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Abstract: To explore the difference in the response of the radial growth of Pinus tabulaeformis and
Picea crassifolia on different timescales to climate factors in the eastern part of Qilian Mountains, we
used dendrochronology to select four different timescales (day, pentad (5 days), dekad (10 days), and
month) for exploration. The primary conclusions were as follows: (1) According to an investigation of
the dynamic correlations between radial growth and climate conditions, drought during the growing
season has been the dominant limiting factor for radial growth across both species in recent decades;
(2) climate data at the dekad scale are best for examining the correlations between radial growth and
climate variables; and (3) based on basal area increment, P. tabuliformis in the study area showed a
trend of first an increase and then a decrease, while P. crassifolia showed a trend of continuous increase
(BAI). As the climate continues to warm in the future, forest ecosystems in arid and semi-arid areas
will be more susceptible to severe drought, which will lead to a decline in tree growth, death, and
community deterioration. As a result, it is critical to implement appropriate management approaches
for various species based on the peculiarities of their climate change responses.

Keywords: dendroecology; dominant coniferous tree; timescale; growth patterns; eastern
Qilian Mountains

1. Introduction

AR6 points out that based on historical observations and model simulations in the
21st century, land warming at the global scale has increased the demand for atmospheric
evaporation and the intensity of drought events. The increase in land temperature was
higher than that in the ocean, which affected the atmospheric circulation and reduced
the relative humidity near the surface, leading to the occurrence of regional drought
events [1]. Forest ecosystems have produced a strong response to global climate change,
which has caused changes in the growth of large areas of trees, forest composition, and
carbon assimilation [2]. Most studies on the impact of climate change on biodiversity have
focused on the direct effects of temperature and precipitation. Fewer studies have looked
at indirect effects, such as how climate change affects the forest structure and composition,
which has an impact on species presence and abundance [3].

The impact of climate warming on the radial growth of trees varies with environmental
differences. In humid areas, higher temperatures can promote tree growth by accelerating
the onset of xylem cells or accelerating the rate of photosynthesis [4]. Alternatively, a warm-
ing climate may trigger drought events, and in dry regions, trees have a reduced ability
to absorb water due to reduced xylem carbohydrates, leading to reduced growth [5,6]. In
addition, different forest species in different regions show different ecological adaptation
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mechanisms to climate change [7]. Some tree species have shown divergent responses to
global climate change, indicating unstable responses to limiting environmental condition
factors over time, like in spruce and Abies lasiocarpa in opaque gem parkland in Canada,
black pine, and P. tabuliformis and Sabina przewalskii in northwest China [8–11]. However,
European larch in the European Alps, P. nigra in Mediterranean hilly areas, and P. crassifolia
in northwest China’s mid-latitudes show fairly consistent responses to limiting climatic
variables. Global warming is one of the major causes of reduced tree growth and death in
arid and semi-arid regions [12–15]. There is a considerable number of studies that present
a different perspective, and the results suggest that in semi-arid environments, elevated at-
mospheric CO2 concentrations positively affect the radial growth rate of naturally growing
trees and that the growth of trees is affected not only by climatic factors but also by other
non-climatic factors [16–18]. Therefore, there is great significance in fully understanding the
spatial and temporal responses patterns of forest ecosystems to climate transition, which
can be tailored to provide a scientific basis for forest management schemes [19,20].

The responses of trees’ radial growth to climate factors differ across timescales [21].
Traditional dendrochronology studies on growth–climate relationships usually focus on
long monthly or annual timescales, excluding the short dekad (10 days), pentad (5 days),
and daily timescales [10,22,23]. The trees’ continuous development process is disturbed
physically, and some climatic indicators of tree chronology are often lost [24]. Alternatively,
a more accurate climate signal can be obtained from tree chronology if the tree response
to climate is on an appropriate timescale that is consistent with tree growth patterns. The
results of this study of growth patterns on short timescales provide interpretation and
validation for studies of radial tree growth on long timescales. Daily climatic variables,
particularly daily temperature in the pre- and early growth seasons, play an essential
influence in shaping tree ring width [25]. Dendroclimatology has also used 5-day and
10-day time frames, in addition to daily timescales. For example, using the correlation
between the tree ring width index and the mean temperature on a pentad scale, the
important phenological interval of the tree-growing season in Eurasia was determined [26].
Tree growth and climate factors in early summer (17 June to 11 July) in Eastern Tamil
and Putoran were reconstructed on a small timescale [27]. However, all the above studies
were conducted within a single timescale. In addition, the results of tree radial growth
response at different timescales remain uncertain. Therefore, it is necessary to analyze the
relationship between tree growth and climate factors at different timescales.

Different tree species in the same habitat will lead to different responses to climate
change [28]. For example, in northern Ontario, Canada, it was found that increases in
temperature during the growing season promote the radial growth of the North American
Pinus banksiana but cause a decline in the growth of Picea mariana [29]. Climate change in
Europe has contributed to the growth of birch and beech, as the warming climate has caused
the trees to start growing earlier and end later, lengthening the entire growing season [30].
In the Tianshan Mountains of northern China, Picea schrenkiana was more susceptible to
drought than Larix sibirica because of variations in resource allocation trade-offs [11]. These
findings suggest that there are significant variations in the response patterns of different
tree species to climate change, as they relate to distinct ecological adaptation methods. As a
result, additional tree species must be studied to determine the link between tree growth
and climate change.

The Qilian Mountains (36–40◦ N, 94–103◦ E) are located on the northeastern edge of
the Qinghai–Tibet Plateau in northwestern China, a transition zone between the arid west
and the humid east. It is an important water source and runoff area for the oasis of the Hexi
Corridor and the Yellow River Basin, as well as an important ecological security barrier in
the western region of China. Forests of P. crassifolia and P. tabuliformis in the Qilian Moun-
tains play important roles in water conservation and biodiversity protection. Therefore, it is
important to study the responses of forest ecosystems in this region to climate change and
global warming [31,32]. In recent decades, studies in the Qilian Mountains have focused
on the evaluation of tree rings and reconstruction of the relationship between climate
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factors [33–36]. There are many studies on the middle and western parts of Qilian Moun-
tains [37,38], and were few have been performed in the eastern Qilian Mountains [39–41].
The response patterns and mechanisms of radial growth under climate change are still not
clear for different timescales and species. To determine the timescale effects of patterns
in radial growth responses in two dominant coniferous trees under climate change in the
eastern Qilian Mountains, we (1) analyzed the relationship between the radial growth of
the two tree species at the daily, climatic, annual, and monthly timescales and the response
to climate factors and (2) compared the differences in the interannual changes in the radial
growth of the two tree species and clarified the growth of different tree species under
climate change patterns and future development trends.

2. Material and Methods
2.1. Study Area and Climate

The study area was in Tulu Trench Forest Park (36◦40′–36◦44′ N, 102◦36′–102◦45′ E) in
the eastern Qilian Mountains (Figure 1). It has a typical temperate continental monsoon
climate, with rainy and hot periods (Figure 2). The Wushaoling meteorological station
(37.2◦ N, 102.87◦ E; 3045.1 m), which is close to the sampling point, was selected for
meteorological data. The mean annual precipitation was 414.8 mm from 1960 to 2018, and
more than 60% of that occurred in June–September. The mean monthly temperature ranges
from −11.8 ◦C in January to 11.6 ◦C in July. The annual total solar radiation is 469 kJ/cm2,
the frost-free period is only one-third of the year, and the annual evaporation is much greater
than the annual precipitation. The study area is rich in vegetation resources and presents
obvious vertical zoning, transitioning from low-altitude forests to high-altitude meadows;
trees mainly include coniferous species, such as Qilian Qinghai spruce, P tabulaeformis,
juniper, and Picea wilsorii, as well as Populus davidiana and Betula albosinensis. In addition,
Betula platyphylla and other broad-leaved trees are present, and shrubs, such as Cotoneaster,
Rhododendron and Potentilla, and herbaceous plants, such as Kobresia pygmaea, are also
abundant [42].
Forests 2022, 13, x FOR PEER REVIEW 4 of 20 
 

 

 
Figure 1. Locations of sampling sites and the nearest meteorological station (Wushaoling 
meteorological station). 

Figure 1. Locations of sampling sites and the nearest meteorological station (Wushaoling meteorolog-
ical station).



Forests 2022, 13, 72 4 of 17
Forests 2022, 13, x FOR PEER REVIEW 5 of 20 
 

 

 
Figure 2. Variation trends in climate factors in the study area at daily, pentad, dekad, and monthly 
timescales during 1960–2018. (A) Trend in climate factors at the monthly scale, (B) change trend in 
climate factors at the dekad scale, (C) change trend in climate factors at the pentad scale, and (D) 
change trend in climate factors at the daily scale. 

2.2. Field Sampling and Chronology Establishment 
In August 2019, the collection of tree ring samples was carried out in the eastern part 

of Qilian Mountains. The sampling objects were the dominant species of P. tabulaeformis 
and P. crassifolia in this area, and their growth environment is similar. The specific 
sampling location is shown in Figure 1. To avoid the interference of non-climatic factors 
on the radial growth of trees, a total of 50 trees with good growth conditions were selected 
for the 2 tree species. Among them, there were 25 P. tabulaeformis and P. crassifolia, each 
with 2 cores. Sampling information is shown in Table 1. The collected sample cores were 
packaged in paper tubes, and after the relevant information about the sampling points 
was indicated, they were brought back to the laboratory for further processing.  

Table 1. Information of tree ring sampling sites in this study. 

Tree Species Pinus tabuliformis Picea crassifolia 
Elevation (m) 2260 (m) 2903 (m) 
Longitude (E) 102°44.25′ E 102°44.25′ E 
Latitude (N) 36°41.18′ N 36°41.27′ N 

Slope (°) 45° 36° 
Aspect North North 

Tree spacing (m) 3.0 4.5 
Average diameter at breast height (cm) 32.4 33.8 

Figure 2. Variation trends in climate factors in the study area at daily, pentad, dekad, and monthly
timescales during 1960–2018. (A) Trend in climate factors at the monthly scale, (B) change trend
in climate factors at the dekad scale, (C) change trend in climate factors at the pentad scale, and
(D) change trend in climate factors at the daily scale.

2.2. Field Sampling and Chronology Establishment

In August 2019, the collection of tree ring samples was carried out in the eastern part
of Qilian Mountains. The sampling objects were the dominant species of P. tabulaeformis
and P. crassifolia in this area, and their growth environment is similar. The specific sampling
location is shown in Figure 1. To avoid the interference of non-climatic factors on the radial
growth of trees, a total of 50 trees with good growth conditions were selected for the 2 tree
species. Among them, there were 25 P. tabulaeformis and P. crassifolia, each with 2 cores.
Sampling information is shown in Table 1. The collected sample cores were packaged in
paper tubes, and after the relevant information about the sampling points was indicated,
they were brought back to the laboratory for further processing.

Table 1. Information of tree ring sampling sites in this study.

Tree Species Pinus tabuliformis Picea crassifolia

Elevation (m) 2260 (m) 2903 (m)
Longitude (E) 102◦44.25′ E 102◦44.25′ E
Latitude (N) 36◦41.18′ N 36◦41.27′ N

Slope (◦) 45◦ 36◦

Aspect North North
Tree spacing (m) 3.0 4.5

Average diameter at breast height (cm) 32.4 33.8
Average tree height (m) 16.0 14.5

Canopy (m) 2.65 3.65

The tree ring samples were taken back to the laboratory for preliminary processing.
First, the sample cores were fixed in a special wooden trough with latex. After the samples
were dried naturally, they were polished with sandpaper until the rings were clearly visible,
and then they were placed under a binocular microscope for visual dating. The tree ring
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width was measured with a LINTBA tree ring width meter with 0.001 mm accuracy (TM5,
Rinntech, Heidelberg, Germany), followed by dating with the COFECHA program to
ensure the accuracy of all sample dating and tree ring width measurements [43]. Finally,
the ARSTAN program was used to establish the chronology [44], the spline function was
used to fit, and influencing factors other than climate factors were removed. Finally, the tree
ring width standard chronology (STD), difference chronology (RES), and autoregressive
chronology (ARS) were established. The standard chronology was selected for analysis in
this study.

2.3. Meteorological Data

For the meteorological data, the Wushaoling meteorological station (37◦20′ N, 102◦87′ E,
1960–2018, Figure 3), with an altitude of 3045 m, was nearest to the sampling point (about
57 km). Tree growth is not only affected by the climate of the current year but also by the
climate of the previous year. Therefore, this study adopted September of the previous year
to October of the current year as the analysis interval of meteorological indicators. The
responses of tree growth to climate factors at different timescales were analyzed based on
meteorological station data.

Forests 2022, 13, x FOR PEER REVIEW 7 of 20 
 

 

 
Figure 3. Interannual variations of temperature and precipitation in the study area from 1960 to 2018 
(blue, red, and orange, and purple, respectively, indicate the inter-annual variation error range of 
temperature and precipitation). 

Figure 3. Interannual variations of temperature and precipitation in the study area from 1960 to 2018
(blue, red, and orange, and purple, respectively, indicate the inter-annual variation error range of
temperature and precipitation).



Forests 2022, 13, 72 6 of 17

2.4. Methods

SThe daily data were used to calculate the pentad, dekad, and monthly climatic values.
We first generated the daily average of each climatic factor from 1960 to 2018 (Figure 2D).
The total precipitation and mean temperature of 28 and 29 February in the leap year were
used as precipitation and temperature of 28 February. There are 73 pentads in a year. For
example, the first pentad is 1–5 January, and the 73rd pentad is 27–31 December [45]. The
pentad precipitation is the total precipitation over a 5-day period, and the temperature is
the mean temperature of those 5 days (Figure 2C). There are three dekads in a month and
36 dekads in a year. The first dekad of a month extends from the first to the tenth day of
the month; the following 10 days are the second dekad; and the 21st to the last day of the
month is the third dekad. Similar to the pentad, the dekad precipitation is the sum of the
daily precipitation, and the temperature is the mean temperature of the 10 days (Figure 2B).

At the daily, pentad, dekad, and monthly timescales, the Pearson correlation analysis
method was used to identify the growth response of the trees to climate and mainly control
of climate factors. To assess the radial growth trend, we calculated the basal area increment
(BAI) based on the original tree ring width chronology. BAI is a variable with biological
significance that quantifies the radial growth rate and trend of trees without the influence
of detrending that is generally used to produce the chronology [46]. BAI was calculated
using the following formula:

BAIt = BAt − BAt−1 = π((Rt−1 + TRWt)
2 − (Rt−1)

2)

where the BA variable represents consecutive cross-sectional basal areas, R is the core length
measured for dated tree rings formed in year t − 1, and TRW is the measured raw width of
the tree ring in year t.

3. Results
3.1. Chronological Parameter Analyses

Table 2 shows the chronological (STD) statistical parameters of both P. crassifolia and
P. tabuliformis in the study area. The high SNR (21.334 and 15.410) and EPS (0.965 and
0.939, SSS > 0.850) values of the two tree species indicate that the chronologies established
had high reliability and that the samples contained more climate information, making
them suitable for the study of tree ring ecology. The high values of MS, PC1, SD, and
SNR indicate that the annual fluctuations in the two chronologies were consistent and
were sensitive to climate change. Among them, the SNR and EPS values of the chronology
of P. crassifolia were higher than those of P. tabuliformis, indicating that the chronology of
P. crassifolia contains more climate information.

Table 2. Statistical parameters of the standard chronology.

Parameters Pinus tabuliformis Picea crassifolia

Cores/trees 50/25 42/25
Chronology span 1898–2018 1836–2018

Standard deviation (SD) 0.239 0.771
Variance in the first principal comment (PC1) 0.407 0.318

Mean sensitivity (MS) 0.186 0.125
First-order serial autocorrelation (AC1) 0.613 0.696

Mean correlation for all series (R) 0.150 0.253
Mean correlation within trees (R1) 0.620 0.655

Mean correlation between trees (R2) 0.135 0.568
Signal-to-noise ratio (SNR) 15.410 21.334

Expressed population signal (EPS) 0.939 0.955
First year of SSS > 0.85 (number of trees) 1915(23) 1895(13)
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3.2. Radial Growth Response of the Climate Factors of the Two Tree Species at Four Timescales
3.2.1. Growth–Climate Relationships at the Month Scale

The radial growth of P. tabuliformis was significantly negatively correlated with precipi-
tation in February (r =−0.289, p < 0.05) and October (r =−0.385, p < 0.01) of the current year.
Additionally, the radial growth of P. tabuliformis was significantly negatively correlated
with temperature in the growing season, showing correlations with the mean temperature
in September (r = −0.431, p < 0.01) of the previous year and June (r = −0.357, p < 0.01)
and July (r = −0.436, p < 0.01) of the current year, the mean maximum temperature in
May (r = −0.341, p < 0.01) and July (r = −0.438, p < 0.01) of the current year, and the mean
minimum temperature in July (r = −0.288, p < 0.05) of the current year.

Radial growth of P. crassifolia was not significantly correlated with precipitation
(Figure 4). The radial growth of Qinghai spruce was significantly negatively correlated
with temperature at the end of the previous year’s growing season and the current year’s
growing season (mean temperature P9: r = −0.326, p < 0.01, C1: r = −0.326, p < 0.05,
C2: r = −0.326, p < 0.01, C3: r = −0.326, p < 0.01; maximum temperature C2: r = −0.288,
p < 0.05; C3: r = −0.379, p < 0.01; C6: r = −0.513, p < 0.01; minimum temperature
C6: r = −610, p < 0.01, C8: r = −0.302, p < 0.05).
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3.2.2. Effect of Dekad Time Units on the Expression of Correlations

The radial growth of P tabulaeformis was significantly positively correlated with the
precipitation in June and July of the current growing season, and it had a strong negative
response to temperature mainly during the growing season; the radial growth of P. crassifolia
was in the early third and fourth parts of the growing season. The monthly precipitation
was negatively correlated. It had a strong negative response relationship with temperature
mainly in the early and middle growing season (Figure 5).
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3.2.3. The Effect of Waiting Time Units on the Expression of Correlation

The radial growth of P tabulaeformis was significantly positively correlated with the
precipitation in the current growing season and negatively correlated with the temperature
(average temperature, maximum temperature, minimum temperature) mainly in the cur-
rent growing season and at the end of the previous growing season. P. crassifolia also had a
similar response pattern (Figure 6).
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3.2.4. Effect of Daily Time Units on Correlation Expression

The radial growth of the two dominant tree species in the study area showed similar
correlations in daily climatic factors, dekad and pentad scales, mainly showing a positive
correlation between precipitation in the growing season and a negative correlation between
temperature in the first and middle of the growing season (Figure 7).

We calculated the correlation coefficients between the tree ring index and climate
factors at various timescales to determine the key climate intervals that affect the growth
of trees (Table 3). On all timescales, the tree ring index had the strongest correlation with
the temperature index. At the same time, no matter how the timescale of precipitation
or temperature changed, it showed that the absolute value of the correlation coefficient
between the dekad-scale climate factor and the tree ring index was the largest.

3.2.5. Correlation between the Radial Growth of Different Trees and the Drought
Index (SPEI)

The relationship between tree growth and the drought index (SPEI) is shown in Table 4.
The results show that the radial growth of P. tabulaeformis was significantly positively
correlated with the drought index at different timescales in the growing season, but there
was no significant correlation between the radial growth of P. crassifolia and the drought
index. This significant correlation indicated that the radial growth of P. tabulaeformis is more
limited by drought stress in the sampling area.
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the purple shade, p values are positively correlated (p < 0.05), lower than the part in purple shadow
indicates that p values are negatively correlated (p < 0.05).

Table 3. The maximum correlation coefficient between the tree ring index and climate factors at
different timescales.

Tree Species Climate Element Timescale Correlation Coefficients

Pinus tabulaeformis

Maximum temperature

Day −0.431

Pentad −0.408

Dekad −0.499

Month −0.436

Minimum temperature

Day −0.503

Pentad −0.359

Dekad −0.511

Month −0.288

Mean temperature

Day −0.476

Pentad −0.418

Dekad −0.563

Month −0.431

Precipitation

Day 0.296

Pentad 0.370

Dekad 0.386

Month 0.385
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Table 3. Cont.

Tree Species Climate Element Timescale Correlation Coefficients

Picea crassifolia

Maximum temperature

Day −0.525

Pentad −0.493

Dekad −0.637

Month −0.379

Minimum temperature

Day −0.392

Pentad −0.303

Dekad −0.615

Month −0.610

Mean temperature

Day −0.500

Pentad −0.521

Dekad −0.532

Month −0.582

Precipitation

Day −0.377

Pentad −0.391

Dekad −0.402

Month 0.190

Table 4. The correlation relationship between the radial growth of the two dominant coniferous
species and the SPEI (1960–2018).

Month
3-Month Scale 6-Month Scale 12-Month Scale

PC PT PC PT PC PT

Jan. −0.151 0.017 −0.034 0.116 −0.154 0.061
Feb. −0.097 0.032 −0.060 0.164 −0.159 0.026
Mar. −0.016 0.119 −0.003 0.149 −0.104 0.035
Apr. 0.043 0.114 −0.003 0.149 −0.042 0.060
May −0.095 0.294 * −0.077 0.262 * −0.048 0.160
Jun. −0.215 0.284 * −0.186 0.341 ** −0.052 0.312 *
Jul. −0.164 0.394 ** −0.105 0.433 ** −0.095 0.405 **

Aug. 0.013 0.328 * −0.028 0.410 ** −0.058 0.418 **
Sep. 0.080 0.281 * −0.063 0.371 ** −0.039 0.430 **
Oct. 0.091 0.115 −0.052 0.337 ** −0.050 0.378 **

(* p < 0.05, ** p < 0.01; PC: Picea crassifolia, PT: Pinus tabulaeformis).

3.3. Radial Growth Characteristics of Trees

This study found that temperature is one in all the key factors limiting the radial growth
of trees within the study area, which increased significantly at 0.428 ◦C/10a (Figure 3).
However, different growth trends were observed in the two species (Figure 8). We saw an
upward trend in the BAI of P. crassifolia from 1960 to 2018 (3.065 cm2 yr−1/10a/10a), while
this factor increased first and then decreased for P. tabuliformis. Notably, the growth rate of
P. tabuliformis has decreased significantly (−0.739 cm2 yr−1/10a) since the middle of the
20th century, given the significant increase in temperature.
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4. Discussion
4.1. Response Comparisons of the Radial Growth of Trees to Global Climate Change on
Four Timescales

We found that there is a significant correlation between the radial growth of P. tabuli-
formis and precipitation in the study area, and the response of P. crassifolia to precipitation
only appears on a smaller timescale (Figures 4–7). A significant negative correlation was
found between precipitation and P. tabuliformis, while that with P. crassifolia was not obvious.
However, different responses to climate factors may also be associated with differences
between the growing environments of trees species. For example, P. tabuliformis grows
mainly on sunny or semi-sunny slopes, while P. crassifolia grows mainly on shady slopes;
this must be clear for the beginning. So the evaporation rates of the two species are differ-
ent. Studies have shown that extremely high rainfall may affect environmental conditions,
directly or indirectly limiting tree growth at specific times of the year [47]. The growth of
the two dominant tree species in the study area was significantly and negatively correlated
with temperature at four timescales. Although tree cambium activities stopped in the fall
of the previous year, higher temperatures at this time may promote carbohydrate storage
and the synthesis of organic substances in trees, which are beneficial to growth in the
coming year [48,49]. In addition, the higher temperature in the early part of the growth
period may cause the start date of the growing season to advance, making the trees grow
wider rings [50]. Since the start and end dates of tree growth are basically determined, the
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correlation coefficients of trees growing on different timescales (day, pentad, dekad, month)
and climate factors (temperature and precipitation) have certain similarities [39,46].

Many studies have confirmed the existence of transition zones between tree radial
growth and climate on both temporal and spatial scales, and therefore, a single monthly
scale climate change has not always been the best option in the past when studying the
relationship between tree growth and climate change [51–53]. It has been reported that
Quecus ilex growth in the Mediterranean is more correlated with precipitation at the small
scale than on large timescales [54]. In Inner Mongolia, we also discovered more accurate
results for the response connection of climate with tree growing at a time frame less than
1 month, where precipitation during 1 April–10 July was rebuilt [39]. For dendroclimatic
models, the daily time frame was shown to be better. Tree growth models using daily
climate data are better than monthly data in identifying special climate events that last only
a few days but have a significant impact on the development of trees [55]. At the same
time, the daily time unit also has some shortcomings, such as being too large a calculation.
As shown in Table 3, the correlation coefficients between tree growth and climate factors
at different timescales are similar. This indicates that the pentad and dekad timescales
may be able to replace the daily scale. In addition, the pentad and dekad timescales have
been widely used in studies of climate change and tree physiology [45,56–58]. However,
according to our study, the response of tree growth to climate is more accurate on a
dekad scale. To better comprehend the dekad scale’s superiority, we discovered that the
greatest correlation coefficient between the radial growth of trees and temperature in the
17–25th dekad period was larger than the monthly value for the same time. Meanwhile,
the highest correlations between tree ring data and precipitation throughout the growing
season increased from 0.296 to 0.386 at the dekad and monthly scales (Table 3). According
to the principles of dendrophysiology and dendrophenology [47], the temperature from
the 16th to the 25th dekad (June to August) is the main determinant of the radial growth of
trees in the Qilian Mountains. Starting in early April every year, the average temperature is
above 5 ◦C, and the trees will enter a period of rapid growth, the radial growth of trees into
the rapid growth period [59]. In addition, the high temperature and more precipitation
caused by climate change are conducive to the formation of cambium phenology, and
the increase in and enlargement of cells are also conducive to the growth of trees and the
formation of wide rings [34]. In conclusion, the assessment of growth responses in trees
to climate factors at a smaller timescale avoids the problem of correlation relationships
being concealed by an excessively large timescale. Therefore, climate factors at the dekad
scale might be more appropriate than the monthly scale when assessing the correlation of
P. tabuliformis with P. crassifolia in the Qilian Mountains.

4.2. Responses of Different Tree Species Growth Patterns to Climate Change

Our results showed that the growth patterns of the two tree species in the 20th century
differed with climate change. The growth trend of P. crassifolia increased significantly, while
that of P. tabuliformis decreased significantly after the 1980s (Figure 8). The two coniferous
species’ growth patterns and ecological adaption methods differed as a result of the sudden
temperature increase. P. crassifolia responded to environmental warming by optimizing
its water usage techniques and encouraged its own development by controlling CO2 and
nutrient absorption [60,61]. Under the circumstance of high atmospheric CO2 concentration,
the stomatal openings in the leaves of P. crassifolia reduced during photosynthesis [62], thus
reducing the transpiration rate and improving the water use efficiency. Furthermore, after
a sudden increase in temperature, the limiting impact of precipitation on P. crassifolia grew
progressively, suggesting that increases in drought stress will similarly limit P. crassifolia
development when future temperatures rise above the tree response critical value (Figure 8).
Forests in arid and semi-arid regions reduce the adverse effects caused by climate change
through their own re-adaptation to the environment, thereby maintaining their own growth
and stability [35,63]. Drought stress, however, has become a major limiting factor in
P. tabuliformis radial growth, and prolonged temperature rises will lead P. tabuliformis
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growth to slow in the future (Figure 8). A similar finding has been reached elsewhere,
indicating that the reproduction rate of P. tabuliformis slowed with time and its range
narrowed toward the end of the 20th century [64].

Different tree species in the same region respond differently to climate change, depend-
ing on their species and biological characteristics [65]. It was found that the radial growth
of P. crassifolia and P. tabuliformis in the middle and east of the Qilian Mountains was signifi-
cantly negatively correlated with the temperature during the growing season [41,66–70].
The available water could hardly meet the needs of plants due to the high temperatures
and drought that occurred in the growing season in the northwest inland area of China,
leading to severe drought stress on the radial growth of P. tabuliformis in the study area.
This result is generally referred to as the drought-sensitive response of trees to climate
warming [71,72]. Further comparison between the two species showed that the degree
of correlation between the radial growth of P. tabuliformis and temperature is higher than
that for P. crassifolia. P. tabuliformis is mainly distributed on sunny and semi-sunny slopes,
where the environmental conditions are relatively hot and dry with strong illumination.
High temperatures cause leaf stomatal closure and reduce the photosynthesis of trees.
However, P. crassifolia is distributed on shady slopes and semi-shady slopes with weak
illumination intensity, so it is less affected by high temperatures than P. tabuliformis. This
study found that P. tabuliformis growing on the drier sunny and semi-sunny slopes of the
Qilian Mountains is more prone to growth declines and deaths than P. crassifolia growing on
shady slopes with increases in temperature and aridity. In the context of climate warming,
the protection and management of P. tabuliformis forests should be emphasized.

In the past 50 years, the temperature in the northwest of China has continued to
increase [73], and some models predict that with the increasing warming, resulting in
severe and widespread drought in many land areas, drought stress caused by regional
drought may be the main reason for the general increase in mortality of trees of different
species, sizes, altitudes, and latitudes and longitudes, and the future increase in warming
and drying may significantly affect the regional trees [74]. In addition, drought was also
found to be the main factor limiting tree growth by calculating the drought index (SPEI)
(Table 4). Thus, it can be seen that warming-induced drought stress has an extremely
serious impact on normal tree growth and forest carbon uptake. At the same time, forests in
arid and semi-arid environments will also suffer from severe drought impacts in the future,
and this can lead to reduced tree growth and tree death [11]. The survival of different tree
species will develop in the changing climate environment to form the best combination of
tree species, which will lead to changes in forest composition, structure, and productivity.

5. Conclusions

The two dominant conifer species in the study area exhibited completely different
growth patterns under the same climate background, and at the same time, they were under
severe drought stress during the growing season. Meanwhile, P. tabuliformis radial growth
exhibited a synchronous radial growth pattern, increasing initially and then reducing,
but P. crassifolia radial development exhibited a synchronous radial growth pattern that
considerably grew. Different tree species show different responses to climate change, which
is conducive to providing more reasonable protection and management measures for the
forest ecosystem and reducing the harm caused by environmental change. In addition,
compared with the daily, pentad, and monthly timescales, the two tree species are more
sensitive to climatic factors at the dekad timescale in the eastern Qilian Mountains. As a
result, while researching the link between tree growth and climate, as well as historical
climate reconstruction, we should pay greater attention to the effect of climatic parameters
on short time periods, such as the dekad scale, over trees.
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