmer and wetter Bhutan (Department of
Environment and Climate Change, 2023). Based on
current trends in temperature, the warming-induced
radial growth enhancement of P. wallichiana may con-
tinue, provided the intensity and distribution of fu-
ture precipitation do not exhibit extreme deviations.
The potential influence of non-climatic disturbances
to growth related to forest stand dynamics also exists,
which may impact future tree growth.

Conclusion

The radial growth of P. wallichiana in central Bhu-
tan, represented by RWI and BAI, exhibited enhanced
growth in the recent decade, coherent with a contem-
poraneous rise in mean annual temperature. Analy-
ses of climate-growth relationships suggest that this
growth is driven by maximum temperature during
the summer season. The highest growth-climate sen-
sitivity was obtained with calculations derived from
the more flexible daily climate variables. Temporally,
the growth response to summer maximum temper-
ature attained statistical significance from the mid-
1980s, closely associated with recent warming trends.
While our results are promising, they are based on
a single-site chronology and must be replicated in
other potential temperature-sensitive sites. Moreo-
ver, growth-climate responses are often dynamic, and
the beneficial effects of temperature may become det-
rimental under water limitations. The sharp decline
in tree growth during the last few years also suggests
the possible influence of non-climatic disturbances
on growth dynamics. Further studies, including older
trees, are also needed to identify how trees of different
age classes respond to the changing environment and
potentially for temperature reconstruction. An expan-
sive network of tree-ring chronologies covering the
entire distribution of P. wallichiana needs to be devel-
oped for a more comprehensive picture of the impact
of climate change.
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