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Abstract
Comparisons of tree rings at spatiotemporal scales can better reflect the im-
pacts of environmental changes on tree growth and are of great significance
for understanding the effects of climate change on forest ecosystems. Den-
drochronological methods were employed to analyze the spatiotemporal vari-
ation in climate-growth relationships of radial growth for three main broadleaf
tree species in broadleaf-Korean pine forests in the northern Zhangguangcai
Mountains—Fraxinus mandshurica, Phellodendron amurense, and Juglans mand-
shurica. The results demonstrated that climatic responses differed significantly
among species at the same site; Juglans mandshurica was jointly influenced by
precipitation and minimum temperature, whereas Phellodendron amurense and
Fraxinus mandshurica were primarily limited by minimum temperature, indicat-
ing that tree growth-climate relationships exhibit species-specific characteristics.
With alterations in temperature and precipitation patterns, the relationships be-
tween tree rings of the three major hardwood species and climate varied across
space; Juglans mandshurica at Fangzheng and Xidaquan sample sites exhib-
ited significant positive correlations with minimum temperature from June to
August (P < 0.05), whereas at the Fenghuangshan site, it showed positive cor-
relations with minimum temperature and precipitation in May and June (P
< 0.05). The radial growth of Phellodendron amurense and Fraxinus mand-
shurica displayed gradually weakening correlations with late growing season
precipitation as the spatial precipitation pattern changed. After 1980, signifi-
cant temperature increases occurred in the northern Zhangguangcai Mountains;
before warming, the growth trends of the three major hardwood species were
relatively consistent, but after warming, the tree-ring widths of Phellodendron
amurense and Fraxinus mandshurica showed increasing trends with rising tem-
perature, whereas Juglans mandshurica exhibited a ‘divergence phenomenon’
of decreasing growth with increasing temperature. If future warming trends
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continue or intensify, it can be inferred that Juglans mandshurica in the north-
ern Zhangguangcai Mountains may suffer from intensified drought stress and
could experience growth decline, whereas warming may be more favorable for
the growth of Phellodendron amurense and Fraxinus mandshurica.
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Abstract
Comparative analysis of tree rings across spatial and temporal scales can better
reflect the impacts of environmental change on tree growth and is critically im-
portant for understanding the influence of climate change on forest ecosystems.
Using dendrochronological methods, we analyzed the spatio-temporal variations
in radial growth-climate relationships for three dominant broadleaved species
(Fraxinus mandshurica, Phellodendron amurense, and Juglans mandshurica) in
broadleaf-Korean pine forests in the northern Zhangguangcai Mountains. At the
same site, interspecific differences in climate response were significant: Juglans
mandshurica growth was jointly limited by precipitation and minimum tem-
perature, whereas Phellodendron amurense and Fraxinus mandshurica were pri-
marily limited by minimum temperature, indicating species-specific characteris-
tics in climate-growth relationships. As temperature and precipitation patterns
changed, the relationships between tree rings and climate factors varied spa-
tially across the three hardwood species. At the Fangzheng and Xidaquan sites,
Juglans mandshurica showed significant positive correlations with June mini-
mum temperature, while at the Fenghuangshan site, it correlated positively with
both May-June minimum temperature and precipitation. The radial growth of
Phellodendron amurense and Fraxinus mandshurica showed gradually weaken-
ing correlations with end-of-growing-season precipitation as the spatial precipi-
tation pattern changed from west to east. Temperatures in the northern Zhang-
guangcai Mountains have increased significantly since 1980 (P < 0.05). Be-
fore 1980, the growth trends of the three hardwoods were relatively consistent,
but after warming, the ring widths of Phellodendron amurense and Fraxinus
mandshurica increased with rising temperatures, whereas Juglans mandshurica
showed a growth decline. If future warming continues or intensifies, Juglans
mandshurica may experience drought stress and growth decline in the northern
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Zhangguangcai Mountains, while warming may benefit Phellodendron amurense
and Fraxinus mandshurica.

Keywords: tree rings; broadleaf-Korean pine mixed forest; drought stress;
global warming; radial growth

Introduction
Global climate is undergoing significant changes characterized by warming, with
the most pronounced effects in the mid-to-high latitudes of the Northern Hemi-
sphere, particularly in inland ecosystems [1-4]. Increasing data indicate that
northeast China has experienced significant warming since the 1980s, entering
a warm-drying trend. This warming affects forest ecosystems at various scales.
Previous studies have shown both declining forest productivity after climate
warming [5-7] and changes in forest tree growth trends, phenology, and distribu-
tion [9]. In the broadleaf-Korean pine forests of northern Zhangguangcai Moun-
tains, Phellodendron amurense, Fraxinus mandshurica, and Juglans mandshurica
are important companion species to Korean pine (Pinus koraiensis), playing cru-
cial roles in forest regeneration and the structural and functional dynamics of
these ecosystems. Due to physiological limitations of broadleaved species, tree-
ring studies on them are more challenging than on conifers, and their rings may
contain different information [10-11]. However, broadleaved species constitute
an important component of the ecosystem response to climate change in these
forests.

Dendrochronology provides reliable information on spatio-temporal variations
in tree radial growth [12]. Previous studies on broadleaved species’climate re-
sponses have reported spatial variations. For example, Huang et al. [13] found
that Populus tremuloides in Canada was mainly affected by summer humidity
in the south and temperature in the north. Pierre et al. [14-16] showed that
elevation and latitude variations affected oak growth in Central Europe and
western France. In China, Zhang Hansong et al. [17] reconstructed past precip-
itation in Changbai Mountains using Fraxinus mandshurica chronologies, while
Wang Weiwei et al. [18] reconstructed autumn temperatures, finding Fraxinus
mandshurica was more sensitive to temperature signals. Li Mu et al. [19] recon-
structed growing-season minimum temperatures in Dunhua using Korean pine
and the three hardwoods. However, studies in the Qinghai-Tibet Plateau and
Northeast China have shown unstable climate-growth responses, with obvious
shifts after climate warming [20-22], a phenomenon known as growth divergence
[23]. Under global warming, how will the spatio-temporal patterns of growth di-
vergence change for the three hardwoods in the northern Zhangguangcai Moun-
tains? This study addresses this question by examining the spatial patterns
of climate responses and temporal stability of the relationships after warming,
aiming to reveal differential responses of the three hardwoods to climate change
and understand future impacts on forest ecosystems.
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1. Sampling Site Description
We selected three minimally disturbed sites along a longitudinal gradient in the
northern Zhangguangcai Mountains of Heilongjiang Province: Shuangzishan Na-
tional Forest Park in Fangzheng County, Xidaquan Forest Park in Boli County,
and Fenghuangshan National Nature Reserve in Jidong County. The region be-
longs to the Changbai Mountain system and features a temperate continental cli-
mate with distinct seasons. Soils are primarily dark brown forest soils. The veg-
etation is dominated by temperate species, with annual precipitation of 400-600
mm and a growing season of 100-160 days. The complex topography supports
various forest types including mixed conifer-broadleaf forests, broadleaf-Korean
pine forests, and Quercus mongolica deciduous broadleaf forests. Dominant tree
species include Korean pine, Phellodendron amurense, Fraxinus mandshurica,
Juglans mandshurica, Tilia amurensis, and Quercus mongolica. The three hard-
wood species are widely distributed in the Zhangguangcai Mountains, and the
sampling sites with minimal human disturbance provide ideal conditions for
dendroclimatic research.

Figure 1: Figure 1

Map of sampled sites for three hardwood tree rings and weather stations near
sampled sites

Tree-ring sampling information for different sites and tree species in north Zhang-
guangcai Mountains

2. Sample Collection and Chronology Development
In May 2014, we collected tree-ring samples from the lower slopes of north-facing
aspects at three sites: Fangzheng (FZ), Xidaquan (XDQ), and Fenghuangshan
(FHS). Healthy trees were selected and cored at breast height (1.3 m) using in-
crement borers. Two cores per tree were taken from 20-30 trees per species, with
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habitat conditions recorded for each tree. Samples were placed in plastic straws
and transported to the laboratory for mounting, sanding, and cross-dating. Ring
widths were measured using a Velmex measuring system with 0.001 mm preci-
sion. The COFECHA program [25] was used to verify cross-dating and mea-
surement accuracy. After cross-dating, the ARSTAN program [26] was used
for detrending and standardization. Negative exponential or linear functions
were applied to remove age-related growth trends, followed by double averaging
to produce standard chronologies for Juglans mandshurica and Fraxinus mand-
shurica. The Phellodendron amurense samples from one site were insufficient
for chronology development.

[FIGURE:2] Monthly mean temperature and total precipitation variation at
study area meteorological stations

3. Statistical Analysis
Meteorological data were obtained from China Meteorological Data Sharing
Service Network (http://cdc.cma.gov.cn/). For Fangzheng (FZ) and Fenghuang-
shan (FHS), we used data from nearby Tonghe and Jixi stations, respectively.
For Xidaquan (XDQ), we averaged data from Yilan and Jixi stations, which are
equidistant from the site. Climate variables included monthly mean minimum
temperature (Tmin), maximum temperature (Tmax), mean temperature, total
precipitation, and relative humidity (RH). Since previous-year climate can af-
fect current-year growth [24], we analyzed correlations between 18 months of
climate data and the standard chronologies. Based on physiological ecology,
seasons were defined as: winter (previous December-February), spring (March-
May), summer (June-August), and autumn (September-November). Principal
component analysis (PCA) was performed on chronologies from the same site
and different sites to analyze minimum temperature effects. Statistical analyses
were conducted using SPSS 19.0, and figures were prepared using SigmaPlot
12.5.

General information of meteorological stations at each sampled site

Results
1. Chronology Characteristics

Among the nine standard chronologies, tree ages varied significantly among
sites. The oldest was Fraxinus mandshurica at Fangzheng (208 years), while
the youngest was Juglans mandshurica at Fenghuangshan (64 years). Mean
sensitivity, reflecting responsiveness to climate variability, was generally higher
for Juglans mandshurica than for Phellodendron amurense and Fraxinus mand-
shurica, indicating greater climate sensitivity. First-order autocorrelation was
high for all species, showing strong carryover effects of previous-year climate.
All chronologies had expressed population signal values above 0.85, indicating
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good representation of population-level patterns and suitability for dendrocli-
matic analysis.

Major characteristics of STD chronologies for three hardwood species

Inter-chronology correlations showed overall consistency but with local differ-
ences. The highest correlation was between Juglans mandshurica and Phel-
lodendron amurense at Fenghuangshan (r = 0.64), while the lowest correlations
occurred between Fraxinus mandshurica at Fenghuangshan and Juglans mand-
shurica or Fraxinus mandshurica at Fangzheng. These differences suggest that
species-specific physiological traits influence climate responses.

Correlation coefficients of standard chronologies for different sites and tree
species (common period 1949-2013)

2. Spatial Variation in Climate-Growth Relationships

Correlation analysis revealed species- and site-specific climate responses.
Juglans mandshurica at Fangzheng showed significant positive correlations with
growing-season precipitation and minimum temperature, particularly in June,
July, and September. At Fenghuangshan, Juglans mandshurica correlated
positively with pre-growing-season minimum temperature and May-June
precipitation, but negatively with September precipitation. The correlation
strength was significantly higher at Fenghuangshan than at Xidaquan and
Fangzheng.

In contrast, Phellodendron amurense and Fraxinus mandshurica showed weak
correlations with precipitation across all sites but strong positive correlations
with minimum temperature, particularly at Fenghuangshan. The correlation
with precipitation weakened from west to east across sites, consistent with the
precipitation gradient.

[FIGURE:4] Correlation coefficients between standard tree-ring chronologies
and monthly climate variables (monthly mean minimum temperatures and
monthly total precipitation) for different sites and tree species

Seasonal analysis showed that Juglans mandshurica growth was positively as-
sociated with seasonal minimum temperatures and precipitation, with summer
minimum temperature and precipitation having highly significant effects. Phel-
lodendron amurense and Fraxinus mandshurica showed highly significant pos-
itive correlations with annual minimum temperature (P < 0.01), confirming
minimum temperature as their primary limiting factor. The weakening precipi-
tation correlation from west to east for these species reflects increasing moisture
availability.

Correlation coefficients between standard chronologies and seasonal climate data
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3. Temporal Variation in Climate-Growth Relationships

Temperature data from 1950-2013 show significant warming since around 1980,
with minimum temperature increasing at 0.03°C per year. Precipitation showed
no clear trend. Before 1980, the three hardwoods showed consistent growth
patterns. After 1980, Phellodendron amurense and Fraxinus mandshurica main-
tained stable growth trends, while Juglans mandshurica growth rates declined
at all three sites.

[FIGURE:5] Correlation coefficients between standard chronologies and monthly
climate variables (monthly mean maximum temperature, mean temperature,
and monthly mean relative humidity) for three hardwoods at different sites

[FIGURE:6] Variation of annual mean minimum temperature and total precip-
itation in the study region from 1950 to 2013

[FIGURE:7] Changes of tree-ring index for three hardwoods with minimum
temperature before and after rapid warming (1980) at different sites

Principal component analysis of chronologies from the same site and different
sites confirmed these patterns. The first principal components showed that
after 1980 warming, Phellodendron amurense and Fraxinus mandshurica growth
increased with temperature, while Juglans mandshurica showed the opposite
trend.

[FIGURE:8] Changes of the first components of chronologies for the same tree
species and sites with annual mean minimum temperature before and after rapid
warming (1980)

Discussion
1. Effects of Climate Factors and Spatial Environmental Variation on
Radial Growth

The radial growth of the three hardwoods is primarily limited by temperature
and precipitation. Minimum temperature is the main limiting factor for Phel-
lodendron amurense and Fraxinus mandshurica, while Juglans mandshurica is
co-limited by both minimum temperature and precipitation, consistent with
findings from Dunhua [19]. These interspecific differences likely reflect genetic
characteristics. Fraxinus mandshurica is shade-tolerant, prefers moist environ-
ments, and has the highest photosynthetic rate [27-28]. Temperature directly
affects photosynthesis, making Fraxinus mandshurica most sensitive to mini-
mum temperature. Juglans mandshurica has higher water consumption and
wilting coefficients than the other two species [28-29] and cannot grow under
drought stress [30-31], making it more water-limited.

Spatial environmental variation across the three sites also influences growth re-
sponses. Fangzheng, located in the westernmost and more humid area, shows
synchronous positive responses of Juglans mandshurica to temperature and pre-
cipitation, promoting rapid growth. Xidaquan shows weaker correlations be-
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tween Juglans mandshurica and both minimum temperature and precipitation,
possibly because September precipitation (late growing season) hinders nutrient
accumulation and lignification. Fenghuangshan, located further east, shows sig-
nificant positive correlations in May-June, when higher temperatures accelerate
snowmelt and soil warming, favoring early-season growth.

The weakening precipitation correlation from west to east for Phellodendron
amurense and Fraxinus mandshurica reflects the semi-humid climate of the
region, where high temperatures increase transpiration and soil evaporation,
exacerbating water stress. When precipitation falls below a threshold, tree
growth shows negative correlations, with the effect intensifying as precipitation
decreases [33].

2. Impacts of Climate Warming on Tree-Ring Growth

The 1980s warming in northeast China was significant, with minimum tempera-
tures increasing more than maximum temperatures [34-37]. While some studies
show that rising minimum temperatures promote growth [38-40], others suggest
inhibitory effects [7]. Our results demonstrate clear interspecific differences: be-
fore 1980, the three species showed consistent growth trends, but after 1980,
Phellodendron amurense and Fraxinus mandshurica growth increased with tem-
perature, while Juglans mandshurica declined.

This divergence phenomenon is widespread in mid-to-high latitudes [20-21, 41].
For Juglans mandshurica, which is co-limited by precipitation and minimum
temperature, warming likely enhances transpiration and soil evaporation, cre-
ating drought stress that inhibits growth. The weakening divergence gradient
from west to east (with increasing precipitation) supports this conclusion.
In contrast, Phellodendron amurense and Fraxinus mandshurica, primarily
temperature-limited, may not have exceeded their temperature thresholds,
and warming may have enhanced their drought resistance without causing
divergence.

Conclusion
The broadleaf-Korean pine forest in northern Zhangguangcai Mountains is a re-
gion of significant climate change. Our analysis of climate-growth relationships
for Fraxinus mandshurica, Phellodendron amurense, and Juglans mandshurica
reveals:

1. Spatial patterns: At Fangzheng, synchronous water-heat conditions pro-
mote Juglans mandshurica growth. At Xidaquan, weak positive correla-
tions with temperature and precipitation occur. At Fenghuangshan, signif-
icant positive correlations appear in May-June. Phellodendron amurense
and Fraxinus mandshurica show weakening precipitation correlations from
west to east, consistent with the precipitation gradient.
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2. Temporal patterns: After significant warming since 1980, Phelloden-
dron amurense and Fraxinus mandshurica show stable growth trends, while
Juglans mandshurica shows declining growth, indicating species-specific di-
vergence.

3. Future implications: Continued warming may cause growth decline in
Juglans mandshurica due to drought stress, while having minimal impact
on Phellodendron amurense and Fraxinus mandshurica. The mechanisms
underlying these spatio-temporal variations require further investigation
through tree-ring anatomical and physiological studies.
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