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ARTICLE INFO ABSTRACT

Keywords: Warming climate has posed a pressing threat on boreal forests and an improved understanding of the intra-
Response rhythm annual pattern of climatic influences on the tree growth can help interpret the response of boreal forest to
Intra-annual climate change. Here, we systematically examined the growth-climate relationship, cambium phenology, and
iﬁ:gﬁz;ure xylem cell dynamics of Pinus sylvestris (PS) to disentangle its intra-annual growth rhythm to external drivers and
Xylogenesis internal physiological process at its southern distribution limits across Eurasia. We showed the intra-annual
rhythm of PS to temperature and precipitation is anti-phase and synchronous at its southern limits. Tempera-
ture had both promoting and inhibiting effects on PS growth over growing season where the growth-temperature
response gradually changed from positive in winter-early spring to negative in late spring-summer, and then
returned to positive in autumn. Precipitation enhanced PS growth in late spring-summer. Temperature domi-
nated the intra-annual growth-climate response rhythm, and the response shifted to negative when temperature
reached 13.72 °C in spring-summer and shifted to positive when temperature reached 17.41 °C in summer-
autumn in Shenyang, respectively. A high water demand for the rapid earlywood cell formation in spring-
summer and heat requirement for cambial cell division in summer-autumn caused the shifts in growth-
temperature response, respectively. Climatic warming advances and prolongs the time of summer water avail-
ability that limits PS growth at its southern distribution limits and thus warming climate may pose a greater

threat to the southern population of PS.
1. Introduction formation takes up around 15 % of the anthropogenic CO5 emissions per
year (Huang et al., 2020). However, seasonal warming temperatures
Boreal forests occupy approximately 11 % of the earth’s surface compounded with reduced moisture availability have caused a decline
(Safford and Vallejo, 2019) and hold ca. 20 % of the global carbon sinks in tree growth (Lindner et al., 2014), productivity (Ciais et al., 2005),
(Pan et al., 2011), which play critical roles in regulating global carbon resilience from disturbance (Gilliam, 2016), and even triggered forest

and water cycles (Richardson et al, 2013). Among them, wood mortality (Allen et al., 2010; Schaphoff et al., 2016). Thus, an improved
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* Corresponding authors at: College of Forestry, Shenyang Agricultural University, Shenyang 110866, China

E-mail addresses: wangyucheng@ms.xjb.ac.cn (Y. Wang), chenzhenju@syau.edu.cn (Z. Chen).

1 Both authors as co-correspondence contributed equally to this work.

https://doi.org/10.1016/j.agrformet.2023.109871
Received 1 March 2023; Received in revised form 19 December 2023; Accepted 20 December 2023
0168-1923/© 2023 Published by Elsevier B.V.


mailto:wangyucheng@ms.xjb.ac.cn
mailto:chenzhenju@syau.edu.cn
www.sciencedirect.com/science/journal/01681923
https://www.elsevier.com/locate/agrformet
https://doi.org/10.1016/j.agrformet.2023.109871
https://doi.org/10.1016/j.agrformet.2023.109871
https://doi.org/10.1016/j.agrformet.2023.109871

J. Lietal

understanding of the intra-annual pattern of climate influences on the
tree growth of common species is necessary for interpreting the response
of boreal forest growth to climate change.

Many relevant studies have found that warmer winter and early
spring temperatures were positively related to boreal conifer growth
(Babst et al., 2019; Harvey et al., 2020) and the lagged effects such as
earlier snow melt and soil warming were thought to lengthen the
growing season and promoted early tree growth (D’Orangeville et al.,
2016), while high summer temperatures enhanced evapotranspiration
and thus induced drought stress and constrained tree growth (Waszak
et al., 2021; Kuznetsova and Solomina, 2022). However, these studies
mainly focused on the direction and magnitude of growth-climate
response at monthly and seasonal scales but neglected to investigate
the intra-annual response mechanism, including response trajectories,
thresholds, and intrinsic processes.

Pinus sylvestris (Scots pine, hereafter PS) is one of the common species
in the boreal forests with many subspecies and varieties (Durrant et al.,
2016). PS is widely distributed in middle-high latitudes across Eurasia,
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from Europe to Russian Far East and Northeast China (https://www.
euforgen.org/species/pinus-sylvestris/, Fig. 1a). The climate in PS dis-
tribution area ranges from the Mediterranean climate (dry summer and
mild winter) in the west to the temperate monsoon climate (wet summer
and cold winter) in the east across a wide hydrothermal gradient. The
response of PS growth to climate change could directly affect the
structure and function of boreal forests. Many studies employed tradi-
tional dendrochronological methods to investigate the intra-annual
response of PS growth to climate change (Fig. la). These studies
mainly analyzed the correlation between tree growth and climate vari-
ables, and there appears to be an intra-annual rhythm in PS
growth-climate relationship in a growing year in different regions of the
southern distribution range. For example, Martin-Benito et al. (2013)
found that previous-year or early-season conditions affected PS early-
wood features, whereas latewood was more responsive to summer
climate in east-central Spain. In western Hungary, summer precipitation
and late winter-early spring temperature had a positive influence on the
PS tree-ring width (Misi and Nafradi, 2017). Bozkurt et al. (2021) found
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Fig. 1. The tree-ring sites at the southern limits of PS distribution® throughout Eurasia (a) and their seasonal climate during 1951-2020 (b, c). A-R, 18 PS sampling
sites, arranged from west to east (Table S1). A-Q, other’s sites arranged from west to east; R, our site in Shenyang. 1, the species range was from https://www.euforge
n.org/species/pinus-sylvestris/. Spring, March-May; summer, June-August; autumn, September-November; winter, December-February.
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that early spring temperature and late spring-early summer precipita-
tion were the major drivers of PS growth in Turkey. Arzac et al. (2021)
found that the negative effect of summer temperature and the positive
effect of relative humidity on PS growth were enhanced in Krasnoyarsk
Krai of Russia. Kuznetsova and Solomina (2022) also found a negative
relationship between temperature and PS ring width in the Middle Volga
region over the current growing season. However, these studies did not
disentangle the intra-annual rhythm of PS growth-climate response.
Thus, the threshold and the physiological mechanism of intra-annual
response variation for PS were still unclear and necessitate a thorough
investigation.

A prerequisite for quantifying the impacts of climate change is to
identify the threshold of climate impacts on forests. Improved under-
standing on the response threshold has a very important theoretical and
practical significance for examining the magnitude and extent of climate
change impacts. This allows us to minimize damage and even maximize
the opportunity of climate change adaptation before reaching the
threshold (Huang et al., 2022). The inter-annual and spatial thresholds
of climate influences on tree radial growth were identified in some
previous studies using the dendrochronological methods. For instance,
at the inter-annual scale, the persistent increase in July—August tem-
perature over time but temperature above 11.3°C had a negative effect
on tree-ring width (D’Arrigo et al., 2004), while the March-April tem-
perature threshold for PS in Turkey was 7°C where trees growth
decreased beyond this temperature (Bozkurt et al., 2021). At the spatial
scale, the tree-ring widths increased as May—August temperatures warm,
but only up to 11-12°C, from western tree line along the Bering Sea
coast to the continental interior of the species range (Beck et al., 2011).
Bai et al. (2019) inferred that the mean annual temperature threshold of
response shift of Larix gmelinii to temperature and precipitation along
altitude gradient was ca. -4°C and ca. -5°C, respectively, in northeast
China. However, the intra-annual threshold of tree growth-climate
response had less attention in dendrochronological studies. The
intra-annual threshold was critical for disentangling the rhythm of tree
growth-climate response and predicting the future climate impact
pattern. In addition, it was difficult to understand the formation mech-
anism of these thresholds of growth-climate response merely by the
dendrochronological methods.

Repeated monitoring cambial phenology and xylem dynamics using
the micro-sampling approach is ideal for understanding the eco-
physiological processes of tree responding to intra-annual climate
change (Rossi et al., 2006a; Michelot et al., 2012). Radial growth is a
complex process and involves cell division in the cambial zone, followed
by cell enlargement, secondary wall thickening and lignification (Rossi
et al., 2006b). Studies of xylem growth in boreal forests using this
approach revealed that there was an annual cyclic pattern in cambium
activities and xylem formation (Deslauriers et al., 2003; Huang et al.,
2018; Rossi et al., 2006). For example, the intra-annual pattern of PS
growth was generally unimodal at the European sites with the peak of
growth in spring-summer (Camarero et al., 2010; Cuny et al., 2012;
Oberhuber et al., 2014, 2021; Swidrak et al., 2014). Moreover, the
xylogenesis phases of PS at different sites followed a common pattern
during the growing season (Martinez del Castillo et al., 2016). The cell
enlarging and wall-thickening curves were bell-shaped, while the cell
maturation curve was sigmoid-shaped (Gruber et al., 2010; Swidrak
et al., 2014; Martinez del Castillo et al., 2016). Furthermore, cambial
activity of PS adopted an ‘extensive strategy’ with long durations but
low growth rates compared with other conifers (Cuny et al., 2012). The
duration of xylem growth for PS mostly lasted 2-7 months at the Eu-
ropean sites (Gruber et al., 2010; Michelot et al., 2012; Cuny et al., 2012;
Martinez del Castillo et al., 2016). The cyclical pattern of xylem growth
was a response to seasonal climate change (Rossi et al., 2008; Huang
et al., 2014; Cuny et al., 2015). For example, spring (April-May) tem-
peratures were the main factors for regulating cambium activities and
xylem formation of conifers in mid-high latitudes of the northern
hemisphere (Rossi et al., 2016). Cessation of cambial activity in autumn
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was affected by temperature in cold regions (Rossi et al., 2016) and
water availability in dry regions (Swidrak et al., 2014). A precise
assessment of xylem dynamics is therefore crucial for disentangling
intra-annual tree growth response to climate change. Monitoring wood
formation at the limits of the species’ distribution is especially relevant,
since these trees are most sensitive to climatic factors (Gruber et al.,
2010; Martinez del Castillo et al., 2016).

In this study, we incorporated existing and new correlation results
between climate variables and tree growth of PS at its southern distri-
bution limits across Eurasia to assess the intra-annual pattern of
growth—climate relationships at a broad scale and explore the reason of
response shift. We further monitored xylogenesis of PS using micro-
coring to identify the onset, dynamics and end of intra-annual growth at
the southern limit site. The aims of our study were: (a) to identify the
broad-scale intra-annual rhythm of PS growth-climate responses at its
southern distribution limits; (b) to determine the dominant climate
factor and its threshold influencing intra-annual response shift; (c) to
reveal the formation mechanism of the intra-annual rhythm.

2. Materials and methods
2.1. Study area

Our study spanned a wide environmental gradient, mainly encom-
passing the boreal forests across Eurasia (Fig. 1a). PS is a pioneer species,
cold and drought tolerant and can grow in diverse climatic environ-
ments (Durrant et al., 2016). We leveraged 17 former studies of PS
tree-ring data to identify the intra-annual variation of growth-climate
responses of PS at its southern distribution limits (Agafonov et al.,
2021; Arzac et al., 2021; Bogino et al., 2009; Bozkurt et al., 2021; Kolar
et al., 2020; Kopabayeva et al., 2017; Kuznetsova and Solomina, 2022;
Li et al., 2017; Martin-Benito et al., 2013; Misi and Nafradi, 2017; Misi
etal., 2019; Nagavciuc et al., 2019; Tabakova et al., 2020; Waszak et al.,
2021) (Fig. 1a, A-Q). In total, 753 trees (> 1196 cores) were collected in
these studies (Table S1). The sampling sites we selected were relatively
evenly-distributed with different climatic environments, which can
improve the regional representativeness and reduce bias. These study
sites were distributed from 40 °N to 57 °N and 4 °W to 125 °E across a
wide climatic gradient in annual mean temperatures (—4.7 to 10.3°C,
1951-2020) and annual precipitations (328 to 823 mm) (Fig. 1a). Both
maritime and continental weather patterns modulate climate across the
study region. There were diverse climatic types in the PS distribution
area, such as Mediterranean climate (site A, B, H, etc.), temperate con-
tinental climate (site [, J, K, etc.), temperate monsoon climate (site Q, P,
R, etc.). Seasonal climate also varied among these sites, with the greatest
differences in winter temperatures (the lowest —26.9°C vs the highest
1.9°C) and summer precipitation (the lowest 73 mm vs the highest 436
mm) (Fig. 1b, c).

We also investigated a PS population in Shenyang, Northeast China
(Fig. 1a, R), which was located in the southern margin of cold-temperate
coniferous forest. The landform was mainly plain with relatively low
altitude (< 100 m, Fig. 1a). The soil was mainly brown and dark-brown
forest soil. PS was one of the main tree species in this area, accompanied
by Pinus tabuliformis, Quercus mongolica, and Q. wutaishansea.

This area was characterized by a warm temperate monsoon climate
with an average of 8.2°C in annual mean temperature in 1951-2020
(Shenyang meteorological station). From March to October, the mean
air temperature was above 0°C (Fig. S1a). This study area belonged to
the humid climate with an average annual precipitation of 707 mm.
Over 60 % annual precipitation was concentrated in the monsoon season
(June-August) (Fig. S1a). The snow cover decreased from 65 % to nearly
0 in January-April and increased from 0 to 52 % in October-December
(Fig. S1b). From 1952 to 2020, mean temperatures of previous
November—current April, May-August and September—October all
significantly increased (p < 0.01, Fig. S2a). The total precipitation of
September—October decreased significantly (p < 0.05, Fig. S2b). Mean
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temperature and total precipitation of September-October displayed a
significantly opposite decadal trend (p < 0.01) during 1951-2020 in this
area (Fig. S3), indicating that increased precipitation in autumn could
cool down the air.

2.2. Meteorological data

Daily and monthly climate data including mean maximum temper-
ature (Tmax), mean temperature (T), mean minimum temperature
(Tmin), and precipitation (P) from 1951 to 2020 were available at the
closest Shenyang meteorological station (41.73 °N, 123.52 °E, 490 m)
(Fig. 1a), which was obtained from the National Meteorological Infor-
mation Center (http://data.cma.cn/). The 1-month Standardized pre-
cipitation evapotranspiration index (SPEI, 1951-2018) and snow cover
extent (1967-2020) for our site were obtained from KNMI Climate Ex-
plorer (http://climexp.knmi.nl). The monthly mean temperature and
precipitation for 17 other sites were also obtained from KNMI Climate
Explorer.

2.3. Tree-ring sampling and chronology developing

Tree-ring cores of PS were taken from Tianzhushan Mountain in
Shenyang, China (Fig. la) in late November 2020. We sampled 23
healthy, upright trees using an increment borer at breast height, with
two cores per each tree. Based on the standard dendrochronological
procedure (Cook and Kairiukstis, 1990; Stokes and Smiley, 1968), all
cores (46 cores) were fixed, air-dried and polished with sandpapers of
grit size from 120 to 1000 to make tree-ring boundary visible and
discernable.

The earlywood (EW), latewood (LW), and total ring (TR) widths
chronologies of all 46 tree-ring series from 23 trees were developed by a
LINTAB 5 tree-ring width measuring system (RINNTECH, Heidelberg,
Germany) with a precision of 0.01 mm. The EW and LW measurements
were made at the distinct boundary between EW and LW, whereas for
gradual EW-LW transition, the measurement was made at the middle of
the transition (Stahle et al., 2009). For false ring, the measurement was
made at the first onset of lumen contraction (Stahle et al., 2009). There
were 53 false rings in 46 cores. The cross-dating and measurement ac-
curacy was checked statistically with COFECHA software (Holmes,
1983).

To minimize the influence of non-climatic factors on tree growth, the
raw measurements of EW, LW, and TR were detrended and converted to
tree-ring indices using the Friedman curve-fitting method (—5) with an
alpha value of 7 (variable span tweeter sensitivity) in the ARSTAN
software (Cook and Kairiukstis, 1990). The EW, LW, and TR standard
chronologies were developed by the robust bi-weight mean to reduce the
effect of extreme indices on calculating average values (Fig. S4). The
lengths of the EW, LW and TR chronologies were 69 years (1952-2020),
and their reliable periods were 1959-2020 with expressed population
signal (EPS) greater than 0.85 (Wigley et al., 1984). The correlations
between the three chronologies were significant (Table S2, p < 0.01).

The high series intercorrelation (0.43-0.59) and signal-to-noise ratio
(21.90-31.33) indicated that chronologies contained common climatic
signal (Table S3). The mean sensitivity (0.20-0.32) and standard devi-
ation (SD, 0.21-0.32) were acceptable. The EPS values (>0.95) of all
three chronologies were above the usual threshold of 0.85, indicating
their good quality.

2.4. Dendrochronological statistics analysis

We examined the growth—climate relationships between the EW, LW,
and TR chronologies and monthly climate variables (Tmax, T, Tmin, P
and SPEI) by Pearson’s correlation during the common period
1959-2020 with the EPS value over 0.85. We selected the months from
November of a previous year to October of a current year as a growing
year to study the intra-annual variation of growth—climate relationship.
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To minimize the autocorrelation effects, we used the first-order differ-
ence variables of EW, LW, TR chronologies and climate variables in the
correlation analysis. We also defined seasonal climate variables based on
monthly correlation results (positive or negative) with temperatures
(Tmax, T, Tmin), as follows: early season (previous November to current
April), middle season (current May to August) and late season (current
September to October). We used linear regression to simulate the vari-
ation of TR-climate correlation along monthly climate gradient to
identify the dominant factor of the intra-annual variation of growth-
climate relationship. We integrated our correlation results with the
previous 17 studies of PS to explore the common growth pattern at
monthly interval. The correlation coefficients of all 18 sites were aver-
aged to reflect the intra-annual growth-climate relationship of PS at its
southern distribution limits. Then, we calculated the correlation coef-
ficient of the averaged growth-temperature correlation series and the
averaged growth-precipitation correlation series to reflect the relation-
ship of the regional growth-temperature response and growth-
precipitation response.

Given that climate data at the dekad scale allows a more precise
examination of intra-annual growth-climate relationship (Qi et al.,
2022), we divided each month into three phases (I: the first ten days of a
month; II: the second ten days of a month; III: the rest days of a month).
Average air temperature and the sums of precipitation for the three
phases of a month were calculated using daily climate data in Shenyang.
We calculated the correlation coefficients between all tree growth pa-
rameters (EW, LW, and TR) and climate variables (Tmax, T, Tmin, and
P) at ten-day interval (dekad scale) using the first-order difference se-
ries. A linear model was used to quantify the potential effects of hy-
drothermal change on growth-climate response in different phases and
identify the thresholds for the adaptability of pine’s populations under
changing hydrothermal conditions. Since EW and LW formed in
different seasons (Rossi et al., 2006), our linear models were estimated
for hydrothermal variables and EW-climate responses in early-middle
season, and for LW-climate responses in middle-late season. Mean-
while, temperature thresholds for growth-temperature response were
determined in both early-middle and middle-late seasons, respectively.
We then used the temperature thresholds to obtain the mean occurrence
dates during the past 70 years. The start date, end date, and duration of
water availability limiting growth in a year were also determined from
1951 to 2020.

2.5. Xylem growth monitoring and analysis

We investigated the physiological process in terms of cambium and
xylem monitoring in Shenyang in 2019 because the monthly climate
conditions in 2019 ranged within the average of the observational re-
cords. Micro-cores of six trees were sampled on the south side of the
trunk of PS at the same site using the Trephor tool (Rossi et al., 2006b)
(Table S4). We started sampling on March 3, 2019 and collected every
Sunday until November 10, 2019 (Table S5). These individual trees were
healthy, canopy-dominant, and similar in stem diameter at breast height
(ranging from 21.7 to 33.5 cm) and age (~40 years). The micro-cores of
each tree containing phloem, cambium, and the last formed xylem
growth ring were collected at breast height following a Z pattern. Then,
micro-cores were stored in formaldehyde ethanol-acetic acid fixative
solution, and cut by a sliding ultrathin microtome (type GSL,
Switzerland) with a 2 mm thickness blade to obtain micro-core sections
that were 8-16 pm thick. The micro-core sections were then stained,
dehydrated, and sealed to create permanent slides. The micro-core
sections were stained with safranin and fast green solutions, and
observed with an OLYMPUS light microscope under a bright field and
polarized light at 100-400 x magnification, to discriminate and count
the number of the cambial zone (CZ), enlargement (EN), wall-thickening
(WT), and mature cells (MT) along three radial files (Deslauriers et al.,
2003). The xylem cell numbers were standardized by the total cell
number in the tree-ring of the previous year (Deslauriers et al., 2003;
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Rossi et al., 2003) and then cell counts were averaged by trees.

Cambial zone cells (CZ, Fig. S5) were characterized as small radial
lumen diameter and thin cell walls that were stained green. Enlargement
cells (EN, Fig. S5) were also stained green with a thin cell wall but with a
radial diameter that was twice bigger than that of the cambial cells
(Lupi et al., 2010). Wall thickening and lignifying cells (WT, Fig. S5)
were stained green or light red, depending on the progress of the
lignification (Gricar et al., 2006). Polarized light helped to discriminate
between enlarging cells and bi-refringent wall-thickening cells. Mature
cells (MT, Fig. S5) had lignified walls without protoplasts were
completely red when stained. The total xylem cell (TC) number for each
sample was determined by the number of cells undergoing enlargement,
wall thickening, and mature stage (Deslauriers et al., 2003).

The EW cell number was equal to the sum of EW cells undergoing
enlargement, wall thickening, and mature. The appearance of latewood
cells, characterized by reduced radial lumen diameter and thickened cell
walls, was also recorded to define the transition between EW and LW
during the summer. Previous definitions of LW were based on mature
LW cells (complete wall-thickening and lignification), and a tracheid
was considered LW when its radial diameter was less than twice cell-wall
thickness (Denne, 1988). In fact, LW growth started when enlarging LW
cells appeared. Thus, the onset time of LW growth was later than the
actual date if using the previous distinction criteria. In order to deter-
mine the LW formation time accurately, we defined LW cell formation as
when the radial diameter of the newly produced enlarging cells in
summer is less than half radial diameter of the previous cells (Fig. 2a)
with cell wall thickening and lignifying in the later period (Fig. 2b, c).
The LW cell number was equal to the sum of LW cells undergoing
enlargement, wall thickening, and mature.

We identified phenology dates of xylem growth based on the direct
observations of cell differentiation, including the onset of EN, WT and
MT; end of EN and WT; and duration of EN, WT, MT and xylem growth.
The onsets of wood production and xylem growth in spring were
considered when as at least one horizontal row of EN cells was observed.
In autumn, wood production ended when no further EN cells were
observed, and xylem growth ended when no further WT cells were
observed. The duration of wood production was defined as the period
between the onset and end of EN (Rossi et al., 2014). The duration of
xylem growth was calculated as the period from the onset of EN to the
end of WT (Rossi et al., 2006b). In addition, the duration of EW for-
mation was defined from the onset of the first enlargement cell in spring

/7

¢

MT

-
, 23
<
=

Fig. 2. Dynamics of latewood (LW) formation of PS in 2019. (a), on 7 July
2019, new enlarging LW cell was observed; (b), on 14 July, wall-thickening LW
cell was observed; (c), on 21 July, mature LW cells were observed. EW, early-
wood; CZ, cambial zone cells; EN, enlargement cells; WT, wall-thickening and
lignifying cells; MT, mature cells. The yellow arrows represent cells at different
stages. The black arrows represent EW and LW cells. The red horizontal lines
represent the boundaries of EW and LW. The black horizontal lines represent
the scale bar (100um).
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to the end of the last wall thickening and lignification EW cell in sum-
mer. The duration of LW growth was from the onset of the first
enlargement LW cell in summer to the end of the last wall thickening and
lignification cell in autumn. We compared the synchronous time series
of cambium phenology, xylem cell dynamics, and growth-climate
response of PS to understand the physiological process of intra-annual
rhythm of growth-climate response.

To investigate the intra-annual dynamics of xylem growth, the EW
(LW) cell number was fitted with the Gompertz function (Rossi et al.,
2003) with the following equation:

y= Aexp[ - e(/”"")]

where y was the weekly cumulative sum of EW (LW) cells, A was the
upper asymptote given by the total number of EW (LW) cells, g was the
x-axis placement parameter, x was the rate of change parameter, and t
was the day of the year. The maximum rate of EW (LW) cell production
was computed as kA’ and the corresponding date of the inflection point
of EW (LW) was calculated as f#k (Rathgeber et al., 2011). Model pa-
rameters were estimated using the Origin software package (OriginLab
Corporation, USA). The daily growth rate of EW (LW) was obtained by
taking the first derivative for the Gompertz curve and monthly growth
percentage for EW (LW) cells were calculated based on the simulated
cell number.

Temperature thresholds for xylogenesis were calculated using a lo-
gistic regression based on the binary responses (non-active = ‘0, active
= ‘1") of xylogenic activity for each tree (Rossi et al., 2007). The logistic
regression model was as follow:

Logit(r,) = ln(l ﬂxﬂ ) =Py + b

where 7, was the probability of xylogenesis being active for a given
temperature x, X; was the temperature on a given day j, and S and f;
were intercept and slope of the logit regression respectively (Rossi et al.,
2007). Temperature thresholds (x) were calculated when the probability
of xylogenesis being active was 0.5, thus when logit(z,) = 0 and
therefore, x = —f/f1. For each tree, temperature thresholds of onset of
xylem growth, end of wood production and end of xylem growth were
computed based on the average temperature of ten days prior to each
sampling date (including the current day). For each tree, the model was
fitted with average temperature of ten days prior to each sampling date
(including sampling date). The selection of ten-day interval was chosen
because of the lagging effects of climate and keeping the same timescale
with the previous correlation analysis. The thresholds of xylogenesis
were compared with the temperature thresholds of growth-climate
response to understand the internal reason of growth-climate response
shift.

3. Results analysis

3.1. Comparison of intra-annual growth-climate response at the southern
distribution limits

Although the strength and direction of correlations between PS
growth and climate variables varied among the 18 sites (Fig. 3), we
reported here a broadly dominant relationship between growth and
climate at the southern distribution limits. The effect of temperature and
precipitation on PS growth exhibited a synchronous but antagonistic
pattern (r = —0.79, p = 0.002) within a growing year (Fig. 3).

Across these sites, PS growth was mostly and strongly positively
related to mean temperature in February and March, and was mostly
and strongly negatively related to mean temperature in May, June, and
July (Fig. 3a). The mean growth-temperature correlation changed
gradually from positive in November-April to negative in May-August
and then to positive in September-October (“sine” type curve)
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Fig. 3. The intra-annual variation of growth-climate responses of PS at the southern distribution limits in recent decades. (a), monthly mean air temperature; (b),
monthly precipitation. The PS sampling sites (A-R, Table S1) are arranged in the ascending order of longitude. Box plots show mean, lower and upper quartiles (25 %
and 75 %) of correlation coefficients of 18 sites. The black dashed lines represent the intra-annual variation of the mean value of correlation coefficients of 18 sites.
The horizontal gray dashed lines represent the 0 value of correlation coefficients.

(Fig. 3a). PS growth was mostly and strongly positively related to pre-
cipitation in May, June, and July at many sites (Fig. 3b). The mean
growth-precipitation response was weak in November-March and shif-
ted to strongly positive in April-August and then changed to negative in
September-October (“cosine” type curve) (Fig. 3b).

The growth-climate response in Shenyang was similar to the average
growth-climate response of the rest 17 sites at the southern distribution
limits (rr = 0.78, p < 0.01; rp = 0.59, p < 0.05) and, therefore, we
conducted mechanistic examination on PS physiological responses in
Shenyang to provide insight on PS tree growth under future warming
climate.

3.2. Monthly and dekad climate-growth responses in shenyang

PS radial growth was enhanced by temperature in the early and late
seasons, and by water availability in the middle season in Shenyang at
both monthly (Fig. 4a) and ten-day (Fig. S6) intervals. The growth-
temperature response shifted from strongly positive in early season to
negative in middle season and then back to positive in late season
(Fig. 4a). Conversely, the growth response to precipitation and SPEI
changed from negative or positive in early season to strongly positive in
middle season and then to negative in late season.

Most ring width index (EW, LW, and TR) had positive correlation
with temperature variables in early and late seasons (Fig. 4a). Among
them, March temperature had the strongest control on tree growth
especially for EW (r = 0.50 — 0.53, p < 0.01). Negative correlation with
temperature and positive correlation with precipitation and SPEI were
found in middle season (Fig. 4a). Both Tmax and T in May and June
inhibited the EW growth (r = —0.25 - —0.32, p < 0.05). Precipitation
and SPEI in May had positive correlation with the EW growth, while that
in July had positive effect on the LW growth (p < 0.05).

3.3. Effect of the hydrothermal variables on intra-annual growth-climate
response

Temperature had the strongest impact on the intra-annual variation
of growth-climate responses (R? ranging from 0.19 to 0.40, p < 0.01),
especially growth-temperature response (Fig. 5). The correlations of TR-

precipitation and TR-SPEI showed the significant increasing trends from
negative to positive when temperature increases (p < 0.01) (Fig. 5a).
The effect of hydrothermal variables on growth-precipitation response
was weaker than that of growth-temperature response (Fig. S7).

In early-middle and middle-late seasons, temperature also showed a
stronger effect on growth-climate response for EW and LW than pre-
cipitation (Fig. 6). EW(TR)-temperature correlation showed a significant
shift (p < 0.01) from positive to negative when temperature increased
and reached ca. 13.72°C (ca. 15.08°C) in early-middle season (Fig. 6a).
LW(TR)-temperature correlation also showed a significant shift (p <
0.05) from negative to positive with temperature decreased and reached
ca. 17.41°C (ca. 16.35°C) in middle-late season (Fig. 6b). We used the
temperature thresholds of EW and LW for determining the occurrence
dates of response shift in the following section.

Based on the temperature thresholds, from 1951 to 2020 the onset
date of water availability-limited PS growth was significantly advanced
(0.15 days/year), the end date was obviously delayed (0.10 days/year),
the duration was significantly prolonged (0.20 days/year) (Fig. 7, p <
0.01) with the rapid seasonal temperature rise in Shenyang (Fig. S2a).

3.4. Intra-annual dynamics of tree-ring formation

The onset and end of tree-ring growth of PS occurred during the
period of positive growth-temperature correlation (early and late pha-
ses), and the maximum rate occurred during the period of negative
temperature-growth correlation and positive precipitation-growth cor-
relation (middle phase) (Fig. 4; Fig. S8). The growth season of xylem
lasted 179 days (from April 21 to October 17) in 2019 (Fig. 4b;
Table S6). The CZ resumed activity in mid-March (when the CZ number
exceeded 7), earlier than the onset of xylem growth (Fig. 4c). The EW
and LW cells were produced within 91 and 103 days, respectively with
15 days overlapped (July 6 to July 21). The intra-annual dynamic for
both EW and LW presented S-shaped curves (Fig. 4d). The growth rates
of EW and LW reached their maximum in May and August, respectively,
accounting for 22.5 % and 29.0 % of the total annual growth (Fig. 4e;
Table S7).

In a growing season, the number of CZ, EN, and WT of PS showed a
bimodal pattern (Fig. S8a, b, ¢) and the number of MC and TC were like
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Fig. 4. The corresponding intra-annual dynamics of radial growth-climate correlation (a), xylem phenology (b), cambium activity (c) and xylem cell growth (d, e) for
PS during early season (E: November-April, NA), middle season (M: May-August, MA) and late season (L: September-October, SO). The vertical dashed lines
distinguish between early, middle and late seasons. (a): correlation coefficients between tree-ring width in terms of earlywood (EW), latewood (LW), and total ring
(TR) and monthly/seasonal climate variables in a growing year during 1959-2020 (SPEI, 1959-2018). Black dots indicate significance at the 0.05 level. (b):
phenological date of PS radial growth in terms of enlargement (EN), wall-thickening (WT), mature cells (MC), EW, LW, and TR in 2019. The phenological dates of EN
and TR indicate the dates of wood production and xylem growth, respectively. Horizontal bars show the average onset date, end date and duration of each seasons
and error bars indicate the standard deviation among trees. (c): intra-annual dynamics of cambial zone (CZ) and EN cells of PS in 2019. The horizontal gray dotted
line represents the 7 value of cell number. (d): intra-annual dynamics of EW and LW growth of PS modeled by the Gompertz function (for parameters, see Table S7).
(e): monthly growth percentage and daily growth rate of mean EW and LW of six trees in 2019.

S-shaped (Fig. S8d, e). The first and second peak of CZ and EN started on 3.5. Temperature threshold of xylem growth

April 28 and August 18 in 2019, respectively (Fig. S8a, b). The transition

from EW to LW corresponded to decreasing numbers of CZ, EN, and WT The mean temperature threshold of onset of xylem growth was
with the highest daily temperature throughout the year (Fig. S8a, b, c, f). 10.41°C (Fig. 8; Table S8), which was lower than the temperature where
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p < 0.01.

EW-temperature response shifts in early-middle season (13.72°C). The
shift date of EW growth-temperature response (May 3) is close to the
occurrence date of the maximum rate of EW (May 6) (Fig. 8). The mean
temperature thresholds of the end of wood production and end of xylem
growth were 16.10°C and 9.84°C (Fig. 8; Table S8), respectively, which
were also lower than the temperature where LW-temperature response
shifts in the late season (17.41°C).

The onset of xylem growth, the end of wood production, and the end
of xylem growth all occurred in early and late seasons with positive

growth-temperature response while the maximum growth rate of EW
and LW occurred in middle season with negative temperature-growth
response (Fig. 8). These suggested that a temperature signal is needed
to initiate both the onset and end of xylem growth, while water avail-
ability may affect the high growth rate of EW and LW.
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4. Discussion

4.1. Intra-annual rhythm of growth-climate response and the coupling
effect of hydrothermal variables

PS growth-climate responses showed a dominant intra-annual
rhythm in its southern range. The effects of temperature and precipita-
tion on tree growth were coupled and synergistic in a growing year. PS
growth was promoted by warm temperature in the early growing season
(previous November—current April). The growth-temperature relation-
ship shifted from positive to negative in May and water availability
limited tree growth over summer. The similar founding about PS was
shown in Spain, Hungary, Poland and Kazakhstan (Koprowski et al.,
2012; Sanchez-Salguero et al., 2015; Kopabayeva et al., 2017; Misi et al.,
2019). In late growing season (September—October), temperature pro-
moted PS growth again when autumn temperature dropped. This
intra-annual rhythm of growth-climate response was consistent with
that based on high-density PS sites in the south Baltic Sea region in
Europe (Harvey et al., 2020).

PS growth-climate responses in Shenyang also showed an intra-
annual rhythm where temperature promoted growth in early and late
growing season (i.e., winter—early spring and autumn) and inhibited

growth in middle growing season (late spring-summer) (Fig. 4a). In
March-April, the snow cover decreased from 50 % to nearly O (Fig. S1b)
with mean air temperatures above 0°C in this area (Fig. Sla), which
means that the snowmelt water increased and the shallow soil water
content was sufficient or even excessive at this time (Baltzer et al.,
2014). Thus, warm winter-spring temperature was the dominant factor
for PS growth onset at the southern range (Balanzategui et al., 2018;
Koprowski et al., 2012; Waszak et al., 2021). From late spring to sum-
mer, the rising air temperature increased evapotranspiration and led to a
deficit of available water (Shestakova et al., 2017). These results were
spatially coherent with PS growing at other areas of the southern edge
(Arzac et al., 2021; Bogino et al., 2009; Bozkurt et al., 2021; Macova,
2008; Misi et al., 2019). In cool autumn, warmer temperatures could
delay the end of xylem growth (Zhang et al., 2018, 2021). Increased
precipitation in autumn could decrease air temperature (Fig. S3) and,
therefore, the growth responses to temperature and precipitation were
opposite in late season. The intra-annual response rhythms suggested
that the synergistic effects of hydrothermal variables on PS growth and
the limiting factor can alter throughout the growing season, which
provides an adequate hydrothermal management of boreal forests.

4.2. The external driver and thresholds of intra-annual rhythm of growth-
climate response

Temperature was the external driver for the intra-annual rhythm of
growth-climate response. The cyclic rise and fall of temperature domi-
nated the positive and negative shift of the growth-climate relationship
and temperature had stronger control on tree growth than precipitation
during the cold and warm transition season. Likewise, the inter-annual
shifts of tree growth-climate relationships of taiga forests in the north-
ern hemisphere were primarily warming-driven (Matias et al., 2017;
Matisons et al., 2021; Ohse et al.,, 2012; Wilmking et al., 2004).
Temperature-induced moisture stress also contributed to reduced tem-
perature sensitivity for Picea glauca at tree line in Canada (D’Arrigo
et al., 2004). Moreover, temperature change along geographical gradi-
ents led to a diverging growth-climate response for conifers across
Eurasia’s boreal forests (Bai et al., 2019; Hellmann et al., 2016; Zhang
and Wilmking, 2010). Hence, temperature not only drives inter-annual
and spatial variation in the growth-climate response, but also its
intra-annual rhythm. The intra-annual rhythm of growth-climate rela-
tionship could be interpreted as an adaptive response to heat cycle.

We disentangled precise intra-annual ecological thresholds using EW
and LW widths with dekad climate data in Shenyang. When temperature
threshold was attained in early May, the increasing temperature tended
to inhibit tree growth and tree growth was mainly affected by water
availability. When the temperature decreased below the threshold in
late September, temperature promoted tree growth again. Furthermore,
the spring growth-response threshold (13.72 °C) was higher than the
mean air temperature thresholds (3-11 °C) for the onset of xylem
growth of conifers in Shenyang and other cold-temperate regions
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(Deslauriers et al., 2008; Jyske et al., 2014; Li et al., 2017; Rossi et al.,
2007, 2008; Swidrak et al., 2011; Treml et al., 2015; Zhang et al., 2021).
The autumn growth-response threshold (17.41 °C) was also higher than
the thresholds for the end of cambial activity in Shenyang (16.10 °C) and
other middle-high latitudes (13-15 °C) (Rossi et al., 2008; Jyske et al.,
2014). These suggested that the response shift in early-middle season
occurred after the onset of xylem growth and the response shift in
middle-late season occurred before the end of cambium cell division.

While previous studies examined temperature threshold at inter-
annual and spatial scale to explore how tree growth-climate responses
shift (Bai et al., 2019; Beck et al., 2011; Bozkurt et al., 2021; D’Arrigo
et al., 2004; Wilmking et al., 2004), the thresholds at intra-annual scale
could infer the date and period for water availability limiting conifer
growth within a year. This is particularly important under global climate
change. In the intra-annual scale, the duration of PS growth limited by
summer water availability was significantly advancing and prolonging
in Shenyang (Fig. 7), suggesting that the effect of summer water avail-
ability will be more dominant when compared to the past. With climate
warming, increased summer water stress will be detrimental to PS
growth in the species’ southern range. PS may even lose its habitat range
at the southern edges, and species distribution models demonstrated a
northward shift of suitable habitat in future climate scenarios (Bombi
et al., 2017; Dyderski et al., 2018).

Moreover, these thresholds play a key role in guiding forest man-
agement to increase wood production and carbon storage at the south-
ern edges of boreal conifer distribution. For instance, water should be
replenished in spring when the daily mean temperature rises to 13.72°C
to delay reaching the threshold and improve earlywood cell production.
When the daily mean temperature in autumn drops to 17.41°C, cold
protection measures should be taken to delay the end of cambial activity
and increase wood cell production.

4.3. The physiological mechanisms of intra-annual rhythm of growth-
climate response

The pattern of cambial activity reflected the response of trees to local
intra-annual climate change (Martinez del Castillo et al., 2016; Fajstavr
et al., 2020). The bimodal pattern of cambial activity in Shenyang in
2019, with two peaks in spring (April-May) and summer (August) was
distinct from the unimodal pattern of PS at Spain, France, and Austria
sites in previous studies (Camarero et al., 2010; Cuny et al.,, 2012;
Oberhuber et al., 2014). The intra-annual distribution of precipitation in
2019 (Fig. S8f), with August (447 mm) receiving more than twice as
much precipitation as July (108 mm). The second peak of cambial ac-
tivity seemed to be closely associated with high precipitation in August
following low precipitation in July in 2019. Summer drought caused
reduction or cessation of cambial activity, followed by the restoration of
active cambial production induced by precipitation occurring in
late-summer or autumn (Balzano et al., 2018; De Micco et al, 2016). This
reflected the ability of tree to respond to favorable environmental con-
ditions at the end of the growing season (Oberhuber et al., 2021).

The intra-annual dynamic of growth-climate relationship corre-
sponded to cambial activity and xylogenesis well. From winter to early
spring, triggering cambial resumption and xylem growth requires a
temperature signal after dormancy (Deslauriers et al., 2008; Huang
et al., 2020; Rossi et al., 2007). Although the cambium of PS remained
dormant in winter (November-February) (Fig. 4c), warmer temperatures
might reduce the risk of freezing damage (Kopabayeva et al., 2017) and
boost photosynthetic capacity of evergreen conifers (Matisons et al.,
2021; Michelot et al., 2012), which accumulate carbohydrates for sub-
sequent growth (Nippert et al., 2004). Warm temperature in early spring
(March-April) could promote snow melting and replenish soil water
(Fig. S1b), providing suitable hydrothermal conditions for cambial
resumption and xylem growth. Therefore, temperature in early season
contributed to a strong beneficial effect on tree growth.

The positive-negative shift of growth-temperature response in early-
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middle season was linked to the strong water demand for the rapid EW
cell formation. In early May, cambium cells divided rapidly and EW
growth reached its maximum rate (Fig. S8a, f), when a sufficient water
supply is required to maintain the turgor pressure for cambium cell di-
vision and expansion (Steppe et al., 2015; Vieira et al., 2014). However,
the winter snowmelt water has infiltrated and evaporated in late spring,
and the summer monsoon precipitation has not yet arrived. Increasing
temperatures at this time can exacerbate soil moisture loss with
increasing evapotranspiration (Kopabayeva et al., 2017), which con-
strained cell production (Rahman et al., 2019). The close proximity
between EW-temperature response shift (May 3) and maximum EW
growth rate (May 6) further supported our speculation. Thus, EW had a
negative response to temperature and a positive response to precipita-
tion in May.

The negative-positive shift of growth-temperature response in
middle-late season was associated with the heat requirement for cambial
cell division. The growth rate of EW and LW in turn reached its
maximum rate in May and August (Fig. 4e), which required a large
amount of available water, so the high temperature in middle season
was not conducive to tree growth. In this time, the transition from EW to
LW was also related to water availability (Arzac et al., 2021; Netsvetov
et al,, 2021). With temperature decrease in September-October, the
cambium began to enter dormant state and wood production had
weakened (Fig. S8), temperature again became a critical factor limiting
tree growth in late season. Warmer weather could prolong the cambium
activity and xylem growth in wet and cold regions (Li et al., 2017; Rossi
et al., 2008). The shift of LW-temperature response from negative to
positive was synchronous with the end of cambial cell division
(September 21), which also suggests both processes were associated.

4.4. Limitations

Based on the 18 sites in previous dendrochronological and our
studies, we found the dominant intra-annual pattern of PS growth-
climate response at its southern distribution limits. Although PS
climate-growth response is similar between our site and the rest of 17
sites, we expect there are greater variation in climate-growth relation-
ship due to geographic varieties and local habitat conditions (Carlisle
and Brown, 1968; Cedro et al., 2022; Klisz et al., 2023) when consid-
ering the entire distribution range. At other PS southern sites, temper-
ature thresholds of intra-annual response shift also exist, but the values
of thresholds may slightly differ from that in Shenyang due to local
climate conditions. The phenological monitoring in this study was car-
ried out in 2019, with mean temperature and precipitation at average
levels for the past 60 years, which can represent the general pattern of
cambial phenology and xylem growth in Shenyang. The phenological
dates of PS at Shenyang site was also basically consistent with that at
other sites in the southern distribution region (Gruber et al., 2010; Cuny
et al., 2012; Swidrak et al., 2014; Martinez del Castillo et al., 2016).
However, cambial activity of trees is affected by many factors, such as
site topography and soil conditions (Oberhuber et al., 2014; Martinez
del Castillo et al., 2016; Zhang et al., 2018). And it can vary among years
(Swidrak et al., 2014; Zhang et al., 2021). Therefore, we advise future
studies should take these factors into account as variation in phenology,
which could also play an important role in the length of wood produc-
tion and carbon sequestration.

5. Summary and outlook

Although many dendrochronological studies on PS in a variety of
ecological conditions have been conducted, the main intra-annual
rhythms of response received less attention and remained a key
knowledge gap. Our study found a broad-scale dominant intra-annual
rhythm of PS growth-climate response at its southern distribution
limits, despite the variability existing among sites. The coupling effects
of temperature and precipitation was detected on PS growth within a
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growing year. Due to a similar intra-annual relationship pattern at local
(Shenyang site) and regional scales, we conducted mechanistic exami-
nation on PS physiological responses in Shenyang. Temperature was the
external driver for controlling the intra-annual rhythm of growth-
climate responses, and the thresholds for response shifts in spring and
autumn were identified in Shenyang. The response shift in spring-
summer was related to a sharp water demand at the rapid growth of
earlywood cells, and that in summer-autumn was related to the heat
demand for cambial cell division. Despite mechanistic exploration was
only conducted at Shenyang site within one growing season, the intra-
annual rhythm of PS growth-climate response provided a new perspec-
tive and reference for boreal forest growth. We hope that this study
instigates further exploration on the intra-annual pattern of tree growth-
climate responses at larger scale. Additionally, we recommend a multi-
site and multi-year investigation of cambial phenology and xylem dy-
namic that could better disentangle intra-annual growth rhythm.
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