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Abstract: A changing climate and global warming have adversely affected Pakistan’s moist and dry
temperate vegetation. Abies pindrow (fir) (Royle ex D.Don) Royle and Picea smithiana (spruce) Wall.)
Boiss are the two major representative species of the moist and dry temperate forests in Northern
Pakistan. The dendroclimatic study of both species is crucial for the assessment of climate variability
at various spatial and temporal scales. This study examined the dendroclimatology of fir and spruce,
and analyzed the growth–climate relationship along the latitudinal gradient. Two hundred and
nineteen samples (ring cores) of the two species were collected from five different sites (Shogran
(SHG), Upper Dir (UDS), Bahrain Swat (BSG), Astore Gilgit (NPKA), and Sharan Kaghan (SHA))
in Northern Pakistan. The cores were cross-dated, and chronologies were generated for the species
and climatic data (precipitation, temperature, and Palmer Drought Severity Index (PDSI)) correlated
with radial growth. The interspecies correlations for fir were calculated as 0.54, 0.49, 0.52, 0.60, and
0.48 for SHG, UDS, BSG, NPKA, and SHA, respectively, whereas in the case of spruce, the interspecies
correlations were 0.44 for SHG, 0.55 for UDS, and 0.49 for BSG. Climate variability was observed in
the samples of both species, which showed significant drought and humid years at specific intervals.
With respect to the correlation between tree-ring width and climatic factors, a positive correlation
was observed between fir growth and summer season precipitation, mean temperature, and PDSI in
the spring, summer, and autumn seasons. Similarly, the growth of spruce was positively correlated
with precipitation (in February, September, and May) and PDSI (in the summer and autumn seasons);
however, no correlation was observed between monthly temperature and spruce growth. The
relationship of fir and spruce growth with seasonal precipitation and PDSI showed a change from
a negative to a positive correlation after 1980, following rapid warming. During the winter and
spring, the correlation coefficient between fir radial growth and seasonal temperature showed an
initial upward trend followed by a progressive decrease along with increasing latitude. Seasonal
variations were observed regarding the correlation coefficient between spruce radial growth and
increasing latitude (increasing in winter; a decreasing trend in spring and summer; an initial increase
and then a decrease in autumn). In the same way, the correlation of seasonal temperature and PDSI
with the radial growth of both species showed increasing trends with increasing latitude, except in
the autumn season.
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1. Introduction

Climate change is a globally recognized environmental issue that seriously impacts
natural resources, including forest ecosystems, floristic composition, and tree produc-
tivity [1]. Moreover, recent research by Stefanidis and Alexandridis [2] shows that the
temporal changes in drought conditions also differ significantly between forest ecosystems
of different types (broadleaved, coniferous) and climatic conditions. However, there are
few studies covering the trend analysis of drought in forest ecosystems that are based
on long-term time series from ground-based meteorological stations in mountain areas.
This is because of the difficulties in installing and maintaining meteorological instruments,
especially at high elevations in mountainous regions. Additionally, it is well-acknowledged
that future climate projections will significantly affect forest growth and even result in the
shifting of forest lines [3]. Over the most significant land region for which observational
data are available for trend analysis, the frequency and severity of heavy precipitation
events have increased since the 1950s, and human-induced climate change is likely the
primary cause—this has been established with high confidence. Through increased land
evapotranspiration, human-induced climate change has caused agricultural and ecolog-
ical droughts in several locations—based on data with medium confidence [4]. There
is low confidence in long-term trends in the frequency of all-category tropical cyclones
(multi-decadal to centennial). Although data limitations prevent the accurate detection of
historical trends on a global basis, event attribution studies and scientific understanding
strongly suggest, with high confidence, that human-induced climate change increases
the amount of heavy precipitation associated with tropical cyclones [4]. The accuracy of
estimates of remaining carbon budgets has improved since the IPCC’s Fifth Assessment
Report (AR5), combined with new methods initially introduced in SR1.5, updated data,
and the integration of findings from several lines of evidence. Consistent evaluation of
the impacts of different assumptions on climate and air pollution projections requires the
use of various potential future air pollution controls across scenarios. Finding the point
at which climatic reactions to emissions reductions become detectable above the level of
fluctuations due to internal variability and responses to natural factors is a significant
development [4]. Over several decades, the changing climate has influenced vegetation
structure, species combination, and growth dynamics [5,6]. Many tree species have been
unable to adapt their physiology to escalating changes in climate [7]. The changing climate
is mainly characterized by changes in two attributes, temperature and precipitation, which
significantly affect vegetation ecology, its spatial distribution, health, and yield [8–10]. Such
adverse climatic influences become more complicated in mountainous areas (specifically in
moist and dry temperate forests) located in humid and subhumid ecological zones [11,12].
Tree radial growth data have been used worldwide to reconstruct the climatic variations
occurring in the past hundreds of years at a regional level [13–18]. In this context, it is
necessary to explore the growth response of forest trees to change over the last few decades,
as such understanding helps researchers to quantify climatic influences over time [12,19].

Above-optimum warming enhances tree-ring width at higher altitudes [20,21], as
reported in different parts of the world: in North America [22], in the mountains of Tian-
shan [23], in southeastern parts of Tibet [24], and in the Iranian Plateau [25]. Nonetheless,
few studies are available regarding the growth–climatic relationship of different species
along altitudinal gradients [12]. The responses of morphological attributes in trees are spe-
cific to the species, and the influence of a changing climate on growth may depend on wood
density, tolerance to drought conditions, leaf morphology, and the volume of trees [26,27].
Temperatures that are higher than the optimum level may activate multiple responses in for-
est trees, including in phenology, decreased productivity, changes in altitudinal ranges, and
the structure of plant communities [16,28,29]. Nevertheless, limited research is available on
the growth sensitivity and anatomical responses of forest trees to changing climates [30,31].
The duration of the growing season and the prevalent temperature are two important
factors that significantly influence growth–climate relationships [32,33]. Moreover, the
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availability of moisture, nutrient deposition, and optimum precipitation greatly influence
tree growth [31,34].

However, studies have found that relationships between climatic factors and cor-
responding tree growth are not always consistent [35]. Even individuals of the same
species show variations in climate–growth relationships at different localities in the Hi-
malayas [36,37]. Similarly, various tree species of the Himalayan forests show different
growth responses to changing climates, as reported by [38]. One of the best examples
demonstrating inconsistent growth–climate relationships is that of Abies spectabilis (D. Don)
Spach 1841 [39], reported in several studies. Shrestha et al. [40] and Schwab et al. [21]
reported a positive correlation between the temperature of the current and previous seasons
and Abies spectabilis radial growth.

In contrast, Raybacket et al. [41] reported that temperature in the winter season is
negatively correlated with radial growth. Similarly, Zhuang et al. [42] reported that a longer
growing season and high temperature are positively correlated with radial growth. The
extension of the growing season is directly linked with the temperature increase, which
ultimately results in higher annual radial growth [43]. Moreover, Xu et al. [44] reported
that water stress in the summer season might severely degrade the growth of coniferous
trees because of higher evapotranspiration. Furthermore, a significant correlation between
seasonal precipitation and tree radial growth has been noted, which varies according to
different forest types [45].

In other studies, a strong correlation was reported between the width of spruce tree-
rings and the past climate and summer temperatures, and moisture availability data were
reconstructed from dendroclimatological analyses of spruce and fir [46–51]. A reconstruc-
tion based on conifer tree-rings indicated increasing drought stress and an upward trend
for summer aridity with an immediate increase in warming over several decades [52].
Drought stress is positively correlated with spruce growth at lower altitudes, whereas
coniferous trees at higher altitudes show an increased radial width with increases in tem-
perature [53,54]. Therefore, the harshness of the climate along the altitudinal gradient
strongly influences the response of tree growth to temperature and precipitation, although
in different ways [55]: the former limits radial growth at higher altitudes [56–58], whereas
the latter limits growth sensitivity at lower altitudes [59]. Similarly, various studies con-
ducted along altitudinal and latitudinal gradients have reported that the winter temperature
is positively correlated with radial growth [59–61]. In contrast, numerous studies have
reported a negative correlation between the spring and early season temperature and radial
growth at higher elevations [59] in the central part of the Himalayas [62,63], western Hi-
malayas [64], and in southeastern parts of Tibet [65]. A dendroclimatological study of Picea
obovata indicated that the latitudinal gradient also influences the response to a changing
climate, and this influence can be significant between species and sites [66].

Several studies conducted in Pakistan have used tree growth data as a proxy for
dates in studying variability in the past climate and to quantify the impact of climate
on radial growth [67–74]. Spruce and fir are important coniferous tree species that are
found in Pakistan’s moist and dry temperate forest of the northern Himalayas [74,75].
Despite its significant dendroclimatological potential, very little is currently known about
the relationship between climatic factors and the tree-rings of spruce and fir in Pakistan.
Several studies conducted in Northern Pakistan have investigated the dendrochronology
of spruce and fir. However, these studies primarily focused on a single location or single
tree species, and studies regarding the responses of multiple species at various locations or
spatial distributions along latitudinal gradients remain rare.

Furthermore, there are few studies that consider the influence of latitudinal gradients
together with long-term growth trends resulting from rapidly warming and drying climatic
conditions. From the perspectives of climate change and global warming, it is critical to
improve our knowledge of the growth–climate relationships of spruce and fir in order to
assess variability at various spatial and temporal scales. Therefore, this research comprises
a regional dendroecological analysis of spruce and fir trees at five different sites in the
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northern area of Pakistan along the latitudinal gradient. The main objectives of the study
are: (1) to investigate the significant climatic factors affecting the radial growth of spruce
and fir pine trees at five ecological sites; and (2) to develop a relationship between the
latitudinal gradient and the growth–climate response of spruce and fir.

2. Methods
2.1. Study Site and Sample Collection

The study area for this research is in Northern Pakistan, comprising five study sites,
namely, Shogran (SHG), Upper Dir (UDS), Bahrain Swat (BSG), Astore Gilgit (NPKA), and
Sharan Kaghan (SHA). The study sites were selected at different locations in order to cover
all representative forests of spruce and fir; the geographic coordinates of the five study
sites are SHG: 73◦29′10′′ E; 34◦38′30′′ N; UDS: 72◦02′30′′ E; 35◦17′30′′ N; BSG: 72◦34′30′′ E;
35◦12′30′′ N; NPKA: 74◦59′20′′ E; 35◦34′10′′ N; and SHA: 73◦25′50′′ E; 34◦41′30′′ N (Table 1).
The UDS and NPKA sites are in dry temperate forests and cover an altitudinal range of
2950 to 3600 m, whereas the SHG, BSG, and SHA sites are in moist temperate forests and
cover an altitudinal range of 1830 to 2950 m, as shown in Figure 1 (Table 1). This research
focused on the dendroclimatological study of two coniferous species of spruce and fir
found in Northern Pakistan. Other associated trees species included Cedrus deodara (deodar)
(Roxb.) Loud., Pinus wallichiana (kail) A. B. Jacks., 1938, Pinus gerardiana (chilgoza pine)
Wall., Taxus baccata (taxus) L., Salix tetrasperma (willow) Roxb., Quercus ilex (quercus) Andr.,
and Betula utilis (birch) D. Don. The UDS and NPKA forests receive less rainfall than the
SHG, BDG, and SHA forests, which receive more rainfall during the monsoon season (June
to September in Northern Pakistan). Overall, the climates of the study sites are dry in the
high-altitude areas and become progressively more humid at lower altitudes. The areas
are characterized by four distinct seasons (winter, spring, summer, and autumn). June is
considered the hottest month (before the monsoon), with a mean temperature range from
12 ◦C at a higher altitude to 16 ◦C at lower elevations (a microclimate exists in the northern
aspects). In January, however, the temperature falls to between 4 and 2 ◦C as the winter
season starts. Similarly, monsoon rainfall ranges from 1000 to 1350 mm at locations in the
moist temperate forests of the SHG, BSG, and SHA sites (Figures 2 and 3).

Table 1. Details of sampling sites with elevations of spruce and fir at five sites (SHG, UDS, BSG,
NPKA, SHA) during different periods.

Sampling Site Latitude Longitude Forest Type Elevation Range (Meter)

Shogran (SHG) 34◦38′30′′ N 73◦29′10′′ E Moist Temperate Forests 1830 to 2950

Upper Dir (UDS) 35◦17′30′′ N 72◦02′30′′ E Dry Temperate Forests 2950 to 3600

Bahrain Swat (BSG) 35◦12′30′′ N 72◦34′30′′ E Moist Temperate Forests 1830 to 2950

Astore Gilgit (NPKA) 35◦34′10′′ N 74◦59′20′′ E Dry Temperate Forests 2950 to 3600

Sharan Kaghan (SHA) 34◦41′30′′ N 73◦25′50′′ E Moist Temperate Forests 2950 to 3600

2.2. Tree-Ring Data and Chronology Development

Spruce and fir tree-ring samples were collected from five sites in Northern Pakistan,
which extend across a range of altitudinal (from 1415 to 3600 m) and latitudinal gradients
(34◦ 38′′ to 35◦ 35′′ N) (Figure 1). We collected 27 (SHG), 30 (UDS), and 40 (BSG) tree core
samples from 113 Picea smithiana (Wall.) Boiss. trees, and 23 (SHG), 25 (UDS), 28 (BSG),
20 (NPKA), and 26 (SHA) tree core samples from 140 Abies pindrow (Royle ex D.Don) Royle
trees, from the five different sites in Northern Pakistan (Figure 1). The law prohibits all
human interference in these forests; thus, the forests in the research region are protected by
the forest department and are essentially free from human pressure. Samples were collected
from coniferous forests with a uniform spatial distribution covering all representative
forests of spruce and fir in Northern Pakistan. The collection of tree samples was completed
in three different periods, i.e., 2005, 2017 and 2018. An increment borer was used to extract
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the cores from each sampled tree of spruce and fir at a height of 1.3 m. One or two cores
were extracted from the best (selected) trees among the codominant and dominant trees
of both species in each site. All cores were safely wrapped in straw, transported from
Pakistan to China, and stored in a laboratory. First, the cores were mounted with white
glue and fixed with thread in wooden core mounts. The cores were dried for several days
and polished to ensure the tree-rings were perfectly clear for unambiguous cross-dating.
The tree-ring cores were cross-dated using the skeleton plot method (Stokes and Smiley,
1968), which graphically represents the annual tree-ring width pattern. Skeleton plots are
easily interpreted and compared with the master tree-ring chronology of all the samples.
The Velmex measurement system was used to measure the width of tree-rings with a minor
count (precision) of up to 0.001 mm (Velmex, Bloomfield, NY, USA).
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(E) SHG site, (F) SHA site, and (G) NPKA site. The red circle shows sampling sites.

The COFFECHA program was used to check the quality of tree-ring measurement and
the exact date of ring formation for each core, termed cross-dating [76,77]. Ring samples of
the same tree species collected from different sites can be cross-dated by matching annual
rings between the different cores. This method also ensures that the same calendar year is
used for each annual ring and, thus, mistakes in measurement can be quickly eliminated.
Tree-ring series were detrended and standardized using the ARSTAN program, which
generates chronologies with minimal influence due to disturbances within a stand of spruce
and fir. The ASRTAN program fitted negative exponential models to detrend growth trends
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and nonclimatic signals. The correlation coefficient matrix of standard chronologies of
spruce and fir at five sites from 1950 to 2018 is presented in Table 2. Different statistical
characteristics of the standard chronologies are summarized in Table 3; these include first-
order autocorrelation (AC1), standard deviation (SD), signal-to-noise ratio (SNR), mean
sensitivity (MS), mean correlation of all series (MCC), expressed population signal (EPS),
and variation in the first eigenvector (VAR). Correlation matrices were developed for both
species covering 69 years (1950–2018) and summarized.
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Table 2. Correlation coefficient matrix of standard chronologies of spruce (SP) and fir (F) at five sites
(SHG, UDS, BSG, NPKA, SHA) during different periods.

SHGSP UDSSP BSGSP SHGF UDSF BSGF NPKAF SHAF

SHGSP 1 0.281 ** 0.200 ** 0.447 ** 0.286 ** −0.142 0.262 ** 0.458 **

UDSSP 0.281 ** 1 0.164 * 0.164 * 0.579 ** 0.050 0.162 * 0.400 **

BSGSP 0.200 ** 0.164 * 1 0.288 ** 0.179 * 0.114 −0.068 0.021

SHGF 0.447 ** 0.164 * 0.288 ** 1 0.337 ** 0.002 0.169 * 0.516 **

UDSF 0.286 ** 0.579 ** 0.179 * 0.337 ** 1 0.103 0.101 0.369**
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Table 2. Cont.

SHGSP UDSSP BSGSP SHGF UDSF BSGF NPKAF SHAF

BSGF −0.142 0.050 0.114 0.002 0.103 1 −0.117 −0.167 *

NPKAF 0.262 ** 0.162 * −0.068 0.169 * 0.101 −0.117 1 0.295 **

SHAF 0.458 ** 0.400 ** 0.021 0.516 ** 0.369 ** −0.167 * 0.295 ** 1

**. Correlation is significant at the 0.01 level (two-tailed). *. Correlation is significant at the 0.05 level (two-tailed).

Table 3. Statistical characteristics of spruce and fir standard chronologies at five sites (SHG, UDS,
BSG.NPKA, SHA) of the northern area of Pakistan.

Picea smithiana Abies pindrow

SHG UDS BSG SHG UDS BSG NPKA SHA

TS 1850–2017 1804–2017 1842–2018 1806–2017 1835–2017 1851–2018 1505–2005 1696–2018

TN 27(34) 30(34) 40(45) 23(30) 25(30) 28(34) 20(25) 26(30)

MRW (mm) 0.9746 0.9798 0.9931 0.9763 0.958 0.9755 0.987 0.9725

MS 0.1182 0.2132 0.1122 0.143 0.1645 0.1608 0.1449 0.1458

SD 0.1434 0.2993 0.1587 0.1848 0.1952 0.1883 0.1449 0.2981

AC1 0.5165 0.4938 0.6 0.5696 0.4501 0.4929 0.4528 0.7962

ISC 0.449 0.559 0.494 0.547 0.495 0.524 0.608 0.481

Common Interval Analysis for Period 1891 to 2018

Var 24.85% 34.66% 19.28% 27.88% 29.21% 25.45% 33.64% 36.01%

SNR 5.405 8.416 5.101 6.285 6.134 5.701 7.238 8.732

EPS 0.844 0.894 0.836 0.863 0.86 0.851 0.879 0.897

MCC 0.197 0.277 0.116 0.222 0.235 0.186 0.266 0.294

Notes: TS—time span, TN—tree (core) number, MRW—mean ring width, MS—mean sensitivity, SD—standard
deviation, ACI—first-order autocorrelation, ISC—interseries correlation, Var—variation in the first eigenvector,
SNR—signal-to-noise ratio, EPS—expressed population signal, MCC—mean correlation coefficients among
all sites.

2.3. Climatic Data and Statistical Analysis

Only 30 years of climate data were available in meteorological stations located near the
study sites (SHG, UDS, BSG, NPKA, and SHA), whereas the present study required climate
data for 69 years (from 1950 to 2018). Therefore, climate data were downloaded from KNMI
Climate Explorer (https://climexp.knmi.nl, accessed on 15 November 2018) [37], which
contains a gridded dataset of monthly mean temperature and total precipitation known as
CRU TS 4.01 (http://www.cru.uea.ac.uk/cru/data/hrg.htm, accessed on 15 November
2018) [37]. These data have been checked for quality and aggregated to a larger spatial
scale; thus, these gridded climate datasets are frequently more reliable than individual
station data [37]. We downloaded monthly data covering mean temperature, minimum
temperature, and maximum temperature for 1901–2019, but used only a subset of the
data, i.e., 1950–2018. In order to quantify the relationship between tree-ring width and
long-term drought in the latitude of Pakistan (low latitudes), we also downloaded the
extensively used Palmer Drought Severity Index (PDSI) from KMNI Climate Explorer [78].
We used the CRU scPDSI 3.26e product to estimate dryness from existing temperature
and precipitation datasets. PDSI better indicates variations in potential evapotranspiration
by integrating physical water balance and air temperature. The relationship between
monthly climate data and the radial growth of spruce and fir was assessed using the
Pearson correlation. The relationships between radial growth (chronologies) and seasonal
climate data were determined by analyzing the differences in correlation, representing
the stability of the dendroclimatological relationships in the whole range. The seasonal
climate was split into four different seasons: winter (December to February), spring (March

https://climexp.knmi.nl
http://www.cru.uea.ac.uk/cru/data/hrg.htm
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to May), summer (June to August), and autumn (September to November). In addition, the
dendroclimatological relationships of spruce and fir were examined in two periods: prior
to rapid warming (i.e., before 1980), and following rapid warming (after 1980). SPSS (SPSS
version 26.0, Chicago, IL, USA) software was used for statistical analyses [79,80].

3. Results
3.1. Tree-Ring Width Chronologies

Three long-term tree-ring chronologies were developed for spruce, including one of
167 years (AD 1850–2017) at SHG, one of 213 years (AD 1804–2017) at UDS, and one of
176 years (AD 1842–2018) at BSG (Table 3). Similarly, for Abies pindrow, five long-term
tree-ring chronologies were developed, including one of 211 years (AD 1806–2017) at SHG,
one of 182 years (AD 1835–2017) at UDS, one of 167 years (AD 1851–2018) at BSG, one of
500 years (AD 1505–2005) at NPKA, and finally one of 322 years (AD 1696–2017) at SHA
(Table 3). In the case of Abies pindrow, the age of 80/122 samples exceeded 100 years, of
which 22, 12, 13, 20, and 13 samples were collected from SHG, UDS, BSG, NPKA, and SHA,
respectively. Similarly, in the case of Picea smithiana, 43/97 samples surpassed 100 years,
of which 13, 12, and 18 samples were collected from SHG, UDS, and BSG, respectively
(Table 3). The average age of the firs at the different sites was 157.1 years at SHG, 122.8 years
at UDS, 106.7 years at BSG, 325.9 years at NPKA, and 238.9 years at SHA. On the other
hand, the mean ages of the spruce were 98.1, 101.4, and 100.5 years for SHG, UDS, and BSG,
respectively. The greatest fir tree longevity was found in NPKA, with 8 samples exceeding
400 years, 2 samples exceeding 300 years, and 8 samples exceeding 200 years. The SHA
location also reflected the high longevity of fir trees, with 3 samples exceeding 300 years
and 17 samples surpassing 200 years. The interseries correlation of both species showed
that the stand signal and dating were good quality. The interseries correlations for fir were
0.547, 0.495, 0.524, 0.608, and 0.481 for SHG, UDS, BSG, NPKA, and SHA, respectively.
For Picea smithiana, the interseries correlations were 0.449 for SHG, 0.559 for UDS, and
0.494 for BSG. The mean sensitivity values for both species showed that the tree rings could
indicate minor climatic changes within the specified period. For Abies pindrow, the mean
sensitivity values were 0.143, 0.164, 0.160, 0.144, and 0.145 at SHG, UDS, BSG, NPKA, and
SHA respectively. Similarly, in Picea smithiana, the mean sensitivity values were 0.118 at
SHG, 0.213 at UDS, and 0.112 at BSG (Table 3).

Growth variability in spruce samples was observed between 1850 and 2018 (Figure 4a).
The lowest tree-ring width was 0.54 in 1879, the most severe drought year of the studied
period, whereas the highest was 1.42 in 1854, which indicated the most humid year with
the highest cambium growth of spruce at the SHG site. Other prominent drought years
were 1918, 1921, 1947, 1985, and 2017 with tree-ring widths of 0.60, 0.65, 0.66, 0.72, and
0.79, respectively. Prominent humid years were 1851, 1855, 1874, 1886, 1938, 2003, and
2005, with corresponding tree-ring widths of 1.33, 1.36, 1.21, 1.15, 1.20, 1.32, 1.21, 1.22, and
1.22, respectively. The highest climate variability was recorded in two periods, the first
between 1850 and 1892, and the second between 1985 and 2017, whereas the lowest climate
variability was found in the periods 1899–1910 and 1963–1977.

Growth variability was also identified in spruce samples collected from UDS (Figure 4b).
The lowest tree-ring width was 0.40 in 1892, the most severe drought year, whereas the
highest was 2.32 in 1822, which indicates the most humid year with the highest cambium
growth. Other prominent drought years were 1815, 1840, and 1835, with tree-ring widths
of 0.47, 0.44, and 0.46, respectively. Prominent humid years were 1818, 1814, and 1827
with corresponding tree-ring widths of 2.23, 2.09, and 1.92, respectively. The highest cli-
mate variability was recorded in two periods, the first between 1804 and 1843, and the
second between 1872 and 1900, whereas the lowest climate variability was found in the
period 1915–1991. Compared to UDS and SHG, greater variability was observed in BSG
(Figure 4c). The results showed that the lowest tree-ring width was 0.60 in 1879, which
was the most severe drought year, whereas the highest was 1.47 in 1861, which indicates
the most humid year with the highest cambium growth. Other prominent drought years
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were 1908, 1923, 1979, 2001, and 2012 with tree-ring widths of 0.63, 0.64, 0.72, 0.75, and 0.75,
respectively. Prominent humid years were 1862, 1860, 1863, and 1856 with corresponding
tree-ring widths of 1.41, 1.36, 1.34, and 1.29, respectively. The highest climate variability
was recorded in two periods, the first between 1842 and 1879, and the second between 1997
and 2018, whereas the lowest was found in the period 1951–1981.
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and BSG in the northern area of Pakistan.

The lowest tree-ring width for fir at SHG (Figure 5a) was 0.58 in 1928, which was the
most severe drought year, whereas the highest was 1.52 in 1972, which was the most humid
year with the highest cambium growth. Other prominent drought years were 0.61, 0.61,
0.24, 0.59, and 0.60 in 1825, 1831, 1879, 1928, and 1947, respectively. Prominent humid years
were 1819, 1872, 1964, and 1997, with corresponding tree-ring widths of 1.38, 1.34, 1.45,
and 1.43, respectively. The highest climate variability was recorded in two periods, the
first between 1819 and 1879, and the second between 1986 and 2017, whereas the lowest
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was found in the period 1903–1952. Similarly, at UDS (Figure 5b), the highest climate
variability was recorded between 1882 and 2017, whereas the lowest was found in the
periods 1882–2017, 1893–1913, and 1935–1956 with respect to Abies pindrow radial growth.
However, for fir at the BSG site (Figure 5c), the lowest tree-ring width was 0.52 in 1982,
which was the most severe drought year, whereas the highest was 1.62 in 1931, the most
humid year. The highest climate variability was recorded between 1943 and 1982, whereas
the lowest was found between 1863 and 1988 (Figure 5c). Similarly, the highest climate
variability in fir growth was recorded in the period between 1952 and 2018, whereas the
lowest climate variability was found between 1879 and 1956 at the SHA site (Figure 5d).
At the NPKA site (Figure 5e), the highest climate variability was recorded in the period
between 1505 and 1574, whereas the lowest climate variability was found between 1881
and 1970.

3.2. Growth–Climate Relationship

The correlation between the tree-ring width of both species and monthly precipitation
is summarized in Figure 6a–e. For spruce at SHG, a significant positive correlation was
observed only in January (R2 = 0.39) with p-value≤ 0.05. In comparison, no correlation was
found between fir tree-ring width and precipitation at SHG. Similarly, at the UDS sampling
site, spruce tree-ring widths were significantly positively correlated with precipitation in
April (R2 = 0.37) and May (R2 = 0.39), with p-values of 0.05 and 0.01, respectively. In the
case of fir, tree-ring widths showed a negative correlation with precipitation in December
(R2 = 0.36), followed by a positive correlation in April (R2 = 0.37) and May (R2 = 0.39) with
a 0.05 significance level.

With respect to the BSG site, precipitation in October and March positively corre-
lated with spruce tree-ring widths (R2 = 0.28 and 0.35, respectively); however, a negative
correlation was observed in July (R2 = 0.37) with a p-value of 0.05. Similarly, in the case
of fir, tree-ring widths had a strong negative correlation (R2 = 0.37) with precipitation
in September. However, no relationship existed between the tree-ring widths of fir and
monthly precipitation at the NPKA and SHA sites, which indicates that the tree-ring widths
of the sampled trees were not influenced by monthly precipitation.

With respect to PDSI at the SHG site, the tree-ring widths of spruce showed no
correlation, whereas fir had a good positive correlation with PDSI in April (R2 = 0.35),
May (R2 = 0.37), June (R2 = 0.39), and July (R2 = 0.35) (Figure 7a–e). At the UDS site, the
growth of fir and spruce had a very similar relationship with the corresponding PDSI.
The results showed that both species had a strong positive correlation (R2 = 0.39) with
PDSI in October, April, May, June, July, August, and September. Moreover, the growth
of spruce had a good correlation with PDSI in January (R2 = 0.39), February (R2 = 0.39),
and March (R2 = 0.38). At BSG, tree-ring widths showed a strong positive correlation
in October (R2 = 0.38, 0.39), the prior November (R2 = 0.36, 0.39), April (R2 = 0.37, 0.39),
July (R2 = 0.36, 0.39), and August (R2 = 0.35, 0.39) for spruce and fir, respectively. However,
a more significant influence of PDSI was observed on the growth of fir compared to spruce.
Furthermore, significant positive relationships with PDSI existed in other months, i.e., in
January, February, and March for Picea smithiana, and in May and June in the case of Abies
pindrow. In contrast, a negative correlation (R2 = 0.38) was observed between the growth of
fir and PDSI in May at the NPKA site, whereas a nonsignificant correlation was observed
for the same species at the SHA site. Overall, PDSI had a greater influence on the growth
of fir in the summer and autumn seasons at the SHG, UDS, and BSG sites, whereas it had
noticeable effects on spruce in the spring and autumn seasons at the UDS and BSG sites.

The correlation between the monthly mean temperature and tree-ring width of spruce
and fir is presented in Figure 8a–e. The results show that the mean annual temperature had
less influence on the growth of both species compared to annual precipitation and monthly
PDSI. At the SHG site, spruce growth did not correlate with temperature, whereas the
growth of fir had a negative correlation (R2 = 0.37) with the mean annual temperature in
May. Similarly, there was a nonsignificant correlation between the tree-ring width of both
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species at the UDS site with annual mean temperature. Similarly, at the BSG site, the tree-
ring width of spruce had a positive correlation with the February mean annual temperature
(R2 = 0.37), whereas the growth of fir showed no relationship with the temperature at the
same site. However, strong positive correlations (R2 = 0.35, 0.39, and 0.39) were observed
at the SHA site in the growth of fir during December, January, and August, respectively.
In contrast, no relationship existed between the mean annual temperature and tree-ring
widths of fir at the NPKA site.
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3.3. Dendroclimatological Relationship before and after Rapid Warming

Over the last century, the temperature in Northern Pakistan has progressively in-
creased, as reported by Bukhari and Bajwa [10] and Shah et al. [81]. The results of the
growth relationships of fir and spruce with seasonal PDSI show an increased correlation
after warming (Table 4). At the SHG site, spruce showed a negative correlation for the
periods before and after 1980. The coefficient of correlation did not change significantly,
which shows that seasonal PDSI had a minor effect on spruce growth. On the other hand,
in the case of fir at the SHG site, the growth–seasonal PDSI relationships were negatively
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correlated before 1980 and positively correlated after the 1980 warming period (Table 4). At
the UDS site, the correlation of spruce increased from lower to higher values before and
after 1980, respectively, in the spring, summer, and autumn seasons.
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Similarly, in regard to the growth–PDSI relationship for fir at the UDS site, the cor-
relation increased in the summer and autumn but decreased in winter and spring before
and after the 1980 warming period. Furthermore, at the BSG site, an increased correlation
was observed for both species apart from Abies pindrow in the winter, which showed a
slightly lower correlation after 1980. In the growth–PDSI relationship for spruce, the cor-
relation changed from negative to positive when considering the period before and after
1980, respectively. At the NPKA site, fir growth increased but was negatively correlated
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with PDSI before and after the warming period (1980). In contrast to NPKA, the correla-
tion for fir growth at the SHA site decreased after 1980 apart from in the spring, when it
remained unchanged.

Table 4. Correlation coefficients between seasonal PDSI and the tree-ring index of spruce and fir at
five sites (SHG, UDS, BSG, NPKA, SHA) during 1950–1980 and 1981–2018.

SHG UDS BSG NPKA SHA

Pi
ce

a
sm

ith
ia

na

1950–1980 1981–2017 1950–2017 1981–2017 1950–1980 1981–2018 1950–1980 1981–2005 1950–1980 1981–2017

pWinter 0.026 −0.019 0.393 * 0.316 0.051 0.362 *

Spring −0.007 −0.013 0.269 0.388 * −0.088 0.416 *

Summer −0.119 0.043 0.208 0.454 ** −0.146 0.429 **

Autumn −0.167 −0.037 0.253 0.352 * −0.232 0.306

A
bi

es
pi

nd
ro

w pWinter −0.128 0.325 * 0.247 0.205 0.265 0.227 −0.052 −0.419 * −0.466 ** 0.012

Spring −0.124 0.310 0.153 0.017 0.131 0.239 −0.032 −0.488 * 0.079 0.079

Summer −0.224 0.372 * 0.201 0.393 * 0.186 0.391 * −0.265 −0.379 −0.413 * 0.143

Autumn −0.300 0.332 * 0.159 0.340 * 0.102 0.449 ** −0.273 −0.444 * −0.454 * 0.042

**. Correlation is significant at the 0.01 level (two-tailed). *. Correlation is significant at the 0.05 level (two-tailed).

The relationships between seasonal precipitation and the tree-ring width of fir and
spruce before and after rapid warming (1980) are presented in Table 5. The results show the
correlation in a few seasons for both species, though the relationships were insignificant
(Table 5). A significant association was found for fir in summer before 1980 (at SHG), in
spring after 1980 (at UDS and BSG), and in the most recent winter after 1980 (at NPKA).
Picea smithiana, on the other hand, demonstrated a statistically significant correlation in
winter before 1980 and in spring after 1980 at UDS, but at BSG, a statistically significant
correlation was observed in summer before 1980 and in spring after 1980. However, no
significant relationship existed between the growth of spruce and seasonal precipitation
before and after rapid warming (Table 5).

Table 5. Correlation coefficients between seasonal precipitation and the tree-ring index of spruce and
fir at five sites (SHG, UDS, BSG, NPKA, SHA) during 1950–1980 and 1981–2018.

SHG UDS BSG NPKA SHA

Pi
ce

a
sm

ith
ia

na

1950–1980 1981–2017 1950–2017 1981–2017 1950–1980 1981–2018 1950–1980 1981–2005 1950–1980 1981–2017

pWinter −0.099 0.246 0.401 * −0.077 0.142 0.000

Spring −0.140 0.015 −0.087 0.437 ** −0.104 0.406 *

Summer −0.075 0.040 −0.016 0.200 −0.379 * 0.120

Autumn −0.103 0.114 0.274 −0.153 −0.056 −0.080

A
bi

es
pi

nd
ro

w pWinter −0.004 0.044 0.130 −0.065 0.095 −0.023 0.058 −0.446 * −0.149 0.168

Spring 0.052 0.282 0.123 0.415 * 0.065 0.365 * 0.323 −0.275 0.168 0.186

Summer −0.380 * 0.145 −0.161 0.302 −0.312 0.262 −0.321 0.208 −0.049 −0.084

Autumn 0.083 −0.032 0.136 −0.045 0.350 0.113 −0.134 −0.173 −0.131 −0.019

**. Correlation is significant at the 0.01 level (two-tailed). *. Correlation is significant at the 0.05 level (two-tailed).

3.4. Dendroclimatological Relationship with Latitude

Variations in the relationship of fir and spruce tree-ring width and seasonal tem-
perature with increasing latitude are shown in Figure 9a–d. During the winter season
(December–February), the correlation of fir growth and seasonal temperature showed an
upward trend from 30◦ to 34◦ latitude and then a downward trend from 34◦ to 35◦ latitude
(Figure 9a). Similarly, the correlation between spruce and seasonal temperature showed a
downward trend up to 35◦ latitude and a gradual upward trend with increasing latitude
thereafter (Figure 9a). In the spring season, the growth of both species showed an almost
opposite trend from a lower (30◦) to higher (35◦) latitude (Figure 9b). During summer
(June–August), the correlation between the growth of fir and seasonal temperature showed
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a downward trend with increasing latitude (from 30◦ to 35◦), whereas in the case of spruce,
the correlation showed a downward trend from 30◦ to 32◦ latitude. The trend remained
constant with increasing latitude (Figure 9c). During autumn (September–November), the
correlation for fir showed no prominent trend (the curve was almost straight); however, the
correlation for spruce showed an upward trend up to 32◦ latitude and then a downward
trend beyond that latitude (Figure 9d).
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The correlation of fir and spruce and seasonal precipitation showed a positive upward
trend from lower to higher latitudes (Figure 10a–d). In winter (December–February), the
growth of fir initially showed a positive correlation (30–36◦) followed by a slight downward
trend of the curve with increasing latitude, whereas spruce showed an increasing trend
with an increase in latitude. Both species showed an upward trend. In contrast, during
summer (June–August), the correlation for both species showed a downward trend with
increasing latitude. During autumn (September–November), both species showed the
opposite trend with the increase in latitude (Figure 10a–d).
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The correlation of PDSI and the growth of fir and spruce with increasing latitude is
shown in Figure 11. During the winter, summer, and spring seasons, the growth of fir
and spruce were initially highly correlated, followed by a downward trend (decreased
correlation) and then, at the end of the season, another increase with increasing latitude
(Figure 11a–c). However, during the autumn season, the correlation of fir started at R2 = 0.20
at 30◦ latitude, followed by a downward trend up to 34◦ latitude, and then showed an
upward trend up to 35◦ latitude. Conversely, spruce growth showed the opposite trend
with increasing latitude (Figure 11d).
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4. Discussion
4.1. Tree-Ring Chronology Characteristics

The interseries correlation of R2 = 0.61 using 306 years of tree-ring chronology in
the Chaproat area of Northern Pakistan reported by Bandari et al. [37] is consistent with
the results of our study with respect to fir. However, a slightly higher correlation was
reported in Bandari et al. [37] for spruce (R2 = 0.68) using 538 years of tree-ring chronology
in the Shirial area of Northern Pakistan than in our study. In another study, Ahmed
et al. [49] studied the dendroclimatology of fir and reported interseries correlations of
0.54 and 0.59 in the moist temperate forests of two localities in Northern Pakistan (Ayubia
and Astore), respectively. The results reported by Ahmed et al. [49] are comparable to
the interseries correlations (0.60 and 0.54 for NPKA and SHG, respectively) reported in
our study. Similarly, Khan et al. [73] reported a correlation from 0.41 to 0.76 during a
dendrochronological evaluation of fir in Kohistan (Northern Pakistan) based on 394 years,
which is similar to the interseries correlation results for fir in this study (which gave a range
of 0.48 to 0.60). Thapa et al. [82] studied the effect of changing climate on the tree-rings
of fir in Himalayan Nepal and observed an intercorrelation of 0.42, similar to that found
at the SHA sampling site in this study. Palmer et al. [83] studied dendrochronological
research conducted in various areas of Pakistan and reported interseries correlations of 0.73
and 0.65 for spruce in the Chera and Naltar sites of Gilgit. These results are a little higher
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than those in our study, which reported 0.49 and 0.55 for BSG and UDS, respectively. In
contrast, Zafar et al. [50] reported a higher interseries correlation of 0.84 and 0.73 for spruce
in the Haramosh and Bagrot sites of Gilgit Baltistan, Pakistan, respectively. Moreover,
we observed clear climate variability in both species, with significant evidence for the
occurrence of drought and humid years at specific intervals. The results of our research
are comparable to those of Bhandari et al. [37], who reported suppression and accelerated
growth for fir and spruce between the 17th and 20th centuries in Northern Pakistan.
Similarly, Asad et al. [84] reported an acceleration in the radial growth of Pinus wallichiana
in the northern areas since 1950. In another study by Thapa et al. [39], the radial growth of
coniferous species in the adjacent mountain forests of Nepal was shown to have increased
in the last few decades. Several other studies have also reported accelerated spruce radial
growth from 1950 onwards in adjacent coniferous forests in India [85,86]. On the other hand,
a period of suppression in the radial growth of fir in Kohistan and spruce in Haramosh
valley of Northern Pakistan was observed in the 17th century [50,73].

4.2. Climate Growth Relationship of Fir and Picea smithiana

Our results show that the effect of climatic variables (temperature and precipitation) on
the growth of fir and spruce varied for different study sites located at different topographic
gradients. However, the influence of mean temperature on the growth of both species
was more prominent than that of mean precipitation at the same sites. Spruce growth
was negatively correlated with the mean annual temperature in May at SHG, similar to
the findings of Ahmed et al. [69], who reported a negative correlation at Bagrot in Gilgit
Baltistan (GB). Conversely, a negative correlation was observed in December and March in
the Haramosh valley, GB [69]. Similarly, Ahmed et al. [67] reported a negative correlation
for spruce growth in April and May in the Chera site, GB, and a positive correlation in
June and July at the Naltar site, GB, which is consistent with our results (Figure 7a,c).
The regional growth of fir was reported in the premonsoon period [87,88], and a negative
correlation was reported for fir and spruce in premonsoon months [65]. Gaire et al. [89]
found that the tree-ring width of Abies was significantly influenced by the temperature in
June, July, and August compared to all other months.

Moreover, our study reported a positive correlation between spruce growth and
temperature in June and August, similar to Wahab [90], who studied the spruce growth in
the Dir district in Northern Pakistan and reported a correlation in June, July, and August.
Altitude is a major topographic factor that influences the spatial distribution of forest
species [74], and consequently affects the correlation of radial growth and climatic factors.
For this reason, temperature is considered the most influential climatic factor compared with
precipitation [91]. Therefore, the radial growth of fir and spruce is significantly correlated
with temperature as a result of the high altitudes at the SHG and BSG sites [37,92].

Furthermore, our findings show that, generally, precipitation is positively correlated
with the growth of fir in February, May, and September, whereas for spruce, there is a
positive correlation in April, November, May, and June. However, a negative correlation
was observed for both species in May (for Picea smithiana) and June. The results of this
study are consistent with those of Bhandari et al. [37], who reported a positive correlation
between precipitation and growth from March to July (for Abies pindrow) and in April
(for Picea smithiana). Previous studies have also reported that moisture and precipitation
positively impact the radial growth of conifer species not only in Northern Pakistan [68,69]
but also in the surrounding region of the Himalayas [63]. Such dry conditions with high
evapotranspiration may reduce the radial growth of coniferous species; however, warm
winters and excellent summers increase the growth of fir and spruce [93–95]. Moreover,
Yadav et al. [96] and Singh et al. [97] reported that the growth of coniferous species in
Himalayan regions was sensitive to moisture availability and rainfall. Similarly, Sohar
et al. [65] reported that rainfall before the monsoon positively influenced the radial growth
of fir and spruce, whereas the impact of monsoon rainfall was less prominent. In our
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research, Abies and Picea samples were collected from high elevation areas located in dry
and semiarid ecological zones with low precipitation and moisture-deficient soil.

The PDSI was more strongly correlated with and influential in the growth of fir and
spruce than precipitation and temperature (Figure 6b,c). This was also evident from the
work of Bhandari et al. [37], who studied the same species in Northern Pakistan. The
results of our study show that PDSI is strongly correlated with the growth of both species
from May to October (Figure 6b). Ram [98] studied the relationship of fir growth and
PDSI in India and found that PDSI is positively correlated with radial growth from June to
September, congruent with our research findings (Figure 6b).

Similarly, Ram and Borgaonkar [88] reported the strong correlation of PDSI with the
radial growth of fir and spruce from May to July. Furthermore, another study reported a
strong correlation between tree growth (fir) and PDSI from March to October [88]. PDSI is
strongly correlated with the growth of other coniferous species such as Pinus wallichiana
in the spring season, as excess moisture is available [93]. Roibu et al. [99] also reported
a significant correlation of PDSI with Quercus and Fraxinus from February to September.
Additionally, Bhandari et al. [37] reported that PDSI is strongly and significantly corre-
lated with the tree-ring width of fir and spruce throughout spring and summer (with the
exception of August in the case of Abies), consistent with our findings. Van der Maaten-
Theunissen et al. [92] reported that the growth of Abies alba and Picea abies is sensitive to
summer PDSI and influenced by altitudinal gradient. Rai et al. [100] also reported such
findings in the dendrochronology of Abies spectabilis along the altitudinal gradient.

4.3. Dendroclimatological Relationship with Latitude

Lyu et al. [101] reported relationships between the growth of coniferous trees and
climatic factors at two different sites located at different latitudes (Finland and the Tibetan
Plateau). The study reported that the correlation between summer temperature and radial
growth changed from weaker (nonsignificant) at lower latitudes to a significant negative
relationship at higher latitudes in the summer season. Furthermore, different growing
seasons and moisture contents were reported at different latitudes [102,103], and a decrease
in moisture availability and a higher evapotranspiration were reported at the lower latitudes
of Tibetan Plateau compared to its upper latitude [104]. Lyu et al. [101] further reported that
the growing season was experienced one month earlier at sites located at the northernmost
latitude than at those situated at the southernmost latitudes. In another study, Jyske
et al. [105] reported a one-month delay in the growing season at sites located at different
latitudes; May was the starting month in southern latitudes, whereas in the southern
latitudes of Finland, the initiation of the growing season was delayed to June. Mäkinen
et al. [106] also studied the dendrochronology of Picea abies along the transect at different
latitudes and altitudes in European forests. The temporal (decadal) radial growth of Picea
abies and its correlation with climatic factors was studied, and variations in correlations
were observed at various sampling sites located at different latitudes in Germany, Norway,
and Finland. Bosela et al. [107] studied variations in the radial growth of Picea abies and
climatic factors along a latitudinal gradient in European forests. The study reported a
significant relationship (strong correlation) between the growth of Picea abies and climatic
factors during the summer season, but this strong correlation was influenced by latitudinal
differences and showed variations from lower to higher latitudes. Čater and Levanič [108]
analyzed the growth of Abies alba and Fagus sylvatica and established its relationship with
climatic factors and PDSI. The study reported variations in the radial growth of both species,
yet the response of each species to the latitudinal gradient was different (the response of
Fagus increased towards the southeast, whereas that of Abies decreased from northwest to
southeast locations).

Many previous researchers have reported variations in the radial growth of Abies
alba with respect to climatic factors along latitudinal gradients [109–112]. In their study,
Liang et al. [113] stated that tree growth responses to changing climates cannot be fully
quantified using climatic factors alone, and integration with other data is needed to explain
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forest growth responses along the altitudinal gradient. Yasmeen et al. [114] studied the
chronology of Larix gmelinii and Pinus sylvestris along the altitudinal gradient in northern
China. The study reported an opposite behavior (trend) of correlation between the radial
growth of both species and climatic factors (temperature and precipitation) from lower to
higher latitudes.

5. Conclusions

In this study, we conducted a dendrochronological analysis of spruce and fir at five
different sites in Northern Pakistan along the altitudinal gradient. The main objectives of
the study were to investigate the significant climatic factors affecting the radial growth of
spruce and fir pine at five ecological sites and to understand the relationship of latitudinal
gradient and the growth–climate response of both species. A total of 219 samples (ring
cores) were collected from both species at five different sites (SHG, UDS, BSG, NPKA, and
SHA) in Northern Pakistan. The results for spruce and fir showed the occurrence of climate
variability between 1950 and 2017.

In the case of spruce at SHG, the lowest tree-ring width was 0.54 in 1879, which was
the most severe drought year, whereas the highest width was 1.42 in 1854, which was the
most humid year. In UDS and BSG, the most severe drought years were 1892 and 1879,
respectively, and the most humid years were 1822 and 1861, respectively. The highest
climate variability was recorded in two periods, the first between 1804 and 1843, and the
second between 1872 and 1900, whereas the lowest was found between 1915 and 1991.
Similarly, in the case of fir, the highest climate variability was recorded in two periods,
the first between 1819 and 1879, and the second between 1986 and 2017, whereas the
lowest climate variability occurred during the first half of the 20th century. With respect
to the relationship of growth with climatic factors, fir growth was found to be positively
correlated with precipitation (in the summer season), mean temperature, and PDSI (in
spring, summer, and autumn). The growth of spruce was similarly positively correlated
with precipitation (in February, September, and May) and PDSI (in the summer and autumn
seasons). However, no correlation with monthly temperature was observed.

Additionally, subsequent to the rapid warming of 1980, a considerable rise in the
correlation coefficient was noted in the association of fir and spruce growth with seasonal
precipitation and PDSI. This increased initially up to midlatitudes and then gradually
decreased with increasing latitude (with the exception of some sites); thus, the correlation
coefficient for radial growth of both species with seasonal temperature and PDSI demon-
strated significant variation along the latitudinal gradient. Further in-depth research is
necessary to assess the effects of a changing climate on important coniferous species in
Northern Pakistan along the latitudinal gradient. The results of the current study are useful
for climatic reconstruction.
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