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Abstract Long-term high resolution climate proxies are
essential for understanding climate variability particularly,
in regions such as the western Himalayas of northern
Pakistan, where few long-term climate records are
available. Using standard dendrochronological methods, an
1132-year (882 to 2013 C.E.) tree-ring chronology of
Juniperus excelsa M. Bieb was established from the
western Himalayas, northern Pakistan (WHNP). Tree
growth was negatively and significantly (» = —0.65)
correlated with the growing season (June—July) mean
temperature, and positively and weakly (» = 0.22)
associated with precipitation. This inverse relationship of
tree radial growth with temperature and positive
association with precipitation demonstrated that forest
growth is sensitive to high temperature related drought.
Utilizing a reliable STD chronology and robust
reconstruction model, a 928-year (1086 to 2013 C.E.)
mean temperature reconstruction was developed for the
WHNP using the substantial negative correlation between
the summer temperature and standard tree ring-width
chronology. According to statistical validation, the
reconstruction accounted for 41.6% of the -climatic
variation for the period of 19562013 C.E. instrumental
period. Individual extreme-warm periods occurred in 1093
C.E. (29.42°C) and extreme cold periods in 1088 C.E.
(26.99°C) observed during the past 928 years. The
reconstruction's multi-taper method (MTM) spectral
analysis reveals significant (p < 0.05) 2—3-year and 63.8-
year cycles. Since the 2—3-year cycle occurred within the
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range of ENSO variation, which indicates that ENSO had
an impact on the regional temperature in our studied area.

Keywords tree rings, Juniperus excelsa, dendrochro-
nology, reconstruction, western Himalaya

1 Introduction

With its extremely susceptible alpine ecosystem and
rapidly expanding human population, the Western
Himalayan region in Northern Pakistan is one of the
region’s most at risk from climate change (Khan et al.,
2021). This region is also the freshwater tower of South
Asia and is part of the Third Pole region (Zhang et al.,
2019). Due to its unique topography, it is often referred to
as a climate-sensitive “hotspot” in Pakistan (Hewitt,
2002). More broadly, the Himalayan region has been
experiencing adverse environmental impacts due to
rapidly rising temperatures (Sabin et al., 2020). Studies
have revealed that global warming is substantially
reducing the mass of glaciers in the Himalayan area
(Kargel etal.,, 2011; Bolch etal., 2012; Cogley, 2012;
Shekhar et al., 2017). Over the previous few decades,
according to a regional-based climate reconstruction data
set, the Karakoram-Himalayas has not warmed
significantly in contrast to rising trend in temperature
across the mnorthern Hemisphere (Zafar etal., 2016).
Hence, it important to understand the long-term climatic
variability (for past millennium) in the western
Himalayan region contextualise regional changes relative
to global climate change. The network of instrumental
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meteorological stations in the WHNP are sparsely
distributed and relatively short. They generally do not
extend prior to the 1950s making it hard to
comprehensively investigate low-frequency and long-
term (centennial to decadal) climatic variability in the
WHNP (from 1955 C.E.) (Huang et al., 2019a).

Climatic proxies, such as tree rings, can however be
used to fill this gap (Fritts, 1976). Tree rings have been
frequently utilized to reconstruct historical climatic
variations in the Tibetan Plateau (Huang and Zhang,
2007; Liang et al., 2008; Liang etal., 2009; Zhu et al.,
2011; Lv and Zhang, 2013; Liang et al., 2016; Tao et al.,
2021); Nepal (Cook etal.,, 2003; Chhetri, 2008;
Borgaonkar etal.,, 2020; Gaire et al., 2020); Tajikistan
(Opata-Owczarek et al., 2017; Opata etal.,, 2017), and
Karakoram-Himalayas northern Pakistan (Esper, 2000;
Esper et al., 2002; Treydte et al., 2006; Esper et al., 2007;
Zafar etal., 2016; Asadetal., 2017; Zhuetal., 2021;
Huang et al., 2022). These reconstructions based on tree-
ring chronologies can assist in providing a better
understanding of regional climatic variability (Liang
etal., 2008). Tree-ring-based temperature studies in
northern Pakistan, which typically cover the past 500
years and have predominantly focused on temperature
change in the Karakoram region using either maximum
latewood density or tree-ring width (TRW) chronologies
(Zafar et al., 2016; Asad et al., 2017; Huang et al., 2022).
However, there are very few studies on the historical
temperature change over a period of five centuries in the
WHNP region (Khan et al., 2021). Hence, the trajectory
of temperature change in this region during the last
millennium is not fully understood, particularly the low-
frequency temperature fluctuations. This knowledge can
also be used to understand the current warming trends to
compare with the other regional trends of the Karakoram
and Himalaya of northern Pakistan.

Therefore, the objectives of this research were to (i)

1027

construct the oldest TRW chronologies from Juniperus
excelsa on the WHNP and (ii) reconstruct the temperature
variation in the WHNP during the past millennium for the
study region.

2 Materials and methods

2.1 Study area and climate

The study area is located in northern Pakistan (Fig. 1),
which consists of high mountains and is one of the few
heavily glaciated regions outside the polar regions (Kamp
and Owen, 2011). The mountain system stretches from
the east-southeast to the west-northwest in a curved
shape, covering a distance of 2400 km (Khan et al.,
2021). The Western Himalayas have long been a physical
and cultural barrier between South and Central Asia,
covering Kashmir and the northern part of Pakistan.
Generally, all the major rivers and their tributaries
originating from these mountainous regions receive water
from the glaciers and snow-covered mountains
(Immerzeel et al., 2009; Kumar et al., 2015).

The climate in the Himalayas of northern Pakistan
varies enormously depending on the topography and
elevation (Bishop et al., 2002). The majority of the region
is arid and semi-arid (Ahmed et al., 2018), with the
exception of the sub-mountainous region and the southern
slopes of the Himalayas, where annual rainfall range is
760-1270 mm. The climate in this region is subtropical
humid. A highland climate predominates in the extreme
north due to enormous heights (e.g., Fowler and Archer,
2006). Regional averages of the Bunji instrumental
weather station close to the sampling location from 1956
to 2013 C.E. show that the average yearly temperature is
17.67°C and that the average total annual precipitation is
around 157.17 mm. The months of March and May have
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Fig. 1 Tree-ring sampling site, meteorological station and overview of the sampling area used in this study.
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the highest reported precipitation, whereas November and
December have the lowest. The January (5.04°C) and
July (29.16°C) are the warmest and coldest months,
respectively (Fig. 2). The study area is typically an arid
and semi-arid environment with a cold winter, a wet
spring, and a dry and warm summer.

2.2 Tree-ring sampling and chronology development

In the dry and harsh climatic conditions of Pakistan,
juniper trees and the diversity of associated plants and
animals make up a distinct ecosystem (Sarangzai et al.,
2012). In Baluchistan and the inner drier Himalayan
valleys between 2000 and 4000 m, Juniperus excelsa is
very widespread, forming open forests. In May 2017, the
tree-ring cores were collected at 3798-3890 m in the
Boibar avgrach region in the Himalayas northern Pakistan
(Table 1). The sampling region is free from any
disturbance or anthropogenic activity. At breast height, at
least two increment cores were obtained from a total of
30 healthy trees (total of 60 increment cores). Every tree-
ring sample was processed using standard dendrochro-
nological technique (Fritts, 1976; Cook and Briffa, 1990).
Tree ring samples were air-dried at room temperature,
affixed to wood mounts, sanded using successively
thinner sandpaper, cross-dated, and their ring width was
measured using the LINTAB-6 with a precision of 0.01
mm. The accuracy of the cross-dating and TRW
assessment were examined using the COFECHA program
(Holmes, 1983).

We commonly applied variance stabilization routine
incorporated into the program ARSTAN (Cook, 1985) to
determine ratios between the raw measurement series and
negative exponential functions in order to retain low-
frequency climatic signals in the final TRW chronology
(Cook and Kairiukstis, 1990). We averaged the detrended
series to produce a standard mean chronology (Fig. 3).
The statistical characteristics of this chronology showed
that the expressed population signal (Eps) and running
average correlation among series (Rbar), the most
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reputable and representative time period of the
chronology (Fritts, 1976). Rbar denotes the intensity of
the tree-ring chronology signal, whereas EPS can indicate
how well a chronology reflects a theoretically infinite
population based on a finite sample size. EPS > 0.85 is
the accepted cutoff (Wigley etal., 1984) (Table 1).
Therefore, we believe that 1086-2013 C.E. is the most
reliable period, where the sample depth of 10 cores is
when the criterion of 0.85 is achieved.

2.3 Climate data and its relationship to trees growth

The analysis of Pearson’s correlation was used to
assessed the trees growth relationship with climate
variables, utilizing the STD chronology and climate
factors from nearby meteorological station of Bunji e.g.,
(Fritts, 1976; Zhuetal.,2011). The climate factors
included monthly mean, maximum and minimum
temperatures and monthly total precipitation of 1956—
2013 C.E. e.g. (Asadetal., 2017). Pearson correlations
were evaluated using the climatic data from the prior
year's February to the current year’s September in view of
the climate in the year previous to tree-ring formation
may have an effect on tree growth (Fritts, 1976).

2.4 Reconstruction of the climate and statistics

The basic linear regression approach was used to generate
the regression model. Split-period of calibration and
verification analysis was used to evaluate the reliance of
the regression model (Fritts, 1976). Statistics of the split
interval of calibration and verification investigation
include Pearson’s coefficient of correlation (r), Adjusted
explained variance (Adj R?) explained variance (R?), sign
tests (ST) and reduction of error (RE). To assess our
reconstruction’s  spatial  representativity, we also
estimated spatial correlations between it and the CRU TS
4.05 June to July mean temperature field from 1955 to
2012 using the KNMI climate explorer (available at
WMO website).
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Fig. 2 Bunji meteorological stations include monthly mean maximum (red lines with arrows), mean minimum (green lines with
arrows), and mean (black lines with arrows) temperatures and precipitation (white bars).
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Table 1 Statistics and site information for the TRW chronology

Boibar Avgrach Valley

Stud,
udy area Himalayas

Tree species Juniperus excelsa

Latitude 36.625°
Longitude 74.939°
Altitude/m 3798-3890

Cores and trees 60 cores from 30 trees

Time span 882-2013
Mean sensitivity 0.28
Average correlation between all series (r1) 0.37
Average correlation between trees (12) 0.36
Signal to noise ratio (SNR) 30.01
Expressed population signal (EPS) 0.98

3 Results and discussion

3.1 Characteristics of TRW chronology

We developed a well replicated 1132-year (882 to 2013
C.E.) STD chronology of Juniperus excelsa from the
north-western Himalayas of Pakistan (Fig.3). TRW
chronology has fluctuated over the mean (0.99). The
chronology 1is reliable to reflect the corresponding
population after 1086 C.E. based on the EPS threshold
limit (EPS 0.85) (Fig. 3). Positive growth phases were
observed for the periods of 1117-1136, 1145-1167,
1220-1232, 1238-1254, 1303-1325, 1303-1325, 1362—
1372, 1399-1410, 1461-1473, 1485-1509, 1538-1548,
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1561-1572, 1586-1600, 1731-1742, 1792-1817, 1888—
1898, 1900-1911, 1936-1962, 1981-2000, and 2000—
2013 C.E.. On the other hand, low growth phases were
observed between 1276-1292, 1344-1361, 1437-1451,
1604-1618, 1630-1600, 1636-1688, 1705-1718, 1147—
1777, 1832-1856, 1859-1868, 1910-1921, and 1963—
1980 C.E..

The standard deviation and mean sensitivity of the
chronology is relatively high, whereas the average
correlation between all series was 0.37, the mean
correlation between trees was 0.36, the signal-to-noise
ratio was 30.01, and the total missing rings was 135
(0.31%). It was believed that autocorrelation, which
illustrates how the growth of the current year depends on
the growth of the prior year was reliable for recreating the
previous temperature. The Jumiperus excelsa tree-ring
width chronology has a significant common signal, likely
attributable to a shared climate signal, as indicated by the
high mean series inter-correlation (Table 1).

3.2 Analysis of climate tree growth relationships

The correlation between the ring width indices (RWI) and
monthly climate data over the period of 1956-2013 C.E.
are calculated (Fig. 4). Only the months of June and July
show a significant negative connection (p < 0.001) with
temperature  variables (monthly maximum (7,.),
minimum (7,,;,), and mean (7., temperatures). Prior
years’ March and April (T.,.), April (T,,;,) of the prior
and current years, and December of the prior (7,
temperature showed less correlation strength (p < 0.05)
with the RWI of WHNP. Precipitation correlation

T
60 o —Cores o
| p==—Tree-ring width index
—— 11 Years moving average

50
40
30

Cores

T T T
N ST )
o W o W

Tree-ring width index

,.
<
n

long mean of STD=0.99 [ 0.0

900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

] —xey EPS=1086
;

0.8

0.6 4

Index

0.4 4

0.2 4

0.0

T v T T T T T T T T T v T T T v T T T T T T T
900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Year

Fig. 3 Standard TRW chronology of junipers with 11-years moving average, number of tree core (upper panel), Running EPS and
R-bar (lower panel). The arrow in the lower panel denotes the threshold limit (0.85).
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coefficients are not significant, except in the prior year’s
December (r = 0.26, p < 0.05) (Fig.4). Analysis of
seasonal climate growth correlation shows that RWI is
negatively and significantly correlated with summer (JJA,
particularly June to July) mean temperature and
insignificantly associated with winter (DJF), spring
(MAM), and autumn (SON) temperatures. Similarly,
RWI and precipitation are insignificantly (DJF » = 0.17;
MAM r =0.20; SON r = 0.02) and weakly (JJA r=0.22)
correlated (Fig. 4). This showed lower correlations with
precipitation than with temperature, signifying that
temperature is the dominant limiting factor to tree growth
in this region. However, the inverse response to
temperature may be interpreted as some form of moisture
stress in our trees (Zafaretal., 2016). The RWI and
June—July mean monthly temperature exhibit the highest
association (» = —0.65, p < 0.001), which is taken into
account for future analysis.

The RWI showed a statistically significant correlation
the climatic parameters (p < 0.001), negative association
between the RWI and temperature of June and July
(Fig. 4). The negative influence of the mean monthly
temperature on RWI growth is indicated by the fact that
high temperatures lead to internal water deficits in the
early growing season due to the increased soil moisture
loss by evapotranspiration. Although the selected juniper
trees are close to the high elevation treeline, their ring
width showed a similar correlation pattern to tree-ring
width of lower elevation spruce and pine growing on the
south-facing slope (Zafar et al., 2016). This may be due
to the fact that they are under the same moisture stress

0.4
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due to the high temperature. Therefore, it is not unex-
pected that there is no substantial correlation between tree
growth and precipitation given the lack of rigid
periodicity in precipitation, availability of snowmelt, and
slope aspect. These results are consistent with the
Karakoram-Himalaya (Treydte et al., 2006; Zafar et al.,
2016;Khan et al., 2020; Huang et al., 2022), central Himal-
aya (Bhattacharyya et al., 2006; Dawadi et al., 2013) and
western Himalaya and China (Cook et al., 2003; Yu et al.,
2005; Bhattacharyya et al., 2006; Liang et al., 2014) that
the tree growth was limited to moisture stress and
negatively correlated with temperature. The Juniperus
excelsa has a wide ecological amplitude, which is
distributed in dry zones of Pakistan, e.g., (Ahmed et al.,
2011). Additionally, our sample location was in northern
Pakistan, which is one of the dry areas of the western
Himalayas, e.g., (Treydte et al., 2006), and may be due to
this phenomenon, Juniperus excelsa growth showed an
inverse response to temperature.

3.3 Reconstruction model calibration and validation

The June—July mean monthly temperature was selected
for reconstruction because of to the RWI’s highly
significant negative association with the mean monthly
temperature during June to July. The stability of the
regression model was examined using the split-period
calibration and verification analysis approach (Table 2).
The calibration period of 19562013 C.E., the
regression model explains 41.6% (R2adj = 40.6%, F =
39.90) of the measured June—July monthly mean

Correlation coefficient

0.2l

Correlation coefficient

X

Pervious year

N N

Current year Season

Month

Fig. 4 Temperature (upper panel) and precipitation correlation coefficients (lower panel) between the TRW index and Bunji station
data for the time span of 1955-2013. The correlations were calculated from February of the prior year to September of the current
year and seasonal correlation. The black solid horizontal lines indicate a significant level with a 95% confidence interval.
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temperature variance. The original data’s sign tests all
passed the significance test ST, p < 0.05), demonstrating
that the model’s dependability in low-frequency
conditions is higher than its reliability in high-frequency
situations. RE was positive for both periods of validation
of 1985-2013 C.E. and 1956-1984 C.E., respectively. RE
can also assume negative values when the regression
estimates are especially bad in the verification period
(Cook et al., 2003). A good regression model is often
demonstrated by a positive RE (Cook et al., 1999). The
equation T . junejuy — 32.44-4.43 Std, characterizing
the period from 1956 to 2013 C.E., was used to
reconstruct the ultimate mean June—July temperature
variability back to 1086.

3.4 Reconstruction of temperature variations from
1086-2013 C.E.

The trend between the reconstructed temperature
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variabilities and observed data during the period
19562013 C.E. are consistent, whereas in magnitude
showed little variation. The reconstructions of the
June—July mean monthly temperature in the TRW spans
the years 1086 to 2013 C.E. (Fig. 5).

The most prominent feature of the reconstruction is the
warming trend in the early eighteenth and late nineteenth
centuries, however it could not capture the recent
warming of the twentieth century (Fig. 5). After an 11-
year low pass-filter of the reconstructed temperature data,
the mean temperature is 28.08°C. Based on a 1o criteria
(0.71°C) deviating from the long-term mean (28.08°C),
142 exceptionally warm and 153 extremely cold years
were observed during the previous 928 years. The
warmest year was observed at 1650 (30.02°C), while the
coldest was the year 1261 (26.34°C). Generally, there is a
3.68°C temperature difference between the warmest years
(1650, 30.02°C) and the coldest years (1261, 26.34°C).
The longest warmest and coldest periods were 1637—1683

Table 2 Calibration and verification statistics of the Boibar Avgrach Valley Himalayas June—Jul mean temperature reconstruction

Statistical parameters Calibration 1956-1984

Validation 1985-2013

Calibration 1985-2013

Validation 1956-1984  Calibration 1956-2013

r 0.676 0.404
R 0.456 0.164
R 0.436 0.133
DW 2.005 2.475
F-value 22.673%* 08.277*
ST 27+/2-
RE 0.532

0.410 0.677 0.645
0.168 0.458 0.416
0.137 0.438 0.406
1.515 2.010 1.691
6.451%* 22.861%* 39.904**
26+ /3~
0.367

Notes: 7: Pearson correlation coefficient; R2: variance explained; R2_,: adjusted variance explained; DW = Durbin-Watson statistic; ST: sign test; and RE:

adj*
reduction of error; * Significant at p = 0.01, ** Significant at p = 0.001.
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C.E. and 1796-1815 C.E. in the past 928 years, respec-
tively (Table 3). KNMI climate explorer correlation
analysis shows significant relationships (p < 0.01)
between the June—July mean temperatures from CRU TS
4.05 and Boibar reconstruction can be seen over the
Karakoram, Himalayas, West Tian Shan, Pamir, and
central-east Himalaya (Fig. 6). These results suggest that
the Boibar reconstruction is representative for
Karakoram, Himalayas and high central Asia.

3.5 MTM spectral analysis

El Nifio Southern Oscillation (ENSO) and solar activity
were found to play the key role driving our regional
temperature. The spectral analysis of the reconstructed
mean temperature from the western Himalayas, northern
displays significant (p < 0.05) 2-3 year and 63.8-year
cycles (Fig. 7). The Multi-taper method (MTM) spectral
analysis of the reconstruction displays significant (p <
0.05) 2-3 year and 63.8—year cycles (Fig. 6). The 2—
3 years’ cycle were within the range of ENSO variability,
indicating the effect of ENSO on regional temperature in
our study area. Similar influence of ENSO on regional
temperature was also reported by nearby ice-core records
on the north-western Tibetan Plateau (Yang et al., 2018)
and tree rings on the central Tibetan Plateau (Liang et al.,
2008). In additions, the 63.8-year cycle may be link to the
solar activity. Solar radiation could influence air temper-
ature variations through Earth rotation and atmospheric

Front. Earth Sci. 2023, 17(4): 1026—-1036

circulation (Mazzarella, 2007). Such influence of solar
activity on regional temperature have also been detected
on the south-eastern Tibetan Plateau (Huang et al., 2019b;
Keyimu et al., 2021).

3.6 Comparison with other regional-temperature
reconstructions of Pakistan

To confirm the reliability of the temperature
reconstruction over a long period of time, the summer
temperature series from this work was compared with
other temperature series from tree rings in nearby areas
(Fig. 8). The common share of cold and warm periods
between the comparable reconstructions are shown in the
gray shaded line, and contrasting intervals are represented
by the yellow shaded line (Fig.8). Temperature
reconstruction of this study is highly consistent with the
reconstructed mean June—August temperature of the
Karakoram (Zafar et al., 2016) (Fig. 8, second panel).
This shows that these records share common warm and
cold periods on an interdecadal time scale. Our
reconstructed June—July mean temperature showed a
positive and significant (» = 0.22, p > 0.001) correlation
with Zafar et al. (2016). The reconstructions in this study
and Zafar et al. (2016) reconstruction are both based on
negative correlations with summer temperatures, which
may cause moisture stress rather than low-temperature
limitation.

Our reconstruction showed contrasting trends with

Table 3 Extremely cold and warm periods lasting for = 4-year during AD 1086-2013

= 4 year extreme cold period = 4 year extreme warm period

= 4 year extreme cold period = 4 year extreme warm period

Year C.E. Temperature/°C
1276-1290 29.13 +£0.09
1350-1359 29.02 +0.06
1453-1457 28.92 4+ 0.06
1608-1614 29.27+0.17
1637-1683 29.42 +0.43
1705-1715 29.41+0.21
1750-1755 29.29 +0.20
1834-1841 29.45+0.28
1861-1867 29.16 £0.19
1914-1919 29.124+0.13
1973-1978 29.08 +0.20

Year C. E. Temperature/°C
1086-1092 27.08+0.16
1154-1162 27.02+0.22
1222-1227 27.06 £0.25
1245-1251 26.91+0.30
1258-1264 26.69 +0.32
1304-1309 26.87+0.24
1316-1321 27.10+0.20
1429-1433 27.22 +£0.09
1499-1504 27.17+0.11
1540-1545 27.21£0.19
15661570 27.08+0.11
1590-1599 26.98 +0.20
1733-1738 27.14£0.16
1796-1815 26.92 £0.26
1935-1947 26.96 +0.24
1952-1960 26.72 +0.38
1989-1996 26.98 +0.23

Notes: + represents the standard deviation values of respective year’s cold and warm periods. This reconstruction was obtained using the reliable
chronology when the Expressed Population Signal (EPS) values of the final were higher than the standard threshold of 0.85 after 1086 C.E..
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Fig. 6 Spatial correlation field of reconstructed June—July mean
temperatures with gridded mean temperature from the CRU TS 4.05
data set 1955-2013. Correlation analysis was performed using the
KNMI climate explorer. Black circle is the sampling site in the
Himalayas northern Pakistan. Correlations are not shown if significant
level p > 0.05.

Asad et al. (2017) temperature reconstructions (Fig. 8,
3rd and 4th panel). The prior temperature reconstruction
Asad et al. (2017) was based on a positive correlation
mean minimum temperature and TRW, and our
reconstruction was based on a negative correlation
between them. The trees growth of upper treelines in the
Karakoram region is limited to temperature (Asad et al.,
2017), whereas our study area’s forest growth is limited
to high temperature related drought. Furthermore, our
reconstruction failed to capture the recent warning trend
of the 20th century and cold period of the Little Ice Age
(1600-1900 C.E.) which was also absent in the Zafar

Period (year)

Fig. 7 Multi-taper spectrum of our temperature reconstruction and
confidence intervals of 95%.

et al. (2016) reconstruction based on negative correlation
between TRW and temperature. Accordingly, we suggest
that the long-term decreasing trend since 1600 may be
due not indicative to temperature as the decadal to multi-
decadal variations. Our reconstruction captures the
pronounced cold period’s Maunder minimum (1661—
1663 and 1668 C.E.) and Dalton Minimum (1812-1817
and 1824-1826 C.E.), which were also reported by Khan
et al. (2021) and Chen et al. (2021), and could not capture
by reconstruction of Zafar et al. (2016).

4 Conclusions

We developed an 1132-year (882-2013 C.E.) TRW
chronology of Juniperus excelsa from the western
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44
| 50-years low pass filter

— Zafar et al. 20-15 (JJA-Tmean)
= 11-years low pass filter
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[=—— 50-years low pass filter

Temperature anomaly/°C

L
Temperature anomaly/°C
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[=— ll-years low pass filter
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Fig. 8 Comparison of the tree-ring-based mean (JJA) and minimum (AMIJJ) (Zafar et al. 2016, Asad et al. 2017). temperatures from
northern Pakistan with the reconstructed mean temperature from June to July of the current study. The gray (similar trend) and
yellow (inconsistent trend) shaded region depicts temperature comparisons between this research and earlier investigations in

northern Pakistan.
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Himalayas, northern Pakistan. The radial growth of
J. excelsa was significantly negatively correlated (r =
—0.65, p > 0.001) with the mean monthly temperature,
indicating that the tree growth was mainly limited to
high-temperature related drought in the western
Himalayan region. Based on a strong and significant
correlation, we reconstructed June to July temperatures
using a robust reconstruction model over the period from
1086 to 2013. Over the previous 928 years reconstructed
June—July temperature, 142 exceptionally warm years and
153 extremely cold years were observed. Our
reconstruction captured the pronounced cold period’s
Maunder minimum and Dalton Minimum, but could not
detect the recent warming trend. According to the
comparison, our reconstruction is more indicative and
reliable on decadal to multidecadal timescales when
compared to other local temperature reconstruction series.
To examine the patterns of climate change driven by
global warming and to understand biological responses to
climatic events, further research is needed to establish
more tree-ring chronologies in the western Himalayas of
northern Pakistan.
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