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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Himalayan trees show regional- and 
species-specific responses to future 
climate change.

• Growth declines in monsoon dominated 
regions are linked to higher evaporative 
demand.

• Westerly dominated trees benefit from 
increased winter precipitation.

• We recommend conserving eastward 
and adapting management westward.
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A B S T R A C T

Rising temperatures and shifting regional precipitation patterns are exerting significant impact on tree growth in 
the Himalayan region. Despite growing concern about global warming, the regional- and species-specific growth 
responses to future climate scenarios remain poorly quantified across the two contrasting precipitation regimes 
(Eastern-monsoon vs Western-westerly) of the Himalaya. We analyzed 3370 time series of tree-ring width data of 
14 dominant tree species in the Himalaya occurring between 1750 and 4100 m of elevation covering a large 
longitudinal monsoon-related environmental gradient. With Linear Mixed Models (LMMs), we predicted Basal 
Area Increment (BAI) trends for different temperature and precipitation changes under four representative 
concertation pathways (RCP 2.6, 4.5, 6.0 and 8.5). Results show contrasting patterns: in the Eastern region, 
species such as Cedrus deodara and Pinus roxburghii are projected to decline by 23–67 % in BAI by the end of the 
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21th century under all the climate scenarios due to warming-induced moisture stress. Conversely, in the Western 
region, species like Picea smithiana and Pinus wallichiana shows projected gain in BAI up 100 % likely due to 
enhanced winter and spring precipitation from westerlies. Likely increased forest carbon sequestration in 
selected species in the Western region highlights the importance of spatially targeted climate informed forest 
management. Our results evidence the need for conservation strategies in the Eastern region, while adaptive 
management should be considered in the Western region to maintain Himalayan forest resilience and sustain
ability in the face of future warming.

1. Introduction

Climate change is profoundly affecting forest ecosystems worldwide, 
particularly in mountainous regions where temperature and precipita
tion regimes are changing rapidly and heterogeneously. The acceler
ating pace of climate change is projected to markedly influence forest 
growth dynamics and alter their carbon sequestration potential. Un
derstanding how forest species respond to these changes is critical for 
biodiversity conservation and the maintenance of vital ecosystem ser
vices (Allen et al., 2015).

Climate change affects growth in tree species depending on the 
interaction of multiple intrinsic (e.g. tree age) and extrinsic factors 
(Camarero et al., 2017; Matías et al., 2017; Shi et al., 2021a, 2021b) (e. 
g., regional climate, topography and soil moisture). Tree species adapted 
to high-elevation environments may have improved adaptive capacity to 
changing climate if they are able to perform altitudinal distribution 
shifts (Telwala et al., 2013; Camarero et al., 2017). However, those tree 
species already endangered by limited distribution ranges should be 
particularly vulnerable to ongoing climate change (Cuo et al., 2013; Liu 
et al., 2007; Manabe and Broccoli, 1990; Yanai et al., 1992).

This complexity is particularly pronounced in the Himalayan region, 
a global biodiversity hotspot and also known as the third pole, affects 
climate dynamics not only in Southeast Asia but also beyond its 
geographic limits (Sharma et al., 2019). The Himalayan forests play a 
crucial role in regional and global carbon dynamics acting as substantial 
carbon sinks through biomass accumulation and long-term carbon 
storage in soils. Forests dominated by major tree species in this region 
store an estimated 6–7 billion tons of carbon significantly contributing 
to national carbon budgets and climate mitigation goals. However, the 
future carbon sequestration potential of these forests remains uncertain 
as changes in tree growth rates or species composition may alter their 
ability to offset emissions.

Rapid warming has already been observed in several parts of the 
Himalaya (Krishnan et al., 2019; Sabin et al., 2020). In some areas, 
precipitation is decreasing, while average warming is expected to in
crease at least 0.3 ◦C overall the Himalayan region, although it is ex
pected to rise up to 0.7 ◦C in the northwest Himalaya and Karakoram, 
where an increase in winter and spring precipitation driven by mid- 
latitude westerlies has also been observed in recent decades (Krishnan 
et al., 2019). Under these assumptions, a decrease in forests growth and 
declining distribution ranges might be expected for several tree species 
in response to warming and shifting precipitation regimes 
(Bhattacharyya et al., 2023; Chakraborty et al., 2016). In addition, the 
temperature increase, among the highest worldwide, implies more se
vere water stress for some already water-limited Himalayan forest eco
systems. Conversely, in some regions, warmer and wetter conditions 
have been observed, creating more favorable conditions for tree growth. 
In particular, the northwest Himalaya and Karakoram have experienced 
increased winter and spring precipitation driven by the mid-latitude 
westerlies which can mitigate water stress and support higher growth 
rates especially for moisture-sensitive tree species in the semi-arid zones 
(Shekhar et al., 2017; Yadav et al., 2017). The growth variability in these 
contrasting areas will largely depend on the continued interplay be
tween temperature increases and precipitation patterns with wetter 
conditions potentially offsetting some of the negative impacts of 
warming on forest ecosystems.

From a regional point of view, the climate of the Himalaya is driven 
by monsoon and westerly winds, as large amounts of precipitation is 
brought by south westerly monsoon winds during the summer season 
(June–September) and westerly winds during the winter seasons 
(Krishnan et al., 2019). total rainfall decreases westward, increasing the 
regional aridity from the Eastern to the Western region. The distribution 
of tree species in the region is closely linked to the precipitation regimes 
(Singh et al., 2017). Monsoon-influenced regions support species that 
thrive in moist, warm conditions, while areas with significant winter 
precipitation support species adapted to cooler and drier environments.

The current state of Himalayan forests is precarious, with many 
dominant tree species showing reduced vitality (Thakur et al., 2021), 
increased mortality (Mainali et al., 2020), and slower regeneration 
(Kumar and Khanduri, 2024). Yet, not all projected climatic shifts result 
in negative consequences. For instance, dominant forest trees like firs 
(Abies spp.) are projected to decline, losing 6–14 % of their distribution 
area, mainly at the lower elevation range limits. However, potential 
increases are expected at their upper elevation range limits by an alti
tudinal migration of about 30 m per decade (Malik et al., 2022). Simi
larly, the dominant species Cedrus deodara is expected to gain its 
potential distribution in Western Himalaya but loss in distribution area 
in the Eastern region over the 21st century due to regional climate dif
ferences (Xiao et al., 2022). Recent tree-ring observations revel that 
under future climate scenarios, rising temperatures in the monsoon 
influenced Himalayan region are likely to intensify evapotranspiration, 
exacerbating moisture stress and leading to reduced tree growth, 
whereas in the westerly dominated region, increased winter precipita
tion is projected to provide additional moisture during the dry growing 
season supporting moderate growth increases under both climate 
(Bhattacharyya et al., 2023). As regional climate responds differently to 
global warming across the contrasting Himalaya region, co-occurring 
species will likely exhibit diverse growth patterns.

Tree ring width (TRW) data has been extensively used in the Hi
malayan region to reconstruct past climate variability (Dhyani et al., 
2023; Dhyani et al., 2022a, 2022b; Shekhar and Bhattacharyya, 2015; 
Yadav et al., 2011 Cook et al., 2003). The annual increment in TRW 
reflects the outcome of dynamic ecological interactions with weather 
and inherent physiological patterns associated with tree age and struc
tural size. Basal Area Increment (BAI) offers an advantage over raw tree- 
ring width measurements by incorporating the geometric expansion of a 
tree stem over time (Biondi and Qeadan, 2008). This method provides a 
more realistic approximation of wood production and biomass accu
mulation, because BAI compensates for this natural growth trend in 
TRW data enabling more accurate and comparable growth assessments 
across various tree ages and species (Bosela et al., 2023; Martinez del 
Castillo et al., 2022). Understanding how inherent characteristics of 
tree-growth patterns, such as species-specific growth rates, tree age- 
effects or forest stand respond to climatic variability is essential for 
interpreting growth outcomes across in the context of topographic and 
regional climatic gradients contribute meaningful to the growth out
comes (Anderson-Teixeira et al., 2022; Martinez del Castillo et al., 
2022). Hence, some studies suggest that old trees are more sensitive to 
temperature, while younger trees rely more on short-term soil water 
availability (Delzon and Loustau, 2005; Knapp and Soulé, 2011; Li et al., 
2013; Magnani et al., 2000; Ruiz-Benito et al., 2015; Ryan et al., 2006; 
Shi et al., 2021a, 2021b; Zeng et al., 2018). In addition, other studies 
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suggest that larger trees, that is, those accounting for greater carbon 
stock in their biomass, may be more sensitive to climate changes 
(Stephenson et al., 2014; McDowell et al., 2011). Understanding these 
size- and age-related growth sensitivities is particularly important when 
interpreting how climate variability interacts with topographic and 
regional climatic gradients (Klesse et al., 2020; Sánchez-Salguero et al., 
2017a, 2017b).

Recent advancements in statistical modeling have expanded the 
utility of tree-ring data beyond historical reconstructions (Bosela et al., 
2023; Klesse et al., 2020, 2024; Martinez del Castillo et al., 2022; 
Sánchez-Salguero et al., 2017a, 2017b). Linear mixed-effects models 
and other approaches now allow researchers to explore spatial and 
temporal growth variability and identify key climatic drivers (Anderson- 
Teixeira et al., 2022; Klesse et al., 2020, 2024; Martinez del Castillo 
et al., 2022). These models can simulate past and future growth patterns, 
often using space-for-time substitution and data-driven regressions to 
integrate species-specific climate sensitivity with environmental gradi
ents. Incorporating tree-level variables, age and site characteristics these 
models can produce spatially explicit estimates comparable with other 
forest dynamics (Anderson-Teixeira et al., 2022; Klesse et al., 2024; 
Martinez del Castillo et al., 2022).

Here, we investigate tree-ring data from 14 major tree species of the 
Himalayan region to model growth patterns and predict growth trends 
under contrasting climate scenarios. Our specific aims are (i) to model 
the species-specific growth patterns of tree populations growing under 
two contrasting regional climates, namely, the Eastern region with 
monoon influence and the Western region influenced by westerlies (ii) 
to predict growth trends according to expected climate change scenarios 
(RCP 2.6, 4.5, 6.0, 8.5). We hypothesize that predicted increased tem
perature during the growing season would reduce the growth of trees in 
the monsoon dominated regions by a warming-induced water shortage. 
On the other hand, since the westerlies are predicted to become stronger 
due to climate change (Krishnan et al., 2019; Sabin et al., 2020), tree 
growth might be improved following increased winter and spring pre
cipitation westward where the growing season typically lacks sufficient 
rainfall.

2. Materials and methods

2.1. Tree ring data

This study was carried out in the Hindu Kush Himalayan (HKH) re
gion (Fig. 1) comprising cross-dated tree ring records of 14 species ob
tained from the International Tree-Ring Data Bank (ITRDB) from a total 
of 116 locations spanning latitudes 27.17◦–36.61◦ N and longitudes 
74.98◦–86.42◦ E and elevation ranges between 1310 and 4100 m a.s.l. 
(Fig. 1). The sampled species are ecologically significant forming 
dominant forest types across the HKH region with well-defined distri
bution boundaries (Singh et al., 2017). Genus; Abies, Picea, and Tsuga 
predominantly occupy moist subalpine zones between 2800 and 3800 
m, Cedrus and Pinus are widespread in dry mid high elevation forests 
ranging from 1500 to 3000 m (Singh and Zobel, 2025), and Juniperus 
and Betula are characteristic of high-altitude moist and arid regions 
extending from 3200 to 4500 m collectively covering substantial por
tions of the regional forest composition and structure from Western to 
Eastern region. Ranging from dry coniferous forests in the West to 
moisture-rich subalpine and alpine forests in the East, reflecting a 
gradient of increasing precipitation and climatic variability. To ensure 
ecological and climatic relevance, we selected sites with at least 50 years 
of tree ring data. These records were further screened for consistency in 
cross-dating and metadata quality. To assess the role of contrasting 
climatic regimes, we classified the sites into two broad sub-regions: 
Eastern and Western (Fig. 1). These Two regions were defined accord
ing to the percentage of annual rainfall during the monsoon season: in 
the East 70–80 % of annual precipitation is due to the monsoon and in 
the West the monsoon accounts for <50 % of annual precipitation 
together with considerable amounts of winter precipitation from the 
westerlies (Singh et al., 2017; Sabin et al., 2020). The Eastern region 
comprises a total of 71 populations, while the Western region provides 
the remaining 45 populations (Fig. 1). TRW data was converted into the 
Basal Area Increment (BAI) commonly used in tree growth modeling 
using the following equation: 

BAI = π
(
R2

t − R2
t− 1

)
(1) 

where BAI is the basal area increment in the year t. Rt is the radius of the 
tree at year t and Rt-1 is the radius of the tree at year t-1.

Outliers detection was performed on raw BAI data and, accordingly, 
values above 100 cm2 were removed for subsequent analysis 

Fig. 1. Location of the study sites showing the sub-regional division into the Western region and Eastern region. Longitude and latitude are represented in the x- and 
y-axis, respectively. Hindu Kush Himalayan region (HKH) boundary is depicted by black line, while elevation gradients are showed by green color gradient. The 
included tree species and sampling locations are depicted as symbols.
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(accounting for <0.003 % of the total samples).

2.2. Climate data

Long-term climate records from the HKH region are scarce and 
meteorological stations are often far away from the sampling sites. To 
obtain a reliable climate dataset, comparable among sampling sites, we 
obtained total monthly precipitation and mean monthly temperature 
data from the Climate Research Unit TS4.05 global climate database 
(CRU: Harris et al., 2020; Climate Explorer, 2021). We downloaded these 
climate values from the years 1901 to 2020 with a cell resolution of 0.5◦

× 0.5◦, which resulted in a total of 39 unique climate cells for our study 
area. We computed seasonal total (sum) precipitation and mean 
(average) temperature for winter (December of the prior year, January 
and February of the current year; Pwi, Twi, respectively); spring (March, 
April and May of the current year; Psp, Tsp, respectively); summer 
(June, July and August of the current year; Psu, Tsu, respectively); 
autumn (September, October and November of the current year; Pau, 
Tau, respectively). In addition, we included summer and autumn of the 
previous year (Paup, Taup, respectively) as climatic conditions of the 
previous year may significantly modulate growth (Fritts, 1976).

Future climate data were obtained from mean monthly temperature 
and total monthly precipitation estimates available for two study cells: 
Eastern region (27.5–30◦N, 80–82.5◦E) and Western region (35–37.5◦N, 
72.5–75◦E). These data were obtained at the highest possible resolution 
(2.5◦ × 2.5◦) using multi-model means from 32 General Circulation 
Models of the Climate Model Intercomparison Project (CMIP5) for the 
Representative Concentration Pathways (RCPs) 2.6, 4.5, 6.0, and 8.5. 
Climate data were averaged according to the seasons explained above 
(Supplementary material Table S1).

2.3. Linear mixed effect models

We applied Linear Mixed-Effects Models (LMMs) using the age-effect 
residuals as the response variable. Seasonal climate variables (e.g., 
temperature and precipitation for spring, summer, and annual periods) 
were included as fixed effects. Each individual tree’s BAI was included as 
a random factor to account for repeated measures and individual vari
ability. Site elevation was tested as a covariate. For the first step, age- 
effect models were performed for each species and region by testing 
polynomial and sigmoidal regressions. The residuals from these age- 
effect models, which represent growth variability not explained by 
age, were used in the subsequent climate sensitivity analyses. Stepwise 
variables selection was performed starting from a saturated model that 
includes all the seasonal climate variables for both temperature and 
precipitation. Then, iterations were performed after removing the less 
significant variables, based on the Akaike Information Criterion (AIC). 
the most reliable model was the one with the lowest AIC value in case of 
models with <2 units of difference in their AIC values, the model with 
less fixed factors was chosen based on parsimony principle (a simpler 
model with fewer parameters is favored over more complex models with 
more parameters, provided the models fit the data similarly well) (Jiang 
and Nguyen, 2007; Cavanaugh and Neath, 2019). Finally, the residuals 
were obtained and tested for first-order autocorrelation by using the 
previous year BAI as predictor. BAI prediction was then obtained as the 
sum of the age, climate, and autocorrelation estimates (Matías et al., 
2017). The packages “nlme” and “mgcv” were used in the IDE RStudio of 
the R programming language (R: The R Project for Statistical Computing, 
2021; RStudio | Open source & professional software for data science teams, 
s. f., n.d.). The structure of the model is as follows: 

BAIijt∼β0 +
∑n

k=1
βk⋅C(k)

jt + β2⋅Ej + ui + εijt (ii) 

where: BAIijt = BAI Residual of the tree i at site j in year t
C(k)

jt = Seasonal climate variable k (e.g., temperature or precipitation 

in spring, summer, autumn and Winter), Ej =

Elevation of site j (covariate), βk, β0, β2 = Fixed effect coefficients, ui =

Random intercept and εijt = Residual error.

2.4. Growth predictions and validation

Growth forecast for each tree species and region (Eastern and 
Western), were performed by running the obtained models under 
different climate scenarios (climate model predictions) between 1950 
and 2100 using the final growth model (Taylor et al., 2012) in Equation 
(ii). Finally, predictions were obtained based on the growth model, by 
simulating 1000 trees with ages randomly generated between 3 and 100 
year as starting point (Matías et al., 2017). The dataset comprising 
observed and predicted BAI was partitioned into training and testing 
subsets to evaluate the predictive accuracy of the LMMs. Datasets of 
each species containing individual trees from different sites were 
randomly assigned to the training set with 80 % of the data which was 
used to develop the models, while the remaining 20 % was reserved as 
the testing set for validation purposes (Raschka, 2020). This approach 
ensured that the models were evaluated on unseen data providing an 
unbiased measure of their performance. Model performance, comparing 
observed BAI with predicted values, was assessed using the following 
metrics: Coefficient of Determination R2, Root Mean Squared Error 
(RMSE), Mean Absolute Error (MAE) and Nash-Sutcliffe Efficiency (NSE) 
(Krause et al., 2005; Legates and McCabe, 1999; Nash and Sutcliffe, 
1970; Willmott and Matsuura, 2005). Metrics were calculated for both 
training and testing datasets to evaluate the model fit, accuracy and 
generalization. A value of NSE > 0 indicates satisfactory model perfor
mance (Nash and Sutcliffe, 1970).

3. Results

3.1. Current and future climate trends

Climate data showed contrasting precipitation and temperature 
patterns for all the seasons in both, the Eastern and the Western study 
regions (Supplementary material, Fig. S1). The Eastern region is rela
tively moist and warm, while the Western region is relatively dry and 
cold (Table 1). On average, the Eastern region recorded a mean total 
annual precipitation of roughly 1300 mm, while the Western region 
received on average about 400 mm of total annual rainfall (Table 1). 
Nonetheless, the mean variability in precipitation is relatively high in 
both regions. Mean annual temperatures also showed differences be
tween the two regions. The Eastern region is warmer with a mean 
temperature of 9.6 ◦C, while the Western region reported mean values of 
2.9 ◦C. The difference between maximum and minimum temperatures 
was greater in the Eastern region (24.2 ◦C and − 7.6 ◦C, respectively) 
compared to the Western region (18.3 ◦C and − 5.0 ◦C, respectively) 
(Table 1).

Seasonal climate analysis indicated significant differences (p < 0.05) 
in mean temperature and precipitation between the two regions. During 
winter, the Western region was colder, with average temperatures of 
− 7.9 ◦C and wetter (108.1 mm). In contrast, the Eastern region reported 
warmer temperatures of 1.7 ◦C and lower precipitation of (74.7 mm). In 
spring, the Western region continued to have lower temperatures, 
averaging 2.0 ◦C with precipitation of about 143.1 mm. Eastern region 
was warmer in spring, with average temperatures of 10.0 ◦C, and wetter 
with 187.4 mm/year of precipitation. During summer, the Eastern re
gion was warmer, with average temperatures of 16.0 ◦C and signifi
cantly higher precipitation of 786.2 mm. The Western region showed 
average summer temperatures of 12.3 ◦C and 114.1 mm of precipitation. 
Finally, in autumn, temperatures in the Eastern region were higher, 
averaging 10.2 ◦C with 244.4 mm of precipitation, whereas the Western 
region exhibited cooler temperatures, averaging 4.0 ◦C and 56.5 mm of 
precipitation, respectively (Table 1).
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Analysis of CMIP5 climate data for the different scenarios showed a 
projected increase both in temperature and precipitation in both regions 
throughout the 21th century (Supplementary material, Table S1; 
Figs. S2–S3). Temperature rise is expected to occur in all seasons, except 
for RCP 2.6, which predicted steady temperature trends. Precipitation, 
instead, is expected to decrease during winter and spring in the Eastern 
region (Supplementary material, Fig. S2). However, an overall 
increasing trend was observed in the Western region precipitation 
forecasting (Supplementary material, Fig. S3). The temperature rise is 
forecasted to be lower in the Eastern region than the Western region 
(ANOVA, p < 0.05; Supplementary Table S3, Figs. S2–S3).

3.2. Tree growth rates

The analysis of growth trends showed significantly lower mean BAI 
for the Western region (6.67 cm2/year) than the Eastern region (9.89 
cm2/year). The maximum and minimum BAI values were also signifi
cantly different between zones. In the Western region, the minimum 
mean BAI was 0.82 cm2/year for the population of Juniperus spp., 
growing at 3600 m elevation, while the maximum mean BAI was 18.09 
cm2/year for the population of Picea smithiana, growing at 2900 m 
elevation. In the Eastern region, the minimum mean BAI was 1.48 cm2/ 
year for the population of Betula utilis, growing at 4100 m elevation, 
while the maximum was mean BAI 23.96 cm2/year for the population of 
Pinus roxburghii, growing at 1750 m elevation.

3.3. Tree species sensitivity to climate

After performing the lLMMs, we found that the models which 
included the effect of elevation had lower AIC than those which did not 
consider it, except for Abies pindrow and Pinus wallichiana and Juniperus 
excelsa in which a slight decrease of around 2 points of AIC was obtained 
including elevation in the model. Overall, models including elevation 
maintained the sensitivity to the same climatic variables, with the 
exception of Picea smithiana, Tsuga dumosa and Abies pindrow.

Regarding the climatic sensitivity of the different species, we 
observed that Picea smithiana and Pinus roxburghii exhibited positive 
responses to winter and autumn temperatures (Twi and Tau) as well as 
to precipitation (Pau, Pwi and Psp) (Table 2). On the contrary, all except 
Pinus roxburghii, showed a negative response to spring and summer 
temperatures (Tsp and Tsu). In the Eastern region, most of the species 
showed negative responses to summer temperatures and positive re
sponses to winter temperatures. The only species, located at the highest 
elevation, Betula utilis, showed positive sensitivity to spring temperature 
(Table 2). In general, temperature (positive or negative) was the domi
nant driver of tree growth in the Eastern region.

In the Western region, we recorded that growth of all Juniperus 
species (J. excelsa, J. sp., J. turkestanica, J. komarovii) showed negative 
correlation with summer temperature (Table 2). for the rest of the spe
cies, temperature generally had positive influence except for winter and 

spring temperatures in Pinus wallichiana and spring temperatures in 
Picea smithiana. The effect of precipitation was positive in all the sea
sons, except for autumn in Juniperus excelsa for which the effect was 
negative (Table 2). Overall, temperature remained the main driver of 
growth.

3.4. Fitting and model validation

Growth models showed overall reliable fits for all the studied tree 
species (Supplementary Material, Fig. S4). Nonetheless, we obtained 
contrasting patterns among the relative weights of age effects, climate 
sensitivity and autocorrelation models. In the Eastern region, age-effects 
explained on average about 5 % of the total growth variance, while it 
ranged from practically zero effect modeling the growth of A. pindrow, to 
significant contributions in the growth pattern of B. utilis, explaining 13 
% of the observed growth variance (Table S2, Fig. 2a). In the Western 
region, age-effect models contributed slightly less variance (3–10 %) 
(Table S2 and Fig. 2b).

Climate variables explained a greater portion of growth variance in 
the Western region (60 %) compared to the Eastern region (48 %). 
Juniperus turkestanica showed the highest climate variance (76 %) in the 
Western region, while Abies spectabilis was highest in the Eastern region 
(55 %). Autocorrelation accounted for a similar share of variance in both 
regions, with slightly higher values in the Eastern (average 21 %) 
compared to the Western region (20 %). The highest autocorrelation 
effect was seen in Tsuga dumosa (28 %) and Juniperus excelsa (29 %) for 
the Eastern and Western region, respectively (Fig. 2a and b).Overall, 
most of the species exhibit robust model performance with consistently 
high R2, low RMSE and MAE, and strong NSE values (>0.50) across both 
training and test datasets, while the species Tsuga dumosa and Populus 
ciliata demonstrate poor performance indicated by low R2, high error 
metrics, and negative or very low NSE in the test data (Fig. S4). For 
Populus ciliata, the poor test performance might relate to very low 
sample size (n = 3 sites) used for the test data, while for Tsuga dumosa, 
the large standard deviation difference in both BAI and predicted BAI 
indicates that the tree population in the test data contains values outside 
the training data.

3.5. Projected tree growth under future climate

The two regions differed in the forecasting BAI for the 21st century 
(Fig. 3a & b). The Eastern region yielded strong negative BAI trends for 
P. roxburghii (55–67 %) that even exhibit no growth at the end of the 
series under all RCP scenarios (Fig. 3a). The projected BAI for Cedrus 
deodara shows divergent regional trends: in the Eastern region, all sce
narios projected BAI decline of 23–40 %, while the Western region 
shows a moderate growth improvement of 7–15 %. Likewise, Pinus 
wallichiana shows a slight decrease in the Eastern region by 7.6–9.4 % 
across scenarios but improved growth in the Western region. Abies pin
drow nearly doubles its BAI in the Eastern region across all scenarios 

Table 1 
Seasonal total (sum) precipitation (mm) and mean (average) temperature (◦C) for winter (December of the prior year, January and February of the current year; Pwi, 
Twi, respectively); spring (March, April and May of the current year; Psp, Tsp, respectively); summer (June, July and August of the current year; Psu, Tsu, respectively); 
autumn (September, October and November of the current year; Pau, Tau, respectively); annual mean temperature (Ty) and total precipitation (Py). Eastern (top) and 
Western (bottom) regions for the period 1901–2020.

Region Statistics Twi Tsp Tsu Tau Pwi Psp Psu Pau TY PY

Eastern Mean 1.7 10 16 10.2 74.7 187.4 786.2 244.4 9.6 1293
Max 17.3 26.4 28.8 25.2 341.1 549.8 2290 836.2 24.2 4017
Min − 16.1 − 9.5 0.4 − 7.5 0.7 11.2 24.4 9.4 − 7.6 46
St. dev. 8 8.3 6.4 7.6 45.1 92.5 405 147.6 7.6 651

Western Mean − 7.9 2 12.3 4 108.1 143.1 114.1 56.5 2.9 422
Max 9.7 19.9 26.1 19.5 410.1 507.4 1122 494.5 18.3 2534
Min − 19.3 − 7.6 5 − 4.3 10.5 14.7 2 2.6 − 5 30
St. dev. 4.8 4.6 3.9 4.2 55 68.1 114.4 40.3 4.3 409

Abbreviations: Maximum (Max), Minimum (Min), and Standard Deviation (St. Dev.)
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(95–108 %) and shows a pronounced 299 % BAI increase in the Western 
region. Broadleaved tree Betula utilis maintain relatively low growth 
rates overall, because it may benefit only modestly from future climate 
conditions with the most favorable outcomes under RCP 2.6. In contrast, 
other species showed increases in BAI in this zone, with J. recurva 
showing the greatest BAI increases. Abies spectabilis in the Eastern region 
revealed only slight improvements (5–7 %) in BAI under future climate 
conditions. Within the Western region, only two species (Juniperus spp.) 
and Pinus gerardiana are projected to undergo declining BAI under 
moderate to high emission scenarios (RCP 4.5–8.6), however, moderate 
improvement expected in both the species under RCP 2.6 scenario. 
Other juniper species (Juniperus turkestanica Komar and Juniperus excelsa 
M.-Bieb) in the Western region showed consistent gain in BAI under all 
the climate scenarios (Fig. 3b). Overall, the Eastern region experiences 
growth declines (7–67 %) for Pinus roxburghii, Cedrus deodara, and Pinus 
wallichiana across all RCPs, while Abies pindrow shows growth 
enhancement (95–108 %) under all scenarios. In contrast, the Western 
region generally exhibits widespread increases (5–299 %) across most 
species under all RCPs, except for Juniperus spp. and Pinus gerardiana, 
which decline (5–15 %) under moderate to high emissions (RCP 4.5–8.5) 
but exhibit moderate gains (5–10 %) under RCP 2.6.

4. Discussion

4.1. Species specific growth patterns in relation to climate

The present study shows that the influence of temperature on tree 
growth is generally stronger (both negatively and positively) than of 
precipitation. In B. utilis, for instance, no significant effect of rainfall was 
found for any season of the year. This observation is in agreement with 
several other studies where temperature was also found the main 
environmental factor driving tree growth at high altitudes and latitudes 
(Camarero et al., 2015; Dhyani et al., 2021; Rossi et al., 2008; Shi et al., 
2021a, 2021b; St. George, 2014).

We observed that winter temperatures had a positive effect, on tree 
growth in the Eastern region. This region experiences a monsoonal 
climate with abundant rainfall (Bhattacharyya et al., 2023). Warmer 
winter temperature promotes root activity (Dhyani et al., 2021; Qi et al., 
2015), decreases the number of frost days (Fan et al., 2009; Körner, 
1998) and frost severity resulting in enhanced water availability (Ning 
et al., 2012; Shi et al., 2021b) for photosynthesis and the evaporative 
demand. All tree species, except A. pindrow in the Eastern region showed 

positive correlations with winter precipitation. (Bhattacharyya et al., 
2023; Zhang et al., 2018). This condition is relevant in high-elevation 
areas where persistent snow cover may delay the onset of cambial ac
tivity, thereby shortening the growing season and negatively impacting 
growth. Other species may benefit from winter temperatures that 
remain just above critical limits allowing physiological processes to 
continue (Zheng et al., 2022). Across both regions, trees exhibited a 
negative growth response to spring temperatures due to increased 
evapotranspiration and moisture deficits during a period of rapid 
physiological demand (Bhattacharyya et al., 2023). Conversely, spring 
precipitation was positively correlated with growth indicating that 
sufficient moisture availability during this period plays a critical role in 
supporting early-season physiological processes and mitigating 
temperature-induced water stress (Singh and Yadav, 2005). This nega
tive effect of spring warming was evident even at higher elevations 
suggesting that warming may exceed species-specific thermal optima or 
exacerbate moisture limitations if not accompanied by sufficient pre
cipitation (Bhattacharyya and Yadav, 1999; Dhyani et al., 2022a, 2022b; 
Shi et al., 2021a, 2021b; Bhattacharyya et al., 1988; Liang et al., 2014).

We observed that most of the species showed a negative response to 
high summer temperatures in both, Eastern and Western regions. Both 
zones encounter elevated temperatures in the summer season, which 
leads to increased evapotranspiration, moisture deficits and reduced 
tree growth (Bhattacharyya et al., 2023). This observation is contra
dictory to several other studies from the high mountainous region 
(Deslauriers et al., 2003; Liang et al., 2016; Matías et al., 2017; Mu et al., 
2021; Rossi et al., 2008; Shi et al., 2021a, 2021b; George, 2014). The 
response to summer temperature in both regions depends on availability 
of summer rainfall. In the Western region, summer rainfall is low or 
highly variable and even in the Eastern monsoonal region rainfall can be 
erratic or delayed which makes trees vulnerable to mid-season drought 
stress (Zheng et al., 2021). As a result, elevated summer temperatures 
when not matched by adequate and well-timed rainfall can significantly 
limit growth in sites with shallow soils or poor water holding capacity. 
In the Western region, tree growth demonstrated a predominantly pos
itive correlation with precipitation during the summer monsoon period, 
while in the moist Eastern region, it exhibited a negative correlation. 
Therefore, it is anticipated that an increase in summer rainfall will likely 
enhance the growth rate in the dry zone (Candel-Pérez et al., 2012; 
Dhyani et al., 2022a, 2022b; Herrero et al., 2013; Matías et al., 2017; 
Sánchez-Salguero et al., 2015), while in the Eastern region where there 
was no water limitation, the increased rainfall along with increased 
cloudiness is likely to adversely affect tree growth (Zhang et al., 2018).

4.2. Tree growth responses to future warming

The spatial variability in growth among species revealed a distinct 
West–East responses to future warming closely aligned with regional 
differences in seasonal precipitation variability and moisture availabil
ity. Considering the situation of increasing temperatures and without 
change in precipitation, we found that species located in the Eastern 
region could be adversely affected by water stress. This stress could 
severely impact species like Cedrus deodara and Pinus roxburghii, which 
are projected to experience substantial declines in BAI, in some cases, 
with little or no growth by the end of the century. Under extreme water 
stress tree mortality may be common (Bhattacharyya et al., 2023; Klesse 
et al., 2020, 2024; Martinez del Castillo et al., 2022; Matskovsky et al., 
2021; Sánchez-Salguero et al., 2017a, 2017b).

Despite these challenges, certain species in the Eastern region are 
expected to maintain or even improve growth under future climate 
scenarios. Species A. pindrow and J. recurva in the Eastern region, likely 
to show increased growth in this region under moderate to severe (RCP 
4.5–8.5) climate change conditions Both species responded positively to 
rising summer temperatures which plays a crucial role in their seasonal 
growth development. For A. pindrow, xylogenesis occurs from April to 
September, with peak tracheid formation in summer indicating the role 

Table 2 
Climate sensitivity obtained for each species separated by region (Eastern and 
Western). Selected climate variables are noted in blue/orange font indicating 
significant positive/negative correlation, respectively. Mean elevation of the 
sampling locations is also shown.

Region Species Climate sensitivity (selected variables) Elevation

Eastern Betula utilis Tsp 4100

Abies spectabilis Twi+Tsp+Tsu+Tau+Pwi+Psp+Psu 3250

Pinus wallichiana Tau+Pau+Pwi 3050

Abies pindrow Tau+Tsu+Pwi+Psp+Psu 3000

Picea smithiana Twi+Tsp+Tsu+Tau+Psp 2850

Tsuga dumosa Twi+Tsu+Tau+Psp+Psu+Pau 2800

Cedrus deodara Twi+Tsp+Tsu+Tau+Pwi+Psp 2400

Populus ciliata Tau+Tsp+Psp 2270

Pinus roxburghii Twi+Tsp+Tsu+Tau+Pwi+Psp+Psu 1750

Western Juniperus 
turkestanica

Tsp+Pwi+Psp 3750

Juniperus recurva Twi+Tsu+Psu 3550

Juniperus spp Twi+Tsu+Pwi+Psp 3480

Picea smithiana Tau+Twi+Tsp+Tau+Pau+Pwi+Psp 3200

Pinus wallichiana Tau+Twi+Tsp+Tsu+Pwi 3150

Juniperus excelsa Taup+Twi+Tsp+Tsu+Tau+Pwi+Psp+Psu+Pau 3140

Abies pindrow Taup+Tsu+Tau+Psu 3000

Cedrus deodara Twi+Tsp+Tsu+Tau+Pwi+Psp+Pau 2720

Pinus gerardiana Twi+Tsu+Paup+Pwi+Psp+Psu 2250
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Fig. 2. Observed (blue line) and predicted (red line) basal area increment (BAI, cm2) for each species studied in the Eastern (a) and Western region (b). The insets 
indicate the relative weights of each growth component (age-effect, climate sensitivity, autocorrelation BAI) and the final fit of the LMMs, expressed as the per
centage of explained variance.
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Fig. 3. Basal area increment (BAI, cm2) forecasting obtained under different RCP scenarios (RCP2.6; blue, RCP4.5; green, RCP6.0; orange, RCP8.5; red) for Eastern (a) 
and Western (b) region.
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of warm temperatures in extending the growing season and enhancing 
radial growth at higher altitudes (Malik et al., 2020). Likewise, warm 
summers are responsible for higher growth rates in J. recurva and a 
greater root development favoring a greater accumulation of carbohy
drates that allows a higher wood production during the growing season 
(Fan et al., 2010; Gou et al., 2008).

In the Western region, A larger number of conifer species is projected 
to thrive under future climate conditions. A. pindrow, Picea smithiana, 
J. turkestanica and Pinus wallichiana are all predicted to maintain higher 
growth rates by the end of 21st century even under most extreme climate 
scenario RCP 8.5. This enhanced growth is likely associated with the 
projected increase in frequency of Western disturbances and a higher 
likelihood of snowfall in the Western Himalaya and Karakoram region 
(Krishnan et al., 2019). Improved future precipitation in the Western 
region would synchronize tree growth with snowmelt water which 
provides essential soil moisture to rehydrate tissues, initiate cambial 
growth, support photosynthesis and sustain early season growth 
(Bhattacharyya et al., 2023).

Some species-level responses also reflected seasonal climatic sensi
tivities in the Western region. We observed that limitation of growth in 
A. pindrow was found due to cold temperatures in the growing seasons 
which implies that any increase in temperatures during this period is 
associated with an increase in growth rates (Malik et al., 2020). How
ever, the observed positive response of this species to autumn temper
ature may be related to the presence of a thin snow cover which prevents 
water deficits at the end of the growing season and thus the predicted 
increase in autumn temperature could contribute to growth stabilization 
of this species in the 21st century.

For P. smithiana, we observed that the increase in temperature in 
most of the seasons except spring, favored growth. Notably, in this 
species the positive effect of increasing temperature continued up to the 
highest temperature scenario. J. turkestanica showed positive correla
tions with spring temperatures together with spring rainfall, which re
inforces the conclusions of other studies that wet springs are key for the 
growth of this species (Opała-Owczarek et al., 2023). This suggests at the 
locations that we studied growth is limited by low temperatures and low 
humidity during critical growing periods. Interestingly, P. wallichiana 
presented positive responses to the previous autumn and summer tem
peratures, with the summer period being the most influential. This 
contradicts the results obtained for Juniperus spp. and P. gerardiana 
which were the only species in the Western region that showed a 
decrease in growth. This trend is observed for all models, being more 
accentuated in harsher climatic scenarios. This species appears to be 
favorable, but overshadowed by the negative effect of increasing sum
mer temperatures. Continued warming may exacerbate water stress in 
Juniper spp. lead to the disappearance of this species in the study region. 
Past observations already point to its vulnerability; long-term tree-ring 
records from Juniperus trees in the Himalaya reveal sharp declines in 
growth during historically warm and dry periods marked by high tem
peratures and increased aridity (Esper, 2000; Esper et al., 2002). 
Without sufficient moisture, Juniperus spp. may face a significant risk of 
local disappearance under future climate conditions.

Our study highlights that the species of monsoon dominated areas 
(Eastern region) and those under the influence of westerlies (Western 
region) tend to respond differently to climate change in terms of tree 
growth. However, because of the paucity of data it is difficult to make 
convincing generalizations. Management practices for tree species of 
monsoon dominated climate may differ from those occurring in areas 
under the influence of westerlies. To understand future changes, it is 
important to undertake long-term studies on species in both regions and 
with species of various growth forms. For example, drought responses of 
conifers considerable differ from broadleaved species (Singh and Zobel, 
2025). Generally, hydraulic safety margin is wider in conifers than in 
oaks and other broadleaved species. Such differences in hydraulic 
strategy indicate that conifers may be more resilient to drought condi
tions, whereas broadleaved species (e.g. Betula utils in the present study) 

may be more vulnerable to growing season water stress under projected 
climatic shifts (Pandey et al., 2018). Therefore, management practices 
should consider these differences with a focus on enhancing drought 
resistance in broadleaved species through selective soil moisture con
servation and targeted reforestation efforts.

Growth improvement and consequent range shift in tree species in 
the Western region driven by westerlies may reduce grassland areas, 
requiring frequent grazing to control tree encroachment and preserve 
grassland ecosystems. In several areas vegetation is close to summits, left 
with little space to move upward. Many species treelines are adversely 
affected by warmer condition because of the lack of space to migrate. 
Transboundary cooperation among the Himalayan countries can go a 
long way in protecting species by facilitating lateral species movement.

4.3. Limitations and uncertainties

Our LMM rely on climate-growth relationships derived from a cali
bration period (20th century) and projections based on climate scenarios 
(21st century). One advantage of using a LMM approach is its ability to 
perform well with low site replication and to account for unquantified 
factors, thus producing more robust estimates of climate sensitivities 
across the distribution of trees (Klesse et al., 2020). However, such 
modeling operates under the assumption that climate response remains 
constant over time, which hinders the identification of the adaptive 
capacity of trees to climate changes. As a result, if the future growth 
response of some species shows non-linear responses, the resulting 
growth patterns may differ from our predictions (Matskovsky et al., 
2021). With more meta-data it would be possible to make the LMM more 
realistic by adding the tree- and site-level influences as random effects 
into the list of fixed effects, such as tree genotype, site characteristics, 
forest stand conditions, and disturbances that are routinely collected in 
forest inventories or permanent sample plots (Canham et al., 2018; 
Klesse et al., 2020; Wilmking et al., 2020). Furthermore, the LMMs do 
not account for the physiological impact of increased atmospheric CO2 
and potential changes in water use efficiency (WUE) (Andreu-Hayles 
et al., 2011; Groenendijk et al., 2015; Marchand et al., 2020; Rahman 
et al., 2020).

Other than linear models, use of process-based tree-ring formation 
models allow a more physiologically based approach for the study of 
tree growth response to future climate variability compared to linear 
models, since they combine mixed non-linear responses to climatic 
changes considering various growth processes according to the principle 
of limiting factors (Guiot et al., 2014). For instance, the VS-Lite model 
has been applied quite extensively in non-linear growth modeling with 
trees in many forest ecosystems because of its possibility of integrating 
temperature and precipitation simultaneously as principal climatic 
factors affecting tree growth (Matskovsky et al., 2021; Sánchez-Salguero 
et al., 2017a, 2017b; Tolwinski-Ward et al., 2011). However, site- 
specific performance of VS-Lite may be compromised as the model 
needs absolute temperature and precipitation data which are rare in the 
Himalaya. In such complex terrain, an estimate based on elevation and 
lapse rates might not sufficiently cover small scale climate variability 
(Breitenmoser et al., 2014).

Future climate projections used in the present study are based on 
General Circulation Models. To account for uncertainties in the models 
we rely on multimodal means of individual climate model simulations 
assuming that they are best suited to describe future climatology 
(Rahman et al., 2018). However, using a multi-model mean for projec
ting climate change fails to capture the temperature and precipitation 
variability associated with internal processes. For example, the differ
ences in BAI projections using observed and model data for some species 
(A. pindrow, J. recurva, P. smithiana and P. wallichiana) during 
1950–2000 might be related to bias in model data, particularly, over
estimation of droughts and underestimation of year to year variability 
(Nasrollahi et al., 2015). Although we do not expect a significant impact 
of extreme events on our LMMs, it should be noted that thresholds of tree 
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growth might be reached sooner considering that year-to-year vari
ability in these climate parameters will be much stronger (Allen et al., 
2015; Sánchez-Salguero et al., 2017a, 2017b). Additionally, model 
projections assume independence in each model simulation, but in re
ality, large similarity generally appears because of shared parameteri
zations, boundary conditions, and structural features (Pathak et al., 
2023). The similarity leads to projections dominated by the largest set of 
similar models and thus the projections might be biased in the direction 
of the consensus from these similar models and hence result in under
estimation for the true range of inter-model uncertainty (Lehner et al., 
2020; Pathak et al., 2023). This is particularly true in high mountain 
regions where the complex topography and different climatic conditions 
make modeling difficult (Dimri et al., 2018; Latonin et al., 2021; Salunke 
et al., 2019). Therefore, reduced reliability in these regions might also 
affects future tree growth projection due to underestimation of inter- 
model uncertainty.

5. Conclusion

We obtained reliable modeling of the species-specific observed and 
expected basal area increment over a wide environmental gradient in 
the Himalayas using tree ring-data. Despite limitations, our results 
provide valuable information to detect vulnerable species and regions 
under the expected climate change scenarios. Thus, the improvement of 
climate data, specifically regarding their spatial resolution and the 
explicit consideration of local orographic effects, may provide more 
realistic predictions at local scale. Furthermore, climate-growth re
lationships might be improved, too, considering saturating or non-linear 
responses, as well as new methods, such as machine learning approaches 
for predicting tree growth trends based on basal area increment. Our 
findings support the hypothesis that increasing temperatures during the 
growing season are likely to reduce growth in the Eastern region, where 
high rainfall and warmer conditions may lead to heightened evaporative 
demand and moisture stress. In contrast, species in the Western region 
appear more resilient with many showing stable or enhanced growth 
trends, potentially supported by increases in winter and spring precip
itation linked to strengthened westerly systems. Several species (B. utilis, 
P. gerardiana, P. wallichiana, A. spectabilis) are expected to maintain an 
almost steady growth trend, while others (C. deodara, P. roxburghii) may 
show growth decline and further forest dieback in the coming future. On 
average, the Western region showed few study cases (junipers) of 
growth decline, prevailing the expectations of positive responses. For
ests in the Eastern region may need more protection while species in 
Western region that are more likely to adapt future climate conditions 
could be used in reforestation and forest management. This study can be 
incorporated into the Himalayan national guidelines for species and site- 
specific sustainable forest management highlighting the need of tree 
ring-based research in policy and practice under ongoing rapid climate 
change.
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Ballesteros-Canovas, J.A., Sánchez-Miranda, A., Alfaro-Sánchez, R., Sangüesa- 
Barreda, G., Galván, J.D., Gutiérrez, E., Génova, M., Rigling, A., 2015. What drives 
growth of Scots pine in continental Mediterranean climates: drought, low 
temperatures or both? Agric. For. Meteorol. 206, 151–162. https://doi.org/10.1016/ 
j.agrformet.2015.03.004.

Sánchez-Salguero, R., Camarero, J.J., Carrer, M., Gutiérrez, E., Alla, A.Q., Andreu- 
Hayles, L., Hevia, A., Koutavas, A., Martínez-Sancho, E., Nola, P., Papadopoulos, A., 
Pasho, E., Toromani, E., Carreira, J.A., Linares, J.C., 2017a. Climate extremes and 
predicted warming threaten Mediterranean Holocene firs forests refugia. Proc. Natl. 
Acad. Sci. 114 (47), E10142–E10150. https://doi.org/10.1073/pnas.1708109114.

Sánchez-Salguero, R., Camarero, J.J., Gutiérrez, E., González Rouco, F., Gazol, A., 
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Supplementary material 

 

Figure S1: Climatic histogram for each cell studied with a resolution of 0.5º x 0.5º. Month represented in 

x axis while Temperature (ºC) is represented in y (left) axis via red line, precipitation (mm) is represented 

in the y (right) axis via columns. The title of each plot is the location represented, in the top right corner 

of each graph statistics are displayed (Max, Mean and Minimum values of precipitation and temperature) 



 

 

 

Figure S1 (cont): Climatic histogram for each cell studied with a resolution of 0.5º x 0.5º. Month 

represented in x axis while Temperature (ºC) is represented in y (left) axis via red line, precipitation (mm) 

is represented in the y (right) axis via columns. The title of each plot is the location represented, in the top 

right corner of each graph statistics are displayed (Max, Mean and Minimum values of precipitation and 

temperature) 



 

 

 

Figure S1 (cont): Climatic histogram for each cell studied with a resolution of 0.5º x 0.5º. Month 

represented in x axis while Temperature (ºC) is represented in y (left) axis via red line, precipitation (mm) 

is represented in the y (right) axis via columns. The title of each plot is the location represented, in the top 

right corner of each graph statistics are displayed (Max, Mean and Minimum values of precipitation and 

temperature) 



 

 

 

Figure S1 (cont): Climatic histogram for each cell studied with a resolution of 0.5º x 0.5º. Month 

represented in x axis while Temperature (ºC) is represented in y (left) axis via red line, precipitation (mm) 

is represented in the y (right) axis via columns. The title of each plot is the location represented, in the top 

right corner of each graph statistics are displayed (Max, Mean and Minimum values of precipitation and 

temperature) 

 



 

 

 

Figure S2. Future climatic models (RCP26-RCP45-RCP60-RCP80) for the Eastern region. Precipitation 

(mm) graphs are represented in the left column and Temperature (ºC) in the right column. Each graph is 

composed by the values of seasonal Precipitation or Temperature (y-axis) and year of study (x-axis).  



 

 

 

 

Figure S3. Future climatic models (RCP26-RCP45-RCP60-RCP80) for the Western region. Precipitation 

(mm) graphs are represented in the left column and Temperature (ºC) in the right column. Each graph is 

composed by the values of seasonal Precipitation or Temperature (y-axis) and year of study (x-axis). 

  



 

 

 

 

Figure S4. Comparison of training and testing performance metrics:  R2, RMSE, MAE, and NSE across 
species. Metrics are visualized in separate facets, with training and testing values represented as grouped 

bars for each species. 

 

 

 

 

 

 

  



 

 

Table S1. Mean seasonal climatic values for each of the RCP scenarios studied (RCP26- RCP45- RCP60- 

RCP80) and each of the regions studied (E, Eastern region; W, Western region, respectively). 

Seasonal E26 E45 E60 E80 W26 W45 W60 W80 

Taup 16.21 16.22 16.22 16.23 16.23 16.24 16.24 16.25 

Twi 7.58 7.58 7.59 7.60 7.60 7.61 7.61 7.61 

Tsp 16.75 16.76 16.76 16.77 16.77 16.78 16.78 16.78 

Tsu 22.05 22.06 22.07 22.07 22.08 22.08 22.09 22.09 

Tau 16.21 16.22 16.23 16.23 16.24 16.24 16.24 16.25 

Paup 187.22 187.26 187.20 187.36 187.45 187.66 187.79 187.91 

Pwi 65.52 65.54 65.53 65.49 65.37 65.31 65.25 65.40 

Psp 152.77 152.45 152.53 152.54 152.66 152.45 152.67 152.79 

Psu 565.59 565.77 565.91 566.36 566.63 566.82 566.84 566.34 

Pau 183.97 183.92 184.08 184.16 184.37 184.50 184.61 184.82 

 

  



 

 

 

Table S2. Variance explained (%) by age-effect, climate sensitivity model, autocorrelation model, and final 

fit of BAI model for each species in the Eastern (left) and Western (right) regions. 

 

 Eastern Western 

Species Age Climate BAIp Final Age Climate BAIp Final 

Abies pindrow 0 53.37 21.78 75.16 2.51 54.54 22.32 79.37 

Abies spectabilis 2.65 55.51 24.07 82.23 N/A N/A N/A N/A 

Betula utilis 13.12 36.17 19.32 68.62 N/A N/A N/A N/A 

Cedrus deodara 4.35 36.37 26.02 66.73 4.54 59.4 18.66 82.61 

Juniperus recurva 6.23 63.17 19.45 88.85 N/A N/A N/A N/A 

Juniperus spp N/A N/A N/A N/A 1.17 66.99 19.41 87.58 

Juniperus turkestanica N/A N/A N/A N/A 0.12 76.41 15.31 91.85 

Juniperus excelsa N/A N/A N/A N/A 0.61 43.98 29.6 74.2 

Picea smithiana 0.44 46.07 29.3 75.82 3.07 66 16.61 85.68 

Pinus gerardiana N/A N/A N/A N/A 2.25 54.05 16.48 72.78 

Pinus roxburghii 3.58 43.16 25.23 71.96 N/A N/A N/A N/A 

Pinus wallichiana 3.46 51.91 16.7 72.07 10.46 53.16 19.05 82.67 

Populas ciliata 13.4 39.21 12.96 65.57 N/A N/A N/A N/A 

Tsuga dumosa 0.19 46.83 28.98 76 N/A N/A N/A N/A 

 

 

 

 

 

  



 

 

Table S3: ANOVA table on the relationship between Eastern and Western climate data for the period 

1901-2020. The table contains the values of Degrees of Freedom (DF), Sum of Squares (Sum Sq), Mean 

of Squares (Mean sq), F Value (F Value) and Pr(>F). Significance codes 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 

0.1 ' ' ' 1. 

  Df   Sum Sq  Mean Sq  F value  Pr(>F)   

Taup 1 16.45 16.451 135.8 <2e-16 *** 

Residuals 116 14.05 0.121       

 

  Df   Sum Sq  Mean Sq  F value  Pr(>F)   

Twi 1 23.86 23.862 111 <2e-16 *** 

Residuals 116 24.94 0.215       

 

  Df   Sum Sq  Mean Sq  F value  Pr(>F)   

Tsp 1 35.23 35.23 129.6 <2e-16 *** 

Residuals 116 31.52 0.27       

 

  Df   Sum Sq  Mean Sq  F value  Pr(>F)   

Tsu 1 0.578 0.5778 4.565 0.0347 * 

Residuals 116 14.683 0.1266       

 

  Df   Sum Sq  Mean Sq  F value  Pr(>F)   

Tau 1 16.98 16.981 138 <2e-16 *** 

Residuals 116 14.27 0.123       

 

  Df   Sum Sq  Mean Sq  F value  Pr(>F)   

Ty 1 12.52 12.52 202.1 <2e-16 *** 

Residuals 116 7.188 0.062       

 

 

  



 

 

Table S4: ANOVA table on the relationship between RCP models for Eastern and Western regions. The 

table contains the values of Degrees of Freedom (DF), Sum of Squares (Sum Sq), Mean of Squares (Mean 

sq), F Value (F Value) and Pr(>F). Signifiance codes 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' ' 1. 

E26Taup Df Sum Sq Mean sq F value Pr(>F) 
 

E80$Taup 1 101.31 101.31 7882 <2e-16 *** 

W26$Taup 1 25.39 25.39 1976 <2e-16 *** 

Residuals 236 3.03 0.01 
   

 

E45$Twi Df Sum Sq Mean sq F value Pr(>F) 
 

E80$Twi 1 162.32 162.32 6985 <2e-16 *** 

W26$Twi 1 37.71 37.71 1623 <2e-16 *** 

Residuals 236 5.48 0.02 
   

 

E60$Tsp Df Sum Sq Mean sq F value Pr(>F) 
 

E80$Tsp 1 166.33 166.33 7445 <2e-16 *** 

W26$Tsp 1 42.8 42.8 1916 <2e-16 *** 

Residuals 236 5.27 0.02 

 

E85$Tsu Df Sum Sq Mean sq F value Pr(>F) 
 

E80$Tsu 1 93.83 93.83 3488.9 <2e-16 *** 

W26$Tsu 1 18.12 18.12 673.7 <2e-16 *** 

Residuals 236 6.35 0.03 
   

 

E26$Tau Df Sum Sq Mean sq F value Pr(>F) 
 

E80$Tau 1 100.66 100.66 7773 <2e-16 *** 

W26$Tau 1 26.09 26.09 2015 <2e-16 *** 

Residuals 236 3.06 0.01 
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