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Abstract

The Himalayas are undergoing significant changes in temperature and moisture availability due to global climate change.
Understanding how these changes affect tree growth is critical for conserving and managing this biodiverse region. To
investigate the growth-limiting climatic factors, we collected tree-ring data from Abies pindrow old-growth mountain for-
ests across 3190 to 3700 m a.s.l. in the inner valleys of the Garhwal Himalayas. This area faces significant temperature
increases, reduced summer monsoon activity, and decreased winter precipitation. We found that over the past century, tree
growth suffered from warm and dry springs and benefited from cool and moist springs, particularly at lower elevations
(<3400 m a.s.l.). Conversely, summer climate dynamics had minimal impact on radial growth. The sensitivity of Abies
growth to spring climate can be attributed to the inner valleys’ continental climate, marked by spring water deficit. Addi-
tionally, higher elevation trees (>3400 m a.s.l.) showed positive correlations with dormant period temperatures in prior
October and January, with the positive effect of October warmth strengthening over time. A dynamic analysis of the impact
of spring (March-May) temperature, precipitation and Standardized Precipitation-Evapotranspiration Index revealed a
recent unification (the 1980-2010s) of the climate—growth relationship across elevations. Specifically, the low-elevation
trees have become less sensitive to warm springs, while the high-elevation trees have only recently become sensitive to
warm and dry springs. The varying growth responses along the elevation gradient highlight the necessity of site-dependent
differentiation when assessing the impacts of global climate change on species performance and geographic range shifts.

Keywords Abies pindrow (Royle ex D.Don) Royle - Tree rings - Dendroclimatology - Climate change - Garhwal
Himalayas - Elevational gradient

1 Introduction

The unprecedented changes in temperature and precipitation
caused by global climate change significantly impact plant
biomass growth and, thus, carbon sequestration (e.g., Babst
54 Kristina Sohar et al. 2019; Gaire et al. 2023). Increasing temperatures and

kristina.sohar@ut.ee altered precipitation regimes affect physiological processes
such as photosynthesis and water availability, affecting
growth and primary production (Kdrner 2012). However,
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plants with wide ranges adapt to global climate change (e.g.,
Schurman et al. 2019; Altman et al. 2020). The general lack
of information on the spatiotemporal variability of climate—
growth interactions across species distributional ranges
challenges our ability to predict plant vulnerability to cli-
mate change (e.g., Zheng et al. 2021; Malik et al. 2023).

Climate warming significantly influences the current
changes in plant growth in the high mountains, where
temperatures are rising much faster than in the lowlands
(Shrestha et al. 2012; Dolezal et al. 2016; Sun et al. 2021).
These changes manifest as spatiotemporal shifts in growth
responses to climate across elevational gradients (Korner
2012; Gaire et al. 2020). In particular, climate warming
in cool and moist high-elevation regions releases plants
from low-temperature limitation by promoting increased
plant growth, as seen in recent cases of greening in envi-
ronments such as the Yukon mountains (Myers-Smith et al.
2020), the European Alps (Filippa et al. 2019) or the Hima-
layas (Anderson et al. 2020), and the Qinghai-Tibet Plateau
(Wang et al. 2021). Conversely, increasing temperatures and
altered precipitation patterns have more significant implica-
tions for reduced growth at warmer and drier lower eleva-
tions and latitudes (Altman et al. 2017; Dolezal et al. 2020).
Understanding these elevation-dependent growth variations
has implications for forest management and conservation
strategies (Schickhoff et al. 2022).

Trees at different elevations display varying responses to
climate change (Rai et al. 2020). As climate changes, the
strength and direction of these responses might shift (Rai et
al. 2023a), impacting growth trajectories differently at vari-
ous elevations (Gaire et al. 2023). The negative impact of
temperatures on growth diminishes with elevation (Thapa
et al. 2017). Moreover, tree species may exhibit vary-
ing growth responses to climate change (e.g., Sohar et al.
2017; Zheng et al. 2021). Some species might thrive under
altered conditions (Tiwari et al. 2017), while others might
struggle due to ecological constraints and changing com-
petitive dynamics (e.g., Thapa et al. 2017). Furthermore, the
interplay between multiple climatic variables contributes to
intricate climate—growth relationships across elevation gra-
dients (Sohar et al. 2017). Due to the phenological shift in
peak growth activities, certain factors, such as spring and
autumn conditions, could gain greater prominence under
shifting climatic conditions, in contrast to the significance
of summer conditions (e.g., Sohar et al. 2017; Schurman et
al. 2019; Rai et al. 2023a).

Finally, the relationship between elevation, climate, and
tree growth might experience alterations over time (Rai et
al. 2023b). Climate change can amplify or attenuate specific
elevation-driven growth patterns, creating complex tem-
poral trends (e.g., Altman et al. 2020; Gaire et al. 2023).
Long-term studies offer valuable insights into the historical
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context of elevation-climate-growth relationships. Analyz-
ing growth patterns over extended periods may help eluci-
date the impact of gradual climate shifts or abrupt changes
triggered by extreme weather events. Dendroclimatology,
the study of tree rings as climate archives, provides a pow-
erful tool to examine historical climate-growth relation-
ships and their modulation by elevation. Analyzing tree
ring records across species’ elevational gradients allows
researchers to infer past climatic conditions and assess how
they influenced growth in time and space (e.g., Babst et al.
2019).

Despite increasing dendroclimatological research that is
progressively enhancing our comprehension of elevation-
climate-growth dynamics and their consequences for forest
ecosystems amid the persisting climate change (Babst et
al. 2019), the predominant portion of available knowledge
stems from temperate and boreal mountain regions (e.g.,
Babst et al. 2013; Schurman et al. 2019). Tropical and sub-
tropical mountain areas, where significant climate shifts are
transpiring, are receiving increased attention (e.g., Liang et
al. 2014; Sohar et al. 2017; Zheng et al. 2021). Trees inhabit-
ing temperate and boreal mountain environments generally
exhibit distinct short growing seasons influenced by singu-
lar or a few predominant climate drivers, such as summer
temperatures (e.g., Dolezal et al. 2010). Conversely, trees of
subtropical and tropical mountains often face more intricate
climate—growth associations due to their prolonged growing
seasons (Altman et al. 2020; Gaire et al. 2023), which are
often disrupted by excessively dry or excessively wet peri-
ods. A notable illustration can be observed in the Himalayas,
where mountain trees confront dry conditions in the early
growing season before the arrival of the monsoon (Rai et
al. 2020), followed by water surpluses during the wet and
chilly summer monsoon months, with both water deficit and
surplus potentially reducing tree performance (Panthi et al.
2018).

In this study, we explore the prominent climate factors
associated with radial stem growth of West Himalayan firs
(dbies pindrow (Royle ex D.Don) Royle) and consider their
relative effects on growth dynamics over the past 110 years
in contrasting populations across species’ elevational range
in the central Himalayas. We chose Abies pindrow as the tar-
get species because it is widespread and one of the dendro-
chronologically potential trees in the Himalayas (Gautam et
al. 2020). Abies pindrow grows in a wide elevational range
(2000-3700 m a.s.l.), allowing retrospective assessment of
climate impacts on growth dynamics of different popula-
tions exposed to contrasting environmental conditions. We
collected stem increment data from several populations of
Abies pindrow growing in montane forests in the Garhwal
Himalaya encompassing elevations ranging from 3190 to
3700 m a.s.l. The Garhwal Himalaya has experienced an
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unprecedented increase in temperature over the past three
decades, prominently during the winter season (Pant et al.
2018), accompanied by reduced monsoonal precipitation
(Mishra 2014) and a rapid retreat of glaciers (Bhambri et al.
2011; Singh et al. 2017). The climate trends are particularly
pronounced at higher elevations (Mishra 2014; Pant et al.
2018). In addition to those climate changes, the region expe-
rienced frequent extreme climate events leading to severe
mudslides and flooding (Guri et al. 2015).

Given these circumstances, we focused on the following
research questions: (a) Which climatic factors influence the
growth of Abies pindrow at different elevations? (b) How
sensitive is Abies pindrow to recent warming and dimin-
ished monsoon precipitation trends along the elevational
gradient? Specifically, we expected: (a) a negative associa-
tion between higher temperatures, water deficit and radial
growth for trees at lower elevations, where trees are primar-
ily limited by lower pre-monsoon spring precipitation and
high evapotranspiration; (b) a positive association between
higher temperatures and growth in trees from higher eleva-
tions, owing to their strong temperature limitation; (c) a
negative association between high monsoon rainfall and
the growth of high-elevation trees; owing to surplus water
limitation; (d) a growth reduction of the low-elevation trees
and a growth increase of the high-elevation trees due to the
accelerated warming and diminished precipitation in the
past three decades.

2 Materials and methods
2.1 Study area and data collection

We collected cores from 278 West Himalayan fir (4bies pin-
drow (Royle ex D.Don) Royle) trees, hereafter referred to
by their generic name, from nine different localities in the
Garhwal Himalaya during two field expeditions from May
2014 to August 2015. These localities ranged in elevation
from 3190 to 3700 m a.s.l. (Fig. 1; Table 1). We prioritized

the largest and presumably oldest trees (Speer 2010) for
constructing the large-scale tree-ring width chronologies
necessary for subsequent dendroclimatic analysis. For the
dendroclimatic investigation, we extracted one or two cores
using an increment borer from each tree at breast height,
parallel to the slope, to prevent any potential interference
from reaction wood. We sampled predominantly live trees,
with only a limited number of dead stems. Generally, the
sampling procedure was designed to maintain a consistent
elevation within each site (see average site elevations in
Table 1).

2.2 Development of tree-ring chronologies

We followed standard dendrochronological procedures
in the laboratory. Cross-sectional surfaces of cores were
sliced using a core microtome (Gértner and Nievergelt
2010) and coated with chalk to accentuate ring boundar-
ies. Tree-ring widths (TRW) were measured to the nearest
0.01 mm employing the TimeTable measuring instrument
and the PAST4 software (SCIEM). Visual assessments
were conducted utilizing graphs in TSAP-Win (Rinntech)
and supported by statistics in COFECHA (Holmes 1983)
to ensure the quality of the time-series measurements. The
matched radii were subsequently aggregated to form a tree-
level TRW series. Following this, inter-tree comparisons
involved cross-dating the TRW series from all individual
trees against one another. A total of 235 trees (constitut-
ing 85% of the dataset) that correlated with the mean of
all series within a site >0.3 were used for the subsequent
growth chronologies.

Raw TRW measurements were transformed into dimen-
sionless tree-ring indices (TRI) during the detrending pro-
cess removing the non-climatic variability in the tree-ring
records (Fritts 1976). Here, the negative exponential curve
was used for detrending. This curve or a linear model with a
negative or zero slope (to retain positive trends likely attrib-
utable to climate in the original data series) was fitted indi-
vidually to each series. Indices were then derived from this
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Table 1 Statistics of the tree-ring width (TRW) data in nine study sites and their two site groups. Abbreviations: SD — standard deviation; SI —
series intercorrelation; MS — average mean sensitivity; AR — average first-order autocorrelation

Site Latitude N; Elevation  No. of trees Period Mean SD of SI MS AR

Longitude E [ma.s.l] cored/used in (length in years) TRW TRW
chronology [mm] [mm]

A9 30.498081; 3700 14/8 1680-2013 (334) 1.02 0.36 0.34 0.16 0.84
79.749466

A8 30.506144; 3620 12/12 1709-2013 (305) 1.02 0.31 0.42 0.14 0.82
79.761526

A7 30.459343; 3470 92/81 1665-2015 (351) 1.12 0.50 0.49 0.17 0.80
79.582295

A6 30.509723; 3420 19/16 1670-2013 (344) 0.96 0.39 0.47 0.14 0.89
79.754330

A5 30.482871; 3390 35/32 14502015 (566) 0.81 0.44 0.51 0.19 0.86
79.573597

A4 30.530339; 3360 28/27 1661-2015 (355) 1.14 0.59 0.58 0.25 0.80
79.720701

A3 30.498871; 3350 27/14 1815-2013 (199) 1.25 0.47 0.40 0.18 0.77
79.743178

A2 30.514395; 3230 41/35 16542015 (362) 0.84 0.43 0.54 0.17 0.86
79.562765

Al 30.468085; 3190 10/10 1632-2015 (384) 0.79 0.44 0.55 0.19 0.84
79.585490

A6-A9 3420-3700 141/117 1665-2015 (351) 1.07 0.45 0.45 0.16 0.82

Al-A5 3190-3390 137/118 1450-2015 (566) 0.91 0.47 0.48 0.19 0.84

curve by calculating ratios between observed TRW values
and the corresponding curve values. Next, the detrended
series underwent pre-whitening utilizing an autoregressive
model to eliminate autocorrelation. The pre-whitened series
were averaged across all series using a biweight robust
mean estimation to eliminate the influence of outliers (Cook
et al. 1990). In the same way, regional chronologies were
constructed by combining data from multiple sites. The
resultant residual chronologies were employed in subse-
quent dendroclimatic analyses. Detrending and chronology
building was made using ARSTAN software (Cook 1985).

To assess the variability in Abies growth both within and
between different sites, several descriptive statistics of tree-
ring data were calculated using the COFECHA software.
Standard deviation (SD), series intercorrelation (SI), aver-
age mean sensitivity (MS), and average first-order auto-
correlation (AR) were computed based on raw TRW data
for each site. To assess the reliability of the chronologies,
the subsample signal strength (SSS) (Wigley et al. 1984)
of the detrended series was calculated with a threshold of
>0.85 in the “dpIR” package (Bunn 2008) in the R environ-
ment (R Core Team 2021). To evaluate the degree of simi-
larity in growth patterns among the residual chronologies
over the common period with SSS >0.85, Baillie-Pilcher’s
t-value (tBP) was calculated in TSAP-Win (Rinntech), with
tBP>3.5 indicating good agreement among the series (Bail-
lie and Pilcher 1973).
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2.3 Climate data

Given the limitations of instrumental weather observations
in high mountain regions, we utilized the CRU TS 4.01
0.5°%0.5°-gridded monthly temperature and precipitation
datasets for the cell between four grid points at 30.0° to
31.0°N and 79.5° to 80.0°E covering the study sites in the
period spanning 1901 to 2015 (Harris et al. 2014; climexp.
knmi.nl; Fig. S1). Further, we used Standardized Precipita-
tion-Evapotranspiration Index (SPEI) where CRU TS 4.03
precipitation and evapotranspiration data were accumu-
lated over the previous 3 months for the same the cell in the
period spanning 1902 to 2015 (Begueria et al. 2010, 2014;
Vicente-Serrano et al. 2010; climexp.knmi.nl).

2.4 Dendroclimatic analysis

Pearson’s correlation coefficients (r) were employed to
examine the associations between tree-ring residual chro-
nologies and climate. Bootstrapped confidence intervals
assessed the significance (p < 0.05) of the correlation coeffi-
cients. The analysis encompassed a 12-month timeframe of
temperature, precipitation, SPEI variables, spanning from
the prior October to the current September. Given the elimi-
nation of autocorrelation from the chronologies, the impact
of weather from the prior growing season was not accounted
for. Beyond the static relationships, the temporal consis-
tency of dendroclimatic responses of temperature, precipita-
tion and SPEI was determined by computing values within
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50-year moving intervals, offset by 1 year. In addition, sea-
sonal correlations were calculated for three-month periods.
For dendroclimatic analysis the “treeclim” package (Zang
and Biondi 2015) within the R environment (R Core Team
2021) was employed.

To analyze the dynamics of growth response to climate
change, we broke our common (1901-2013/15) tree-ring
chronologies down to four periods. The length of period
was chosen as close to 30 years — the standard reference
of climate — as possible, while still using similarly long
periods (i.e., 27-29-year intervals: 1901-1928, 1929-1957,
1958-1986, 1987-2013/15, the latter interval depending on
the length of chronology). Accordingly, the most signifi-
cant monthly climate variables for tree growth were aggre-
gated to respective seasonal characteristics and correlated
with the Abies residual chronologies in each period. The
climate—growth responses were plotted against elevation
and assessed with linear regression models, comparing the
regressions in the four periods.

3 Results
3.1 Tree-ring growth and chronologies

A total of 235 Abies trees (constituting 85% of the dataset)
were used to construct nine site-specific and two regional
residual chronologies (Table 1, Fig. S2). The remaining
15% of samples that did not reach the correlation threshold
with the mean of all series within a site > 0.3 were excluded
from subsequent analyses. The amount of excluded samples
was up to 16% per site, except sites A3 and A9, where 48%
and 43% of samples were excluded, respectively. Mean
TRW ranged from 0.79 mm to 1.25 mm across the various
sites with generally narrower rings in the trees growing at
their lower range limit (Table 1, Fig. S2).

Seven sites of nine showed negative growth trends
through the last century (Fig. S3). There was no clear eleva-
tional difference between the growth trends, i.e. the signifi-
cantly (p <0.0001 for the linear fit) decreasing tree growths
were evenly distributed along the elevational gradient.
There was generally no clear shift towards faster decrease
during the last decades, i.e. the decreases were rather uni-
form through the century.

The Abies trees have grown up to 550 years, thus facilitat-
ing the chronologies that extend over the centuries (Table 1;
Fig. 2a). However, the extent of reliable chronologies was
influenced by shared variability within the detrended series
and replication of samples (as depicted by SSS in Fig. 2).
Consequently, 1880-2013 emerged as the common period
across the nine chronologies, with SSS > 0.85. The residual
chronologies were highly similar over the common period

(Fig. 2b). There were weak negative spatial trends — the
smaller the elevation difference or aerial distance, the more
similar the sites were (R?=0.12, p<0.05 and R*=0.13,
p<0.05 respectively; Fig. 2¢). All nine chronologies quali-
fied for dendroclimatic analyses spanning the period from
1902 to 2013/15 (Fig. 2a).

Further data split according to similar elevation and cli-
matic signal resulted in two aggregated regional chronolo-
gies (Table 1). Accordingly, sites Al to AS with 118 Abies
trees growing at 3190-3390 m a.s.l. represented the lower
elevations, while sites A6 to A9 with 117 trees growing at
3420-3700 m a.s.l. represented the higher elevations.

3.2 Temporal trends in climate

Based on interpolated CRU TS 4.01 (Harris et al. 2014; cli-
mexp.knmi.nl) monthly temperature and precipitation data
for the cell between four grid points at 30.0° to 31.0°N and
79.5° to 80.0°E during 1901-2016, the most pronounced
climatic trends in the study region are characterized by sig-
nificant temperature increases (from September to April,
p<0.05), a notable reduction in summer monsoon activity
(sum of precipitation in July and August, p <0.05), and a
decrease in winter precipitation (January, p < 0.05) (Fig. S4).
Spring (March—April-May, MAM) temperature showed an
approximate increase of 0.5 °C. In contrast, MAM precipi-
tation showed no significant trend (Fig. S5). Since the spa-
tial resolution of the data is too low, it was impossible to
calculate spatial trends.

3.3 Climate-growth relationships

The bootstrapped correlation coefficients (r) indicated that
the radial growth of Abies trees was impacted negatively by
higher spring temperature and positively by higher spring
precipitation (Table 2, Fig. S6). This combined effect was
particularly pronounced at sites Al, A2, A5, and A7 in
elevations ranging from 3190 to 3470 m. The other sites
showed either a spring temperature or spring precipitation
signal. For instance, high spring temperature reduced tree
growth at sites A3 (3350 m) and A9 (3700 m) while elevated
spring precipitation enhanced growth at site A4 (3360 m).
Seasonal correlations calculated for three-month periods
(Fig. S7) revealed the strongest signal of temperature and
precipitation from March—April-May (MAM) (Fig. S7).
Instead of spring precipitation, February snowfall posi-
tively affected trees at sites A3 and A6 (r=0.23 and r=0.21,
respectively; Table 2, Fig. S6). However, preceding Octo-
ber precipitation negatively influenced trees at site A4 (» =
—0.25). January snow cover was the same at site A8 (r =
—0.21) and combined at site A7 (» = —0.20). In addition,
a significant positive influence of October temperature on
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Fig. 2 a Residual chronologies of nine 4bies sites along the elevation
gradient (black lines) and two regional chronologies (blue lines). Verti-
cal red lines mark the year from which SSS > 0.85. The darker violet
area highlights the period covered with climate data and used in the
dendroclimatic analysis. b tBP-values between the chronologies over

the subsequent year’s growth was evident at five sites A3,
A4, A6,A7,A8 (r=0.27...0.37; Table 2, Fig. S6). This was
sustained until January at site A8 (3620 m).

Generally, trees growing at lower elevations (combined
from sites Al to AS, 3190-3390 m) showed strong MAM
precipitation, SPEI and temperature signals (r=0.40,
r=0.40 and r = — 0.34, respectively; Figs. 3b and 4b). The
trees suffered from July heat but only to a low extent (» =
— 0.20). The moving correlation analysis showed that the
negative effect of MAM temperature on growth was slightly
more stable over the full observed period of 1902-2015 than
the positive effect of MAM precipitation (Fig. 3b). How-
ever, trees growing at the higher elevations (sites A6 to A9,
3420-3700 m) reflected weaker MAM precipitation, SPEI
and temperature signals (r=0.21, r=0.19, and r = — 0.18,
respectively; Figs. 3a and 4a) and were more sporadic. In
addition, the trees showed a significant positive correlation
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the common period 1880-2013 (134 years) and the elevation differ-
ences between sites. ¢ Effects of elevation difference (left) and aerial
distance (right) on similarity between sites over the common period
1880-2013 (134 years)

with temperature and negative correlations with precipita-
tion and SPEI during the dormant months, particularly with
prior October and January (»=0.30, — 0.17 and — 0.25, and
r=0.29,—0.21 and — 0.19, respectively). The positive tem-
perature signal for prior October remained statistically sig-
nificant almost throughout the entire observation period of
1902-2015, strengthening in time (Fig. 3a).

3.4 Spatiotemporal trends in climate-growth
relationships

As described above, the spring (from March to May, MAM)
temperature and precipitation, as well as SPEI, were iden-
tified as the main factors controlling Abies growth. We
further explored spatiotemporal variability in the growth
responses, i.e. how their elevational pattern has changed
in time (Fig. 5). The negative growth response to MAM
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(a) Sites A6—A9; 3420-3700 m a.s.l.; 117 trees
Precipitation Temperature
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(b) Sites A1-A5; 3190-3390 m a.s.l.; 118 trees
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Fig. 3 Climate response of Abies trees a in higher elevation sites A6—
A9 based on 117 trees, b in lower elevation sites A1-A5 based on 118
trees. Pearson’s correlation coefficients between residual chronologies
and monthly average temperature and precipitation sum from previ-
ous October to current September and from March to May (MAM) of

temperature (Fig. 5a) and the positive response to MAM
precipitation (Fig. Sb) and MAM SPEI (Fig. 5c) decreased
with increasing elevation during the first three periods
1901-1928, 1929-1957, 1958-1986, without respective
trends in the last (warmest) period 1987-2013/15 (Fig. 5).
Specifically, the low-elevation trees (<3400 m a.s.l.) have
become less dependent on cool springs, while the high-ele-
vation trees (>3400 m a.s.l.) have developed dependence
on cool and moist springs during the recent period.
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1902-2013/15. The left column shows static correlations (statistically
significant relationships (p < 0.05) are indicated in black) and the right
column shows dynamic correlations (using a 50-year interval with a
1-year offset; asterisks denote significant correlations (p <0.05))

4 Discussion

4.1 Which main climatic factors influence the
growth of Abies pindrow?

We developed extended chronologies of tree-ring width
spanning multiple centuries to examine radial growth pat-
terns of Abies pindrow. These patterns were observed across
an elevation gradient spanning 3190 to 3700 m within the
inner valleys of the Garhwal Himalayan region in north-
west India. Our study focused on understanding the growth
dynamics of the Abies in response to climatic fluctuations
over the past 110 years. Our findings indicate that similarly
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Fig. 4 SPEI response of Abies trees a in higher elevation sites A6—A9
based on 117 trees, b in lower elevation sites A1-A5 based on 118
trees. Pearson’s correlation coefficients between residual chronolo-
gies and accumulated SPEI over the previous 3 months from previous
October to current September of 1903—2013/15. The left column shows

to other Himalayan forests in more continental climates
(e.g., Kharal et al. 2017; Gaire et al. 2017; Sohar et al.
2017; Rai et al. 2020) that experience recurrent water defi-
cits during the early growing season (Liang et al. 2014), the
availability of moisture during the spring and early summer
months (March to May) is the primary constraint on growth.
Our research further points out spring warmth as a limiting
factor.

This could result from an indirect impact caused by
increased evaporative water loss or other unfavourable
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static correlations (statistically significant relationships (p <0.05) are
indicated in black) and the right column shows dynamic correlations
(using a 50-year interval with a 1-year offset; asterisks denote signifi-
cant correlations (p <0.05))

conditions due to higher spring temperatures and limited
water availability for tree growth. These observations are
consistent with larger trends in the interaction between
elevation, climate, and growth (e.g., Schurman et al. 2019).
Interestingly, in our Garhwal Abies trees, the summer climate
had minimal influence on radial growth variations, except
for a slight adverse effect of higher temperatures in June—
July at lower elevations. Notably, until recent decades, the
positive impact of cool, moist springs on Abies growth was
primarily evident at lower elevation sites (3190-3390 m)
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in the Garhwal Himalayan region. However, our analysis
uncovered that even the highest-elevation trees (3700 m)
increasingly relied on cool and moist springs in the last few
decades. This signifies a shift towards a different growth
limitation pattern due to accelerated global warming.
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The significant impact of spring’s climate on the growth
of Abies trees, rather than the typical influence of the sum-
mer months, is a result of the distinctly continental climate
of the deep inner valleys of the Garhwal Range. These
areas are beyond the reach of the summer monsoon, which
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generally brings cool and moist conditions to the lower
regions of the outer Himalayas. Consequently, while coni-
fer forests in the cool and humid outer Himalayas primarily
thrive due to the positive influence of summer temperatures
(Panthi et al. 2018; Gaire et al. 2023), the growth dynam-
ics of our Garhwal fir populations show a stark contrast. In
contrast to the outer Himalayan ranges, species like Abies
pindrow, Picea smithiana, Juniperus spp., and Cedrus deo-
dara, growing in the continental interior Himalayan val-
leys, heavily rely on rain or snow and cooler weather during
otherwise dry springs, while their growth is impeded by
high spring temperatures (e.g., Sohar et al. 2017; Rai et al.
2020). This reliance on water availability is due to towering
mountain barriers like Nanda Devi, Kalanka, and Dunagiri
in the Garhwal Range, which block the summer monsoons.
Consequently, coniferous forests on the lee side of inner
Himalayan valleys receive less than 1000 mm of precipita-
tion compared to over 3000 mm in the southern foothills
(Viviroli and Weingartner 2004).

Furthermore, the positive correlations between Abies
growth and dormant period temperatures (prior October,
January) at the higher sites (especially at 3620 m) corre-
spond with previous studies (e.g., Fan et al. 2009; Sohar
et al. 2017; Panthi et al. 2018). Several potential mecha-
nisms, such as warmer soil, reduced root damage, and ear-
lier growth initiation following milder winters, can explain
this relationship. Conversely, although cambial activity
remains inactive, warmer winters may protect the needles
from frost damage (Panthi et al. 2018). Furthermore, our
findings indicate a strengthening positive temperature trend
from the preceding October over time. Consequently, the fir
trees at higher elevations in the Garhwal Himalayan region
could benefit from climate warming, similar to observations
in high- to mid-elevation conifers in the central Hengduan
Mountains (Fan et al. 2009). Furthermore, our findings
regarding the inverse correlation between Abies growth and
winter precipitation (October and January) at high eleva-
tions have been previously observed in Abies spectabilis
thriving around 3400 m in Nepal (Kharal et al. 2017). We
hypothesize that a thicker snowpack leading to a postponed
onset of growth could account for this pattern.

The interplay between elevated temperatures and pre-
cipitation, and lower evaporation and their impact on tree
growth can be subject to various influencing factors. These
factors encompass variations in macroclimatic conditions
associated with changes in elevation and microclimate
across diverse locations, which are modulated by geo-
graphical features such as slopes, aspects, and local topo-
graphical attributes (Korner 2012). For example, trees in the
Dharansi sites A6 (3420 m) and A8 (3620 m) exhibited no
adverse influence of high spring temperature or diminished
spring precipitation but instead showed a strong positive

relationship with temperature and a negative correlation
with SPEI during the preceding autumn and winter months
(from October to January), particularly at site A8 (3620 m).
This discrepancy contrasts the observations of most of our
Abies populations and likely results from the geographical
location of the Dharansi sites on the north-facing slopes of
the Nanda Devi Sanctuary. These slopes generally maintain
cooler conditions compared to the elevations facing south
or west. This variation in temperature due to the aspect of
the slopes can have repercussions on moisture availability.
Cooler air on the north-facing slopes could lead to conden-
sation and increased humidity, facilitating soil moisture
retention and ultimately reducing water stress and maintain-
ing radial growth.

4.2 Does tree growth respond to climate change
differently at different elevations?

Our Abies trees showed decreasing growth trends across
all elevations. Elevation has been shown to significantly
modulate past and current climate-growth responses in the
Himalayas (Rai et al. 2020) and beyond (e.g., Dolezal et al.
2010; Panthi et al. 2018; Altman et al. 2020). We also found
that climatic signals for Abies pindrow growth are popula-
tion-specific across the species elevational range. The con-
trasting effect of temperature and moisture on tree growth
at higher elevations compared to populations at lower
elevations is consistent with previous observations made
on trees, shrubs, and herbs across broad climatic gradients
(Altman et al. 2017; Babst et al. 2019; Weijers et al. 2012;
Dolezal et al. 2021). In particular, the diminishing positive
effect of moist and cool springs on tree growth toward the
high elevations was consistent with previous studies from
the Himalayas (e.g., Rai et al. 2023a). This spatial contrast
assumes a stronger limiting factor at one end of the species’
elevation range but also context-dependency in the effect
of higher temperature as a function of soil moisture, con-
sistent with recent experimental evidence from other cold
ecosystems (Ronk et al. 2020) and global observational
studies (Myers-Smith et al. 2020; Zhang et al. 2020). This
context dependence was evident in two aspects: firstly, the
pronounced adverse impact of warmer temperatures during
March—-May on growth in the low-elevation, attributed to
a pronounced water deficit before the arrival of the sum-
mer monsoon season; and secondly, the substantial positive
influence of October and January temperatures on growth
during the subsequent year. This positive effect is attributed
to ample soil moisture following the summer monsoon and
the continued assimilation activity of evergreen trees.

As a whole, global climate change, marked by unparal-
leled temperature increases over the last thirty years (Pant et
al. 2018), has led to significant elevational changes in climate
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factors driving tree growth. Before the period of accelerated
climate changes, throughout most of the previous century,
our lower-mountain trees (<3400 m a.s.l.) benefited from
moist and cool springs without a similar response from the
high-mountain trees (> 3400 m a.s.l.). The higher-mountain
tree-growth response shifted closer to the lower-elevation
pattern only during the last three decades — the period of
accelerated climate warming. This suggests that, similarly
to the lower-elevation trees, spring precipitation is becom-
ing an increasingly important water resource while cold-
related limitations on trees at higher elevations are easing
and the start of tree growth is drawing into the precarious
spring. Higher evapotranspiration is possibly a connecting
factor in the response pattern to temperature and precipita-
tion (Grossiord et al. 2020). Thus, our findings provide a
novel contribution to understanding the growth patterns and
climatic responses of West Himalayan fir across the full ele-
vational gradient (Schickhoff et al. 2022). The rising spring
temperatures and moisture stress potentially have a negative
impact on tree growth, reducing growth rates and contribut-
ing to forest decline across the species’ elevation range.

5 Conclusions

We conducted a dendrochronological analysis of the growth
patterns and the pivotal climatic influences shaping the
growth of Abies pindrow across its high and low-elevation
habitats in the Himalayas. Our investigation utilized tree-
ring width data spanning multiple centuries to explore
growth variations along a wide elevation gradient. This
study provided valuable insights into the intricate relation-
ship between climate factors and the growth patterns of
Abies pindrow specifically within the inner continental val-
leys of the Garhwal Himalaya in northwest India. Spring
moisture and coolness are major climate factors that have
boosted growth over the past century, particularly in the
lower elevations. In addition, our results underscore the
impact of spring climate warming, causing higher-elevation
Abies pindrow growth patterns to draw closer to those of
lower-elevation trees. Moreover, we show that high-ele-
vation treeline trees benefit from milder and drier winters.
This study significantly augments our understanding of the
evolving dynamics in tree growth responses driven by global
climate shifts. Over the past three decades, rising tempera-
tures have fundamentally reshaped growth dynamics. Con-
sequently, constraints related to spring moisture and cool
temperatures have intensified across the entire elevation
range of Abies pindrow. As the influence of global climate
change persists, these intricate interactions assume greater
significance in predicting the growth trajectories of species
like Abies pindrow. The variable growth responses along

@ Springer

elevation gradients highlight the necessity of site-dependent
differentiation when assessing the impacts of global climate
change on species performance and geographic range shifts.
This knowledge is a cornerstone for formulating effective
management and conservation strategies for Himalayan for-
est ecosystems amidst the continuing environmental change.
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