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Under the background of increasing global climate change, understanding the
impact of climate variables on forest ecosystems has become an important
topic in ecology and climatology. To explore the connection between tree-
ring density and climatic variables, Pinus sylvestris var. mongholica (Ps)
trees growing at the northwestern foot of the Greater Khingan Mountains
(GKM) were selected as research subjects. Correlations between their
density index and climatic factors were analyzed using the basic theory
and methods of dendrochronology. The impacts of either climatic variable
(temperature and precipitation) on the tree-ring density and growth of Ps
were also analyzed under warming conditions. Results showed that the
tree ring width index (TRW) was positively correlated with the earlywood
width index (EW), latewood width index (LW), minimum density (MND),
density of earlywood (EWD), maximum density (MXD), and density of
latewood (LWD) (all at p < 0.01). These results imply that the inter-
annual changes of the three groups of indicators exhibit a high degree
of synchronization. The analysis of the density index to climatic variables
showed that the density index of different growth rings of Ps was considerably
affected by temperature and precipitation. Both TRD and EWD showed a
positive correlation with maximum temperature in May, while LWD and
MXD showed a positive correlation with precipitation in March. However,
EWD as well as MND showed a considerably negative correlation with
temperature in the previous autumn and likewise with precipitation in spring
and summer. The results obtained from a follow-up redundancy analysis
further validated those above from the response function analysis. The
sliding correlation analysis indicated that the dynamic stability of the ring
density index became stronger or weaker over time. This study reveals
the response differences of the ring density indices of Ps to climate
factors and their temporal stability, which is helpful to understand the
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response relationship between conifer species growth and climate in northern

GKM.
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1 Introduction

Global warming has become a paramount environmental
concern, continually affecting human activities and impairing
the stability of the Earths ecosystem. According to the Sixth
Assessment Report of the IPCC, the average temperature increased
by 1.1°C between 2000 and 2020 when compared to 1850-
1900 (Kikstra et al., 2022). The high latitudes of the Northern
Hemisphere have experienced substantial warming during the past
150 years, but especially from the 1980s onward (Smerdon et al.,
2013). As a crucial component of the terrestrial ecosystem, forests
have incurred substantial impacts on their structure and function
due to climate warming (Van Mantgem et al, 2009; Anderegg
et al,, 2022). As a fundamental dimension of forests, tree growth
is not only influenced by intrinsic factors but also closely related
to climatic conditions (Liang et al., 2023). Although a longer tree
growing season driven by climate warming may favor stem radial
growth (Yang et al., 2017), the rising frequency of extreme climate
events like droughts is leading to large-scale forest declines (Chen
et al., 2017). To understand the relationship between tree growth
and climate factors, it is necessary to obtain long-term data of
different tree ring indicators (Li et al., 2024). By revealing the
response relationship of different tree ring indicators to climate
factors, the possible impacts of climate change on tree growth and
forest ecosystem can be clarified, thus providing scientific basis for
forest management and management (Singh et al., 2024).

Tree-ring data constitute an unparalleled paleoclimatic proxy
due to their precise annual resolution, spatiotemporal continuity,
and hemispheric-scale coverage (Fritts, 1991; Zhang et al,
2011a; Wang et al, 2016; Esper et al, 2020). Tree-ring data
constitute an unparalleled paleoclimatic proxy due to their precise
annual resolution, spatiotemporal continuity, and hemispheric-
scale coverage (Bouriaud et al., 2005; Camarero and Gutiérrez,
2017). Throughout the radial expansion of trees, the generation,
expansion of cells, and formation of cell walls are jointly influenced
by climatic factors (Gindl et al., 2000; Cuny et al., 2015). Hence,
the analysis of tree rings density can supplement the climatic
information not captured by radial growth, by characterizing the
overall count of radial growth cells, their radial dimensions, and
the thickness of their cell walls (Wimmer and Grabner, 2000;
Wu et al,, 2005; Yuan et al,, 2008). Methodological innovations,
such as microdensity profiling via X-ray densitometry (Schneider
et al., 2015) and blue-light intensity calibration (Campbell et al.,
2007), now enable cellular-scale climate signal extraction. The
demonstrated superiority of latewood density for temperature
reconstruction in boreal systems (Fonti et al, 2010; Biintgen
et al, 2021), coupled with density-carbon sequestration linkages
(Camarero etal., 2021), positions dendroanatomical metrics as vital
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tools for assessing forest carbon sink trajectories. Despite these
advances, ring-width indices remain disproportionately utilized
in dendroclimatology (Zhang et al., 2011b; Duan et al, 2020),
particularly in cold-humid regions where density parameters
exhibit heightened thermal sensitivity (Bouriaud et al., 2005). This
study addresses critical knowledge gaps in northeastern China’s
Greater Khingan Mountains (GKM) by employing Ps density
chronologies to disentangle climate-forcing mechanisms and refine
carbon sequestration models under anthropogenic warming.

GKM are the highest latitude region in China that is also
quite sensitive to climate change (Ding and Dai, 1994; Wang
et al.,
of trees and climate in the GKM is now well understood (Zhang

1998; Xu, 1998). The connection between radial expansion

et al, 2016; Li et al., 2020). Specifically, the radial development
of trees is primarily limited by regional hydrothermal conditions
and varies with altitude (Bai et al., 2019; Wang et al., 2024b;
Wang et al., 2024b), latitude (Jiang et al., 2016; Yasmeen et al.,
2019), and slope direction (Liu and Liu, 2014). For example, as
reported by Wang et al., older larch (Larix decidua Mill.) trees
are more susceptible to summer temperature restrictions than
middle-aged or young individuals (Wang et al., 2024a), and the
climate sensitivity of Ps decreases with increasing altitude (Wang
et al., 2024b). Despite these advances, the mechanistic drivers
of density-climate interactions remain unresolved, particularly
the hierarchical influence of specific climatic variables on Ps’
lignification processes. This study targets the northwestern GKM
foothills to: (1) develop high-resolution density chronologies
through microdensitometric analysis, (2) quantify differential
responses of density parameters (EWD, LWD, MXD, MND, TRD)
to monthly/seasonal climatic variability, and (3) assess temporal
stability of these relationships under accelerating warming. By
elucidating unexplored dendroanatomical responses, our findings
advance predictive models of boreal forest carbon dynamics and
refine paleoclimatic reconstruction methodologies for thermally
vulnerable high-latitude ecosystems.

2 Materials and methods

2.1 Study area

The GKM region is located in the northwest of Heilongjiang
Province, which is part of the Eurasian Plate’s high-latitude
permafrost zone, situated at an altitude of 700-1,509 m a.s.l
(Figure 1). This area is characterized by a distinctive cold temperate
continental monsoon weather pattern. Affected by inland cold
high pressure in winter, the climate is cold and dry, and affected
by subtropical high warm air mass in summer, it is warm

frontiersin.org


https://doi.org/10.3389/ffgc.2025.1531983
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/

Wang et al. 10.3389/ffgc.2025.1531983
N
$3° N+ W —»¢—r
§ ;
52° N+ ™~
1% N
50° N+
49° N+
Legand
+ Clty
48° N * Sample sites
* Climate station
~=River
Elevation{m)
47° N+ m High : 1706
0 ’ (A1) WO km
| S S SN S_— | N Low: 168
T \J L) L) L) \J A L) L)
H'E  NTE NSFE N9E  1200F 12I°E 12E  I2°E  I4°E 125 126°F
FIGURE 1
Map (left) showing the site where the tree rings were sampled of Pinus sylvestris var. mongholica (right).

and humid. The region has abundant rainfall, with an average
annual precipitation of 460 mm, mainly concentrated in the
rainy season (June to September), accounting for 74.8% of the
annual precipitation. During the study period (1958-2020), the
average annual temperature in the region was —4.1°C, the snow
accumulation period lasted for 5 months, and the frost-free period
lasted only 80-110 days. The soil type is mainly brown coniferous
forest soil present in thin layers. The dominant tree species are
larch (Larix gmelinii Mill.) and Ps. Other hardy tree species include
Betula platyphylla, Pinus pumila, and Picea koraiensis. The tree
species (Ps) selected for this study is the camphor pine, an Oriental
variety of the European red pine that is widely distributed in
the Eurasian temperate zone. It has a strong ability to withstand
cold and drought, demonstrating high adaptability, being the most
cold-tolerant species of the Chinese pines (Pinus).

2.2 Gathering samples and chronology
establishment

The collection of samples from the primary forest area in
the Moldoga region was completed at the end of July 2023, with
minimal human impact. Using an increment borer, tree cores
clearly unaffected by diseases, pests, fire, and other disturbances
were collected at the diameter at breast height (1.3 m) of each Ps
individual, with 2-3 cores taken from different directions per tree.
This yielded a total of 53 cores taken from 24 trees (Table 1). Most
of these sampled trees were dominant individuals over 100 years
old.

The tree cores were transported to the lab, where they were
dried, fixed, and polished. Their tree-ring widths were then
measured using the German LINTAB6 ring width-measuring
instrument (accurate to 0.001 mm) (Hart, 2011). After measuring
the widths, the samples underwent routine processing for density
data, which included desugaring, degreasing, segmenting, fixing,
slicing, and the taking of X-ray films. The data of tree-ring wood
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density was obtained by Dendro2003 tree-ring density analysis
system (Liu et al, 2021). Combined with these empirical tree-
ring width measurements, COFECHA software was utilized to
perform cross-dating tests on the measurement results (Holmes,
1983). The ARSTAN program’s negative exponential function
was applied to eliminate the tree growth trend. The double
weight-averaging method was utilized to simulate the sequence
into a normalized tree-ring density chronology (STD), a residual
chronology (RES), and an autoregressive chronology (ARS)
(Fritts, 1976). In comparing the statistical chronology of different
chronology, we found that those of standard chronology often
exceeded those of other chronology. So, we chose to focus on the
correlative analysis of standard chronology and climate factors.

2.3 Climate data

Climate data from the nearest Genhe meteorological station
(50°79" N, 121°52" E), for the period 1958 to 2020, were selected
(Figure 2). Figure 2 illustrates the study area’s monthly pattern
of precipitation and temperature conditions for each year of that
period. Based on the analysis of the trends in average annual
temperature (T), maximum annual temperature (Ty4x), minimum
annual temperature (T,,in), and annual precipitation (P) at the
Genhe meteorological station from 1958 to 2020 (Figure 3), it was
found that the T, Tpax, and Ty all showed a significant upward
trend (p < 0.001), while the trend for P was not significant.

2.4 Data processing

We utilized SPSS 2022 software (Zhou et al., 2018) to compute
the Pearson correlation coefficient between the tree-ring density
chronology and each of the monthly climatic factors (T, Tmin,
Tmax> P). In this study, only the standardized chronology with
robust quality and highly correlated with climatic variables was
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TABLE 1 Information on tree-ring core sampling.
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FIGURE 2
Mean monthly precipitation and temperature recorded at the Genhe meteorological station for 1958-2020.

utilized for the formal analysis. The formation of and change of
tree rings are influenced by more than just the climatic factors
of a single month, but also by the joint influence of climatic
factors over several months (Sun et al., 2012). According to the
ecophysiological significance of climate conditions for trees in
the GKM, the growing season of Ps was divided into PAU (P9-
P11) in autumn and WI (P12, C1-C2) in winter. SP (C3-C5) in
spring, SU (C6-C8) in summer, and CAU (C9-C10) in autumn
were used to study the relationship between tree-ring density and
climatic variables, in different growth periods (Bao et al., 2019).
To detect the relationships between tree growth and climatic
variables, redundancy analysis (RDA) was used, this performed
using CANOCO 5.0 software (Ter Braak and Smilauer, 2002), with
density chronology designated as the dependent variable and the
climatic factors as the explanatory variables. The forward-selection
method was used to screen the climatic variables, one by one, and
Monte Carlo permutation tests were conducted. These permutation
tests were run 999 times, with the significance level established
at p < 0.05. To test the stability of the relationship between Ps
and climatic variables under the background of climate warming,
moving correlation analysis between Ps and climatic variables was
conducted from 1958 onward, using a 30-year sliding window size

and a sliding window size of 1 year.
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3 Results

3.1 Statistical characteristics of the
density chronology of Ps

It can be seen from Table 2 that the MWC, SR, and EPS
values of the TRD chronologies of Ps exceed those of other density
chronologies. The results showed that for STD of the five different
density indices of the Ps, the MMS values ranged from 0.040
to 0.053, reflecting the sensitivity of the chronology to climate
information. This indicated that the changes in ring density of Ps
trees in the GKM harbored substantial climate information, and the
SR and overall representativeness of the samples were both high.
The reliability of the ring density chronology is thus confirmed.

The MWC and SD between trees varied from 0.198 to 0.366
and from 0.225 to 0.267, respectively, suggesting that the ring width
of the core samples was generally consistent, which could reflect
the average growth of Ps. The FAC ranged from 0.809 to 0.896,
suggesting that tree growth in the previous year had a certain
impact on the current year’s growth. The EPS of the sample ranged
from 0.830 to 0.927, while the SR ranged from 4.898 to 12.660,
indicating a high SR. This suggested that the created chronology
had a high quality and was abundant in climate signals, confirming

its suitability for dendroclimatology research.
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TABLE 2 Statistical characteristics of the STD of tree-ring density of Ps.

Statistic characteristics
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temperature; (D) Precipitation.

Mean sensitivity (MS) 0.047 0.040 0.044 0.045 0.053
Standard deviation (SD) 0.225 0.277 0.227 0.231 0.267
First-order auto correlation (FAC) 0.877 0.895 0.896 0.885 0.809
Mean within-tree correlation (MWC) 0.366 0.317 0.299 0.297 0.198
Signal-to-noise ratio (SR) 12.660 9.613 9.620 9.554 4.898
Expressed population signal (EPS) 0.927 0.906 0.906 0.905 0.830
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The plotted sequence change curve of the five annual ring
density STD (Figure 4) showed that their trends differed to some
extent.

To describe the correlation of the density standardized
chronology of Ps, the correlation values for all the density
chronologies were calculated (Figure 5). These results revealed that
TRW showed a positive effect with LWD and MXD, yet inversely
related to EWD and MND, but not significantly correlated with
TRD. However, TRD showed a positive effect with EWD, LWD,
MXD, and EW (p < 0.01). Further, EWD showed a positive effect
with LWD, MXD, and MND (p < 0.01), with the highest correlation
coefficient attained with MND (r = 0.91, p < 0.01). Lastly, LWD
showed a positive effect with MXD (p < 0.01).
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3.2 Correlations between the density
STD and climatic variables

The response analysis of STD chronologies to climatic variables
(Figure 6) demonstrated that all density indices were temperature-
and precipitation-sensitive, albeit with divergent seasonal drivers.
Tracheidal radial diameter TRD and EWD both showed significant
positive correlations (p < 0.05) with Tpax. Unique to EWD
were strong negative associations with October T and T,y from
the preceding year, coupled with inverse relationships to May-
July P. While latewood density LWD and MXD shared positive
responses to March precipitation, MXD additionally correlated
with October precipitation of the prior year. Notably, MND

frontiersin.org


https://doi.org/10.3389/ffgc.2025.1531983
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/

Wang et al. 10.3389/ffgc.2025.1531983
20 - I 1.3 I
i | TRW '~ g TRD

4 1.2+
“
9 :j L1E A ‘«U 1 ‘
5 14 lM[M | n
1o F I oy s
EUI.Z |" uliq W”“") M " “’“ u ﬂ“/ r‘\\”“ |?’U|’
£ 10 09 b Vk\ ‘
w
208 0.8 F
0.6 07k
0'4 C 1 1 1 1 1 1 1 0.6 1 1 1 1 1 1 1
13 1700 1750 1800 1850 1900 1950 2000 13 1700 1750 1800 1850 1900 1950 2000
e EWD " [D
L 12f 12 F “"‘W ‘ F {
] 1 I N
-{_—,: 11k F ‘ W‘J’) flw 11 _‘ { /‘l t' I | > _’1 hl‘ “ J)‘
= L u Wikl | i \ \ |‘ ,‘ { 11l
&0 LM ﬁh J .h l ‘ h« u\ w | | \‘.\ [
1. .ﬂ \ ‘ Vi A 1.0 g N '
E 0F .hl Iy w\\ b‘\ \‘\ “\lh‘ 11 Nq |F|‘ J‘A‘(\I"N kll h’ \‘ 0+ ' }“‘\\ | ' #‘ IM “‘1“” ‘ il ' ‘JM # \‘H | L
809+ Vo (J L 09 b | L [l el
8 | I [ A\ [ | Rl
] * I |
0.8 | ! 0.8 | H
07 1 Il 1 1 1 1 1 0.? 1 Il 1 1 1 1 1
5 2 2
13 1700 1750 1800 1850 1900 1950 2000 g, 14 1700 1750 1800 1850 1900 1950 2000 MND
E F
12+ 12+ [ |
5t b Lk L
=" M Iy LT L | 11
R | N | L 1l
B\DI'U | | ‘Hu \ 1.0 | ( I 1 il
c Fp ' I \ i |
=09 Y 09F | ! il ‘ |
o 1My
o8t 0.8 F '
0.7 F 0.7 -
0.6 1 1 L 1 L 1 L () 1 1 L 1 1 1 L
1700 1750 1800 1850 1900 1950 2000 1700 1750 1800 1850 1900 1950 2000
Year Year
FIGURE 4

Change trend of tree-ring density Index of PS. (A) Tree-ring width index, TRW; (B) tree-ring density index, TRD; (C) minimum density, MND;
(D) earlywood density, EWD; (E) maximum density, MXD; (F) latewood density, LWD.

exhibited pronounced negative correlations with temperatures
from October to December of the previous year and negative
correlations with May-July precipitation in the current year.
Response patterns highlighted climatic sensitivity parallels between
EWD and TRD, contrasting sharply with MND’s delayed response
to antecedent climatic conditions.

3.3 Response analysis of the density STD
and climatic variables on a seasonal scale

Whereas TRD was inversely related with P in the summer
(Figure 7), EWD was considerably inversely related with T in
the previous autumn and P in the spring. In contrast, LWD was
significantly inversely related with P in PAU and CAU. Likewise,
MXD had a positive effect with P in PAU. However, MND was
considerably inversely related not only with temperature in PAU
and CAU, but also with precipitation in the spring and summer.

3.4 Redundancy analysis of the density
STD and climatic variables of Ps

To further verify the connections between growth rings and
climatic variables at the northwest foot of the GKM, redundancy
analysis was conducted for the five density indices of Ps and the
highly correlated climatic factors (Figure 8). There was a significant
positive effect between MND and T4y in June, and a considerably
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inversely effect between MND and T and Ty, in the autumn of the
previous year. Moreover, MXD and LWD were had a considerably
positive effect with P in October and March of the previous year.
There was a considerably inversely correlation between EWD and
T in the autumn of the previous year and P in the summer of
the previous year. Finally, there was a considerably inversely effect
between TRD and P in the summer.

3.5 Stability relationship between the
density STD and climatic variables

To accurately reflect the temporal stability of growth of
Ps trees in reaction to climate change, the 31-year sliding
correlation values of tree-ring density chronology and four climatic
variables were calculated for the 1958-2020 period. These results
(Figure 9) uncovered a varying sensitivity level of the density
STD to hydrothermal factors during 1958-2020, with correlation
coefficients changing positively or negatively in different periods.
Notably, TRD had a considerably positive effect with T and Tmax
in May of the same year and P in October of the previous year, yet
inversely related with average precipitation in May of the same year,
reaching significant levels in most of the time intervals assessed.
For EWD and MND, each had a considerably positive effect with
temperature in December of the previous year and P from May to
July of the previous year. The correlation between LWD and MXD
and Thin in May of the same year shifted from significantly negative
to inverse.
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4 Discussion

Previous studies across conifer species demonstrate that tree-
ring density variations originate from cambial regulation of
cell wall deposition versus lumen expansion during tracheid
maturation (Silkin and Kirdyanov, 2003; Xu et al, 2011; Xu
et al, 2013; Bjorklund et al, 2017). Our analysis of Ps
rings advances this framework by linking cellular processes to
climate-growth interactions: the negative correlations between
TRW and EWD/MND emerge when favorable conditions drive
accelerated radial growth, favoring tracheid expansion over
secondary wall thickening—a carbon allocation trade-off analogous
to that reported in Picea abies (Rathgeber, 2017). These
dynamics reflect distinct cambial phases in Ps: earlywood
forms large-diameter cells with extended expansion and limited
wall thickening, whereas latewood development under cooler
temperatures reduces cell division rates, truncates expansion
duration, and prolongs wall-thickening periods, producing smaller
cells with thicker walls (Cuny et al., 2014). Comparable patterns
occur in Larix mastersiana (Li et al., 2024), Cunninghamia
lanceolata (Zhang et al., 2021), and Picea crassifolia (Yang et al.,
2012), underscoring conserved physiological strategies across
montane conifers.

Redundancy analysis revealed significant climatic controls on
ring density chronologies in the northwest foothills of the GKM,
with EWD exhibiting strong positive correlations to June Tmax and
negative associations with May-July precipitation, consistent with
European and Qilian Mountain dendroclimatic patterns (Wang
et al, 2010). The April-June period—concurrent with earlywood
formation and peak cambial activity—typically features sufficient
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soil moisture that decouples tree growth from water limitations
(Zhang et al., 2021), establishing temperature as the primary driver
of Ps radial growth, while precipitation exerts secondary influence
(Yang et al., 2012). Elevated June Tmax likely enhances earlywood
development by extending the growth period and boosting carbon
assimilation, thereby supporting structural maturation of both
earlywood and latewood cells (Yang et al, 2012). Conversely,
abundant growing-season precipitation promotes vigorous cell
expansion through optimal hydration, yielding larger lumens
with thinner walls that collectively reduce wood density (Liu
1999; Camarero et al., 2017). TRD demonstrated
positive sensitivity to May Tmax, potentially through thermal

and Ma,

acceleration of budburst and needle elongation that enhances
carbohydrate production (Rossi et al., 2011; Hoeber et al., 2014),
a process amplified by improved photosynthetic efficiency under
adequate hydration and elevated transpiration rates (Jyske et al,
2010). However, supraoptimal summer temperatures may suppress
metabolic enzymes and induce stomatal closure, ultimately
constraining photosynthate allocation to cell wall deposition and
EWD development (Martinez-Sancho et al., 2020).

The negative correlation between MND and prior-year
October-December temperatures (Rossi et al., 2006) likely stems
from delayed dormancy induced by elevated autumn temperatures,
which reduces non-structural carbohydrate (NSC) reserves (Babst
et al,, 2019) and subsequently restricts cell wall thickening during
earlywood formation in the following growing season. Similarly,
the negative association between MND and current-year May-
July precipitation reflects water-mediated prioritization of radial
cell expansion over secondary wall lignification (Cuny et al,
2015), a carbon allocation trade-off widely observed in xylogenesis
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Correlation analysis of the density chronology and climatic variables of Ps. — (black dashed), p < 0.05, —(red dashed), p < 0.01. p, previous year; c,

ch cl cli

studies of temperate species (Fonti et al, 2010). Earlywood
formation coinciding with growing season initiation (Atkin et al.,
2007) creates dual thermal impacts: while rising temperatures
stimulate metabolic activity and sap flux (Bai et al, 2016),
excessive nocturnal warming exacerbates hydraulic stress through
heightened soil evaporation and nocturnal transpiration (Zhang

et al, 201la), progressively depleting diurnal photosynthates
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essential for earlywood cell expansion. The significant positive
relationships between May mean temperature and both MXD and
LWD further confirm that optimal early-season thermal conditions
promote latewood density development through extended cell
wall thickening phases. These mechanistic interpretations align
with redundancy analysis outcomes, reinforcing the robustness of

response function results.
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Correlation analysis of tree-ring density chronology and seasonal climatic factors of Ps.

Correlation analyses between density STD and climatic
variables (Figures 3, 4) revealed predominant thermal control over
interannual density variations in Ps, with MND demonstrating
heightened sensitivity to Tmin. Notably, MND exhibited inverse
correlations with post-growing season temperatures (PAU),
contrasting with the positive Tpin associations observed in
other seasons. Autumnal thermal elevation prolongs cambial
activity, enhancing carbohydrate reserves for subsequent growth

Frontiers in Forests and Global Change

while accelerating next-year’s radial expansion (Gou et al,
2008; Zhang et al, 2013; Zhang T. et al, 2020). Conversely,
suboptimal autumn temperatures (particularly October minima)
reduce bud dormancy establishment, impairing subsequent
growing-season productivity (Wang et al, 2011). Concurrent
late-season warmth and precipitation deficits amplify plant
respiration and evapotranspiration, inducing soil moisture
depletion and elevated vapor pressure deficits that constrain radial
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Correlation analysis between the density STD and seasonal climatic variables of Ps.

expansion while promoting density through impaired nutrient
translocation (Yu et al, 2021). The lagged climatic sensitivity
of MND mirrors findings in Picea mariana populations from

northwestern Canada (Xiang et al., 2019), indicating carryover
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effects of prior-year physiological processes on current growth
trajectories.

EWD and MND showed inverse correlations with spring-
summer precipitation, whereas LWD and MXD displayed positive
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associations with prior autumn precipitation. During peak cambial
activity in spring and summer, abundant precipitation alleviates
hydraulic constraints, facilitating rapid tracheid expansion that
prioritizes lumen enlargement over wall thickening-a mechanism
explaining reduced EWD and MND under high rainfall regimes
(Liv and Ma, 1999; Kharuk et al, 2019). Conversely, autumn
precipitation enhances lignification processes through prolonged
carbohydrate availability, enabling sustained secondary wall
deposition that elevates subsequent-year LWD and MXD. The
absence of significant LWD/MXD correlations with summer
rainfall likely reflects non-limiting soil moisture conditions during
early growing seasons, as rising temperatures coupled with high
humidity and soil water saturation negate precipitation’s role as a
growth-limiting factor for Ps.

Our analysis identified temporal instability in climate-density
relationships across the five anatomical density indices, reflecting
both discrete climatic signals encoded in different wood anatomical
features and divergent response thresholds to environmental
drivers. The marked warming trend observed in the GKM region
has substantially modulated density-climate couplings, particularly
through thermal impacts on carbon allocation dynamics. TRD
exhibited positive correlations with May T and Ty, while
LWD and MXD showed transitional sensitivity to May Tpin-
shifting from historically negative to recent positive associations
that persisted across multiple temporal scales. This polarity
reversal likely stems from warming-induced diurnal thermal
asymmetry: elevated daytime temperatures enhance photosynthetic
carbon assimilation, offsetting nocturnal respiratory carbon efflux
exacerbated by Tmin increases, thereby sustaining net carbon
gain for structural growth (Gou et al, 2007; Zhu and Zheng,
2022). Concurrently, Ps may exhibit autonomous physiological
adjustments under evolving summer thermal and hydric optima
(Zhang H. et al, 2020). Notably, EWD and MND maintained
inverse correlations with prior-year December temperatures and
antecedent May-July precipitation, potentially linked to climate-
driven enhancements in hydraulic efficiency and pre-season
cambial reactivation (Cerrato et al., 2019).
dual
ecosystems, directly modulating physiological processes (growth
rates, bud phenology, reproductive cycles) while indirectly

Climatic fluctuations exert influences on forest

restructuring stand dynamics through altered disturbance regimes
(Loehle and Leblanc, 1996). Progressive warming—particularly
diurnal thermal asymmetry—is reshaping the ecophysiological
thresholds of Ps and boreal conifers, potentially inducing
divergence in traditional density-climate relationships through
“growth-decoupling” mechanisms (Olivar et al., 2015; Su et al,
2023). This phenomenon aligns with documented “divergence
problems” in high-latitude Northern Hemisphere forests, where
warming-induced physiological stressors disrupt historical
growth-climate couplings (D’Arrigo et al., 1992). Current research
disproportionately focuses on radial growth responses, leaving
critical knowledge gaps regarding density parameter stability under
shifting climate forcings-an urgent priority for dendroanatomical
studies. Our findings demonstrate enhanced sensitivity of density
chronologies to early-growing-season Ty, variability, revealing
their superior capacity for resolving fine-scale thermal histories
compared to traditional ring-width proxies, thus positioning
wood density as a critical tool for paleoclimatic reconstruction in

thermally volatile boreal regions.
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5 Conclusion

This study elucidates the climate regulation mechanism of tree
ring density parameters in the GKM, and reveals their differential
sensitivity to seasonal hydrothermal driving factors. The EWD
was positively correlated with the starting temperature of the
growth period and negatively correlated with the thermal and
hydrological conditions before autumn, reflecting the regulating
effect of interannual carbohydrate transport dynamics. MND was
negatively correlated with the previous year’s winter temperature
and the current growing season precipitation, highlighting its role
as a carbon partition tradeoff indicator during cell wall thickening.
Time analysis shows that the climate response is non-stationary:
Post-1980s climate change triggered a polarity reversal of MXD
sensitivity to the May minimum temperature and amplified
the coupling of LWD with spring precipitation, suggesting
regulation of photocopier-respiratory balance under asymmetric
daily warming. Cambium phenology controls these reactions-—
early wood formation depends on temperature-mediated cell
expansion timing, while the lignification phase of late wood takes
precedence over water-confined wall deposition. Gradual warming
disrupts these stage-specific processes through nighttime breathing
surges and fall hydraulic restrictions, fundamentally reshaping
the coordination between tracheid enlargement and secondary
wall development. These findings establish a critical threshold
for density-climate coupling and advance the understanding of
the mechanisms by which boreal conifers adapt to changes in
hydrothermal state.
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