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Abstract: As an essential part of terrestrial ecosystems, convenient and accurate reconstruction of
the past carbon sequestration capacity of forests is critical to assess future trends of aboveground
carbon storage and ecosystem carbon cycles. In addition, the relationship between climate change
and carbon sequestration of forests has been vigorously debated. In this study, dynamic change of
carbon sequestration capacity in aboveground biomass of Picea schrenkiana (hereinafter abbreviated as
P. schrenkiana) in the Tianshan Mountains, northwestern China, from 1850–2017, were reconstructed
using dendrochronology. The main climate drivers that affected carbon sequestration capacity in
aboveground biomass of P. schrenkiana were then investigated. The results showed that: (1) tree-ring
width and diameter at breast height (DBH) of P. schrenkiana obtained from different altitudes and
ages were an effective and convenient estimation index for reconstructing the carbon sequestration
capacity of P. schrenkiana. The carbon storage of P. schrenkiana forest in 2016 in the Tianshan Mountains
was 50.08 Tg C calculated using tree-ring width and DBH, which was very close to the value
determined by direct field investigation data. (2) The annual carbon sequestration potential capacity
of P. schrenkiana exhibited an increasing trend from 1850–2017. Temperature, especially minimum
temperature, constituted the key climatic driver resulting in increased carbon sequestration capacity.
The contribution rates of temperature and minimum temperature to the change of P. schrenkiana
carbon sequestration capacity was 75% and 44%, respectively. (3) The significant increase of winter
temperature and minimum temperature led to warming in the Tianshan Mountains, resulting in a
significant increase in carbon sequestration capacity of P. schrenkiana. The results indicate that, with
the continuous increase of winter temperature and minimum temperature, carbon sequestration of
P. schrenkiana in the Tianshan Mountains is predicted to increase markedly in the future. The findings
of this study provide a useful basis to evaluate future aboveground carbon storage and carbon cycles
in mountain systems possessed similar characteristics of the Tianshan Mountains.

Keywords: tree rings; carbon sequestration; classification and regression tree; climate change; den-
drochronology

1. Introduction

Forests are a crucial part of terrestrial ecosystems, and changes in their carbon storage
play an important role in estimating the global carbon cycle. Indeed, forests store 45% of
terrestrial ecosystems’ carbon globally [1,2]. From 2006–2015, forests absorbed more than
25% of global carbon emissions, while deforestation and forest degradation comprised
10% of global carbon emissions [3]. Carbon sequestration of forests is demonstrated to
be an essential ecosystem function to compensate for carbon dioxide emissions into the
atmosphere due to human activities [4–6]. As a consequence, estimation of the carbon
sequestration potential capacity of forests has become one of the main foci of global carbon
cycle changes under future climate change.

Forests 2021, 12, 1066. https://doi.org/10.3390/f12081066 https://www.mdpi.com/journal/forests

https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-4370-3609
https://doi.org/10.3390/f12081066
https://doi.org/10.3390/f12081066
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/f12081066
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f12081066?type=check_update&version=1


Forests 2021, 12, 1066 2 of 17

As the estimation basis of forest carbon storage and the global carbon cycle, carbon
sequestration potential capacity in aboveground biomass of forests not only provides
corresponding parameters for climate models, but also constitutes an important basis
for the study of climate change uncertainty. Generally, increasing carbon sequestration
potential capacity of forest aboveground biomass is conducive to reduce the concentration
of carbon dioxide in the atmosphere, and thus alleviate the trend of global warming. Carbon
sequestration potential capacity of forest aboveground biomass, however, may be also
significantly affected by global climate change [7–9], since increasing global temperatures
might stimulate decomposition of soil organic matter to enhance biomass production
and carbon sequestration in forests [10–12]. In fact, the relationship between climate
change and carbon sequestration of forest aboveground biomass has been a controversial
topic. Certain extant literature proved that warming would improve biomass productivity
by up to 100% in northern temperate hardwood and boreal forests [13–15]. In contrast,
numerous investigations demonstrated that the effects of climate change that drove carbon
sequestration dynamic changes in aboveground biomass of forests were highly variable
over species and regions [1,16,17]. Lim et al. reported that the increase in production due
to warming was transient (less than 10 years), and suggested that long-term warming (i.e.,
two decades) did not significantly affect aboveground biomass production and carbon
sequestration in boreal Picea abies forest [18]. Such conflicting findings emphasize the
urgent need to elucidate the relationship between climate change and long-term (i.e., more
than two decades) carbon sequestration in aboveground biomass of forests.

To assess the relationship between climate change and forest aboveground carbon
sequestration, it is essential to estimate the long-term continuous carbon sequestration
potential capacity in aboveground biomass of forests. However, long-term and continuous
dynamic change sequences of carbon sequestration in aboveground biomass of forests are
challenging to obtain due to laborious and expensive field data or relatively short-term
remote-sensing interpretation data. In order to overcome these challenges, studies sug-
gested that annual carbon sequestration potential capacity in aboveground biomass of
forests and its historical change could be calculated by measuring trunk diameter growth in
trees over time or reconstructed by analyzing patterns in tree-ring growth (dendrochronol-
ogy) [19–21]. This solves the short-comings of both labor-intensive and expensive forest
resource inventory and unavailable satellite images prior to the 1970s in remote sensing.
Indeed, it constitutes an effective method for estimating carbon sequestration potential
capacity of forest biomass, as well as analyzing the relationship between long-term carbon
sequestration potential capacity in aboveground biomass of forests and climate change.

The Tianshan Mountains is one of the seven major global mountain systems as well as
the largest mountain system in an arid area in the world. The Picea schrenkiana (hereinafter
abbreviated as P. schrenkiana) forest is currently the most dominant and widespread boreal
forest in the Tianshan Mountains. It is also one of the most important zonal forms of
vegetation in the Tianshan Mountains in northwestern China, and represents 60.8% of
timber-growing stock and 54.0% of forest land in Xinjiang Province, China [22]. Changes
of carbon sequestration potential capacity in P. schrenkiana forest play a critical role in
carbon storage and the carbon cycle in the Tianshan Mountains. Abundant literature has
investigated the static geographical patterns, biomass, NPP [22–26], and carbon sequestra-
tion [27–30] of P. schrenkiana forest in the Tianshan Mountains, although over a relatively
short time period. To date, however, few studies have analyzed dynamic changes of carbon
sequestration potential capacity in aboveground biomass of P. schrenkiana forest in more
than five decades in the Tianshan Mountains. In particular, there is a paucity of research
on the impact of long-term global climate change on forest carbon sequestration potential
capacity in aboveground biomass of P. schrenkiana forest in the Tianshan Mountains.

In this study, we reconstructed the dynamic changes of carbon sequestration potential
capacity in aboveground biomass of P. schrenkiana occurring over more than 100 years
in the Tianshan Mountains, northwestern China, using dendrochronology, and analyzed
corresponding effects of long-term climate changes on forest carbon sequestration potential.
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Based on our findings, we discuss the possible trends of carbon sequestration potential in
aboveground biomass of P. schrenkiana in the Tianshan Mountains under future climate
change. The results will be beneficial to predict and evaluate future change trends in carbon
storage and carbon cycles of forest ecosystems in the Tianshan Mountains, as well as in
mountain systems with similar characteristics.

2. Materials and Methods
2.1. Study Area

The Tianshan Mountains, located in the hinterland of Eurasia, belong to an extensive
system of mountain ranges in Central Asia. It spans China, Kazakhstan, Kyrgyzstan,
and Uzbekistan from east to west. The Tianshan Mountains is the largest independent
latitudinal mountain system in the world, and are also the farthest mountain system from
oceans and the largest mountain system in an arid area globally. Due to these characteristics,
the Tianshan Mountains was designated as a World Natural Heritage Site in 2013. The
Tianshan Mountains also constitutes a sensitive indicator of the potential impacts of global
climate change due to its complex topography and unique natural conditions [31,32]. In
this area, the average annual frost-free period is 136–154 d, and the mean relative humidity
is 50–60%. Moreover, each year, there is approximately 5 months of typically lasting snow
at 1800–3000 m (a.s.l.) of the mountains [33].

The P. schrenkiana forest is the most important forest type in the Tianshan Mountains.
It could well be regarded as a wet island in arid areas. It is also the area with the highest
biomass and richest species diversity in the Tianshan Mountains, which plays a central role
in the water cycle and carbon sink/source in the Tianshan Mountains. The P. schrenkiana
forest is also one of the largest and most important forests in Xinjiang, and comprises 54.0%
of its forest area, and 60.8% of timber volume and growing stock [32]. For these reasons,
changes of carbon sequestration potential in aboveground biomass of P. schrenkiana forest
are directly related to changes of carbon storage and the carbon cycle in northwestern
China [29].

The study area is part of the southern Tianshan Mountains in northwestern China,
located in the Tomur Peak National Natural Reservation (E 79◦50′~80◦54′, N 41◦40′~42◦04′).
The P. schrenkiana forest in the Tomur Peak National Natural Reservation is one of the most
well-conserved spruce forests in the Tianshan Mountains [34]. P. schrenkiana forest in this
area is relatively undisturbed by anthropogenic factors, tends to be markedly homogeneous,
and is mainly concentrated between 1500 and 3000 m (a.s.l.), where optimum humidity
and temperature exist [22].

2.2. Tree-Ring Samples and Climate Change Data Collection

P. schrenkiana tree-ring samples were collected from the Tomur Peak National Natural
Reservation. Considering that age might affect tree growth, and further influence tree
rings, biomass and carbon sequestration of trees, as well as considering that the age
structure of forests is typically dissimilar along different altitudinal gradients [24,35], four
10 m (width) sample plots were set (Figure 1). The length of sample plots ranged the
elevations from 1800 to 2800 m (a.s.l.). The range of sampled elevation was relatively
broad to ensure that sufficient cores with different ages were obtained. The average
canopy coverage was approximately 25–50%. The trees grew in relatively sparse or isolated
conditions, with minimum human disturbances at the sample sites. The following four
age classes of trees were established according to diameter at breast height (DBH) in each
sampling plot: DBH ≤ 30 cm, 30 < DBH ≤ 50 cm, 50 < DBH ≤ 80cm, and DBH > 80 cm.
DBH was calculated based on the circumference determined by a measuring tape. As
our research aim was to identify historically dynamic changes of carbon sequestration
in aboveground biomass and its climatic drivers, the growth of trees in different ages
needed to be considered. In order to avoid the “big-tree selection bias” [36], a randomized
dendrochronological sampling design was used. In each plot, one tree was selected every
20 trees, which could include all diameter classes of the population (including both young
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and old individuals) and avoided errors resultant from using a single tree age. Although
the random sampling cannot completely eliminate the bias associated with slow-growing
survivors, it can truly reflect the spatial distribution of forest stands of different ages as
much as possible.
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Figure 1. Sketch map of the study area.

Cores were taken in April 2018 at breast height, and two cores were collected from
each tree to facilitate cross-dating by using an increment borer (Haglof Inc., Långsele,
Sweden) 10 mm in diameter. In total, 468 cores from 234 trees were extracted from the
sample sites.

In addition, a series of climate parameters, including precipitation, temperature, wind
velocity, sunshine duration and relative humidity, were selected to analyze relationships
between climate variables and carbon sequestration capacity of P. schrenkiana in the Tian-
shan Mountains. Long-term daily climatic data (1957–2017) were derived from the Aksu
Meteorological Station.

2.3. Dendrochronological Study and Annual Carbon Sequestration Calculation

Cores were brought back to the laboratory, air-dried, fixed, and polished with suc-
cessively finer grades of sandpaper until annual rings could be distinguished easily [37].
Tree-ring widths were then measured with a precision of 0.001 mm by using a LINTAB
system. The quality and accuracy of cross-dated tree-ring series were assessed using
COFECHA software [37]. In order to accurately determine the growth characteristics of
each age group of trees, standardization techniques were avoided, such as detrending,
which removed age-related or non-climatic trends from tree-ring data that were commonly
used for climate reconstructions [1]. Based on the tree-ring widths and the DBH at the
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time of coring, historic DBHs for each calendar year were computed backwards to the first
tree-ring formed at DBH [1]. Considering that the measured DBH is the sum of the thick-
nesses of bark, phloem and xylem, we regard the difference between DBH and the sum of
tree-ring width as the total bark and phloem diameter thickness, and then calculate annual
bark and phloem growth thickness according to the proportion of annual tree-ring growth
width to the sum of tree-ring width. Defining the year nearest to the phloem and bark as n,
we have DBHn = DBH. Accordingly, we define the next year nearest to the phloem and
bark as n− 1, and we have DBHn−1 = DBH − 2× rn −

(
DBH − 2×∑i

n r
)
× r

∑i
n r
× 100%.

The nearest third year to the phloem and bark as n − 2, and we have DBHn−2 =

DBH − 2× (rn + rn−1)−
(

DBH − 2×∑i
n r

)
× rn+rn−1

∑i
n r
× 100%, etc. The year measured

closest to the pith is i, and then we have DBHi = DBH − 2× (rn + rn−1 + . . . + ri+1)−(
DBH − 2×∑i

n r
)
× rn+rn−1+···+ri+1

∑i
n r

× 100%, in which n is the year closest to phloem

and bark (2017 in this study), i is the year that we can measure closest to the pith,
DBH − 2 × ∑i

n r is the sum of phloem and bark, and rn
∑i

n r
× 100% is the percentage

of tree-ring width of nth year in the sum of tree-ring width. For the cores that did not pass
through the pith, the number of additional years to the pith was estimated by dividing the
radius of curvature of the innermost ring boundary using the average width of the four
innermost rings [38,39].

Zhang et al. grouped P. schrenkiana trees in Tianshan Mountains into the following
three forest stand structure:(1) exploratory phase (trees without signs of damage, no or
very little deadwood); (2) degeneration phase (weakened trees, little deadwood), and (3)
stagnation phase (clearly damaged trees, increased deadwood). They selected 15 trees
from each forest stand structure to estimate P. schrenkiana forest stand biomass by the
mean sample tree method, the class mean sample tree method, the regression method, and
the direct weighing method (cutting down trees in the field and immediately weighing
the aboveground wood, bark, branches, and leaves) [26]. Then they suggested that the
regression method based on DBH was the most convenient and appropriate method for
estimating the aboveground biomass of P. schrenkiana forest in the Tianshan Mountains,
and the fitting results of regression models could reach an accuracy of 91–99% of the field
weighing measured results [26]. In this study, we used the following allometric equations
based on DBH provided by Zhang et al. to assess annual biomass of P. schrenkiana forest [26]:

lgWwoody = 2.53932lgD− 1.21436 E : 0.87% r = 0.9924 (1)

lgWbark = 2.33033lgD− 1.83587 E : 4.25% r = 0.9902 (2)

lgWbranches = 3.00489lgD− 2.60922 E : 7.16% r = 0.9817 (3)

lgWleaves = 2.27792lgD− 1.74823 E : 7.73% r = 0.9660 (4)

W = Wwoody + Wbark + Wbranches + Wleaves (5)

where W is aboveground biomass; Wwoody is aboveground woody biomass; Wbark is above-
ground bark biomass; Wbranches is aboveground branch biomass; Wleaves is aboveground
leaf biomass; D is diameter at breast height (DBH); E is regression relative error, and r
is correlation coefficient. The biomass values were multiplied by 0.5 to derive the tree’s
carbon stocks [1,40]. Then these values were transformed into annual carbon sequestration
potential capacity in aboveground biomass as the difference between two consecutive
years [1,40].

Large-scale field forest inventories implemented by the Chinese government are
mostly conducted once every 5 or 10 years, or even once in more than one decade. As
the latest forest density and area data that we obtained were forest inventory data of the
Xinjiang Forestry Department in 2016, and continuous annual forest density and area data
were unavailable, we only estimated carbon storage of P. schrenkiana forest in the Tianshan
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Mountains in 2016. For the long time-series, however, we calculated the annual carbon
sequestration potential capacity of P. schrenkiana in successive years.

2.4. Classification and Regression Tree Model (CART Model) and Statistical Analyses

In contrast to classic dendrochronological approaches, which frequently rely on corre-
lation analysis, the classification and regression tree model (CART model) achieves the best
predictions compared to logistic multiple regression, generalized linear models, and prin-
cipal component regression models [1,40]. Furthermore, CART can incorporate response
variables and predictor variables characterized by the absence of normality, as well as non-
linear relationships to the response [1,41]. CART yields decision trees by repeated binary
splits at explicit threshold values of the respective predictor to increase homogeneity within,
and heterogeneity between, groups. These thresholds generate a general prediction rule
for carbon sequestration potential capacity, which can be interpreted as climatic drivers
limiting the carbon sequestration potential capacity of P. schrenkiana. In view of these
advantages, we utilized the CART model to elucidate the relationship between climatic
variables and cross-dated chronology of annual carbon sequestration potential capacity in
aboveground biomass of P. schrenkiana and attempted to quantify the contribution of each
variable to corresponding carbon sequestration.

Long-term daily climatic data were derived from the Aksu Meteorological Station from
the beginning of continuous instrumental data (1957–2017). The initial set of continuous
and independent climate predictor variables comprised monthly temperature, precipitation,
relative humidity, wind velocity, and sunshine duration means for each calendar year and
the previous calendar year. All data were analyzed descriptively, with normality (Shapiro–
Wilk test) and homogeneity of variance (Fligner test), prior to modeling. Correlations
between climate variables and carbon sequestration potential capacity in aboveground
biomass showed that both variables in the current year and the previous year might be
associated with carbon sequestration potential capacity in aboveground biomass, which
suggested that a lagged effect of climate on tree growth might exist. Accordingly, we
divided the predictor variables into four main stages that affected tree growth: (1) growth
year (previous October–current September); (2) previous growth year (previous April–
current March); (3) growing season (April–September), and (4) dormant season (previous
October–current March). Considering the critical importance of temperature to plants,
we divided temperature into mean temperature, maximum temperature, and minimum
temperature. This procedure produced 28 independent climatic variables from seven
indices, which were presented in Table 1. To avoid over-fitting, proper tree size was
estimated by using the cross-validation error estimate. To calibrate the results of CART,
Nash–Sutcliffe coefficient (NS), percent bias (PBIAS), and coefficient of determination (R2)
were also used in the study.

The objective function for calibration is the Nash–Sutcliffe coefficient (NS) [42]:

NS = 1− ∑n
i=1 (Y

obs
i −Ysim

i )
2

∑n
i=1 (Y

obs
i −Ymean)

2 (6)

where Yobs
i and Ysim

i are the i observed and simulated carbon sequestration, respectively;
Ymean is the mean of observed data; n is the number of observations; and NS indicates
whether or not the simulation closely matches the observation. NS ranges between −∞
and 1.0, with NS = 1 meaning a perfect fit, i.e., the higher is the value of NS, the more
accurate is the model [42].

To evaluate model performance, PBIAS and R2 were also computed [42]:

PBIAS =
∑n

i=1

(
Ysim

i −Yobs
i

)
∑n

i=1
(
Yobs

i
) (7)
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Table 1. Response and predictor variables used for modeling the relationship between carbon sequestration in aboveground
biomass of P. schrenkiana and climatic changes.

Model Response Variables Predictor Variables

Classification and
regression tree model

(CART)

Mean annual carbon
sequestration potential

capacity of:
-P. schrenkiana in the
Tianshan Mountains

Climatic Parameters

Temperature

- average temperature in growing season (TmeanGS)
- average temperature in dormant season (TmeanDS)
- average temperature in growing year (TmeanGY)
- average temperature in previous growing year (TmeanPGY)

- average minimum temperature in dormant season (TminGS)
- average minimum temperature in dormant season (TminDS)
- average minimum temperature in growing year (TminGY)
- average minimum temperature in previous growing year (TminPGY)

- average maximum temperature in dormant season (TmaxGS)
- average maximum temperature in dormant season (TmaxDS)
- average maximum temperature in growing year (TmaxGY)
- average maximum temperature in previous growing year (TmaxPGY)

Precipitation

- total precipitation in growing season (PGS)
- total precipitation in dormant season (PDS)
- total precipitation in growing year (PGY)
- total precipitation in previous growing year (PPGY)

Wind velocity

- average wind velocity in growing season (WGS)
- average wind velocity in dormant season (WDS)
- average wind velocity in growing year (WGY)
- average wind velocity in previous growing year (WPGY)

Sunshine duration

- total sunshine duration in growing season (SGS)
- total sunshine duration in dormant season (SDS)
- total sunshine duration in growing year (SGY)
- total sunshine duration in previous growing year (SPGY)

Relative humidity

- mean relative humidity in growing season (RGS)
- mean relative humidity in dormant season (RDS)
- mean relative humidity in growing year (RGY)
- mean relative humidity in previous growing year (RPGY)

PBIAS measures the average deviation of the simulated data from their observed
counterparts. Positive values of PBIAS indicate an overestimation of the observation, while
negative values indicate an underestimation. Generally, |PBIAS| < 10% indicates good
modeling, and R2 describes the degree of collinearity between simulated and measured
data.

It is widely recognized that NS > 0.50, |PBIAS| < 25% and R2 > 0.6 are taken as the
criteria of a satisfactory model, and model performance can be evaluated as excellent if
NS > 0.75 and |PBIAS| < 10% [42].

3. Results
3.1. Mean Carbon Sequestration Potential Capacity Chronologies

The time sequence of mean tree-ring width chronology of P. schrenkiana in the Tian-
shan Mountains was 1813–2017, which was determined by common periods of more than
10 cores (Figure 2A). Considering that the standard deviation values of average tree-ring
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width chronology in 1813–1850 were relatively large, we built the carbon sequestration
potential capacity chronology post-1850 (Figure 2B). Although the annual carbon seques-
tration potential capacity in aboveground biomass of P. schrenkiana in 1850–1880 decreased
at a rate of 0.29 kg C.y−1, it exhibited an increasing tendency from 1881–2017 at a rate
of 0.13 kg C.y−1 (Figure 3). During the 70 years from 1881–1950, the annual carbon se-
questration potential capacity, i.e., an average value of 10.86 kg C.y−1, increased relatively
slowly at a rate of 0.03 kg C.y−1. However, it increased rapidly from 1951–2017, with an
average value of 20.11 kg C.y−1 and a rate of 0.21 kg C.y−1 (Figure 3). The increasing
rate of annual carbon sequestration potential capacity in 1951–2017 was 4.25 times that in
1881–1950, and the average annual carbon sequestration potential capacity in 1951–2017
increased 85.22% compared to that in 1881–1950. These results suggested that the carbon
sequestration potential capacity in aboveground biomass of P. schrenkiana in the Tianshan
Mountains entered a period of rapid increase post-1950.
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Combining forest density and area data from forest inventory of the Xinjiang Forestry
Department in 2016 and the accumulated aboveground biomass of woody mass, bark,
branches, and leaves that we estimated in 2016 in the study, the mean carbon density and
total carbon storage of P. schrenkiana forest in the Tianshan Mountains were calculated
(Table 2). The estimation results showed that the total carbon storage of aboveground trees
of P. schrenkiana forest was 50.08 Tg C in 2016.

Table 2. Aboveground biomass, carbon density, and carbon storage in P. schrenkiana forest in the Tianshan Mountains.

Item Average Aboveground
Biomass per Tree (kg)

Average Aboveground
Biomass per Hectare

(t·ha−1)

Mean Carbon
Density per Hectare

(t·ha−1)

Total Carbon Storage of
P. schrenkiana Forest (Tg C)

Woody 178.09 ± 17.42 216.38 ± 29.84 108.19 ± 9.02 33.93 ± 1.31
Bark 18.06 ± 1.24 21.94 ± 1.86 10.97 ± 1.04 3.44 ± 0.25

Branches 48.85 ± 8.13 59.35 ± 4.39 29.67 ± 2.98 9.31 ± 0.67
Leaves 17.83 ± 1.01 21.66 ± 2.01 10.83 ± 0.76 3.40 ± 0.13

Sum 262.82 ± 7.72 319.33 ± 13.59 159.66 ± 3.84 50.08 ± 0.53

3.2. PotentialClimatic Causes of Carbon Sequestration Capacity Change

Pearson correlations demonstrated that TmeanGS, TminGS, TmaxGS, TmeanDS, TminDS,
TmeanGY, TminGY, TmeanPGY, TminPGY, SGS, SDS, WGS, WDS, WGY, WPGY, PDS, PGY, and
PPGY were closely related to carbon sequestration in aboveground biomass of P. schrenkiana
(Table 3). Notably, some climatic variables were linearly associated to carbon sequestration
chronologies, whereas, no obvious linear relationships were found between the other
factors and carbon sequestration chronologies. Collinearity (VIF values) between climatic
variables was subsequently examined (Table 4). Multiple collinearity tests revealed that
strong multi-collinearity existed between many climatic variables, which were character-
ized by tolerance value < 1 and VIF value > 10. These results implied that general regression
models (e.g., linear models, logistic multiple regression, principal component regression,
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etc.) could not be conducted directly because collinearity between variables would easily
cause model distortion. Therefore, we selected the CART model to further analyze the key
climatic drivers affecting carbon sequestration capacity and quantify the importance of
each predictor variable to carbon sequestration capacity in aboveground biomass of the
P. schrenkiana in the Tianshan Mountains. CART model validation results demonstrated
that the NS was 0.81, which indicated that the model was reliable. Moreover, the |PBIAS|
of models was <10%, and R2 of the simulated and observed data from the model was 0.81.
In addition, resubstitution values of the model were 1.77, and cross-validation values were
9.04. Based on these statistical findings, the CART model performance was shown to be
excellent, and the simulations were reliable.

Table 3. Correlations between climatic variables and carbon sequestration capacity of P. schrenkiana
in the Tianshan Mountains.

Variables
Carbon

Sequestration
Capacity

Variables
Carbon

Sequestration
Capacity

PGS 0.2058 PGY 0.3170 *
SGS 0.3716 ** SGY 0.186

TmeanGS 0.3614 ** TmeanGY 0.4523 **
TminGS 0.4690 ** TminGY 0.5446 **
TmaxGS 0.3947 ** TmaxGY 0.2738

RGS 0.006 RGY 0.1236
WGS −0.4467 ** WGY −0.4060 **
PDS 0.3541 ** PPGY 0.4213 **
SDS −0.2850 * SPGY 0.0432

TmeanDS 0.3704 ** TmeanPGY 0.3798 **
TminDS 0.4945 ** TminPGY 0.5177 **
TmaxDS 0.0104 TmaxPGY 0.1605

RDS 0.148 RPGY 0.1433
WDS −0.3693 ** WPGY −0.4577 **

**: significant level at 0.01; *: significant level at 0.05.

Table 4. Results of multiple collinearity test between climatic variables.

Variables Tolerance VIF Variables Tolerance VIF

PGS 0.4968 2.0129 TminGY 0.0000 117,778.4100
PDS 0.4265 2.3448 TminPGY 0.0070 143.6409
PGY 0.0000 TmaxGS 0.0035 287.5557

PPGY 0.4071 2.4566 TmaxDS 0.0017 580.6444
SDS 0.0954 10.4862 TmaxGY 0.0011 921.6222
SGS 0.0000 TmaxPGY 0.0122 81.9503
SGY 0.2545 3.9297 RGS 0.07962 12.5594

SPGY 0.1715 5.8301 RDS 0.0658 15.1959
TmeanGS 0.0131 76.2878 RGY 0.0000 438,094.9000
TmeanDS 0.0043 234.0927 RPGY 0.0390 25.6147
TmeanGY 0.0000 32,371.0178 WGS 0.0004 2709.2722

TmeanPGY 0.0038 264.9590 WDS 0.0007 1421.7260
TminGS 0.0280 35.7219 WGY 0.0001 7033.4315
TminDS 0.0112 89.6770 WPGY 0.0861 11.6160

The nodes of the CART model can be interpreted as environmental thresholds of
drivers that reduce variability in carbon sequestration capacity of the tree pool, such that
the trees respond similarly to changing parameters in time [1]. The results of the CART
model showed (Figure 4) that TminDS, TminGS, SDS, RGY, WDS, and TmeanGS constituted
decisive climatic variables in carbon sequestration capacity in aboveground biomass of the
P. schrenkiana, and −5.92 ◦C of Tmin in the dormant season was the most decisive driver.
Therefore, the most important climatic driver of carbon sequestration in aboveground
biomass of the P. schrenkiana in the Tianshan Mountains was temperature.
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in the Tianshan Mountains (CART: classification and regression tree model; ABM: above
ground biomass).

Additionally, the change trend of global average annual temperature anomaly from
1880–2017 was highly consistent with annual carbon sequestration capacity in aboveground
biomass of P. schrenkiana in the Tianshan Mountains (Figure 5, r = 0.912, p < 0.01). This
further confirmed that temperature was the critical climatic factor affecting forest carbon
sequestration.
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3.3. Contribution of Temperature to Carbon Sequestration

According to the normalized importance values, the top-10 climatic drivers affecting
carbon sequestration capacity in aboveground biomass of P. Schrenkiana in the Tianshan
Mountains were as follows, in decreasing order of importance: TminGY, TminDS, TminPGY,
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TmeanDS, TmeanGY, TmeanPGY, SDS, TminGS, RGY, and WDS, and their normalized impor-
tance was 100%, 95.01%, 94.91%, 86.74%, 83.37%, 77.47%, 74.96%, 67.91%, 61.78% and
61.12%, respectively (Figure 6). These 10 drivers comprised 58.59% of the sum of the impor-
tance of all 28 climatic factors. In addition, temperature, including four Tmin indicators and
three Tmean indicators, accounted for 44.16% of the sum of importance values of 28 climatic
factors and 75.37% of the sum of importance values of 10 drivers. Moreover, Tmin and Tmean
indicators constituted 26.10% and 18.06% of the sum of importance values of 28 climatic
factors, respectively, and comprised 44.55% and 30.82% of the sum of importance values
of 10 main drivers, respectively. SDS constituted 5.47% of the sum of importance values
of 28 climatic factors and 9.33% of the sum of importance values of 10 drivers. RGY com-
prised 4.51% of the sum of importance values of 28 climatic factors and 7.69% of the sum
of importance values of 10 drivers. Furthermore, WDS accounted for 4.46% of the sum
of importance values of 28 climatic factors and 7.61% of the sum of importance values of
10 drivers. These results indicated that Tmin, i.e., minimum temperature, made the greatest
contribution to the change of carbon sequestration capacity in aboveground biomass of
P. schrenkiana in the Tianshan Mountains. It was also found that the second-most important
climatic factor affecting carbon sequestration capacity was Tmean, i.e., mean temperature.
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4. Discussion

Forest carbon sequestration in mountainous regions could provide crucial data for
understanding the role of the carbon cycle in regional and global climate changes [43].
Carbon sequestration capacity has usually been investigated based on direct field measure-
ments [23,44–47] or process-based terrestrial biosphere models [48–51]. In the current study,
however, existing forest carbon sequestration of the Tianshan Mountains was estimated
using data from national forest inventory or direct field measurements [22,23,29,52,53]. Al-
though substantial work has already been performed, it remains challenging to understand
and assess long-term and continuous carbon sequestration capacity because national or
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local forest inventory requires abundant human and material resources. As a consequence,
large-scale field forest biomass surveys are mostly conducted once in 10 years or more,
which makes field survey data coverage time short and intermittent and precludes the avail-
ability of very long-term (tens or hundreds of years) continuous annual data. Furthermore,
popular remote-sensing interpretation can only be traced back to the 1970s. Constrained to
the input of limited field survey and interpretation data, the carbon sequestration results
simulated by different models are markedly dissimilar. For instance, Guo et al. estimated
that total carbon storage in Xinjiang forests was 117.8 Tg C in 2000 [54]; whereas Fang and
Chen estimated that total carbon storage in Xinjiang forests was 73.53 Tg C in 2000 [46].
Therefore, determination of how to accurately and easily calculate long-term and con-
tinuous carbon sequestration capacity series of forests is a critical issue for carbon cycle
evaluation. In this study, we used tree-ring width and DBH to evaluate long-term and
continuous carbon sequestration capacity of P. schrenkiana in the Tianshan Mountains. The
total carbon storage of P. schrenkiana forest in the Tianshan Mountains was 50.08 Tg C in
2016 based on the method, which was in close accordance with that (53.14 Tg C in 2015)
calculated by using direct field investigation data [29,30]. This proved that tree-ring width
could be used as an effective estimator for evaluating long-term and continuous forest
carbon sequestration and carbon storage if the tree-ring samples were obtained along
different altitudes and different ages of the forest zone, where the trees could represent
the growth trend of the forests. Indeed, this method was more convenient, time-saving,
and economical than field inventory, and it also compensated for the short time-series of
remote-sensing image interpretation.

The annual carbon sequestration potential capacity of P. schrenkiana in 1850–2017 in the
Tianshan Mountains exhibited an increasing trend, especially in 1951–2017, which increased
85.22% compared to carbon sequestration potential capacity in 1881–1950. P. schrenkiana
was mainly distributed in the middle and subalpine area of the Tianshan Mountains,
where there was little human access and climate change would be the main factor affecting
tree growth and development in mountains [33]. The effect of warming on forest car-
bon sequestration has long been a controversial topic. Studies have demonstrated that
warming positively affects carbon sequestration capacity in forests [9,13–15,55]. How-
ever, Lim et al. suggested that two decades of soil warming did not significantly increase
aboveground biomass accumulation and carbon sequestration in boreal Picea abies forest of
Sweden [18]. Moreover, Yao et al. reported that warming was conducive to biomass and
carbon accumulation in Picea abies and Betula populus, but such warming was unfavorable
for those aspects in subtropical broadleaf forests in China [56]. Therefore, forest carbon
sequestration response to warming depends on regional conditions and plant species. In
the present study, Pearson analysis showed that temperature anomaly in 1880–2017 was
significantly positively related to carbon sequestration capacity in aboveground biomass of
P. schrenkiana in the Tianshan Mountains. CART also indicated that temperature, especially
minimum temperature, was the most important climatic driver for carbon sequestration in
aboveground biomass of P. schrenkiana. This is because temperature (1957–2017) explained
more than approximately 75% of the long-term variation of carbon sequestration capacity
between 10 climatic drivers, and minimum temperature explained approximately 44%
of that amount. Therefore, warming was the key factor contributing to increased carbon
sequestration potential capacity of P. schrenkiana in the Tianshan Mountains, which is also
in accordance with Su et al.’s simulated results using models that showed that future
warming would increase forest productivity by approximately 18.6% [22].

Air temperature in the arid region of northwestern China exhibited a significant
increase, with a rate of 0.33–0.39 ◦C/decade during 1960–2010 [57,58]. Moreover, an in-
vestigation reported that the temperature rise in northwestern China showed a seasonal
pattern: the rate of temperature increase in spring and summer was relatively low, varying
within 0.22–0.32 ◦C/decade; whereas, the winter temperature rose much more rapidly, at a
rate of 0.56–0.61 ◦C/decade [59]. Similarly, annual mean temperature in 1957–2017 in the
study area exhibited an increase with a rate of 0.38 ◦C/decade, in which mean summer
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temperature varied with a rate of 0.25 ◦C/decade, while mean winter temperature varied
with a rate of 0.43 ◦C/decade (Figure 7). It was proven that the contribution of rising
temperature in winter to warming played the most crucial role [59]. High temperature
would usually inhibit plant growth or damage plants because it might cause an imbal-
ance of plant cell metabolism, excessive accumulation of free radicals, or other abnormal
physiological metabolism or molecular expression [60–62]. However, the maximum tem-
perature in the study area did not obviously increase from 1957–2017; instead, the increase
of minimum temperature was more significant than the mean and maximum temperature
(Figure 7). This indicates that warming in the study area was also largely resultant from
rising minimum temperature. Warming of minimum temperature, especially the increase
in winter, would be beneficial to promote early germination of trees and delay dormancy
of plants, thus extending the length of the growth periods of trees [22]. It may also enhance
photosynthesis and the nutrient-availability of trees, which would finally increase NPP and
carbon sequestration capacity of forests. As a result, carbon sequestration of P. schrenkiana
forest in the Tianshan Mountains would markedly increase if warming in the future is
similar to the change trends of the past few decades.

Forests 2021, 12, x FOR PEER REVIEW 14 of 17 
 

 

with Su et al.’s simulated results using models that showed that future warming would 
increase forest productivity by approximately 18.6% [22]. 

Air temperature in the arid region of northwestern China exhibited a significant 
increase, with a rate of 0.33–0.39 °C/decade during 1960–2010 [57,58]. Moreover, an 
investigation reported that the temperature rise in northwestern China showed a seasonal 
pattern: the rate of temperature increase in spring and summer was relatively low, 
varying within 0.22–0.32 °C/decade; whereas, the winter temperature rose much more 
rapidly, at a rate of 0.56–0.61 °C/decade [59]. Similarly, annual mean temperature in 1957–
2017 in the study area exhibited an increase with a rate of 0.38 °C/decade, in which mean 
summer temperature varied with a rate of 0.25 °C/decade, while mean winter temperature 
varied with a rate of 0.43 °C/decade (Figure 7). It was proven that the contribution of rising 
temperature in winter to warming played the most crucial role [59]. High temperature 
would usually inhibit plant growth or damage plants because it might cause an imbalance 
of plant cell metabolism, excessive accumulation of free radicals, or other abnormal 
physiological metabolism or molecular expression [60–62]. However, the maximum 
temperature in the study area did not obviously increase from 1957–2017; instead, the 
increase of minimum temperature was more significant than the mean and maximum 
temperature (Figure 7). This indicates that warming in the study area was also largely 
resultant from rising minimum temperature. Warming of minimum temperature, 
especially the increase in winter, would be beneficial to promote early germination of trees 
and delay dormancy of plants, thus extending the length of the growth periods of trees 
[22]. It may also enhance photosynthesis and the nutrient-availability of trees, which 
would finally increase NPP and carbon sequestration capacity of forests. As a result, 
carbon sequestration of P. schrenkiana forest in the Tianshan Mountains would markedly 
increase if warming in the future is similar to the change trends of the past few decades. 

 
Figure 7. Changes of annual mean and minimum temperature (A), and mean (B–E), minimum (F–I), maximum (J–M)
temperature in seasons from 1957–2017 in the study area.

5. Conclusions

This study was conducted to calculate the carbon sequestration potential capacity of
P. schrenkiana in the Tianshan Mountains from 1850–2017 using dendrochronology, and
analyze its responses to climate variables using CART model. Through the analyses, the
following conclusions were reached:
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(1) Tree-ring width of P. schrenkiana could be utilized as a useful and effective estimator of
productivity, carbon sequestration capacity, and carbon storage of P. schrenkiana forest
in the Tianshan Mountains if the tree-ring samples were obtained along different
altitudes and different ages of the forests.

(2) Temperature, especially minimum temperature, was the key climatic driver affect-
ing carbon sequestration potential capacity changes in aboveground biomass of
P. schrenkiana in the Tianshan Mountains, as shown by CART, and which positively
contributed more than 75% of the variation of carbon sequestration.

(3) If the temperature in winter, especially the minimum temperature, exhibits a con-
tinuous rise in the future as it has in the past decades, the carbon sequestration
potential capacity of P. schrenkiana forest in the Tianshan Mountains would increase
significantly.

The findings of this study provide an effective and useful method to reconstruct his-
torical carbon sequestration potential capacity or carbon storage in aboveground biomass
of forests. Of course, our conclusions are only based on Tianshan Mountains using den-
drochronology and CART model. It will be more helpful if more researchers use the
methods or improved models to analyze and verify the conclusions of forests in the area or
other areas, which is beneficial to predict and evaluate future change trends in aboveground
carbon storage and carbon cycles of forest ecosystems.
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