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Abstract: The response of radial growth to climate and the climate sensitivity of tree growth at
different ages in different drought conditions are essential for predicting forest dynamics and
making correct forest management policies. In this study, we analyzed the growth responsiveness of
Picea crassifolia Kom. to climate and explored the relationship between age and climate sensitivity of
radial growth at the individual tree scale in the wetter eastern area and drier western area of the Qilian
Mountains. Pearson correlation coefficients were calculated between the chronology of each tree and
climatic factors to examine the climate-growth relationships. Linear fitting, quadratic polynomial
fitting and exponential fitting were used to test the relationships between age and mean sensitivity,
standard deviation and radial growth’s response to climate. Trees in the wetter eastern area showed a
weaker response to climate than those in the drier western area and were significantly correlated with
precipitation and mean temperature in the previous and current mid-late summer. Trees in the drier
western area were mainly limited by precipitation of the previous August, the current May and June,
as well as limited by temperature in the previous and current early-middle summer. In the wetter
area, the younger trees were more sensitive to both precipitation and temperature than the older trees.
In the drier area, younger/older trees showed a stronger sensitivity to precipitation in the current
August and September/May, whereas trees 120–140 years old showed a stronger correlation with
temperature factors in the summer. It was determined that mature trees in the drier area were more
strongly influenced by the climate, especially in the context of increasing temperature. These trees
should be paid special attention in forest management.
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1. Introduction

The prediction of forest dynamics and policy-making about forest management and protection are
often based on the analysis of radial growth-climate relationships [1,2]. The responses of radial growth
to climate varied with the regional variability in moisture conditions [3]. A previous research carried
out in western Oregon showed that the radial growth of Pseudotsuga taxifolia var. menziesii (Mirb.)
Franco significantly correlated with summer temperatures in the warm and arid region and with
winter temperatures in the cool region [4]. Precipitation exerted an increasingly positive influence on
tree growth in the Qilian Mountains, northwest China, along the east-west drought gradient there [5].

Forests 2018, 9, 135; doi:10.3390/f9030135 www.mdpi.com/journal/forests

http://www.mdpi.com/journal/forests
http://www.mdpi.com
https://orcid.org/0000-0002-0923-006X
http://dx.doi.org/10.3390/f9030135
http://www.mdpi.com/journal/forests


Forests 2018, 9, 135 2 of 19

In terms of Abies balsamea (L.) Mill. at its southern limit in New York, USA, trees positioned in the
groundwater-fed fens were insensitive to the warming, whereas trees on the remnant upland showed
an increasingly negative sensitivity to temperature rise in the summer [6]. Studies in Central Europe
found that radial growth at the more humid sites was mainly influenced by low autumn precipitation
in the previous year and low summer precipitation in the current year, but that at the more arid sites,
it was limited by summer drought [7].

Climate sensitivity of tree growth at different ages also impacts forest composition and dynamics
obviously [8]. Regional variability in hydro-thermal conditions affects the relationships between
the growth response to climate and tree age to some extent [9–11]. By reviewing related literature,
the phenomenon that almost all of the younger trees that were more sensitive to climate were in
the humid and semi-humid regions was observed, whereas the phenomenon that older trees were
more sensitive occurred more frequently in the relatively arid areas. For example, Abies georgei var.
smithii (Viguie & Gaussen) W. C. Cheng & L. K. Fu in the Sygera Mountains [12], Picea mariana (Mill.)
BSP in Northern Manitoba [13] and Juniperus thurifera L. in north-central Spain [14] all showed that the
younger trees responded to climatic factors more strongly than the older trees. In contrast, studies on
Qilian Juniper (Sabina przewalskii Kom.) in northwest China [15], Korean pine (Pinus koraiensis Sieb.
et Zucc.) in the Changbai Mountain, Northeast China [16], and Pinus tabulaeformis Carr. and Picea
purpurea Mast. in the arid region of the Kongtong Mountain, northwest China [17], found that older
trees showed stronger response to climatic factors than younger trees.

There is a significant variation in wetness and dryness from east to west in the Qilian Mountains,
northwest China [18], which provides conditions for studying different relationships between the age
and climate sensitivity of growth in the different water stress environments. Picea crassifolia Kom. is a
type of widespread conifer in northwest China [19]. Forests of Picea crassifolia are distributed in the
entire region of the Qilian Mountains, and the trees are sensitive to climate. There have been many
dendrochronological studies on Picea crassifolia carried out in the region [20–22]. In this study, we set
up a series of sites to sample tree cores of Picea crassifolia along the moisture gradient in the Qilian
Mountains. We explored the variability of climate-radial growth relationships at the individual tree
scale [23,24] and its relationship with the age of individual trees. We hypothesized that: (1) trees in the
more arid areas were more sensitive to climate than those in the wetter areas; and (2) younger trees
responded more strongly to climate in the wetter areas, while older trees exhibited higher sensitivity
to climate in the drier areas of the same region.

2. Materials and Methods

2.1. Study Area and Climate

The study area is located in the Qilian Mountains (36.433◦–40.017◦ N, 94.867◦–103.150◦ E), on the
northeastern margin of the Tibet Plateau in northwest China (Figure 1). The topography is high
in the northwest and low in the southeast. The altitude range is 2500–4500 m a.s.l. in the Qilian
Mountains. Picea crassifolia and Sabina przewalskii are two dominant forest tree species that inhabit
a wide biogeographical niche in the study area. Generally, Picea crassifolia grows at wetter sites and
Sabina przewalskii grows at drier ones [25]. The region is influenced by the East Asian Monsoon and the
Westerlies climates [5].
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River basin [26,27]. Total annual precipitation (1959–2013) drops from 346.5 mm at Minhe (36.32° N, 
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128.4 mm at Zhangye (38.93° N, 100.43° E; 1482 m a.s.l.) in the middle and 87.4 mm at Jiuquan in the 
west (39.77° N, 98.48° E; 1477 m a.s.l.) of the study area (Figure 2). Total annual precipitation at high 
altitudes is much higher than at low altitudes. Total annual precipitation (1959–2013), as recorded by 
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the east, 256.9 mm at Sunan (38.83° N, 99.62° E; 2312 m a.s.l.), 415.2 mm at Yeniugou (38.42° N, 99.58° 
E; 3320 m a.s.l.) in the middle and 295.2 mm at Tuole (38.8° N, 98.42° E; 3367 m a.s.l.) in the west, 
respectively (Figure 2). Mean annual temperature (1959–2013) in the study area ranges from  
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Mountains shows a higher temperature and more precipitation than that in the west. Most of the 
precipitation occurs during May–September, and the high mean monthly temperatures emerge 
during June–August. 

  

Figure 1. Sampling sites of tree-ring and meteorological stations in the Qilian Mountains.

The study area lies in a transition zone between the East Asian Monsoon and the Westerlies.
The East Asian Monsoon dominates in the east Shiyang River basin, whereas the Westerlies dominate
in the west Shule River basin. A mix of the two dominant weather systems occurs in the middle
Heihe River basin [26,27]. Total annual precipitation (1959–2013) drops from 346.5 mm at Minhe
(36.32◦ N, 102.85◦ E; 1814 m a.s.l.) and 166.4 mm at Wuwei (37.92◦ N, 102.67◦ E; 1532 m a.s.l.) in the
east, 128.4 mm at Zhangye (38.93◦ N, 100.43◦ E; 1482 m a.s.l.) in the middle and 87.4 mm at Jiuquan in
the west (39.77◦ N, 98.48◦ E; 1477 m a.s.l.) of the study area (Figure 2). Total annual precipitation at
high altitudes is much higher than at low altitudes. Total annual precipitation (1959–2013), as recorded
by mountain meteorological stations, is 399.8 mm at Wushaoling (37.20◦ N, 102.87◦ E; 3045 m a.s.l.)
in the east, 256.9 mm at Sunan (38.83◦ N, 99.62◦ E; 2312 m a.s.l.), 415.2 mm at Yeniugou (38.42◦ N,
99.58◦ E; 3320 m a.s.l.) in the middle and 295.2 mm at Tuole (38.8◦ N, 98.42◦ E; 3367 m a.s.l.) in the
west, respectively (Figure 2). Mean annual temperature (1959–2013) in the study area ranges from
7.4–8.2 ◦C at low altitudes and from −2.9–0.1 ◦C at high altitudes. Overall, climate in the eastern
Qilian Mountains shows a higher temperature and more precipitation than that in the west. Most of
the precipitation occurs during May–September, and the high mean monthly temperatures emerge
during June–August.
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Figure 2. Monthly climate for the meteorological stations at Minhe, Wuwei, Zhangye, Jiuquan (lower 
altitudes) and Wushaoling, Yeniugou, Sunan and Tuole (higher altitudes) from east to west in the 
Qilian Mountains (1959–2013). 

  

Figure 2. Monthly climate for the meteorological stations at Minhe, Wuwei, Zhangye, Jiuquan
(lower altitudes) and Wushaoling, Yeniugou, Sunan and Tuole (higher altitudes) from east to west in
the Qilian Mountains (1959–2013).
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2.2. Sampling and Chronology Development

Five sampling areas were selected along a moisture gradient in the Qilian Mountains, where the
forests were natural pure forests with little disturbance from felling, fire or insects and similar density
(Figure 1). The five areas were named TLG (i.e., Tulugou), HX (i.e., Haxi), SDL (i.e., Sidalong),
HYG (i.e., Heiyagou) and QKD (i.e., Qingkedi) along the southeast-northwest mountain range.
Soil characteristics were similar among them [5]. One to three sampling sites with a slope from
25 to 35 degrees were set in each area (Table 1). We set a quadrat (20 m × 20 m) at each sampling
site. All the quadrats within the area had similar stand density. Twenty-five healthy trees (with a
>20 cm diameter at breast height) were randomly selected and sampled. Two cores from each tree were
taken at approximately a 1.3-m height using increment borers (5.15 mm in diameter). The cores were
treated according to the standard dendrochronological procedures [28]: fixed, sanded, cross-dated by
matching patterns of wide or narrow rings [29] and measured with TSAP software package (WIN-PC)
(Frank Ring Company, Heidelberg, Germany) [30].

Table 1. Summary of the sampling locations.

Site Altitude
(m a.s.l.)

Latitude
(◦N)

Longitude
(◦E)

Slope
Aspect Slope No. of

Trees Climate Data From

TLG1 2922 36.68 102.66 northeast 30 25 Wushaoling
TLG2 2802 36.68 102.66 northeast 26 25 Wushaoling
HX1 2890 37.38 102.56 northeast 33 25 Wuwei, Wushaoling
HX2 2697 37.39 102.57 northeast 25 25 Wuwei, Wushaoling
SDL1 3200 38.42 99.93 northeast 31 25 Qilian, Yeniugou
SDL2 2649 38.45 99.91 northeast 26 25 Qilian, Yeniugou
HYG1 3086 38.78 99.65 northeast 35 25 Sunan, Yeniugou
HYG2 2837 38.79 99.66 north 25 25 Sunan, Yeniugou
HYG3 2654 38.79 99.67 north 27 25 Sunan, Yeniugou
QKD 2896 39.40 98.46 north 28 25 Jiuquan and Tuole

Note: TLG represents Tulugou, HX represents Haxi, SDL represents Sidalong, HYG represents Heiyagou,
QKD represents Qingkedi.

Cross-dating and the quality of the tree-ring width series at each site were checked by using the
COFECHA program [31]. A 50-year cubic smoothing spline or negative exponential function was
used to detrend the tree-ring width series and get standard chronologies of each core in the ARSTAN
program [32]. Mean sensitivity (MS) and standard deviation (SD) were calculated for each chronology
within the common period (1960–2013) to assess the year-to-year variability of growth and allow
comparisons among the chronologies at different sites [28].

2.3. Analytical Method

Hierarchical cluster analysis was used to divide all the cores into different groups. The cluster
method selected Ward’s method and measures of distance selected Euclidean distance in the cluster
analysis. The cluster analysis result finally divided all the cores into two groups, i.e., the east group and
west group. The east group included TLG1 (Tulugou 1), TLG2 (Tulugou 2), HX1 (Haxi 1), HX2 (Haxi 2)
and SDL1 (Sidalong 1), while the west group included SDL2 (Sidalong 2), HYG1 (Heiyagou 1),
HYG2 (Heiyagou 2), HYG3 (Heiyagou 3) and QKD (Qingkedi). The east group represented trees
growing in the relatively wetter environment, and the west group represented those in the relatively
drier environment.

One-way ANOVA was used to examine the differences of MS and SD of chronologies belonging
to different groups. Pearson correlations were calculated between the chronology of each core and
climate factors within the common period (1960–2013). The climatic factors included mean monthly
temperature and total monthly precipitation from the previous June to the current October of the year
for tree-ring formation and the combination of several months. The Pearson correlation coefficients
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indicated the response sensitivity of radial growth to climate. Pearson correlations at TLG were
calculated by using climate data from the Wushaoling meteorological station; those at HX were from
the Wuwei and Wushaoling stations; those at SDL were from the Qilian and Yeniugou stations; those at
HYG were from the Sunan and Yeniugou stations; and those at QKD were from the Jiuquan and
Tuole stations. Climate data at each altitude were calculated according to the proportion of vertical
distance to the two nearest meteorological stations, which was similar to the inverse distance weighted
interpolation [33,34].

For example, vertical distance of site SDL1 (3200 m a.s.l) to Yeniugou station (3320 m a.s.l) was
120 m, and vertical distance to Qilian station (2787 m a.s.l) was 413 m. Precipitation of SDL1 was
calculated according to the following equation:

Pre(SDL1) = 413/(120 + 413)×Pre(Yeniugou) + 120/(120 + 413)×Pre(Qilian) (1)

where Pre(SDL1) indicates precipitation at site HE, Pre(Yeniugou) indicates precipitation of Yeniugou
station and Pre(Qilian) indicates precipitation of Qilian station.

We counted the tree rings to estimate tree age. Because the distance between the pith and first
complete tree ring was less than 2.0 cm, we used a visual method to estimate the number of missing
rings [35,36]. Linear fitting and quadratic polynomial fitting were used to test the relationships
between the age and mean sensitivity, standard deviation and radial growth’s response to climate
(i.e., the absolute value of correlation coefficients between tree-ring indexes and climate). The absolute
values of coefficients could reflect the response intensity more accurately. We analyzed the data by
using IBM SPSS (Version 20.0, SPSS Inc., Chicago, IL, USA). Because there was a different sample
distribution in each age class, we calculated the percentages of significant correlation coefficients
between climate and radial growth. The fitting lines of the percentages could add information to
illustrate the relationships between tree age and radial growth’s response to climate.

3. Results

3.1. Chronology Parameters and Their Relationship with the Age of Trees in the East and West

Mean values of the standard deviation (SD) of the chronologies in the east and west were
above 0.13, and those of mean sensitivity (MS) were above 0.11 (Figure 3). The numbers of MS and
SD indicated that the chronologies were qualified for studying climate-radial growth relationships.
The mean values of MS and SD in the west were significantly higher than those in the east,
which indicates that the relative variability in tree-ring width was higher in the west.Forests 2018, 9, x FOR PEER REVIEW  7 of 21 
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Figure 3. Standard deviation (SD) and mean sensitivity (MS) of chronologies of the east and west
group. Average value of mean sensitivity and standard deviation labeled with different letters differed
significantly between the two groups (p < 0.05, ANOVA).
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There was a negative exponential relationship between age and SD (or MS) in the east (Table S1).
Trees younger than 80 years tended to have higher SD and MS there (Figure 4a,b). There was also a type
of quadratic function relationship between age and SD (or MS) in the west (Table S2). The maximum
value of the quadratic polynomial curve fitting SD emerged when the age was 126 years, and that of
the curve fitting MS emerged when the age was 148 years (Figure 4c,d).
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3.2. Analysis of Climate-Radial Growth Relationships in the East and West

Pearson correlation coefficients between the chronology of each core and climate factors from the
previous June to the current September were calculated, and only part of the chronologies showed
significant correlation with climate (Figure 5). More than ten percent of chronologies in the east
significantly correlated with the total monthly precipitation of the previous August (14.3%), the current
July (16.5%), the current August (16.1%) and the current September (19.2%) (Figure 5a). They also
significantly correlated with the mean monthly temperature of the previous July (34.4%), the previous
August (19.2%), the previous September (12.5%) and the current July (13.8%) (Figure 5b).

Chronologies in the west tended to show more significant correlation with climate factors than
those in the east. More than twenty percent of chronologies in the west showed significant correlation
with the total monthly precipitation of the previous August (32.3%), the previous September (21.3%),
the current May (29.6%) and the current June (52.2%) (Figure 5c). Those in the west also showed
significant correlation with the mean monthly temperature of the previous June (30.9%), the previous
July (55.2%), the current June (52.6%) and the current July (50.0%) (Figure 5d).



Forests 2018, 9, 135 8 of 19

Forests 2018, 9, x FOR PEER REVIEW  8 of 21 

 

3.2. Analysis of Climate-Radial Growth Relationships in the East and West 

Pearson correlation coefficients between the chronology of each core and climate factors from 
the previous June to the current September were calculated, and only part of the chronologies showed 
significant correlation with climate (Figure 5). More than ten percent of chronologies in the east 
significantly correlated with the total monthly precipitation of the previous August (14.3%), the 
current July (16.5%), the current August (16.1%) and the current September (19.2%) (Figure 5a). They 
also significantly correlated with the mean monthly temperature of the previous July (34.4%), the 
previous August (19.2%), the previous September (12.5%) and the current July (13.8%) (Figure 5b). 

Chronologies in the west tended to show more significant correlation with climate factors than 
those in the east. More than twenty percent of chronologies in the west showed significant correlation 
with the total monthly precipitation of the previous August (32.3%), the previous September (21.3%), 
the current May (29.6%) and the current June (52.2%) (Figure 5c). Those in the west also showed 
significant correlation with the mean monthly temperature of the previous June (30.9%), the previous 
July (55.2%), the current June (52.6%) and the current July (50.0%) (Figure 5d). 

(a) 

(b) 
Forests 2018, 9, x FOR PEER REVIEW  9 of 21 

 

(c)

(d) 

Figure 5. Pearson correlation coefficients between chronologies of the cores and climatic factors in the 
east (a,b) and west (c,d). P indicates total monthly precipitation; T indicates mean monthly 
temperature; p represents months of the previous year; and c represents months of the current year. 
The percentage indicates the proportion of significant and insignificant correlation coefficients.  

3.3. Relationship between Age and Radial Growth’s Response to Climate in the East and West 

In the east, the ages of trees showed negative exponential relationships with the absolute values of 
correlation coefficients between radial growth and the total monthly precipitation of the previous 
August and the current July and August (Figure 6 and Table S1). The percentage of significant 
correlation coefficients between radial growth and climatic factors showed that 28.0% of cores of 60–80 
years old showed significant positive correlations with the total precipitation of the previous August, 
while the percentages of cores in other age groups were very low. The percentages of significant 
correlation coefficients between radial growth and the total precipitation of the current July and August 
also showed similar characteristics. The percentage of significant correlation coefficients between radial 
growth and the total precipitation of the current September was 30.8% for cores of 60–80 years old, 
which was higher than cores in the other age groups (17.6% for 120–140 years old and 25.0% for 140–
160 years old) (Figure 7). 

In the east, ages also showed significant exponential relationships with absolute values of 
correlation coefficients between radial growth and the mean monthly temperature of the previous 
July and September and the current July (Figure 6 and Table S1). There was no significant relationship 
between age and absolute values of correlation coefficients with the total precipitation of the current 
September and mean temperature of the previous August (Figure 6). Forty-eight-point-six percent of 
cores of 60–80 years old showed significantly negative correlations with the mean temperature of the 

Figure 5. Pearson correlation coefficients between chronologies of the cores and climatic factors in the
east (a,b) and west (c,d). P indicates total monthly precipitation; T indicates mean monthly temperature;
p represents months of the previous year; and c represents months of the current year. The percentage
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3.3. Relationship between Age and Radial Growth’s Response to Climate in the East and West

In the east, the ages of trees showed negative exponential relationships with the absolute values
of correlation coefficients between radial growth and the total monthly precipitation of the previous
August and the current July and August (Figure 6 and Table S1). The percentage of significant
correlation coefficients between radial growth and climatic factors showed that 28.0% of cores of
60–80 years old showed significant positive correlations with the total precipitation of the previous
August, while the percentages of cores in other age groups were very low. The percentages of significant
correlation coefficients between radial growth and the total precipitation of the current July and August
also showed similar characteristics. The percentage of significant correlation coefficients between
radial growth and the total precipitation of the current September was 30.8% for cores of 60–80 years
old, which was higher than cores in the other age groups (17.6% for 120–140 years old and 25.0% for
140–160 years old) (Figure 7).

In the east, ages also showed significant exponential relationships with absolute values of
correlation coefficients between radial growth and the mean monthly temperature of the previous
July and September and the current July (Figure 6 and Table S1). There was no significant relationship
between age and absolute values of correlation coefficients with the total precipitation of the current
September and mean temperature of the previous August (Figure 6). Forty-eight-point-six percent
of cores of 60–80 years old showed significantly negative correlations with the mean temperature of
the previous July, 29.0% with the mean temperature of the previous August, 23.4% with the mean
temperature of the previous September and 26.2% with the mean temperature of the current July.
These percentages of the 60–80-year-old age group were all higher than those of other age groups
(Figure 7). All in all, trees younger than 80 years tended to have a stronger positive correlation with
precipitation and negative correlation with temperature factors.

In the west, the ages of trees showed significant linear relationships with correlation coefficients
between radial growth and the total monthly precipitation of the previous August and September
and the current May and June (Table S2). Younger trees showed a stronger positive correlation with
the total precipitation of the previous September, while older trees tended to have a stronger positive
correlation with that of the current May (Figure 8). Forty-three-point-four percent of cores from
60–80-year-old trees and 52.6% of cores from 140–160-year-old tress showed significantly positive
correlations with the total precipitation of the previous August. Thirty-four-point-two percent of cores
from 60–80-year-old trees showed significantly positive correlations with the total precipitation of
the previous September. Fifty-three-point-eight percent and 46.2% of cores from 140–160-year-old
trees showed significantly positive correlations with total precipitation of the current May and June,
respectively, and this percentage was the highest compared with the scores of other age groups
(Figure 9).

In the west, ages have significant quadratic function relationships with correlation coefficients
between radial growth and the mean temperature of the previous June and July and the current June
and July. The extremum values of the quadratic polynomial curve fitting the correlation coefficients
with the mean temperature of the previous June and July and the current June and July were 129, 137,
129 and 130, respectively (Figure 7). The quadratic polynomial curve fitting showed that the extremum
values emerged in the groups of 100–120 and 120–140 years old for the percentages of significant
correlation coefficients between growth and the mean temperature of the previous June and the current
June and July. Meanwhile, the extremum values emerged in the group of 120–140 years old for the
percentages of significant correlation coefficients between growth and the mean temperature of the
previous July. All in all, trees from 120–140 years old showed a stronger correlation with the mean
temperature factors.



Forests 2018, 9, 135 10 of 19

Forests 2018, 9, x FOR PEER REVIEW  10 of 21 

 

previous July, 29.0% with the mean temperature of the previous August, 23.4% with the mean 
temperature of the previous September and 26.2% with the mean temperature of the current July. 
These percentages of the 60–80-year-old age group were all higher than those of other age groups 
(Figure 7). All in all, trees younger than 80 years tended to have a stronger positive correlation with 
precipitation and negative correlation with temperature factors. 

Figure 6. Relationships between age and radial growth’s correlation coefficients with climate in the 
east. P indicates total monthly precipitation; T indicates mean monthly temperature; p represents 
months of the previous year; and c represents months of the current year. The dashed lines indicate a 
significance level of 0.05. 

Figure 6. Relationships between age and radial growth’s correlation coefficients with climate in the
east. P indicates total monthly precipitation; T indicates mean monthly temperature; p represents
months of the previous year; and c represents months of the current year. The dashed lines indicate a
significance level of 0.05.



Forests 2018, 9, 135 11 of 19
Forests 2018, 9, x FOR PEER REVIEW  11 of 21 

 

(a) (b) 

(c) (d) 

(e) (f)

(g) (h) 

 

0
5

10
15
20
25
30

60-80 80-100 100-120 120-140 140-160 >160

Pe
rc

en
ta

ge
 (%

)

Age

Pp8

0
5

10
15
20
25
30
35

60-80 80-100 100-120 120-140 140-160 >160

Pe
rc

en
ta

ge
 (%

)

Age

Pc7

0
5

10
15
20
25
30
35

60-80 80-100 100-120 120-140 140-160 >160

Pe
rc

en
ta

ge
 (%

)

Age

Pc8

0
5

10
15
20
25
30
35

60-80 80-100 100-120 120-140 140-160 >160

Pe
rc

en
ta

ge
 (%

)

Age

Pc9

0
10
20
30
40
50
60

60-80 80-100 100-120 120-140 140-160 >160

Pe
rc

en
ta

ge
 (%

)

Age

Tp7

0
5

10
15
20
25
30

60-80 80-100 100-120 120-140 140-160 >160

Pe
rc

en
ta

ge
 (%

)

Age

Tp8

0

5

10

15

20

25

60-80 80-100 100-120 120-140 140-160 >160

Pe
rc

en
ta

ge
 (%

)

Age

Tp9

0
5

10
15
20
25
30

60-80 80-100 100-120 120-140 140-160 >160

Pe
rc

en
ta

ge
 (%

)

Age

Tc7

Figure 7. Percentage of significant correlation coefficients between radial growth and climatic factors
of different age groups in the east.
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Figure 9. Percentage of significant correlation coefficients between radial growth and climatic factors
of different age groups in the west.
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4. Discussion

4.1. Different Response of Radial Growth to Climate in the Different Moisture Environments

The cluster analysis divided all the trees into two groups according to the growth characteristics.
TLG1 (Tulugou 1), TLG2 (Tulugou 2), HX1 (Haxi 1), HX2 (Haxi 2) and SDL1 (Sidalong 1) were clustered
in the east group. SDL2 (Sidalong 2), HYG1 (Heiyagou 1), HYG2 (Heiyagou 2), HYG3 (Heiyagou 3)
and QKD (Qingkedi) were clustered in the west group. The cluster result was in accord with the
geographical distribution of the trees. SDL1 and SDL2 were in the climatic transitional zone belonging
to the Heihe River basin in the middle of Qilian Mountains [26,27]. There were more precipitation
and a lower temperature at SDL1 (3200 m a.s.l.) than those at SDL2 (2649 m a.s.l.) [34]. The climate
condition at SDL1 was similar to that in the wetter east region of Qilian Mountains, and the climate at
SDL2 was similar to that in the drier west region of Qilian Mountains.

Radial growth in both the east and west showed significant and positive correlations with the
total monthly precipitation in the previous and current summer. At the same time, they also negatively
correlated with the mean monthly temperature in the previous and current summer. Water deficit
could induce stomatal closure, weaken photosynthetic activity, reduce stored carbohydrates and
decrease the rate of cambial activity, then causing growth reduction as a result of low precipitation and
high temperature in the summer [37]. The water stress in summer was considered to play an important
role in influencing radial growth. This seemed to be a common phenomenon for Picea crassifolia in
the Qilian Mountains, because other studies in the study area obtained similar results where radial
growth was significantly correlated with climatic factors in the previous July and August and the
current June–August [25,38–40].

Some trees in the study area showed a positive correlation with precipitation in the previous
September and a negative correlation with precipitation in the current September. This indicated the
different roles of precipitation at the end of the previous and current growing seasons. Stomates of
trees remained open, and the rates of transpiration and net photosynthesis were still relatively high in
September [41,42]. Cloudy weather accompanied by precipitation could reduce light intensities and
lower needle temperature, then weakening photosynthesis, which in part influenced the formation
of latewood [43]. It was inferred that increased precipitation from the current September hindered
the current radial growth, which reduced the loss of stored carbohydrates and then benefited the
growth in the next year. Radial growth in the wetter eastern area showed a more significant negative
correlation with precipitation in the current September, and that in the drier western area showed
a more significant positive correlation with precipitation in the previous September. Furthermore,
radial growth in the west was influenced by precipitation in the early growing season (May and
June). To cope with the drought period in summer, trees activate cambial activity and begin tracheid
production in the spring and early summer when the water condition is favorable [44]. As a result,
precipitation in the early growing season is important to radial growth in the current year. Conifers
(e.g., Pinus sylvestris L. and Picea abies (L.) Karst.) in the dry inner Alps also showed significantly
positive correlations with the total monthly precipitation in May and June [7,45].

The result of variance analysis also indicated that the mean values of MS and SD in the west
were higher than those in the east significantly (Figure 3). This indicated that the relative variability
in tree-ring width in the drier area was higher than that in the wetter area. Radial growth in the
drier west showed a stronger and more significant correlation with climatic factors than that in the
wetter east according to the result of Pearson correlation, including the percentage of significant
correlation coefficients. As a result, it could be inferred that radial growth in the drier area may be
more sensitive to climate than that in the wetter area. A previous study in central Europe also found
that chronologies at the dry sites had higher mean sensitivity values than those at the moist sites,
especially those of trees in the dry conditions of the central Alps [7]. Radial growth of Picea glauca
(Moench.) Voss in the drier northeastern parts of Alberta (Canada) was also more strongly affected by
drought stress [46]. The growth response of Pinus resinosa Ait. to climate was more significant in the
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dry environment of northwestern Ontario (Canada) than that in northeastern Ontario [47]. The impacts
that climate posed on Picea abies showed differences in the drier western and wetter eastern Estonia,
because drought-induced physiological stress affected the trees more severely in the western part of
the region [48].

4.2. Relationship between Age and Climate Sensitivity of Radial Growth in the Wetter Eastern Area

Chronologies of trees younger than 80 years had higher values of the standard deviation and
mean sensitivity than those older than 80 years in the wetter eastern area. Similarly, these younger
trees also showed higher correlation coefficients with both the total monthly precipitation and
mean monthly temperature than the older ones, especially with climatic factors in the previous
and current mid-late summer. Older trees rarely showed significant correlation with climate in the
east. These results indicated that younger trees responded more strongly and were more sensitive to
climate. This phenomenon may be attributed to the fact that older trees have a lower radial growth
rate, which means that their demand for water and other resources was weaker than the younger
trees [49]. Moreover, older trees have a more efficient and stronger root system accompanied by a
higher water absorption capacity [19]. The moisture in the wetter east was relatively suitable for trees,
so only the younger trees having poorer lateral roots suffered from exacerbated water stress, especially
during the drier season (i.e., mid-late summer) [14,50].

Picea mariana and Pinus banksiana Lamb. in semi-humid Northern Manitoba, Canada [13],
Quercus rubra L. in the humid Ozark and Ouachita Mountains, North America [51], and Quercus alba L.
in humid Buffalo Mountain, America [11], all showed that younger trees were more sensitive to climatic
factors than the older trees. Studies on Juniperus thurifera in semi-humid north-central Spain implied
that the young trees tended to grow more in the favorable conditions of a wet summer and grow less
in the unfavorable conditions of a dry summer than the older trees [14]. Abies georgei var. smithii in the
semi-humid Sygera Mountains was found to have an earlier onset of xylogenesis, a longer growing
season and higher radial growth rates than the older trees [12]. Begum et al. observed a more direct
phenomenon, where the cambium of 55-year-old Cryptomeria japonica (L. f.) D. Don produced new
cells one week earlier than that of 80-year-old trees after artificial heating, which implied that younger
trees respond to temperature changes more sensitively [52]. We inferred that most of the phenomenon
that the sensitivity to climate of the younger trees was stronger than the older ones occurred in the
relatively humid areas by reviewing the previous relative studies, which was in accordance with
our hypothesis.

4.3. Relationship between Age and Climate Sensitivity of Radial Growth in the Drier Western Area

The younger trees showed a stronger sensitivity to the total monthly precipitation in the
previous August and September than the older trees in the drier western area, which is similar
to the phenomenon in the wetter area. The main reason could be that the older trees developed a more
efficient root system to cope with the water stress caused by less precipitation in the late summer and
early autumn [14]. In contrast, older trees were more closely correlated with the precipitation in the
current May. Rossi et al. [53,54] noticed that the larger diameters and thicker barks of older trees could
affect the spring dynamics of stems. The precipitation in May played an important role in the radial
growth of older trees, especially for the onset of cell production and differentiation at the beginning of
the growing season. The response of Picea abies from a drought-prone mixed-coniferous forest to the
current May–June precipitation increased with tree age in the Austrian Alps, which was similar to our
result [8].

Chronologies of mature trees (especially trees between 125 and 150 years old) had higher values
of the standard deviation and mean sensitivity than trees of other ages. These mature trees also
showed higher correlation coefficients with the mean monthly temperature in the previous and current
early-middle summer. The reason may be attributed to mature trees with peak wood production
coincided with peak leaf area. High temperatures in the summer could cause stomatal closure,
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lower stomatal conductance and reduce the absorption of carbon dioxide, which weaken the efficiency
of photosynthesis [41,55]. Over-mature trees experienced growth decline, defoliation and increased
fine-root allocation. The effects of high temperatures in summer on trees older than 150 years were
less significant because of the reduced leaf area and photosynthesis [55]. The relationship between
age and chronological parameters (Figure 4) and that between age and correlation coefficients with
temperature (Figure 7) were similar in the western area. We inferred that radial growth was more
influenced by the temperature factors than the precipitation factors in the drier western area.

Studies on Pinus tabulaeformis and Sabina przewalskii in the eastern Qilian Mountains (northwest
China) [15] and Pinus koraiensis on the north slope of Changbai Mountain (northeast China) [16]
indicated that the chronologies of older trees had higher parameters (e.g., standard deviation and
mean sensitivity) and contain more climatic information. A study in the arid region of Kongtong
Mountain (northwest China) found that Pinus tabulaeformis and Picea purpurea older than 200 years
were more sensitive to temperature in spring and summer than trees younger than 200 years [17].
Sabina przewalskii showed a stronger correlation with spring temperatures along with increasing age,
except trees older than 500 years, at the upper tree line of the Qilian Mountains [56]. Picea abies in the
Romanian Carpathians [57] and Picea mariana in the Mackenzie and Franklin Mountains (northwest
Canada) [58] also showed that older trees were more sensitive to climate. Most of this phenomenon
occurred in the relatively dry area, e.g., dry valleys and tree line. There were rarely quadratic relations
found between the age and sensitivity of radial growth to climate in other studies. This may be
attributed to the fact that some studies did not sample over-mature trees or divided the trees into age
groups instead of using the chronology of individual trees.

4.4. Comparison and Future Perspectives

The relationship between age and sensitivity of radial growth to climate in the wetter eastern
area showed differences to that in the drier western area. This relationship in the east was simple,
and it appeared that younger trees were more sensitive to climate. However, this relationship in
the west was complex. There was the monotonic relationship between age and trees’ responses to
precipitation and the quadratic relationship between age and the response to temperature. In the
context of increasing temperature in northwest China [18,59], the future of forest development in
the two different areas would differ based on these different relationships. Only a small part of
trees younger than 80 years old showed a significant correlation with climatic factors in the wetter
eastern area, so climatic warming may have a limited influence on the tree growth there. In contrast,
mature trees in the drier area were more sensitive to temperature and would suffer more from warming.
As a result, radial growth and forest productivity may decline there. In forest management, intensive
protection should be implemented for the forests at the lower altitudes in the SDL and forests lying to
the west of it, especially for mature trees. The different characteristics of relationships between the age
and climate sensitivity of radial growth in the wetter and drier area were restricted to the study area
in the Qilian Mountains. The discovery of deeper laws about this relationship in different moisture
conditions requires further research on different species in more regions having moisture gradients.

5. Conclusions

Picea crassifolia showed significant correlations with similar climatic factors in the wetter eastern
area and drier western area of the Qilian Mountains. Tree growth in these areas was mainly affected
by the moisture condition in the previous and current summer. However, radial growth in the drier
area more strongly correlated with climatic factors than in the wetter area. Moisture differences in the
different areas played an important role in influencing the relationship between the age and climate
sensitivity of radial growth. In the wetter area, the younger trees showed a stronger response to
both precipitation and temperature factors than the older trees. In the drier area, the younger and
older trees were more significantly correlated with the precipitation in different months. In contrast,
mature trees exhibited a higher correlation with temperature factors than trees of other ages. Under the
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context of forecasted climate warming, mature trees in the drier area were the most vulnerable to high
temperatures, and forests in the drier area should be carefully managed and protected.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/9/3/135/s1, Table
S1: Parameters of the models in the east; Table S2: Parameters of the models in the west.
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