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Abstract
To investigate the changes and mechanisms in the response patterns of Chi-
nese pine (Pinus tabuliformis) radial growth to climatic factors in the Maijishan
Scenic Area of Tianshui from 1980 to 2019 against the backdrop of climate
change, dendroclimatological methods and the Vaganov-Shashkin model were
employed to examine the climatic response and growth processes of Chinese pine
in Maijishan before and after the temperature abrupt change. The results indi-
cate: (1) The temperature in Maijishan experienced an abrupt change in 1997,
with post-change temperatures being significantly higher than pre-change tem-
peratures. During 1980–1997 and 1998–2019, the response changes of Chinese
pine to climatic factors exhibited three patterns: decreasing correlation (May
temperature), increasing correlation (October temperature and precipitation,
July precipitation, December temperature), and oscillation (June precipitation,
July temperature). (2) Significant climate warming provided more abundant
heat supply for Chinese pine growth in spring and autumn, substantially ex-
tending the growing season; summer growth of Chinese pine was affected by
high temperature and water stress. (3) The changes in the response patterns of
Chinese pine growth to climatic factors were primarily caused by climate warm-
ing and alterations in the growing season; if temperatures continue to rise, these
response patterns may change further, and similar processes may also exist in
other Chinese pine growing regions.
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Abstract

This study investigates the changing response patterns and underlying mecha-
nisms of radial growth in Pinus tabulaeformis to climatic factors in Maijishan
Mountain, Tianshui, under the context of climate change. Using dendrocli-
matological methods and the Vaganov-Shashkin (VS) model, we examined the
climate response and growth processes of P. tabulaeformis before and after an
abrupt temperature shift. The results indicate that: (1) A temperature regime
shift occurred in 1997, after which mean annual temperatures increased signif-
icantly. Three distinct response patterns emerged in the relationship between
tree growth and climate factors: declining correlation (May temperature), in-
creasing correlation (October temperature and precipitation, July precipitation,
December temperature), and fluctuating correlation (June precipitation, July
temperature). (2) Significant climatic warming enhanced heat availability for
spring and autumn growth, substantially prolonging the growing season. Sum-
mer growth was constrained by high temperatures and water stress. (3) The
altered response patterns were primarily driven by climate warming and grow-
ing season changes. If warming continues, these response patterns may further
evolve, and similar processes likely occur in other P. tabulaeformis distribution
areas.

Keywords: tree rings; climate change; Vaganov-Shashkin model; Pinus tabu-
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Introduction
Tree growth in the mid-to-high latitudes of the Northern Hemisphere is strongly
influenced by climatic factors, with tree rings recording substantial climate in-
formation. These records offer accurate dating, high resolution, and easy repli-
cation, making tree rings widely applicable for studying tree growth-climate
responses and regional climate reconstruction. Dendrochronological studies typ-
ically assume stable relationships between regional climate factors and tree
growth. However, since the mid-20th century, an anomalous phenomenon
termed the“divergence effect”—characterized by an unusual decline in tempera-
ture sensitivity of tree growth—has been identified in many tree-ring records from
high-latitude regions of the Northern Hemisphere. This phenomenon demon-
strates that tree growth-climate relationships are not necessarily stable. Stud-
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ies on the Tibetan Plateau, Wolong in western Sichuan, and Niubeiliang in the
Qinling Mountains have also documented the divergence effect, confirming its
occurrence in mid-low latitude and high-altitude regions. A global study based
on 54 tree-ring sites further indicated that temperature responses of tree growth
in the Northern Hemisphere have significantly weakened, while water stress has
intensified globally. Continued climate change may lead to a redistribution
of climate drivers governing global tree growth. Therefore, understanding the
mechanisms of tree growth-climate relationships under climate change is essen-
tial for predicting impacts on global ecosystem material cycles and energy flows.

This study selects Maijishan area, located on the northern slope of the west-
ern Qinling Mountains and influenced by the southeast, southwest, and plateau
monsoons. The region features a unique and complex climate system that is
exceptionally sensitive to climate change. Using Pinus tabulaeformis, a species
commonly employed in dendrochronological research, we explore its growth re-
sponse to climate change and investigate the underlying mechanisms using the
VS model. This work aims to provide a basis for understanding the response
mechanisms of P. tabulaeformis to climate in this region and for evaluating the
reliability of climate reconstructions.

1.1 Study Area

Maijishan Scenic Area in Tianshui, Gansu Province (34°07�~34°28�N,
105°56�~106°10�E) is situated at the eastern end of the northern branch
of the western Qinling Mountains [Figure 34: see original paper]. The region
borders the Loess Plateau to the north, adjacent to the Wei River, and
connects to Jialing in the east, serving as a watershed between the Yellow
River and Yangtze River systems. The climate belongs to the warm temperate
humid/semi-humid zone, with a mean annual temperature of 9–13°C, annual
precipitation of 420–660 mm concentrated in June–September, and a frost-free
period of 170–220 days. The soil is predominantly mountain brown soil, and
the vegetation belongs to the warm temperate coniferous-broadleaf mixed
forest type.

1.2 Sample Collection and Chronology Development

The sampling site was established at 34.34°N, 106.02°E, 1720 m a.s.l. on the
north slope of Maijishan Mountain. In May 2019 and 2020, we collected tree
cores from 30 P. tabulaeformis trees at breast height (1.3 m) using increment
borers from different directions. In the laboratory, the cores were preprocessed
following standard dendrochronological procedures. Ring widths were measured
using a LinTAB measuring system with 0.01 mm precision, and COFFECHA
software was used to check measurement accuracy and identify dating errors.
Cores with large errors were excluded, leaving 30 cores for chronology construc-
tion. The ARSTAN program was used for detrending and standardization, em-
ploying an exponential function to remove growth trends. This yielded a residual
chronology (RES) and an autoregressive chronology (ARS). The standardized
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chronology (STD) primarily excludes interference from inherent growth trends
while retaining most high- and low-frequency environmental signals, and was
selected for this study [Figure 2: see original paper].

1.3 Meteorological Data

Meteorological data were obtained from the nearest Maiji meteorological station
(34.57°N, 105.87°E, 1085.2 m), located 15 km from the sampling site. Daily
observations from 1980–2019 were sourced from the Resource and Environment
Science Data Center (https://www.resdc.cn). Based on these data, the station’s
mean annual precipitation is 92.94 mm and mean annual temperature is 11.45°C.
Previous studies indicate a regional temperature shift in the western Qinling
Mountains during the 1990s. We applied the Mann-Kendall test to mean annual
temperatures in Maijishan, confirming an abrupt change in 1997 that aligns with
existing research [Figure 4: see original paper]. As tree growth-climate response
patterns are temperature-dependent, we used 1997 as the breakpoint to analyze
relationships before (1980–1997) and after (1998–2019) the temperature shift.

1.4 VS Model

The VS model simulates seasonal cambial activity and cell formation processes
based on daily temperature, precipitation, and solar irradiance, yielding im-
portant parameters such as daily growth rates, primary limiting factors, and
growing season dates. The model can be validated against actual tree-ring
samples, making it widely applicable for investigating tree growth processes
and influencing factors. This study employs the oscilloscope version of the VS
model, which differs from previous versions primarily through improved GrE
calculation formulas. The model consists of four modules: data input, basic
calculations, cambial simulation for estimating seasonal cell numbers and sizes,
and data output.

The tree growth rate is calculated as:

𝐺𝑟 = 𝑘 × min{𝐺𝑟𝐸, 𝐺𝑟𝑇 , 𝐺𝑟𝑊}

where Gr is the overall tree-ring growth rate, and GrE, GrT, and GrW are the
daily growth rates triggered by light, temperature, and soil moisture, respec-
tively.

2 Results
2.1 Chronology Statistics

The standardized chronology exhibits high statistical quality (Table 1). The
high mean sensitivity indicates that P. tabulaeformis is sensitive to climatic
variations. The low first-order autocorrelation suggests minimal “lag effect”
from previous year’s climate. The mean correlation coefficients among all cores,
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between trees, and within trees are all significant (P < 0.05), with high signal-
to-noise ratio. The first principal component explains 41.28% of variance, and
the overall representativeness exceeds 0.85, exceeding the minimum threshold
for reliable chronologies and indicating high credibility.

2.2 Variation Characteristics of Tree-Ring Index and Climate Ele-
ments

Using 1997 as the breakpoint, independent samples t-tests compared climatic
factors and tree-ring indices between the two periods. Boxplots reveal that
mean annual temperature was significantly higher in 1998–2019 than in 1980–
1997 (P < 0.05), while precipitation and tree-ring index showed no significant
differences [Figure 5: see original paper]. The most pronounced difference was
the significant temperature increase. Trend analysis shows that mean monthly
and annual temperatures increased significantly (P < 0.05) for all months except
June, while precipitation increased significantly only in August and October
[Figure 6: see original paper]. This significant warming-drying trend implies
that tree growth may experience intensified water stress.

2.3 Response of Tree-Ring Index to Climate Elements

Given the low first-order autocorrelation, we analyzed correlations between the
standardized chronology and monthly climate data for the current year. Correla-
tion analysis for the two periods shows distinct patterns [Figure 7: see original
paper]. During 1980–1997, tree growth exhibited significant negative correla-
tion with May temperature (P < 0.01) and significant positive correlation with
May precipitation (P < 0.05), suggesting that high temperatures in May caused
drought that limited growth, while precipitation alleviated water stress. During
1998–2019, the relationship with May temperature remained significantly neg-
ative (P < 0.05), while correlations with October temperature (P < 0.01) and
precipitation (P < 0.05), and December temperature (P < 0.05) became signifi-
cant. The most notable changes were the declining correlation with May temper-
ature, increasing correlations with October temperature/precipitation and July
precipitation, and fluctuating correlations with June precipitation and July tem-
perature.

Forward evolutionary interval correlation analysis [Figure 8: see original pa-
per] reveals that the correlation between May temperature and tree-ring index
declined continuously, while correlations with October temperature and precip-
itation increased. This indicates that the response patterns of P. tabulaeformis
growth to climate in Maijishan exhibit three modes: correlation decline, corre-
lation increase, and correlation fluctuation.

2.4 VS Model Simulation

The VS model requires daily temperature and precipitation data, sampling site
latitude, and growth parameters. We adjusted parameters to optimize agree-
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ment between simulated and measured data . The correlation between simu-
lated and measured series is significant at P < 0.05 for both periods, indicating
good fit and reliable representation of actual growth [Figure 9: see original
paper].

2.5 Mechanistic Explanation of Response Changes

To analyze changes in growth processes, we examined simulated daily growth
rates and their differences between periods [Figure 10: see original paper].
Compared to 1980–1997, soil moisture-induced growth rates (GrW) decreased
throughout 1998–2019, reflecting stronger water stress. Temperature-induced
growth rates (GrT) showed a bimodal pattern: decreased contribution during
late winter-spring (days 30–150) and summer (days 150–250), but increased dur-
ing late winter-early spring (days 150–270) and autumn (days 270–330). The
growing season start and end dates changed significantly (P < 0.05), beginning
earlier and ending later, thereby extending the growing season [Figure 11: see
original paper].

The overall growth rate difference correlates more strongly with temperature-
induced growth rate changes (r = 0.85) than with soil moisture-induced changes
(r = 0.73), indicating that temperature-driven changes dominate overall growth
variation. However, the overall growth rate also reflects the influence of reduced
soil moisture-induced growth, particularly evident in the delayed transition from
decreasing to increasing growth rates.

The declining negative correlation with May temperature likely reflects that
warming has increased heat supply, raising temperature-induced growth rates
and offsetting negative impacts of May high temperatures. The increasing pos-
itive correlation with October temperature occurs because autumn warming
provides more sufficient heat for growth. The increasing negative correlation
with October precipitation results from precipitation cooling effects that re-
duce temperature-induced growth rates. The increasing positive correlation
with July precipitation reflects that warming-induced drought intensifies water
stress, making precipitation more critical for relieving drought and promoting
growth.

3 Discussion
The“divergence effect”—unstable tree growth-climate relationships—has impor-
tant implications for predicting climate change impacts on ecosystem processes.
Our study reveals significant changes in P. tabulaeformis growth-climate rela-
tionships in Maijishan after 1997, with three distinct response modes. These
findings can be compared with climate reconstruction studies to validate the
stability of historical tree growth-climate relationships and assess reconstruc-
tion reliability. Previous studies using P. tabulaeformis from Shimenshan in
Tianshui found stable correlations with May temperature before reconstructing
historical temperatures, suggesting our results support the reliability of those

chinarxiv.org/items/chinaxiv-202303.00121 Machine Translation

https://chinarxiv.org/items/chinaxiv-202303.00121


reconstructions.

The VS model simulations indicate that climate warming and growing season
changes are the primary drivers of altered response patterns. Warming ex-
tended the growing season by advancing the start date and delaying the end
date, while intensifying summer heat and drought stress. These changes mod-
ified correlations between monthly climate factors and tree growth, particu-
larly the declining May temperature correlation and increasing October temper-
ature/precipitation correlations. If warming continues, these response patterns
may further evolve. Given the widespread distribution of P. tabulaeformis and
similar warming trends across China, analogous changes likely occur in other
regions with comparable habitats.

While VS model applications are common, simulations cannot fully replace field
observations or guarantee all physiological parameters are realistic. We adjusted
root depth to 1600 mm based on literature showing P. tabulaeformis roots can
reach this depth, enabling access to deeper soil moisture. This adjustment, along
with modified soil moisture parameters, improved model performance. Future
research should incorporate long-term monitoring and high-precision observa-
tions to further refine model parameters.

4 Conclusions
Using dendroclimatological methods, we examined the response of P. tabulae-
formis tree rings to climate change in Maijishan, Tianshui, across two periods
(1980–1997 and 1998–2019), and explored the mechanisms using the VS model.
The main conclusions are:

1) Under significant warming-drying trends in Tianshui, the growth-climate
relationship of P. tabulaeformis changed markedly, exhibiting three pat-
terns: correlation decline, correlation increase, and correlation fluctuation,
indicating that these relationships are not entirely stable.

2) The correlation between May temperature and tree-ring index declined
notably after 1997, though it remained significant until after 2005, sup-
porting the reliability of previous climate reconstructions in this region.

3) VS model simulations demonstrate that changes in growth-climate re-
sponse patterns are primarily caused by climate warming and growing
season alterations. Continued warming may induce further changes in
these patterns, which likely occur in other P. tabulaeformis regions with
similar environmental conditions.

4) The VS model effectively simulates the actual growth processes of Mai-
jishan P. tabulaeformis, with simulated daily growth characteristics and
factor influences successfully explaining the mechanisms underlying chang-
ing growth-climate relationships. The model shows promise for explaining
similar relationships in other regions.
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