
Citation: Li, S.; Guo, W.; Wang, J.;

Gao, N.; Yang, Q.; Bai, H. Response of

Larix chinensis Radial Growth to

Climatic Factors Using the

Process-Based Vaganov–Shashkin-

Lite Model at Mt. Taibai, China.

Forests 2022, 13, 1252. https://

doi.org/10.3390/f13081252

Academic Editor: Sparkle Malone

Received: 28 June 2022

Accepted: 5 August 2022

Published: 8 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Response of Larix chinensis Radial Growth to Climatic Factors
Using the Process-Based Vaganov–Shashkin-Lite Model at Mt.
Taibai, China
Shuheng Li 1,2,*, Wei Guo 3,*, Jiachuan Wang 1,2 , Na Gao 1,2, Qi Yang 1,2 and Hongying Bai 1,2

1 College of Urban and Environmental Science, Northwest University, Xi’an 710127, China
2 Shaanxi Key Laboratory of Earth Surface System and Environmental Carrying Capacity,

Northwest University, Xi’an 710127, China
3 Department of Environmental Sciences and Technology, Xi’an Jiaotong University, Xi’an 710049, China
* Correspondence: lish@nwu.edu.cn (S.L.); williamguo@xjtu.edu.cn (W.G.); Tel.: +86-29-8830-8418 (S.L.);

+86-159-2930-1378 (W.G.)

Abstract: The Qinling Mountains are located on the dividing line between the north and the south of
China. Mt. Taibai, the study site, is the highest peak in the Qinling Mountains and also the highest
peak in eastern mainland China. At Mt. Taibai, several dendroecological studies have been conducted
on the relationship between tree-ring indices and climatic factors using traditional statistical methods.
In this study, the response of Larix chinensis Beissn radial growth to climatic factors was explored
in the treeline area of Mt. Taibai using the process-based Vaganov–Shashkin-Lite (VSL) model for
the first time. The conclusions were obtained according to the analysis of the L. chinensis tree-ring
samples collected from both the northern and southern slopes of Mt. Taibai. The VSL model showed
that temperature limits L. chinensis growth during the entire growing season, while the model did
not indicate precipitation as a limiting factor. The model showed significant positive correlations
between the simulated and observed tree-ring chronologies for 1959–2013, excluding the uppermost
sample site on the northern slope. However, the model performance deteriorated with increasing
altitude, which may be due to the decreased sensitivity of radial growth to climatic factors above
the treeline.

Keywords: climatic response; radial growth; Larix chinensis; Vaganov–Shashkin-Lite (VSL) model;
Mt. Taibai

1. Introduction

Numerous studies have demonstrated that tree-ring records can preserve high-resolution
information at subannual to centennial timescales and can enable a comprehensive under-
standing of paleoclimate changes [1–3]. Dendroclimatological studies are generally based
on the assumption that the approximate relationship between limiting factors and tree
growth is temporally invariant [4]. However, multiple studies have detected a phenomenon
known as the “divergence problem” which is the tendency for tree growth to demonstrate
a weakening temperature response, especially at high latitudes and high altitudes, in the
context of global warming in recent decades [5–8]. The phenomenon mainly presents as
anomalous declines in the sensitivity of tree-ring growth indices in response to temper-
ature variation [9], reduced tree growth from temperature-induced drought stress [10],
and divergent responses of tree growth in response to climatic factors at the same site
depending on microtopography [11] and tree age [12]. The divergence problem challenges
traditional statistical approaches to reconstruct the paleoclimate history based on the stable
relationship between tree growth and climatic factors.

The Vaganov–Shashkin-Lite model (VSL model) is a simplified descendant of the full
Vaganov–Shashkin model (VS model) [13]. It is one of the simplest but most effective
process-based dendroecological models, especially in study areas where detailed daily
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climate data are absent [14]. The VSL model requires only latitude and monthly temperature
and precipitation data to simulate the climatic controls on tree growth based on nonlinear
and nonstationary tree-growth responses as well as the principle of limiting factors [15,16].
The VSL model has been used under different environmental conditions in boreal to
semiarid to temperate regions [17]. Tolwinski-Ward et al. first presented a simple and
efficient model and performed three validation studies in North America [14]. The VSL
model has been successfully validated against 2287 globally distributed tree-ring width
datasets [18]. Furthermore, the VSL model was used to simulate Nothofagus pumilio growth
in upper treeline forests in northern Patagonia [19]. Additionally, the application of the VSL
model has been shown to improve the simulation of forest growth responses to drought
in the Mediterranean area [20]. A recent study clarified the multifaceted growth patterns
of primary Picea abies Karst. forests in the Carpathian arc based on the VSL model [21]. In
China, process-based tree-ring models have been used to assess the relationships between
tree growth and limiting climatic factors. For example, the physiological response of tree
growth to climatic factors was discussed using the full VS model in the Helan region
and northeastern Qaidam Basin [22,23]. Based on the TREE-RING model (the ecological
mechanism model simulates the growth changes in cells in the cambium region and then
analyzes the growth mechanism of trees), the growth of Picea grassifolia Kom. was simulated,
and the physiological response mechanism was analyzed at the eastern edge of the Qaidam
Basin [24]. On the Tibetan Plateau, the VS-oscilloscope model (the model was developed to
quantify tree-ring formation as a function of climate variables to the kinetics of secondary
xylem development) was utilized to identify the relationships between forest growth and
cambium phenology [25]. However, to date, the application of the VSL model has not been
described in China. Based on the VSL model, the differences between the research on the
radial growth and response to climatic factors of L. chinensis and the traditional method
were explored; at the same time, the internal relationship between climatic factors and
radial growth at different altitudes in typical regions and tree species was analyzed.

The Qinling Mountains are the geographical boundary between northern and southern
China. Mt. Taibai (33◦41′ N–34◦15′ N, 107◦19′ E–107◦58′ E, 3767 m a.s.l.) is not only the
peak of the Qinling Mountains but also the highest mountain in eastern mainland China
(Figure 1). Mt. Taibai is roughly located on the precipitation line at which 800 mm
of annual precipitation falls in China and is on the boundary between the humid and
semihumid zones [26–28]. Thus, the study area is located in a transitional and sensitive
climate zone suitable for studying tree-ring climatology. It is one of the few mountains
high enough to extend above the treeline in eastern China [29,30]. L. chinensis is a perennial
and ligneous plant species. It is distributed only in the Qinling Mountains, at an altitude of
2800–3500 m, covering 11.8% of the total forest area of Mt Taibai. As the dominant species of
the treeline area on Mt. Taibai, L. chinensis is seldom disturbed by human activities because
of inaccessibility; thus, it is widely used in research on climate change. For example, the
tree-ring chronologies of L. chinensis were used to reconstruct early spring temperatures in
the Qinling Mountains [31,32]. A 30- to 40-year cycle in temperature changes was found
for the past 300 years on Mt. Taibai [33]. These climate reconstructions make it possible
to describe the climate history of Mt. Taibai over the past hundreds of years; however, all
of the paleoclimate reconstructions using L. chinensis tree-ring chronologies are based on
empirical statistical models. Process-based models have never been documented as being
used in the study area. Tree-ring climatology analysis based on process-based models
provides more systematic climate indicators for reconstructing paleoclimate. Based on
the growth mechanism of L. chinensis, the VSL model explores the main climatic factors
that control the radial growth of L. chinensis from different altitudes and slope aspects and
the growth differences under different location conditions and systematically analyzes the
inveterate reasons.
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In this study, we simulated the response of L. chinensis growth to the main limiting
climate drivers using the process-based VSL model to investigate (1) the applicability of
the VSL model for simulating the relationship between the L. chinensis tree-ring series and
climate changes, (2) the differences in tree growth along the altitudinal gradients of the
northern and southern slopes at Mt. Taibai, and (3) the main limiting factors controlling the
growth of L. chinensis.

2. Materials and Methods
2.1. Study Area

The Qinling Mountains (32◦30′ N–34◦45′ N, 104◦30′ E–112◦45′ E) lie east–west in
central China and extend 1500 km [34] (Figure 1). They form the critical boundary between
the warm–temperate and subtropical climates that separate deciduous broadleaved forest
from the mixed deciduous–evergreen broadleaved forest [35,36]. Thus, as the transitional
zone, the Qinling Mountains support high plant and wildlife biodiversity levels and are
very sensitive to climatic change.

Mt. Taibai is located in the central part of the Qinling Mountains. The base of the
mountains is composed of stone covered by loess, and Quaternary glacial remnants, such as
cirques, glacial erosion lakes, and moraines, are found at higher elevations [37]. Mt. Taibai
shows a clear vertical vegetation spectrum with increasing altitude. Broadleaved Quercus
spp. forests dominate the area below 1200 m on the northern slopes and below 1400 m on
the southern slopes. The vegetation between 1200 and 1650 m in the north and 1400 and
2050 m in the south is a Quercus aliena var. acuteserrata mixed broadleaved–conifer forest.
A Quercus mongolica Fisch. Ex Ledeb forest occurs only on the northern slope at the area
of 1650–2300 m. With increasing elevation, the vegetation changes to a Betula platyphylla
Suk. forest (2300–2950 m in the north versus 2250–2850 m in the south) and an Abies fargesii
Franch. forest (2900–3150 m in the north versus 2850–3200 m in the south). A L. chinensis
forest (3150–3400 m in the north versus 3200–3430 m in the south) forms the modern treeline.
Above the treeline, subalpine and alpine shrubs and meadows dominate [30,38].

2.2. Sampling and Developing the Chronology

Tree-ring samples (N3065, N3210, and N3404) were collected from living L. chinensis at
the sites located in the forest near the treeline on the northern slope of Mt. Taibai in October
2013. The altitudes of these sites ranged from 3065 m a.s.l (N3065) to 3404 m a.s.l (N3404).
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Samples S3100 and S3210 were obtained from the southern slope of Mt. Taibai at elevations
of 3100 to 3210 m a.s.l in June 2013, respectively (Table 1).

Table 1. Information on the tree-ring sampling sites.

Site Code Chronology Time Span (year) Longitude (N) Latitude (E) Elevation (m) Samples Soil Forest Density

SBS1(N3065) 1835–2013(179) 34◦0′23′′ 107◦48′34′′ 3065 30 dark brown soil 0.6–0.7
SBS2(N3210) 1849–2013 (165) 34◦0′6′′ 107◦48′31′′ 3210 30 brown soil 0.5–0.6

SBS3(N3404) 1822–2013(192) 33◦59′49′′ 107◦48′15′′ 3404 30 meadow soil,
podzolic soil 0.4–0.5

YWDZ(S3100) 1897–2012(116) 33◦55′08′′ 107◦46′43′′ 3100 20 brown soil 0.5–0.6
YWD(S3210) 1727–2012(286) 33◦56′00′′ 107◦46′7′′ 3210 30 meadow soil 0.4–0.5

During the sampling process, the locations with thin soil layers and large slopes
were selected for sampling; we selected trees with good growth, thick diameter at breast
height, and no pests and diseases to collect sample cores. Two opposite cores were sampled
at the breast height of the tree stems with an increment borer according to standard
dendrochronological sampling procedures [39]. In the laboratory, the cores were dried
and mounted on grooved wooden supports. The surfaces of the samples were polished
with progressively finer sandpaper to make the tree-ring boundaries clearly visible [40].
Tree-ring widths were then measured using a LINTAB increment measuring system at
a 1/100 mm precision. Visual cross-dating and measurements were checked with the
program COFECHA to evaluate measurement accuracy and minimize potential dating
errors [41].

Ring-width chronologies were developed for each site using the ARSTAN program [42].
The negative exponential curves and spline functions were used to standardize the tree-ring
series to remove the nonclimatic biological growth disturbances related to the tree chronolo-
gies. In the detrending process, we consistently applied different window sizes to further
accurately and effectively determine the common interval. For the chronologies of the five
elevation sampling points derived in this paper, 30-year effective windows and 15-year
overlapping areas were adopted. Three kinds of sample chronologies at Mt. Taibai were set
up: standard chronology (STD), residual chronology (RES), and arstan chronology (ARS).
Tree-ring width STD chronology contains a lot of ambient noise. While the tree-ring width
RES chronology includes external climate signals, it removes noise signals such as tree
growth trends and intraspecific competition, but there are still low-frequency interspecific
interference factors. RES chronology is most suitable for analyzing the response of tree-
ring width to climatic factors. The tree-ring width ARS chronology not only removes the
influence of tree growth factors but also removes interference factors in small forest areas,
resulting in a weak response to climate change [4]. To better retain low-frequency variation
and resulting chronological quality, the STD was employed in the additional analyses.

2.3. Meteorological Data and Statistical Analysis

Because the sampling sites were distributed on both the southern and northern slopes
of Mt. Taibai, instrument-recorded climate data from the Taibai County climate station
(34.09◦ N, 107.3◦ E, 1543.6 m a.s.l) on the northern slope and the Foping County climate
station (33.53◦ N, 107.98◦ E, 1192 m a.s.l) on the southern slope near the sample sites were
employed for analyzing the tree growth-climate response. The station data included mean
monthly temperatures and precipitation spanning from 1959 to 2013.

According to the meteorological records from the Taibai station, the mean annual
temperature on the northern slope of Mt. Taibai is 7.87 ◦C, the mean precipitation from
1959 to 2013 was 741 mm, and precipitation from June to September is 51.0% of the annual
total. Records from Foping County show that the mean temperature and mean annual
precipitation from 1959 to 2013 were 11.9 ◦C and 913 mm, respectively, on the southern
slope of Mt. Taibai. Both the mean annual temperature and precipitation on the southern
slope exceeded those on the northern slope (Figure 2). The southern slope of Mt. Taibai is
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on the windward slope of the southeast monsoon, superimposed with the blocking of tall
terrain, and there is sufficient precipitation on the southern slope in summer.
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Since the elevations of the meteorological stations were lower than those of the sample
sites, varied lapse rates in different months and locations were applied to interpolate the
temperatures from both climate stations to the sample sites [43] (Figure 2). The precipitation
data for the sample sites were generated using the average value of the monthly precipi-
tation of the two meteorological stations. To analyze the differences in the main climatic
factors affecting the radial growth of L. chinensis at different tree-ring sampling sites, the
Pearson correlation coefficient was utilized in SPSS software to analyze the relationship
between the tree-ring width indices and meteorological variables.

2.4. Description of the VSL Model

VSL model version 2.3 (accessed on 15 June 2012, available at http://www.ncdc.noaa.
gov/paleo/softnlib/softlib.html) was used in the study with MATLAB. In the model, non-
linearity is used to calculate the monthly (s) and yearly (t) tree-growth response (g(s,t)). The
principle of tree-growth limiting factors is represented by the minimum of the temperature
response gT(s,t) and soil moisture response gM(s,t), modulated by the insolation response
gE(s,t) [14].

g(s,t) = min[gT(s,t), gM(s,t)] × gE(s,t) (1)

gT(s,t), the temperature-based growth response, is calculated using ramp functions
where T1 is the threshold temperature below which growth ceases, while T2 is the tempera-
ture above which growth is nonlimited.

gT(st)


0 i f T(s, t) ≤ T1
(T(s, t)− T1)/(T2 − T1)

1 i f T2 ≤ T(s, t)
i f T1 ≤ T(s, t) ≤ T2 (2)

Similar to gT(s,t), gM(s,t) is also defined as piecewise linear functions, with parameters
M1 and M2 representing the growth response to the range of soil moisture values where
soil moisture is calculated from the temperature and total precipitation data according to
the empirical hydrology model of a one-layer leaky bucket [44].

gM(st)


0 i f M(s, t) ≤ M1

(M(s, t)−M1)/(M2 −M1)
1 i f M2 ≤ M(s, t)

i f M1 ≤ M(s, t) ≤ M2 (3)

The form min {gT(s,t), gM(s,t)} represents the law of minimum limiting factors so
that the growth depends on the limiting environmental variable. gE(s,t) represents the

http://www.ncdc.noaa.gov/paleo/softnlib/softlib.html
http://www.ncdc.noaa.gov/paleo/softnlib/softlib.html
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insolation-based growth response. The value is the ratio of the mean monthly day length
L(s, t) to that in the summer solstice month. The day length is estimated using a standard
trigonometric approximation, which is mainly determined from the site latitude [45].

gE(s,t) = L(s,t)/max[L(s,t)] (4)

Monthly mean temperature, accumulated precipitation, and latitude are only required
to run the VSL model. The other 12 tunable parameters are entered into the model as the
temperature and moisture thresholds, parameters for the estimation of soil moisture, and
the time periods when tree-ring growth is responsive to climate.

2.5. Model Parameterization Procedure

In the VSL model, four parameters (T1, T2, M1, and M2) controlling the simulated
growth response to temperature and soil moisture were critical to the performance of
the model. In this study, the Bayesian model was used to estimate the growth function
parameters for each sampling site with the climatic data from 1959 to 2013 [46]. Markov
Chain Monte Carlo (MCMC) chains and white Gaussian noise model error were adopted
for the evaluation of each sampling site [19]. The median values of each of the four
parameters in the posterior probability distribution were finally used as the “calibrated”
growth response values for the specific sampling sites [18,19].

In addition, we also used a simple optimization procedure to select the optimal growth
parameters (the parameter set producing the simulation that correlated most significantly
with the observed ring-width series at each site was considered “optimal” and used to
create the simulations on which the analysis was performed) [14]. In the optimization
approach, growth parameters were tested in 3 intervals at 5 different locations. The growth
parameter set that resulted in the simulation that correlated most significantly with the
observed ring-width chronologies was then used as the optimal parameter [18].

According to the “one-size-fits-all” simulation approach used in the VSL model, the
other 8 parameters listed were default values set for the VSL model, which showed the
best overall performance for a variety of environmental conditions [14,18,47,48] (Table 2).
A growth period interval of 16 months was used in the model, starting from the previous
September to December of the modeled year. The integration interval explains the persis-
tence of the radial growth of the L. chinensis, indicated by the high autocorrelation values.
To assess the temporal stability of the growth response functions and test the performance
of the growth parameters, we divided the entire period of 1959–2013 into two periods with
equal intervals of 27 years. Based on the Bayesian approach, we calculated the parameters
T1, T2, M1, and M2 for each site independently and separately for the two periods 1959–1985
and 1986–2013 [18].

Table 2. Numerical values of the VSL model parameters.

Parameter Parameter Description Value

T1 Threshold temp. for gT >0 Table 3
T2 Threshold temp. for gT = 1 Table 3
M1 Threshold soil moist. for gM >0 Table 3
M2 Threshold soil moist. for gM = 1 Table 3
α Runoff parameter 1 0.093 month−1

µ Runoff parameter 2 5.8 (dimensionless)
m Runoff parameter 3 4.886 (dimensionless)

Wmax Max moisture held by soil 0.8 v/v
Wmin Min moisture held by soil 0.01 v/v

dr Root (bucket) depth 1000 mm
I0
If

Integration start month
Integration end month

−4
12
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Table 3. Bayesian estimation statistics for the tuned VSL growth response parameters T1, T2, M1, and
M2 for the five sites from 1959 to 2013, 1959 to 1985, and 1986 to 2013.

Calib. 1959–2013 Calib. 1959–1985 Calib. 1986–2013

Mean Min Max SD Mean Min Max SD Mean Min Max SD

N3065

T1 (◦C) 8.52 8.33 8.76 0.08 6.59 6.06 7.33 0.13 7.91 3.85 8.64 0.62
T2 (◦C) 17.06 11.87 22.81 2.25 17.02 12.31 22.62 2.28 14.10 10.36 22.87 3.12

M1
(v/v) 0.036 0.001 0.094 0.021 0.035 0.001 0.091 0.021 0.036 0.001 0.098 0.021

M2
(v/v) 0.25 0.11 0.49 0.09 0.25 0.11 0.46 0.09 0.26 0.10 0.48 0.09

N3210

T1 (◦C) 7.71 7.68 7.74 0.01 7.64 4.91 8.88 1.24 7.16 3.85 7.22 0.40
T2 (◦C) 16.86 12.02 22.75 2.38 17.01 11.18 22.61 2.38 16.92 10.48 23.13 2.67

M1
(v/v) 0.037 0.002 0.090 0.021 0.033 0.001 0.090 0.021 0.033 0.001 0.091 0.020

M2
(v/v) 0.26 0.11 0.46 0.09 0.25 0.10 0.45 0.09 0.26 0.10 0.48 0.09

N3404

T1 (◦C) 8.58 8.30 8.90 0.10 8.41 7.66 8.90 0.39 7.89 7.85 7.92 0.01
T2 (◦C) 17.26 11.28 22.76 2.45 16.89 11.80 22.48 2.46 16.95 11.60 22.71 2.53

M1
(v/v) 0.033 0.001 0.091 0.021 0.034 0.002 0.092 0.020 0.035 0.001 0.086 0.021

M2
(v/v) 0.24 0.10 0.47 0.08 0.25 0.11 0.49 0.09 0.24 0.10 0.47 0.09

S3100

T1 (◦C) 6.83 6.79 6.84 0.01 6.40 6.37 6.44 0.01 6.83 6.81 6.86 0.01
T2 (◦C) 18.24 15.30 23.38 1.93 17.57 13.77 23.18 2.00 17.97 15.30 21.64 1.67

M1
(v/v) 0.037 0.001 0.097 0.021 0.034 0.001 0.086 0.021 0.034 0.002 0.092 0.020

M2
(v/v) 0.26 0.11 0.45 0.09 0.24 0.10 0.44 0.08 0.25 0.11 0.45 0.08

S3210

T1(◦C) 4.41 4.16 4.54 0.04 4.20 2.84 5.26 0.21 4.67 4.63 4.70 0.01
T2 (◦C) 17.63 14.67 22.79 1.97 17.31 11.86 22.75 2.29 17.93 14.90 22.44 1.72

M1
(v/v) 0.035 0.002 0.092 0.022 0.036 0.001 0.095 0.021 0.036 0.001 0.090 0.022

M2
(v/v) 0.27 0.10 0.48 0.10 0.24 0.10 0.47 0.09 0.26 0.11 0.48 0.09

To evaluate the sensitivity of the model parameters that defined the temperature and
water balance growth functions, we varied one of the parameters (T1, T2, M1, and M2),
while keeping all other parameters constant in the simulation, and this was repeated for
each new tree-ring sampling site [47].

3. Results
3.1. Chronological Characteristics Analysis

The entire time period chronology (1959–2013) was evaluated using the following
statistical parameters: mean sensitivity (MS), standard deviation (SD), first-order autocor-
relation (AC1), average correlation between tree-ring series (Rbar), signal-to-noise ratio
(SNR), expressed population signal (EPS), and first principal component (PC1). The MS
values of the five chronologies ranged between 0.147 (N3065) and 0.269 (S3210). This result
shows that under the influence of climatic factors, the radial growth of L. chinensis varied to
a certain extent. The AC1 values ranged from 0.532 to 0.652, reflecting that tree-ring growth
of the current year was significantly restricted by the growth of the previous year. The EPS
detects the degree to which a particular chronology represents the basic change character-
istics of L. chinensis tree-ring widths in the study area well. All the EPS values of the five
chronologies on Mt. Taibai were greater than 0.85, indicating statistical acceptability [49,50].
The criterion Rbar is the average correlation coefficient between tree-ring series and charac-
terizes the common variance, which indicated the sample cores at the sampling point had
better consistency [49,51]. The high PC1 values between 0.443 and 0.612 revealed that there
were strong common climate signals among the tree-ring width chronologies of L. chinensis
(Table 4).
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Table 4. Statistical features of the tree-ring width standard chronology (STD) for the sample sites
(1959–2013).

Statistical Item N3065 N3210 N3404 S3100 S3210

MS 0.147 0.183 0.200 0.190 0.269
SD 0.203 0.241 0.253 0.265 0.395

AC1 0.570 0.597 0.532 0.603 0.652
Rbar 0.418 0.492 0.387 0.556 0.368
SNR 12.941 24.184 9.458 11.283 6.995
EPS 0.928 0.960 0.905 0.919 0.875
PC1 0.481 0.524 0.443 0.612 0.468

3.2. Process-Based Modeling of Tree Ring Growth

Both the Bayesian model and the simple optimization procedure used to estimate the
growth parameters of L. chinensis showed similar estimation results. Based on the Bayesian
model method, the values of each parameter in the two time periods were calculated,
the results showed strong consistency among the parameters in the two periods, which
confirmed that the growth parameter set selected in the study could be used to simulate
L. chinensis tree growth over the entire time period (Table 3). The correlation between the
observed and simulated values of tree-ring width increased as T1 increased to its highest
value; then, the correlation value decreased with the continued increase in T1. No obvious
change was observed when the other parameters were varied, and this result was consistent
with the presumption that the tree-ring growth correlation in L. chinensis is mainly limited
by temperature. Model sensitivity testing revealed that the minimum temperature T1 was
the most sensitive parameter to L. chinensis growth.

3.3. Relationships between Actual and Simulated Tree-Ring Chronologies

The relationship between the observed and simulated annual tree-ring indices was
assessed by Pearson’s correlation coefficients for 1959–2013. To separate the low- and
high-frequency signals of the chronologies, a 5-year sliding mean with coefficients was
also calculated.

In general, the simulated chronologies were consistent with the observed values. Ex-
cept for N3404, the correlations of the original series and the 5-year sliding means series
were greater than 0.357 and 0.657, respectively, which were significant at the 99% confidence
level (Figure 3). Compared with the average correlation coefficient value of 0.29 across
all continents, the VSL model result presented a better simulation phenomenon of L. chi-
nensis growth at Mt. Taibai [18]. The higher correlation coefficients at a more significant
confidence level via the 5-year running mean showed that the model captured the low-
frequency component well at the sample sites excluding N3404. The weak relationship was
characteristic of N3404, which was the highest sample site located on the northern slope of
Mt. Taibai, especially as shown by the 5-year sliding mean coefficient.

Based on the VSL model, we estimated the partial influence of temperature and
precipitation on tree-ring formation throughout the growing season. The results showed
that during the whole 16-month period, gT was less than gM (Figure 3). According to the
principle of limiting factors, the results clearly demonstrated that tree growth at most of
the sampling sites was generally limited by temperature. The results from the statistical
model also revealed positive correlations between the radial growth of L. chinensis and
temperature variations from March to July (Figure 4).
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Figure 3. Intercomparison of actual and simulated tree-ring chronologies with the associated seasonal
patterns of climate limitations simulated by the VSL model at each site (N3065, N3210, N3404, S3100,
and S3210). (a) Comparison between the standard tree-ring width chronology of L. chinensis from
the five sample sites and simulation series using meteorological data. Correlation coefficients are
given for 1959–2013, where r1 is the original value, and r2 is the 5-year sliding value. (b) Annual and
long-term mean monthly growth rates due to soil moisture (gM, purple) and temperature (gT, black)
for 1959–2013.
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Figure 4. Tree-ring growth responses to temperature and precipitation over 1959–2013 based on
statistical model methods. The correlations are calculated from September of the previous year (Sp)
to December of the current year (D). The black points indicate the significantly correlated months
(p < 0.05).

The VSL model allowed us to analyze features of tree-ring growth response in specific
environmental conditions. The results show that the overall skill of the model was slightly
higher at two sites on the southern slope than at those on the northern slope. Correlations
between the actual and simulated tree-ring chronologies decreased with increasing altitude
and were even less significant at the high-altitude site N3404 (Figure 3). The VSL model
output indicated that for both the northern and southern slopes of Mt. Taibai, the mean
growth response to temperature was zero in the winter months when it was coldest
(Figure 3). However, on the southern slope, the growth response started to increase after
April and peaked in July and August during the warmest time of the year and then
decreased until October.

3.4. Validation in the Tree-Ring Width Index Simulated by the VSL Model

From the results of the Pearson correlation analysis, it can be seen that the average
temperature from May to July had a strong response to the tree-ring width index; therefore,
the temperature factors and the tree-ring width index of the month in this interval were
selected for spatial correlation analysis (Figure 5). The spatial correlation analysis between
the tree-ring width index and the mean temperature (CRU TS 4.05(land) 0.5◦ × 0.5◦) from
May to July based on observations and the VSL model simulations was performed on
the European Climate Assessment & Dataset data website of the World Meteorological
Organization (accessed on 10 May 2012, http://www.climexp.knmi.nl) [52]. The rationality
and accuracy of the simulation results of the VSL model were further verified. The responses
of the observed and simulated tree-ring width index and climatic factors were extremely
similar, and both had significant spatial responses near the Qinling Mountains, Yangtze
River basins, and the downstream area of the Yellow River in China. The simulated tree-
ring width index and climatic factors had a wider spatial response range and better effect,
which further verified the rationality and accuracy of the model simulation.

http://www.climexp.knmi.nl
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4. Discussion
4.1. Climatic Responses

We note that these results are consistent with those of previous studies indicating
that early spring and summer temperatures are the main climatic factors controlling tree
radial growth in the Qinling Mountains [31,33,53–55]. Physiologically, temperature is
crucial to tree growth, and high temperatures in the early growing season may increase
the temperature of soil and tree leaves; thus, radial growth will be accelerated [56]. Warm
temperature will also promote snow melt and result in the early initiation of cambial
activity and increase the supply of photosynthates, which would result in a wide tree
ring [54,57].

The influences of precipitation were not reflected in the VSL model because the mois-
ture at our sample sites reached the lower bound for optimal moisture (M2). This VSL
model did not provide an upper threshold in the growth response functions at which the
influence of moisture turns negative. Thus, during the whole year, the growth response
to moisture gM remained at level 1, indicating moisture did not limit tree growth. In the
central and northern regions of China, with the same period of rain and heat, the tree
growing season is mainly concentrated in summer [35,53,58]. Long-term high temperature
in summer means less precipitation; more precipitation results in less high temperature
weather to a certain extent [59,60]. The results showed that the radial growth and devel-
opment of L. chinensis were mainly limited by the temperature factor. High temperature
weather and less precipitation were conducive to the formation of wide rings in that year.
Enhanced precipitation induces a lower temperature, which increases the probability of
narrowing the annual ring width as a result. Relatively speaking, under the influence
of topographic conditions, in the high-altitude areas of the mountains, the microclimate
conditions are cold and wet, whereas in the low-altitude areas of the mountains, the micro-
climate conditions are warm and dry [30,58]. As altitude elevation increases, precipitation
increases and temperature decreases. In the high-altitude area, the precipitation meets
the needs of the growth of L. chinensis, and the temperature conditions are closely related
to the growth of the ring width. There was a significantly positive correlation between
tree-ring width and the temperature factor, and a poor or significantly negative correlation
with the precipitation factor. A low temperature reduces the activity of tree roots and
even causes permanent damage, inhibiting the growth and development of trees; a higher
temperature is conducive to maintaining the necessary temperature conditions for tree
growth and the transmission of organic matter and energy, promoting tree growth and
development [35,48,60]. However, we found a negative relationship between the radial
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growth of L. chinensis and precipitation from March to June in the traditional statistical re-
sults (Figure 4). In fact, previous studies have noted the negative influence of precipitation
on tree-ring growth, especially at high altitudes [61].

Neglecting the negative effects of moisture is probably one of the reasons that the
model of the N3404 tree-ring chronology above the treeline performed poorly. The lack
of modeled snowmelt may also have resulted in the overestimation of tree growth [14].
To reduce tunable parameters, the VSL model did not account for snow dynamics [14,19];
however, temperature and precipitation affect tree growth through snow cover in the study
area. In the treeline area, trees are principally fed by snowmelt in late spring and early
summer [6], and high precipitation during this season likely diminishes snowmelt or even
causes mechanical damage from freezing rain or snow, which in turn slows cambial activity
and hinders tree growth. Another possible reason for this result was that there was an
error in the setting of water parameters in the soil during the use of the VSL model, which
should be improved to increase the accuracy of the parameters in future research on the
larger area.

4.2. Effects of Topographical Factors on the Behavior of the VSL Model

The growing season for L. chinensis on the northern slope of Mt. Taibai was shorter
from May to September than in the other months. Elevation has a strong effect on tree
growth that varies with climate and terrain. The differences that occurred with altitude
may be attributable to the decreasing sensitivity of climate signals in the chronologies,
which has been indicated by several studies, such as those in the Lüliang Mountains as
well as in the Qilian Mountains [58,59]. Measurements of leaf morphology suggest that
trees at high elevations will change their ecological strategies by reducing their metabolic
rates to adapt to harsh alpine environments [62]. In the adjacent area, Pcicea crassifolia Kom.
and L. chinensis have similar biological habits; the research on Pcicea crassifolia found that at
different altitudes, biological indicators such as stoma density and the needle dry weight
of conifers are different [63]. As the altitude increases, the ecological environment of the
location becomes more extreme, the stoma density and needle dry weight of the conifer
species decrease. Stoma density is closely related to atmospheric carbon dioxide concentra-
tion and other environmental factors, while needle dry weight affects the organic matter
content of trees. Thus, the two indicators are crucial to the photosynthesis process of plants.
There is a positive relationship between temperature and photosynthesis in a geographical
environment. As the altitude increases, the temperature conditions become worse, slowing
down the photosynthesis of plants, thereby reducing the index values of stoma density
and needle dry weight of conifers. This further affects the growth and development of
coniferous species, manifesting as poor habitat development and reduced sensitivity to
temperature environments. At the highest altitudes, the decrease in temperature sensitivity
of L. chinensis was closely related to the changes in stoma porosity and needle dry weight
in conifers. The L. chinensis growing in the upper limit of the forest maintains a lower
physiological and metabolic level, which is conducive to tree growth to avoid the impact of
environmental changes to the greatest extent, and the ecological adaptation strategy to the
environment has changed [62,64,65]. At the same time, the response of trees growing in the
upper forest area to environmental factors lags behind that in the lower forest area. Trees
growing near the maximum precipitation height are the least sensitive to environmental
factor responses. The highest geographical location of L. chinensis (N3404) in this paper
was located in the area with maximum precipitation under the influence of topographic
rain, which weakens the sensitivity to temperature to a certain extent [66]. In this study,
trees growing at high elevations showed a lower sensitivity to the climate, which was also
reflected in the results from the statistical analysis (Figure 4). The weakening limitation of
temperature on the growth response led to the poor performance of the VSL model at the
high-altitude sites.
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4.3. Perspectives of the VSL Model

The strength of the VSL model is its ability to integrate both temperature and precip-
itation information to simulate a nonlinear tree-growth response to climate change. For
example, the application of the VS model at lower elevation sites in Switzerland demon-
strated that temperature only limited growth at the beginning of the growing season, while
precipitation limited growth at the end of the growing season [18]. However, this advantage
was not clearly shown in our study, because the growth response was mainly driven by
temperature during the entire growing season. Furthermore, the VSL model lacks upper
limits for optimal temperature and moisture. Thus, the optimal growth simulated under
sufficient conditions of temperature or moisture may not reflect reality. The comprehensive
analysis of the VSL model shows that limited by a single climate factor, the model advan-
tage is not obvious; however, limited by a variety of climatic factors, the model advantage
is obvious [14,18,67,68].

Although our research was conducted in the relatively limited range of Mt. Taibai,
other results for a range of environments, species, and time scales suggest that the VSL
model is capable of simulating a wide variety of tree-ring records and their response to cli-
mate forcing [47]. The model requirement that monthly climate data be used also makes the
VSL model more widely applicable. The advantages of this model provide an opportunity
for its use in the aggregation of tree-ring records for paleoclimatic reconstruction.

As a simple and skilled simulator of tree-ring width chronologies, the VSL model can
be easily coupled to monthly GCM (General Circulation Model) output for “pseudoproxy
experiments” as well as for ensemble forward modeling.

5. Conclusions

We developed L. chinensis tree-ring chronologies from five sites on Mt. Taibai spanning
an altitudinal gradient on both northern and southern slopes, and this approach allowed us
to explore the suitability of the VSL model in different environmental settings to determine
the climate response of L. chinensis.

(1) In general, the simulated chronologies were consistent with the observed values
except for the series of sample N3404 above the treeline. The VSL model simulated a
dominant temperature control on tree growth during the entire growing period. The
unsuccessful simulation in N3404 may be due to neglecting the negative effects of
moisture and not including modeled snowmelt.

(2) The overall skill of the VSL model was slightly higher at two sites on the southern
slope than at those on the northern slope. Correlations between the actual and
simulated tree-ring chronologies decreased with increasing altitude. The differences
may be attributable to the decreasing sensitivity of climate signals with the altitudes
contained in the chronologies.

(3) Through the study of L. chinensis by the VSL model in this paper, it can be seen that
L. chinensis was limited by a single climate factor, and the advantages of the VSL model
were not obvious. Despite the limitations of the VSL model, it has many potential
applications, such as data assimilation and forward modeling.
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