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Intra-annual density fluctuation (IADF) refers to anatomical changes in the tree ring 
caused by a sudden change in wood density triggered by a combination of climate 
variations and various biotic and abiotic influences. To reveal the occurrence of 
IADFs, we analyze the growth rings of Himalayan cedar (Cedrus deodara) growing 
over the Kullu region, Himachal Pradesh, western Himalaya. Using 30 increment 
cores, we  precisely dated and developed a 214-year-long tree-ring chronology 
extending back to AD 1808. The tree–growth–climate relationship using ring-width 
chronology and observed climate data revealed that cool and moist condition 
provides favorable condition for Himalayan cedar tree growth. Delving deeper into 
wood anatomy of growth rings, we revealed the frequent occurrences of IADFs in 
both earlywood (IADFe) and latewood (IADFl). The formation of IADFs in earlywood 
(IADFe) is related to the reduced precipitation from April to July, causing moisture 
stress in the soil and surrounding climate. However, wetter conditions in the late 
growing season, mainly August–October, activated the formation of IADFs in 
latewood (IADFl). The study revealed several IADF years in earlywood and latewood, 
such as 1901, 1902, 1903, 1914, 1915, 1919, 1920, 1923, 1925, 1943, 1958, 1959 and 
1937, 1955, 1956, 1988, respectively. These IADF years corresponded with unusual 
climatic fluctuations that severely affected apple production, the major cash crop in 
the region. The analyses demonstrated that the IADF chronology of Himalayan cedar 
would be a valuable proxy to understand abrupt and unusual climatic fluctuations 
from a long-term perspective for the data-scarce western Himalayan region.
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1 Introduction

In the late 1400s, Leonardo da Vinci noticed that the number of rings in the tree’s branches 
designates their age (translation of Leonardo da Vinci’s Treatise on Painting) and tree-ring width 
is associated with the climate conditions during the year of their formation (Stallings, 1937; 
Sarton, 1954; Corona, 1986). Furthermore, cross-dating was initially employed by French 
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naturalists Duhamel and Buffon to pinpoint the 1709 frost ring in the 
samples collected in 1737 (Dean, 1978; Webb, 1986). In 1827, Twining 
played a crucial role in bringing the process to light (Dean, 1978), 
while Babbage notably elaborated on it in 1838 (Babbage, 1838), 
consistently championing its significance. Later, Douglass made 
significant advancements by developing the primary skeleton plotting 
method, and refining the cross-dating technique in 1904, which is 
supported by extensive testing and documentation (Webb, 1986; Nash, 
1999). However, since Douglass’s (1914) dendrochronological 
investigations, relationships between annual tree-growth changes and 
climatic conditions have been recognized. Tree rings are expressed as 
“well-defined increments surrounding the entire tree” and are 
generated in response to climatic and genetic factors. Each tree ring is 
subsequently dated to one calendar year, the same year of tree-ring 
formation, and is a fundamental concept of dendrochronology. 
However, IADFs are characterized by the appearance of latewood-like 
cells in earlywood or earlywood-like cells in latewood (Fritts, 2001). 
These IADFs are identifiable as a layer of cells within a tree ring 
recognized by distinct characteristics, such as shape, size, and wall 
thickness (Kaennel and Schweingruber, 1995). Mostly, IADFs are also 
accepted as false rings (Schulman, 1938), multiple rings (Kozlowski, 
1971), or intra-annual growth bands (Fritts, 1976), and they are 
formed in annual rings in accordance with short-term climatic 
variability throughout the growing season. The formation of IADFs is 
not limited to a specific group of trees but extends to several species, 
including both hardwood trees like Himalayan birch (Betula utilis) 
and oak (Quercus spp.) and softwood trees like Himalayan cedar 
(Cedrus deodara), strawberry tree (Arbutus unedo), and Aleppo pine 
(Pinus halepensis) in different climates globally (Cherubini et al., 2003; 
De Micco et al., 2016). Therefore, IADFs comprise an essential tool to 
examine and evaluate intra-annual changes in climatic factors, giving 
enormous seasonal level clues worldwide (Copenheaver et al., 2006; 
De Luis et al., 2007; Battipaglia et al., 2010; Edmondson, 2010; Olivar 
et al., 2012; Gao et al., 2021; Tucker et al., 2022). The formation of 
IADF reflects tree’s ability to modify wood anatomical characters to 
temporary fluctuation in climatic conditions. This adaptation helps 
them balance hydraulic efficiency and protection instead of embolism 
throughout wet and dry spells, respectively (De Micco and Aronne, 
2009; Wilkinson et al., 2015). IADFs have been occasionally linked to 
disruptions or reductions in photosynthesis due to environmental 
limitations, including severe aridity, frost events, and defoliation 
resulting from fire or pathogen attacks (De Micco et  al., 2007; 
Schweingruber, 2007). However, precipitation and temperature are the 
most commonly examined factors when studying the occurrence of 
IADF, as they play a crucial role in interpreting the ecological 
significance of IADF formation (De Micco et al., 2016). Besides the 
climate variables, IADF can offer valuable insights into climate 
modeling, such as analyzing climate variations at a seasonal temporal 
scale and comparing modeled climate data with observed IADF 
patterns, which can assess the accuracy of model outputs and make 
necessary adjustments. Using IADFs in climate modeling contributes 
to our understanding of short-term climate variability, enhance our 
capacity to predict and adapt to changing environmental conditions.

Globally, the occurrence of IADF is known to exhibit variability 
based on several tree-related factors, such as tree’s age, sex, size, and 
width of tree ring (Rigling et al., 2001; Wimmer, 2002; Campelo et al., 
2007, 2013; De Luis et al., 2009; Vieira et al., 2009; Olano et al., 2015). 
According to Vogel et al. (2001), the formation of false rings is also more 

likely to occur in younger trees and trees that grow faster. The increased 
likelihood of IADFs in juvenile tree rings can be attributed to the early 
reactivation of the cambium resulting in an extended growing season, 
along with a rapid physiological and morphological response to 
environmental alterations (Villalba and Veblen, 1996; Vieira et  al., 
2009). However, younger trees with shallower root systems may also 
be more vulnerable to environmental changes, which can lead to the 
production of the IADF in response to changes in water availability 
(Ehleringer and Dawson, 1992; Battipaglia et al., 2014). Pacheco et al. 
(2016) discovered the link between a higher IADF frequency in tree 
rings and a shallower root system, indicating that the shallow-rooted 
Spanish juniper (Juniperus thurifera) in north-eastern Spain is more 
susceptible to summer and autumn rains than the deeper-rooted 
Aleppo pine (Pinus halepensis). According to the Carvalho et al. (2015) 
hypothesis, higher spring cell production rates contribute latewood to 
developing IADFs, successively increasing the number of cells 
undergoing enlargement following the summer drought and forming 
wider rings. A range of variations in the occurrence of IADF across 
species dispersion is often mentioned (Novak et al., 2013; Nabais et al., 
2014). From the Mediterranean climate, a higher frequency of IADF in 
cluster pine (Pinus pinaster) was reported in younger trees than older 
ones (Bogino and Bravo, 2009; Vieira et al., 2009). A homogeneous age 
trend has been analyzed in Aleppo pine growing over the Iberian 
Peninsula. Specifically, the relative age and size of IADF frequency in 
both Aleppo pine and cluster pine species have been observed, revealing 
that the highest frequency of IADF is seen in trees of age ~27 years old, 
in the juvenile stage, and characterized by wider than narrower tree 
rings (Novak et al., 2013). In Spain, the occurrences of IADF in cluster 
pine have been conversely correlated with secondary growth rates 
(Bogino and Bravo, 2009). Notably, no significant relationship between 
IADF frequency with age and tree-ring width has been observed in 
young trees with age < 35 years from the wetter north-western region of 
Spain. In the case of Scots pine (Pinus sylvestris) growing in dry sites 
within the central Alps, a distinct relationship between IADF 
frequencies and tree age has been identified (Rigling et al., 2001, 2002). 
An extensive investigation of a database of cluster pine, aleppo pine, and 
stone pine (Pinus pinea) trees within the Mediterranean region revealed 
that IADFs appeared more frequently in juvenile trees with wide rings 
(Zalloni et al., 2016). However, a higher frequency of IADF was reported 
in tree rings of black spruce (Picea mariana) and jack pine (Pinus 
banksiana) from eastern Manitoba (Hoffer and Tardif, 2009), which 
showed no remarkable relationship between IADF occurrence and tree-
ring width.

Moreover, the IADF-based studies carried out to understand the 
impact of sudden climatic changes in tree’s radial growth focusing on 
intra-seasonal and seasonal resolution (Priya and Bhat, 1998; 
Braüning, 1999; Speer et al., 2004; Copenheaver et al., 2010; Gonda-
King et al., 2012; Palakit et al., 2012; De Micco et al., 2014; Campelo 
et al., 2015; Ren et al., 2015). The western Himalayan region has not 
yet received much attention on IADF research, primarily focusing on 
the high-latitude temperate and Mediterranean regions. In India, tree-
ring studies have predominantly confined to the application of ring-
width chronologies in climatic reconstructions (Singh et al., 2009; 
Yadav et al., 2014, 2015, 2017; Misra et al., 2015, 2021; Yadava et al., 
2016, 2021; Shekhar et al., 2017; Shah et al., 2019; Singh et al., 2021, 
2022). However, few studies have been carried out on wood density 
(Hughes and Davies, 1987; Hughes, 1992, 2001; Borgaonkar et al., 
2001), stable isotopes (Ramesh et al., 1985, 1986; Managave et al., 
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2011, 2020; Sano et al., 2017), and IADFs  from northeast India (Singh 
et  al., 2016; Thomte et al., 2022). Considering the significance of 
IADFs, efforts have been made to analyze the short-term intra-annual 
climatic changes from the western Himalaya.

2 Materials and methods

2.1 Study area and tree-ring data

Himalayan cedar (Cedrus deodara) is a long-lived conifer 
generally growing over steep rocky slopes with well-drained soil cover 
and moderate-to-heavy winter snowfall at an elevation varying from 
1,200 to 3,300 masl (Raizada and Sahni, 1960; Champion and Seth, 
1968). To comprehend the effect of climate on Himalayan cedar, 
we selected the Jari (31° 59′ 43″ N, 77° 14′ 16″ E) restricted forest area 
located in Parvati Valley, Kullu, Himachal Pradesh (Figure 1). The 
lithology around Jari village comprises carbonaceous phyllites, quartz 
schist with recrystallized limestone bands (overlying thrust sheet) that 
form a semi-klippen structure over the Manikaran Quartzite with a 
thrust contact (Choubey et al., 1997).

For the tree-ring sampling, healthy undisturbed trees free from 
any visible mark of injury were chosen and cored at breast height 
(~1.4 m) perpendicular to the slope. For this study, 30 core samples 
from 25 trees were collected during May 2022. Subsequently, the 
transverse surface of increment core samples was mounted on 
wooden frames and polished using abrasives of varying grits (220 and 
400 grit) until the cellular features were discernible under the 
stereozoom binocular microscope. The established 
dendrochronological procedures were adopted for cross-dating of 
each series (Fritts, 1976).

Using LINTAB (Rinn, 2003) measuring machine connected to a 
personal computer, the ring widths of accurately dated increment core 
samples were measured with a resolution of 0.01 mm. The dating quality 
control program COFECHA demonstrated robust coherence in the 
growth patterns of the trees. It showed a high correlation among the 
radii, n = 30 (mean r = 0.84), indicating common climate factors affecting 
tree growth over the site (Holmes, 1983). The statistical program 
ARSTAN (Cook, 1985) was used to develop tree-ring chronology and 
removed the juvenile growth trend and other noises in the samples by 
curve fitting. A 67% cubic smoothing spline with a 50% frequency 
response cutoff was applied to detrend the ring-width data series. To 
stabilize the variation in each series, the tree-ring-width series were 
power transformed before being detrended (Cook and Peters, 1997). 
Detrending was accomplished by biweight robust mean computed 
(Cook, 1985), and mean chronology was developed by merging all 
standardized series. The resulting 214-year-long ring-width chronology 
(AD 1808–2021) of Himalayan cedar was developed from Kullu, 
Himachal Pradesh (Figure 2). A sufficient number of increment cores 
were used with a threshold value of expressed population signal 
(EPS) > 0.85 from AD 1855, which reflects the validation of chronology 
for analyses (Figure  2). The chronology statistics, such as mean 
sensitivity, standard deviation, and first-order autocorrelation, showed 
strong signals of interannual climatic variations (Table 1).

2.2 Climate signal in ring-width chronology

The climate over the orography-dominated Himalayan region 
varies from valley to valley or within a very short distance in the valley. 
Meteorological data for the western Himalayan region are geographically 
erratic and restricted to short duration (Singh et al., 2021, 2022). For the 

FIGURE 1

Location of the study area, tree-ring sampling site, and meteorological station used in the present study.
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present study, monthly precipitation data (1901–2010) from Bhuntar 
and mean monthly temperature data (1876–1998) from Shimla were 
selected for the analyses (Figure 3). Bootstrap correlation analysis was 
performed using the program DENDROCLIM2002 (Biondi and 
Waikul, 2004) for the tree–growth–climate relationship (Figure 4). This 
analysis using residual chronology specified that the radial growth of 
the Himalayan cedar has a direct correlation with precipitation 
throughout the year except for June and August.

From the previous year November to the current year May 
month’s precipitation plays a significant positive role in the Himalayan 
cedar growth. Analyses with temperature data showed an inverse 
relationship with tree growth during the whole year except for the 
monsoon months (July–September). Current-year February–May are 
the significant months for tree growth. However, an increase in the 
February–May temperature initiates high evapotranspiration during 
these months, resulting slowdown in the tree growth. Overall 
correlation analyses showed that cool and wet conditions favor the 
Himalayan cedar tree growth over the study site.

2.3 Cambium activity and growth ring in 
Himalayan cedar

The Himalayan cedar is a conifer tree species native to Himalaya, 
thrives across a range extending from Afghanistan to Garhwal 

Himalaya, and is also found in patches within the Kumaun Himalaya. 
Sub-tropical to temperate climate in a monsoon and monsoon shadow 
region of western Himalaya provides favorable conditions for its 
growth. Most trees and woody plants possess a thin tissue layer known 
as the cambium, located between the xylem and phloem that develops 
new cells and is responsible for secondary growth (increase in radial 
growth; Wang et al., 2021). In temperate climates, cambium exhibits 
a seasonal rhythm of activity responsible for the xylem formation 
throughout a prolonged growing period from March to November. In 
the winter, cambium activity goes dormant from December to 
February. During the growing season, cells are larger and lighter in 
color; on the other hand, in autumn, cells become smaller and darker 
in color.

2.4 Intra-annual density fluctuations

This study involved precisely dated growth ring sequences with 
Intra-annual density fluctuation (IADF) in cores under a stereozoom 
binocular microscope with magnification capabilities of up to 50×. 
IADFs are observed as thin bands of tracheids with thick walls 
(resembling latewood) within the earlywood portion, which is close 
to both sides by tracheids with thinner walls and larger diameters 
(Singh et al., 2016). On the other hand, the IADFs in the latewood 
portion are thin-walled tracheids (earlywood-like) neighboring on 

FIGURE 2

Himalayan cedar tree-ring chronology developed from Kullu, Himachal Pradesh (AD 1808–2021), with the number of samples used in the 
development of chronology.

TABLE 1 Himalayan cedar tree-ring chronology statistics developed from Jari, Kullu, Himachal Pradesh, India (1808–2021).

Site Latitude 
(N)

Longitude 
(E)

Elevation 
(masl)

Cores/
trees

Chronology 
Span AD 
(years)

Chronology 
with 

EPS  >  0.85, 
AD

MI MS SD AR1

Jari, 

Kullu
31° 59′ 43″ 77° 14′ 16″ 1,702 m 30/25 1808–2021 (214) 1855–2021 0.97 0.46 0.39 0.24

EPS, expressed population signal; MI, mean index; MS, mean sensitivity; SD, standard deviation; AR1, first-order autocorrelation.
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both sides by thicker walled, smaller diameter latewood tracheids 
(Singh et al., 2016). Their precise location within the ring may serve 
as a robust proxy of the climatic variables on the resolution of the 
intra-seasonal level, as the formation of IADFs takes place by climatic 
variation during the growing season. In the present study, IADFs were 
recorded in trees when both cores from a tree contained an IADF in 
an annual ring. However, when only one core from a tree was present, 

the IADFs in the associated rings were considered, with the single core 
representing one tree. With precisely dated increment core samples, 
the percentage (F) and occurrence of IADFs in growth rings of 
samples for respective years were calculated as ratios: F = 100* n/N 
where n is the number of trees that developed IADF in a particular 
year in early/latewood along with N is the total number of trees in that 
specific year.

FIGURE 3

Recorded monthly variation in precipitation from Bhuntar and mean temperature from Shimla of Himachal Pradesh.

FIGURE 4

Bootstrap correlation between ring-width chronology and climate variables (Precipitation and temperature). *Represents correlation values significant 
at a 95% confidence level.

https://doi.org/10.3389/ffgc.2023.1243352
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Maurya et al. 10.3389/ffgc.2023.1243352

Frontiers in Forests and Global Change 06 frontiersin.org

3 Results

3.1 Correlation between seasonalized 
precipitation and tree-ring index

Tree growth and climate relationship using residual chronology 
specified that the radial growth of Himalayan cedar has a significant 
positive correlation with the monthly precipitation, especially March–
April–May (MAM). Specifically, the correlation coefficient (r) was 
calculated at 0.62, spanning the years from 1901 to 2010. This correlation 
coefficient value indicates a relatively strong and consistent relationship 
between MAM precipitation and tree-ring growth (Figure  5). The 
observed positive correlation between the ring-width chronology and 
monthly precipitation can likely be  attributed to the increased soil 
moisture content resulting from snow melting, which accumulates 
during winter. When the snow begins to melt, it effectively acts as a 
slow-release fertilizer, gradually providing essential nitrogen to the trees. 
This nitrogen is thought to be attached to snowflakes as they fall through 
the atmosphere, and when the snow accumulates on the ground and 
then melts, it releases this nitrogen into the soil. As a result, the trees 
experience improved growth conditions due to the enhanced soil 
moisture and the gradual nitrogen supply.

3.2 Relationship between IADF frequency 
and tree age

A variation in the timing and length of xylem development may 
account for the age-dependent IADF frequency. In our study, when 

we examined the relationship between the frequency of IADF and the 
age of Himalayan cedar trees, we observed that there was a higher 
incidence of IADF during the juvenile stage of the trees, which 
typically falls within the age range of ~50–150 years (Figure  6). 
Interestingly, we also noted that the highest occurrences of IADF were 
predominantly found within the wider growth rings of the trees, as 
depicted in Figure 7. This suggests that IADF is more prevalent and 
pronounced in the earlier years of the tree’s life, particularly in the 
broader annual growth rings.

3.3 Climatic implications of IADFs

In investigation, we observed IADFs within the annual growth 
rings of Himalayan cedar. It is intriguing that these IADFs were not 
confined to a specific portion of the growth ring but rather appeared 
consistently in both the earlywood and latewood. This uniform 
presence suggests a similarity in moisture fluctuation patterns 
throughout the growing season, as visually represented in Figure 7. To 
shed light on the factors responsible for forming these IADFs, 
we conducted a thorough analysis of climate data for the years that 
exhibited a high incidence of IADFs. This approach aimed to uncover 
any climatic patterns or anomalies that might offer insight into the 
underlying causes of these density fluctuations within the annual 
growth rings. By examining the climatic conditions during these 
specific years, we sought to establish potential links between climate 
variations and the occurrence of IADFs, providing a deeper 
understanding of the ecological and environmental drivers of 
this phenomenon.

FIGURE 5

Ring-width chronology and seasonalized March–April–May (MAM) precipitation plotted together to show the relationship. The two series showed 
Pearson correlation of 0.62 (1901–2010, two-tailed p  =  0.01).
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4 Discussion

4.1 Climatic interpretation of IADFs in 
earlywood

IADFs in earlywood (IADFe) are characterized by thin-lumen, 
thick-walled tracheids that are bordered on both sides by large-
diameter, thin-walled tracheids typical of earlywood.

These IADFe tracheids are due to lack of soil moisture throughout 
the early growing period (Kuo and McGinnes, 1973). Our analysis 
showed that the IADFs in earlywood were more frequent than in the 
latewood of Himalayan cedar tree rings growing in Kullu, Himachal 
Pradesh (Figure 8). Due to inequality in the length of climate data, a 
common period for precipitation and temperature from 1901 to 1998 
was taken, and IADF investigation restricted between them. IADF 
chronology showed major occurrences of IADFe in growth rings of a 
threshold value of 40% has been taken. The 40% to above IADFe years 
are 1901, 1902, 1903, 1914, 1915, 1919, 1920, 1923, 1925, 1943, 1958, 
and 1959 (Figure 9).

Monthly precipitation data from Bhuntar indicated that during 
the year 1901, precipitation depicted in the months of April was only 
39.1 mm, which was very low as compared with the 1901–1998 mean 
of 80 mm for April month, causing the moisture scarcity and 
formation of IADFe. Successively, in the year 1902, winter precipitation 
during January (15.2 mm) and February (28.7 mm) was meager as 
compared with the 1901–1998 mean of January 106 mm and February 
114 mm, causing soil moisture deficiency in the growing period, and 
formation of IADFs takes place. However, high temperature in January 
(7.5°C) and February (8°C) compared with the 1901–1998 mean of 
January (5.3°C) and February (6.68°C) triggered snow melting before 
the vegetation period and moisture scarcity in upcoming months. Like 

April 1901, precipitation depicted in April at only 29.2 mm 
significantly deviated from the 1901–1998 mean of 80 mm for April 
month, causing the moisture scarcity in 1903 to form IDAFe. Only 
26.4 mm of precipitation in January 1914 and 8.1 mm in May 1915 
were the influential factors for IADFe in 1914 and 1915, respectively. 
In 1915, May temperature (20.6°C) was much higher compared with 
the 1901–1998 mean of 18.51°C, which increased evapotranspiration 
and formation of IADFs in earlywood. Notably, 1915 was marked by 
a moderate annual drought in Una, Keylong, and Kilba as reported by 
Chandel and Brar (2013). Premonsoon precipitation failure in June 
1919, 1920, and 1923, only 6.9, 25.9, and 21.1 mm, respectively, that 
was very low compared to the 1901–1998 mean of 53 mm for June 
caused the formation of IADFe in the respective years. Increased June 
temperatures for 1919 (20.2°C) and 1923 (20.5) were higher than the 
1901–1998 mean 19.7°C of June. Moderate annual drought years were 
recorded in the year 1915 from Una, Keylong, and Kilba; in the year 
1919, drought conditions were reported from Kilba and in the year 
1920 from Una and Dehra Gopipur of Himachal Pradesh (Chandel 
and Brar, 2013). For the year 1919, on average, 43.66 mm of June 
month precipitation was below the average of 90.26 mm (for the 
period 1901–2002) in the whole of Himachal Pradesh state (Randhawa 
et al., 2015). Yadav et al. (2015) also reported a 5-year mean SPI of 
May (SPI7-May) analysis, which revealed drought conditions in 1920–
1924 from the Kumaun Himalaya.

Precipitation during January–April (182 mm) was 2.4 times less 
than the 1901–1998 mean of January–April (436 mm), causing the 
moisture deficiency in the growing period in the year 1925. However, 
the increased April temperature (17.2°C) was much higher than the 
1901–1998 mean of April (14.7°C), triggering the formation of IADFe. 
According to Randhawa et al. (2015), in the year 1925, January–May 
precipitation in the whole state was 69.08 mm compared to the 
previous year’s January–May month precipitation of 157.5 mm. In 

FIGURE 6

Relationship between IADF frequency and tree age.
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1925, a La Nina phase was observed in winter and spring, which 
triggered the scarcity of rainfall in this region NOAA Physical Sciences 
Laboratory (n.d.). Precipitation during June months in the years 1943 
(12 mm) and 1958 (17 mm) was meager as compared to the 

1901–1998 mean of 53 mm; and in 1959, May month precipitation of 
7.8 mm was also very low as compared to 1901–1998 mean for May 
56.6 mm. For the years 1958 and 1959, June month temperature was 
too high as compared to the average of 19.7°C for 1901–1998, causing 

FIGURE 7

Images showing the intra-annual density fluctuations (IADFs); (A) IADF in earlywood, (B) two successive IADFs in earlywood, (C) IADFs in latewood, 
(D) IADFs in both early and latewood.

FIGURE 8

Earlywood and latewood IADF chronology of Himalayan cedar trees from Kullu, Himachal Pradesh.
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increased evapotranspiration and moisture deficiency in early 
monsoon month and annual high mean temperature anomaly 
recorded in the year 1958–1959 in comparison with the previous year 
1957 (Anonymous, 2022). According to the NOAA Physical Science 
Laboratory (PSL), the years 1958 and 1959 were hit by a strong El 
Niño Southern Oscillation (ENSO) incident that caused the failure of 
monsoonal rainfall.

4.2 Climatic interpretation of IADFs in 
latewood

The IADFs in latewood (IADFl) are characterized as large thin-
wall tracheids in latewood due to the sudden increase in soil 
moisture throughout the late growing season (Uggla et al., 2001). 
To investigate, the triggering climatic factor for IADFl was analyzed 
and a threshold value of up to 8% or more was observed in the 
chronology (Figure 10). The years 1937, 1955, 1956, and 1988 were 
the years in which IADFl was formed. Precipitation in September 
1937 was 2.6 times higher than the 1901–1998 mean of September 
(73 mm), causing sudden moisture availability during the closing 
phase of the tree ring and formation of IADFl. Similarly, heavy 
precipitation during the month of October 1955 (346.7 mm) and 
1956 (151.6 mm) was very high as compared to the 1901–1998 
mean of October (30.1 mm). Increased moisture content in the 
month of October for two consecutive years (1955 and 1956) 
lowered the temperature to 13.6°C than the average range 1901–
1998 for October (14.58°C). The year 1955 was reported as a year 
of surplus rainfall in the Chamba, Hamirpur, Mandi, and Una 
districts (Anonymous, 2017). On 4–6 October 1955, a massive flood 

destroyed the flood embankments of the Bambanwala–Ravi–
Bedian–Dipalpur link canal in the Ravi basin (Groot et al., 2018). 
Again, in September 1988, heavy precipitation (260.4 mm) 
compared to August (130.2 mm) triggered the formation of IADFl. 
In September 1988, a cloud burst created flash flood conditions, 
causing massive landslide incidents along the eastern slope of 
Soldan Khad. The 20-m bridge on Soldan Khad washed away, and 
a 2-km-long road leading to Ponda was destroyed. The sudden flash 
flood destroyed agricultural land, houses, and apple trees and killed 
32 people. Furthermore, the landslide-induced blockage temporarily 
halted the Satluj River flow, creating a temporary lake dimension 
roughly 6 km long (Anonymous, 2017). However, in the same year, 
excessive rainfall was reported in the Sirmour, Chamba, Hamirpur, 
Mandi, and Una districts of Himachal Pradesh (Anonymous, 2017).

4.3 Socioeconomic relevance of IADF 
chronology

Apple is the state’s main fruit crop, which has recently overtaken 
other fruit harvests as the most valuable cash crop. After Jammu and 
Kashmir, Himachal Pradesh is India’s second-largest apple-producing 
state (Wani and Songara, 2018). Apple tree belongs to the “Rosaceae” 
family and the “Malus” genus. Apple can be cultivated at 1,500 to 2,700 
masl (National Horticulture Board, 2012). The climate plays a crucial 
role in influencing apple fruit growth, and a typical apple orchard 
needs between 21°C and 24°C temperature during the growing season 
and 100–130 cm of uniform annual rainfall. However, extremely cold 
temperatures could also harm the apple crop (National Horticulture 
Board, 2012).

FIGURE 9

Z-scores of climatic variables (precipitation and temperature) for the period of 1901–1998. The red vertical dotted lines represent the years of intense 
IADF development in earlywood.
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To analyze the socioeconomic relevance of IADFs chronology of 
Himalayan cedar growing over Kullu, Himachal Pradesh, we studied 
the variability in apple production data available from 1973 to 2015 
(Singh et al., 2012; Randhawa et al., n.d.). In Himachal Pradesh, the 
apple crop set up approximately 49% of the total area, giving lucrative 
employment to millions of people. The apple production data of Kullu 
(1973–2015) showed that apple crop production was deficient at 1.43 
tons/ha in the year 1974. The year 1974 featured the presence of 
IADFe in Himalayan cedar trees in the study area. This year, the 
precipitation is below the mean average for all the months. However, 
precipitation of February was extremely reduced to only 0.2 mm 
compared to the 1901–1998 average. In 1984, a deficient apple 
production of 2.41 tons/ha was recorded due to only 7.3 mm 
precipitation in May, that is, very low compared to the 1901–1998 
average of 56.6 mm and failure of upcoming monsoon precipitation. 
Low precipitation induced dry conditions in the year 1984 was 
reported and about 1,497 forest fire cases identified, causing, burnt a 
large area of 50,364 ha in the state (Parikh et al., 2015). The year 1984 
drought also triggers severe crop damage in Shimla and Kangra 
districts. In only Kangra district, approximately 3,100 villages were 
affected, and crops worth 24 crore rupees were damaged (Chandel and 
Brar, 2013). Low apple productivity of 3.10 tons/ha in the year 1988 
was due to three times higher precipitation in September month 
average that caused heavy damage to apple crops due to unusually 
heavy and prolonged spell of rainfall from 22 to 27 September over the 
north-western part of India (Chandel and Brar, 2013; Punjab, 
Himachal Pradesh, and Jammu and Kashmir) with an exceptionally 
heavy rain of 30–50 cm/day. This surplus spell initiated a catastrophic 
flood in Punjab (Prasad, 1992). Surplus precipitation in July 2000 was 
more than two times higher than the average, causing very low apple 
crop productivity in the year 2000, i.e., 0.38 tons/ha. Excess 
precipitation in July 2000 triggered flash flood conditions and washed 

away a large cultivated area (1887.50 bighas) in Kinnaur, Kullu, and 
Shimla, resulting in a loss of 31.92 crores (Kumar, 2022). Meager 
precipitation, only 6.8 mm in April 2007, caused moisture scarcity 
during the early flowering season of the apple crop, causing heavy loss 
in apple production, i.e., 2.0 tons/ha, and the year 2007 coincided with 
the presence of IADF in earlywood. Early in 2007, the Himachal 
Pradesh region experienced a drought-like condition that severely 
affected the apple crop in the higher areas while also causing damage 
to the potato, wheat, and oil seed crops in the lower regions (Chandel 
and Brar, 2013). Prevailed dry conditions initiated 550 forest fire 
incidents and brunt approximately 8,393-ha area in the state (Parikh 
et  al., 2015). These findings elevate the importance of IADF 
chronologies to understand short-term climate incidents from a 
socioeconomic perspective.

5 Conclusion

For the present study, a 214-year-long Himalayan cedar tree-ring-
width chronology extending back to AD 1808 was developed from the 
Kullu, Himachal Pradesh. The Himalayan cedar trees growing over 
poorly porous crystalline rock surfaces provide favorable conditions 
to record moisture signals during precipitation events, encouraging us 
for the IADF study. The tree–growth–climate relationship revealed 
that cool and moist condition favors tree growth, and increased 
evapotranspiration during the growing season hampers tree growth. 
IADFs, which reflect short-term fluctuations in the precipitation 
during the growing and autumn season, offer fascinating, unusual, but 
varying climatic impressions from associated ring-width series. 
Analyses revealed sometimes successively multiyear IADF years in 
earlywood and latewood such as 1901, 1902, 1903, 1914, 1915, 1919, 
1920, 1923, 1925, 1943, 1958, 1959 and 1937, 1955, 1956, 1988, 

FIGURE 10

Z-scores of climatic variables (precipitation and temperature) data for the period of 1901–1998. The blue vertical dotted lines are the years of the 
intense formation of IADFs in latewood.
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respectively. Occurrences of IADFe during the growing season 
positively correlate to apple crop failure due to moisture scarcity 
during the flowering and fruiting period. However, the IADFl 
formation in autumn revealed that surplus rainfall causes heavy loss 
of apple crop production at the ripening time. The several low apple 
crop production years were 1974, 1984, 1988, 2000, and 2007 
associated with IADFe/l. In 1974, only 1.3848 tons/ha of apple 
production occurred due to precipitation being below the mean 
average for all the months. However, in the year 2000, surplus 
precipitation in the month of July badly affected apple production up 
to 0.38 tons/ha. The present IADF analyses of Himalayan cedar from 
western Himalaya, performed for the first time, have enormous 
potential to study short-term climate fluctuations. Furthermore, 
adding an extensive network of IADF chronologies will be helpful 
socioeconomically in understanding climatic fluctuations more 
precisely over the western Himalayan region.
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