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Response of Radial Growth in Abies pindrow
(Royle ex D.Don) Royle to Climate
at Treeline Ecotone in the northwestern
Himalaya

20

Rayees A. Malik and Raman Sukumar

Abstract

The growth response of Himalayan pindrow fir (Abies pindrow) was investigated
using tree rings at the treeline ecotone in Hirpora Wildlife Sanctuary in the
northwestern Himalaya. The ring-width chronology was built based on 73 incre-
ment cores extracted from 40 healthy trees. The measurements were standardized
to remove non-climatic growth trends, especially the age-related growth trends.
The persistence, because of the effect of the previous year climate on current year
growth, in standardized site chronology was removed by auto-regressive
modelling. For dendroclimatic analysis, static and moving correlations were
computed between site chronology and monthly temperature and precipitation
data from Srinagar meteorological station. The climate data was divided into two
parts pre-and post-1950 because of varying degrees of increase in the annual
climate data during these two time periods. The growth rings formed post-1950
were bigger than those formed prior to 1950. Also, the growth-climate
relationships varied between the time periods. The trees responded strongly to
monthly temperature in the second part of the twentieth century, while the
positive response to growing season precipitation weakened in the recent
decades. The moving correlation analyses showed periods of strong and weak
climatic responses consistent with the results from static correlations in the two
studied time periods. This study will help in understanding the growth responses
of Himalayan conifers to climate and hence would also aid in better predicting
their future growth in response to predicted climate warming.
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20.1 Introduction

Forests not only play an important role in maintaining the mountain ecosystem
functioning and also provide life-supporting ecosystem services that are valuable
at local, regional and global scales. Worldwide, the ongoing climate change is
leading to significant impacts on the forest ecosystems (Foster 2001; Field et al.
2007; Kirilenko and Sedjo 2007; Grimm et al. 2013). Climate change is expected to
alter various eco-physiological processes resulting in shifting vegetation growth
rates and distribution of species during the twenty-first century (Walther et al.
2002). Climate change is a great concern as it affects the human population, directly
and indirectly, such as warmer winters, the spread of diseases, phenological shifts,
seas level rise and frequent natural disasters (Kahn 2005; Webster 2005; Shepherd
and Wingham 2007; IPCC 2014). High mountains around the World are among the
most vulnerable ecosystems to climate change (Viviroli et al. 2011; Huggel et al.
2012; Rangwala and Miller 2012). The Himalaya is experiencing higher warming
than average global warming (Bhutiyani et al. 2007; Shrestha et al. 2012) which can
significantly impact the biodiversity, vegetation distribution and ecosystem structure
in the region (Aryal et al. 2014; Rashid et al. 2015). The mean annual temperature in
Himalaya is showing a more increasing trend than the global average (Pandey et al.
2018) up to 0.06–0.1 °C/y since the mid-1970s (Shrestha et al. 2012; Qin et al.
2013). More specifically, the mean annual temperature has increased by 1.6 °C
during the last century in northwestern Himalaya with the maximum temperature
showing a more rapid increase. Winter temperature has shown a more noticeable
increase in the last century. The total annual precipitation has shown an overall
decreasing trend in the northwestern Himalaya (Bhutiyani et al. 2007, 2009). The
Himalaya plays an important role in climate regulation of the Indian subcontinent
and supports the livelihood of millions of the people dependent on the ecosystem
services provided by it (Gansser 1980; Singh and Singh 1987; Carrico et al. 2003;
Anthwal et al. 2010; Viviroli et al. 2011; Ganjoo and Ota 2012). Despite being a
global biodiversity hotspot, there are limited studies that have investigated the
response of tree growth to changing climate in the Himalayan region (Schickhoff
et al. 2015; Tiwari et al. 2017; Pandey et al. 2018). The plants growing in the
Himalaya must quickly adapt to survive future climatic conditions. The variations in
climate affect tree growth which significantly influence cambial phenology and
wood formation (Camarero et al. 2010; Rossi et al. 2014).

Tree growth is largely influenced by endogenous factors like phytohormones and
enzymes, and exogenous factors which include climatic variables, soil, slope and
aspect. Climate is the most important factor for the regulation of growth particularly
near the ecological boundaries of a species (Fritts 1972). Generally, the response of
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tree growth to climate is dependent on the habitat, species, age etc. Tree growth is
sensitive to changes in regional environmental conditions (Korner 2007; McDowell
et al. 2008). Given the predicted climate change, it is crucial to understand the tree
growth and its response to climatic variability.

Himalayan conifers are known to have a huge dendroclimatic potential because of
their age and climatic sensitivity (Ramesh et al. 1985, 1986a; Bhattacharyya et al.
1988). Several researchers have studied the role of climate in regulating the growth
in various Himalayan conifers using annual growth rings (Borgaonkar et al. 1996,
2001; Yadav et al. 1997; Ahmed et al. 2010; Sohar et al. 2017) and wood micro-core
samples for understanding the intra-annual dynamics of wood formation (Malik
et al. 2020a, b). Trees in the treeline ecotone are strongly limited by temperature
(Li et al. 2013, 2016, 2017), with an average growing season temperature around
6–7 °C (Körner 2003; Körner and Paulsen 2004). A detailed study on vascular
cambium activity by Rossi et al., (2007a, b) at the alpine timberline showing that the
cambium was active at a daily mean air temperature of 5.6–8.5 °C and a mean stem
temperature of 7.2–9.0 °C. An increase in the growing season temperature would
thus result in a longer time for cambial activity and hence more radial growth
(Deslauriers et al. 2008a).

Tree rings have been commonly used as a proxy to investigate biological
responses to regional/local climate as well as to study the temporal stability of
these responses (Wang et al. 2005; Jump et al. 2007; Fan et al. 2009; Dang et al.
2013; He et al. 2013; Sohar et al. 2017). This approach provides a long time series at
high spatiotemporal resolution and helps in better understanding of tree responses to
ongoing climate change (Sohar et al. 2017). Many studies have shown that tree
growth response to climate varies along the altitudinal range of a species (Kahle et al.
2002; Savva et al. 2006; Spiecker 2010; Dang et al. 2013; Kharal et al. 2015).
Generally, trees respond positively to summer temperature in high altitudes to
growing season precipitation in lower altitudinal limits. A better understanding of
the climate-growth relationships in northwestern Himalaya will help in the assess-
ment of the growth response of Himalayan conifers to changing climate and will help
simulate the carbon sequestration potential of these forests in response to predicted
climate change.

In the northwestern Himalayan region, tree rings have been widely used mostly
for climate reconstruction (Ramesh et al. 1986a; Hughes 2001; Yadav 2009; Singh
et al. 2009; Ram and Borgaonkar 2013, 2016; Yadav and Bhutiyani 2013; Shah et al.
2018). One of the most dominant conifer in the northwestern Himalayan coniferous
forests is Abies pindrow (Royle ex D. Don) Royle. The climate sensitivity of
A. pindrow has been utilized by dendroclimatologists to reconstruct regional tem-
perature (Hughes 2001; Malik and Sukumar 2021) and precipitation (Borgaonkar
et al. 1994a; Shah et al. 2018). Similarly, reconstruction of pre-monsoon relative
humidity was carried out by Dhyani et al. (2021) using tree-ring data of Pinus
roxburghii from Western Himalaya.

Generally, tree growth and climate relationships are assumed to be stable over
time (Fritts et al. 1965). However, recent tree ring studies reported problems with
this stable climate-growth relationship assumption. Some studies have found
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decrease or loss of temperature sensitivity (Jacoby and D’Arrigo 1995; Briffa et al.
1998; Smith et al. 1999; Jacoby et al. 2000; Solberg et al. 2002), whereas others have
reported increased temperature sensitivity (Knapp et al. 2001; Wilmking 2005) and
some studies have reported a shift from negative to positive temperature sensitivity
or vice versa especially after the 1950s (Zhang et al. 2008; Wilmking and Myers-
Smith 2008). These shifts in growth-climate relationships over time are probably
because of some mechanisms, such as temperature-induced drought stress (Jacoby
et al. 1996; Barber et al. 2000; Lloyd and Fastie 2002), delayed snowmelt and related
change in seasonality (Vaganov et al. 1999), non-linear thresholds or time-
dependent response to recent temperature warming (D’Arrigo et al. 2004; Wilmking
et al. 2004; Rossi et al. 2007a), air pollution (Wilson and Elling 2004; Yonenobu and
Eckstein 2006) and differential growth-climate relationships to mean, maximum and
minimum temperatures (Wilson and Luckman 2002, 2003). There are other
researchers who attribute these changed patterns in growth-climate relationships to
methods of chronology development, biases in instrumental climate data and
modelling (Cook and Peters 1997; Melvin et al. 2007; D’Arrigo et al. 2008).

In this study, we attempt to assess the response of radial growth of Abies pindrow
(Royle ex D.Don) to monthly temperature and precipitation using standard
dendroclimatological techniques. In addition, we investigated the temporal stability
of growth-climate relationships using moving correlation analyses.

20.2 Materials and Methods

20.2.1 Study Site and Climate

This study was carried out in Hirpora Wildlife Sanctuary (HWS) in district Shopian,
Jammu and Kashmir, India (33o400N, 74o420E). The HWS lies in the Pir-Panjal
range of northwestern Himalaya approximately 70 km south-west of Srinagar city
covering an area of approximately 341.25 km2 (Ahmad et al. 2015) (Fig. 20.1). The
Kashmir valley (Vale of Kashmir) is in the Northwest Himalaya lying between 33°
200–34°540 N latitudes and 73°550–75°350 E longitudes covering an area of nearly
15, 948 km2 (Dar and Khuroo 2013) and is surrounded by the Karakoram range in
the north, Pir-Panjal range in the south and west, Zanskar range in the east and
Siwalik hills in the south (Pandey et al. 2016).

The vegetation of HWS is represented by moist temperate coniferous forest with
sub-alpine and alpine grasslands at higher altitudes of the sanctuary. A. pindrow
(silver fir/Himalayan pindrow fir) is the dominant conifer species, in association with
Pinus wallichiana A. B. Jacks and Picea smithiana (Wall.) Boiss., growing on
northern slopes from 2300 to 3200 m a.s.l. (Sharma and Baduni 2001). The forest
type in HWS is a mixed coniferous forest with sub-alpine and alpine pastures at the
higher altitudes (Ahmad et al. 2015).

The climate of the Kashmir valley is influenced by westerly disturbance (also
known as ‘westerlies’) (Dimri et al. 2015). During winter, these westerlies originate
from the Mediterranean and reach the Kashmir valley, bringing precipitation in the
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Fig. 20.1 Map showing the study site in the northwestern Himalaya

Fig. 20.2 Climate data of Srinagar meteorological station from 1901–2016. (a) Mean monthly
temperature, (b) total monthly precipitation, (c) Mean annual temperature from 1901 to 2016 and
(d) Total annual precipitation from 1901 to 2016

form of snow. Hirpora Wildlife Sanctuary has a sub-humid temperate climate. There
is no weather station in the HWS, so climate data of the Srinagar meteorological
station was used for this study (Fig. 20.2). The Srinagar station is the only station
with more than 100 years of climate data in the Kashmir valley. The climate data
from this station has earlier been used in many scientific studies (Ramesh et al.
1986b; Hughes 2001; Bhutiyani et al. 2007; Jeelani et al. 2012). Based on the
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monthly climatic data from Srinagar meteorological station, located at approxi-
mately 70 km from the study site, for the period 1901–2016, the mean annual
temperature of the region is 13.4 °C, with July being the hottest month (mean
maximum temperature = 24.2 °C) and January the coldest month (mean minimum
temperature = 1.6 °C). Temperature goes to sub-zero in the winter months. The
annual average precipitation is 680 mm, with March and April being the wettest
months with an average rainfall of 102.8 and 90.8 mm respectively, while October
and November are the driest months with total precipitation of 30 and 20.2 mm
respectively. Most of the precipitation falls in the form of snow during the winter
months.

The mean annual temperature has shown a significant increase in the last century
as is evident from the Srinagar meteorological station data (Fig. 20.2). The magni-
tude of this increasing trend varies pre-and post-1950s with a greater increase post-
1950s. There is no significant variation in the total annual precipitation in the two
time periods. Because of the varying trends in the climate data of Srinagar, the
growth-climate relationship analyses were done separately with these two time
period climate data to understand the influence of recent climate warming on these
relationships.

20.2.2 Data Collection

Near the highest distribution limits of the species in HWS, 40 healthy trees were
selected for sampling. The diameter at breast height (DBH) of all the sampled trees
was measured. A total of 73 increment cores were collected from the sampled trees.
Usually, two cores per tree were collected parallel to the slope to avoid reaction
wood. The samples were collected during 2014–2016. The cores were packed in
straws and transported to the laboratory for further analysis. In the laboratory, the
cores were glued to wooden holders and sequentially sanded using progressively
finer grit sandpapers (80–3000 grit). The sanded cores were scanned in the high-
resolution Espon Perfection V700 Photo scanner® at 2400 dpi to make ring
boundaries visible. The scanned images were saved in JPEG format which is
compatible with CooRecorder/CDendro software (Cybis Elektronik 2010). The
ring-width measurements were done in CooRecorder/CDendro software package.
Measurements were first visually cross-dated and then cross-checked with computer
programme COFECHA (Holmes 1983) and dplR (Bunn 2010a, b) to ensure that
each ring is assigned to its correct year of formation. COFECHA is a statistical tool
in dendrochronology used for cross-dating purpose (Grissino-Mayer 2001; Speer
2010). The raw chronology was developed by taking the robust mean of all the series
(Fig. 20.3). Various descriptive statistics such as mean ring-width, series-intercorre-
lation, the average mean sensitivity and first-order auto-correlation were computed
for a general understanding of the site chronology. The ring width describes the
radial growth in a site, mean sensitivity indicates the year-to-year variability between
the consecutive tree-rings and the first-order auto-correlations describe the effect of
the previous year growing conditions on the growth of the current year (Fritts 1972).
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Fig. 20.3 Raw ring-width mean chronology. The bold horizontal line represents the mean ring-
width, and the grey colour represents the sample depth

The age of the trees was calculated by counting the number of annual growth rings.
The mean ring-width of five innermost existing growth rings was used to estimate
the number of years to pith in samples, wherein the pith was missing using
CooRecorder software (Cybis Elektronik 2010).

20.2.3 Chronology Development

The raw ring-width series were standardized to convert them into dimensionless
indices using dplR package (Bunn 2008) in the R version 4.0.5 statistical programme
(R Core Team 2020). The raw ring-width series were detrended using cubic spline
curves of 32 years to remove the non-climatic trends due to tree age, size and forest
stand dynamics and the ratios were calculated (Cook et al. 1990). The main criteria
for detrending were to minimize the non-climatic low-frequency trend and maximize
the high-frequency trend. The detrended series were averaged by computing a
bi-weight robust mean to make the standardized site chronology (Cook 1985). The
standardized site chronology showed high first-order auto-correlation values because
of the impact of the previous year growing season on the current year growth. This
persistence in the standardized chronology was removed by autoregressive
modelling and the resulting residual series were averaged by computing bi-weight
robust mean to make residual site chronology, henceforth referred to as Site chro-
nology (Fig. 20.4) (Cook 1985).
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Fig. 20.4 Total ring-width site chronology (Residual). The horizontal black line indicates the long-
term mean, grey colour indicates the sample depth and the red wavy line indicates 10-year moving
average

20.2.4 Dendroclimatic Analysis

The relationships between site chronology and monthly meteorological records were
analysed by using Pearson’s correlation coefficients. The statistical significance of
correlation coefficients was estimated by calculating bootstrapped confidence
intervals. Monthly temperature and precipitation data from January to October, as
well as mean of May–August temperature (mean-MJJA) and the sum of May–
August precipitation (total-MJJA), was used for correlation analysis. The monthly
correlation analysis was done for two time periods of 1901–1950 and 1951–2016 in
addition to the full time period, henceforth referred to as pre-and post-1950s, to
understand the impact of climate change on growth-climate relationships.

Further, the temporal stability of growth-climate relationships was investigated
by running correlation analyses using 30-year moving intervals (climate data) with a
3-year offset to understand the variability of growth-climate relationships in smaller
time periods of 30 years. The dynamic moving correlation analyses were run with
the treeclim package (Zang and Biondi 2015) in R version 4.0.5 (R Core Team
2020).

20.3 Results

There is a stronger increasing trend in mean annual temperature after 1950s
(R2 = 0.24; p < 0.001) than before (R2 = 0.096; p = 0.028), while there is no
significant trend in total annual precipitation in both the analysed time periods
( p > 0.05). This trend in mean annual temperature showed in growth-climate
relationships in the two time periods of 1901–1950 and 1951–2016 respectively.
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Fig. 20.5 Ring-width measurements pre- and post-1950 CE

The annual ring widths showed a significant variation between the two time periods
( p = 0.01) (Fig. 20.5). The overall mean ring-width was 1.43 mm. The ring-width
measured prior to 1950 were significantly smaller ( p = 0.013) than the post-1950
time period with a mean ring-width of 1.25 and 1.33 mm respectively.

The average tree age was 229 years with a maximum age of 439 years
(Table 20.1). There was a significant linear relationship between DBH and age of
trees ( p < 0.01). The age showed a linear increase with the increase in the diameter
of individual trees (Fig. 20.6).

The chronology showed a good sensitivity to climatic conditions as depicted by a
good mean sensitivity value (0.18). The first-order autocorrelation was high in the
raw ring-width series (0.83) indicating the larger impact of previous year growth on
current radial growth. The individual series showed lower auto-correlation after
detrending and successive fitting of auto-regressive models (0.45). The expressed
population signal (EPS) was more than 0.85 since 1765, which indicates that the
chronology well represents the overall population, and can be reliably used for
dendroclimatic studies. In addition, the strong series inter-correlation indicates the
overall growth similarity between individual trees.

The response of radial growth to individual monthly climate changed during the
two periods (Fig. 20.7). The positive response to January, February, March and April
temperature in the pre-1950 changed to less positive or shifted to negative in the
post-1950 time period, while May to October showing negative response in the
pre-1950 period changed to less negative or responded positively in the later time
period. The radial growth responded negatively to the mean of May–July tempera-
ture in the former time period, while the response was positive in the latter.

In pre-1950 period, the ring-width chronology showed strong negative response
to October temperature (r=-0.37, p< 0.01), while the response was not significant
to any other month temperature irrespective of the time period. The highest positive
response was shown to January in 1901–2016 (r = 0.18, p = 0.05) and 1901–1950
(r= 0.24, p= 0.09) time periods, while July temperature showed maximum positive
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Fig. 20.6 Relationship between age and diameter at breast height (DBH) of sampled trees. The
shaded area around the linear trend line indicates standard error (SE)

Fig. 20.7 Correlation coefficients between site chronology and monthly temperature (a) and
monthly precipitation (b) for 1901–2016, 1901–1950 and 1951–2016 time periods. The asterisk
marks * and ** above/below bars show statistical significance at p< 0.05 and p< 0.01 respectively
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Fig. 20.8 Moving correlation coefficients between site chronology and monthly temperature (a)
and monthly precipitation (b). The asterisk marks (*) represents 30-year window with statistically
significant correlation coefficients

response during post-1950s time period (r = 0.23, p = 0.06). Likewise, the maxi-
mum negative response was shown to March temperature in 1901–2016 (r=-0.11,
p = 0.22) and 1951–2016 (r = -0.18, p = 0.14) time periods, while the response
was significantly negative to October temperature during 1901–1950 time period
(r = -0.37, p < 0.01).

Similarly, the response to monthly precipitation varied in the two time periods as
well. The overall response to growing season precipitation was weaker in the post-
1950 time period. The response shifted from negative to either less negative or
slightly positive, while there was a shift from positive to less positive or negative
between the two studied time periods. Only August (r = 0.29, p < 0.05) and total-
MJJA (r = 0.40, p < 0.01) precipitation showed significant positive response in the
pre-1950s time period. None of the months in 1901–2016, as well as 1951–2016
time periods, responded significantly to radial growth at treeline site. The maximum
positive response during 1901–2016 was shown to March precipitation (r = 0.15,
p = 0.11), while August and total-MJJA precipitation responded positively during
the pre-1950s time period. During 1951–2016 time period, the maximum positive
response was shown to February precipitation (r = 0.24, p = 0.05). Similarly, the
highest negative response was shown to September precipitation in all the studied
time periods with correlation coefficients of-0.14,-0.21 and-0.11 in 1901–2016,
pre-1950s and post-1950s time periods respectively.

The 30-year moving window analysis showed periods of low and high response
to monthly climate data (Fig. 20.8). The general trend of responding to two time
periods was seen in the moving correlation results as well. The strong negative



20 Response of Radial Growth in Abies pindrow (Royle ex D.Don). . . 495

response was shown to October month temperature during the 30-year window of
1901–1930 (r = -0.45, p < 0.01), while the strong positive response to shown to
July temperature during 1976–2005 (r = 0.50, p < 0.01). The response to mean-
MJJA temperature changed from being strongly negative (r = -0.34, p < 0.05)
during 1922–1951 window to strongly positive (r = 0.50, p < 0.01) during the
30-year window of 1961–1990.

The moving correlation analysis with monthly precipitation data showed a strong
negative response to October precipitation (r=-0.41, p< 0.05) during 1931–1960,
while the response was strongly positive to July precipitation (r = 0.44, p < 0.05)
during 1910–1939 time period. Likewise, the response to total growing season
precipitation changed from strong negative (r = -0.27, p > 0.05) during
1985–2014 to strong positive (r = 0.49, p < 0.01) during the 1904–1933 time
period.

20.4 Discussion

We present a dendroclimatology of A. pindrow that contributes to a better under-
standing of its response to recent climate change in the northwestern Himalaya. Due
to its longevity and strong climate sensitivity, A. pindrow has been the subject of
many dendroclimatological studies (Ramesh et al. 1985, 1986c; Borgaonkar et al.
1994b).

We found a linear relationship between tree age and diameter at breast-height
(DBH). This relationship makes it easier to calculate the age of a forest stand at the
treeline ecotone. Also, distinct differences were found between annual growth
increments between two time periods. The relatively larger increase in average
annual temperatures might have resulted in longer growing season duration and
hence wider growth rings (Deslauriers et al. 2008b; Rossi et al. 2011; Malik et al.
2020a).

Radial growth in trees is affected by several biotic as well as abiotic factors
(Briffa et al. 2004; Treydte et al. 2006; Yadav et al. 2011). Climate is one of the most
important environmental factors affecting radial growth in trees. Temperate trees
produce distinct growth rings which are easier to correlate with the regional climatic
conditions. Trees annually record growth data in the form of the width of annual
growth rings in their trunks, with wide rings during years of optimal climatic
conditions and narrow rings during poor climatic conditions (Vaganov et al.
1999). Dendroclimatologists have developed time series of tree-ring widths from
thousands of sites worldwide because of the well-established relationship between
ring-width and climate (archived by the National Climate Data Center (NCDC) in
the International Tree-Ring Data Bank (ITRDB; available online at http://www.
ncdc.noaa.gov/paleo/treering.html). Several researchers have used statistical
relationships between annual tree rings and climate to infer forest responses to future
climate change.

Overall, the radial growth in pindrow fir responded positively to monthly temper-
ature in recent decades. The positive response of tree growth to the temperature at the

http://www.ncdc.noaa.gov/paleo/treering.html
http://www.ncdc.noaa.gov/paleo/treering.html
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treeline site is more of a general phenomenon (Wilson and Hopfmüller 2001;
Takahashi et al. 2003). Trees at treeline did not respond to growing season tempera-
ture in the first half of the twentieth century and responded positively in the second
half. This indicates that radial growth trees at the tree line ecotone might be
benefitted from climate warming. The higher temperatures could increase the rate
of photosynthesis and thus enhancing radial growth (White 1987; Zhang and Hebda
2004). A significantly lower number of tracheids are produced at the higher altitudi-
nal limits compared to lower limits in the northwestern Himalaya (Malik et al.
2020a) which could be because of favourable temperatures for a relatively short
duration of time. Increasing temperatures might potentially lead to a lengthening of
growing season duration and hence results in more wood formation (Deslauriers
et al. 2008a, b; Rossi et al. 2008, 2016; Moser et al. 2010; Li et al. 2016).

The impact of precipitation was weaker at the tree line site. The weaker impact of
growing season precipitation on pindrow fir growth at its highest distributional limit
is likely caused by good water availability due to snowmelt and rainfall during the
growing season (Kim 2000; Körner 2007). The decreasing importance of precipita-
tion at higher altitudes was reported in many other studies as well (Kahle et al. 2002;
Jump et al. 2007). High temperatures during summer promote radial growth at
higher altitudes. Generally, precipitation and soil moisture increase with increasing
altitude, whereas air temperature decreases with increasing altitude, suggesting that
radial growth in A. pindrow at upper limits was limited more by low temperature
than by precipitation (Bradley and Fritts 1978). These results were in agreement with
other studies showing that radial growth responds positively to growing season
precipitation at lower altitudes, while radial growth responds positively to growing
season temperature at higher altitudes (Wilson and Hopfmüller 2001; Takahashi
et al. 2003; Dang et al. 2013).

Also, there are significant impacts of previous year climatic conditions on current
year growth as is evident from higher first-order auto-correlations. As found by other
researchers working with subalpine conifers, the previous season climatic conditions
influence bud formation, increased foliage and production of photosynthetic
assimilates, which in turn impacts the wood production in the subsequent growing
season (Bradley and Fritts 1978; Savva et al. 2006).

The impact of climate on pindrow fir growth was not stable over time. The
climatic conditions especially temperature varied between the two selected time
periods, pre- and post-1950. The variation in climatic conditions is depicted in the
climate-growth relationships as well. The response to monthly climate shows a
variation between the two selected time periods. Before 1950, the radial growth
responds negatively to growing season monthly temperature and positively to
precipitation. These effects of temperature and precipitation on A. pindrow growth,
however, changed in recent decades. Growth responded positively to monthly
temperatures, while the response to monthly precipitation diminished in the latter
part of the twentieth century. Because of temporal variability in climate, response to
climatic conditions has varied during the twentieth century generally referred to as
the ‘divergence effect’ (Briffa et al. 1998). The variation in growth-climate
relationships in time is more of a general phenomenon (Carrer et al. 2010). The
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shift in growth-climate relationships is a reliable indicator of varying tree growth
response to climate (Di Filippo et al. 2007a, b). The temporal instability of growth-
climate relationships might be because of possible changes in climate and other
environmental conditions (Carrer and Urbinati 2006; Di Filippo et al. 2007a, b;
Leonelli et al. 2009; Dang et al. 2013). Many recent studies also showed the
instability of growth-climate relationships mostly in the northern latitudes (Jacoby
et al. 1996, 2000; Briffa et al. 1998; Smith et al. 1999; Knapp et al. 2001; Solberg
et al. 2002; Wilmking et al. 2004; Wilmking 2005). The variations in the growth-
climate relationships in pindrow fir might be attributed to regional climate and other
local environmental changes, which disrupted the growth-climate relationships and
subsequently resulted in changed climate sensitivity and growth trends (Carrer and
Urbinati 2006; Leonelli et al. 2009; Dang et al. 2013; Sohar et al. 2017). The
appearance or loss of significance of climate sensitivity of certain climatic variables
might be because of threshold-controlled mechanisms, as were detected in other
climate-growth relationship studies (D’Arrigo et al. 2004; Wilmking et al. 2004;
Carrer and Urbinati 2006; Rossi et al. 2007b; Dang et al. 2013).

The results from moving correlation analyses are in good agreement with the
results from static correlation analyses for two time periods, pre-and post-1950. The
response to mean-MJJA temperature changed from being negative in the first half of
the twentieth century to being positive in the latter part of the century as shown in
both the static and moving correlation analyses. The shifting response indicates the
positive impact of ongoing warming summer temperatures on the radial growth and
hence overall carbon sequestration of the forest stands towards higher altitudinal
limits. The response to total-MJJA precipitation shifted from being strongly positive
in the first part of the century to not responding in the later part of the climate data.
The weaker response to growing season precipitation towards the higher altitudinal
limits of the species could be possibly the result of enough availability of soil
moisture, due to delayed snowmelt as well as good rainfall during this period.

The investigation of growth-climate relationships in different time periods gives a
better indication of varying responses of radial growth to climate. Such studies are
important for a better understanding of the growth responses of Himalayan tree
species to climate change. Better clarity regarding growth responses to local climate
will have management implications for afforestation programmes keeping in view
the future carbon sequestration potential of Himalayan forests.

20.5 Conclusion

This study provides insights into the response of radial growth in A. pindrow to
monthly temperature and precipitation at its highest distribution limit in the north-
western Himalaya. The climate data used in this study showed an overall increase in
annual temperature and more or less stable annual precipitation. The growth
responded positively to the growing season monthly temperature in the recent
decades. The positive response of monthly precipitation on radial growth decreased
in recent decades. Specifically, the study provides evidence of varying response of
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pindrow fir growth to recent climate change. The radial growth is strongly assisted
by recent warming, while the positive impact of precipitation diminished in recent
decades. In general, pindrow fir in the northwestern Himalaya is responsive to
growing season temperature, and therefore the increase in temperature in combina-
tion with enriched soil moisture will possibly lead to growth enhancement in this
species near its higher distribution limits. We highlight the importance of studying
the temporal stability of growth-climate relationships to provide evidence about the
impacts of climate change on forest ecosystems.
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