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Abstract

Key message Chinese fir has strong transpiration and assimilation activity. Daily stem radial increments were closely
related to moisture conditions. Tree growth responds to a climate in similar ways but with different magnitudes.
High temporal resolution dendrometric measurements offer a great opportunity to acquire valuable information about stem
size dynamics at half-hour intervals and improve our understanding of climate influence on tree growth and physiological
processes. In the present study, we continuously monitored intra-annual stem radial size changes with the help of automated
dendrometers in pure Masson pine and Chinese fir forests widely distributed in subtropical China across two consecutive
years of 2017 and 2018. The main goal of this study was to analyze intra-annual stem growth dynamics as well as their
climatic forcing. Our results indicate a similar growth onset between Masson pine and Chinese fir but prolonged growth
duration for Chinese fir in 2018. Large stem-size fluctuations with particularly strong stem shrinkage especially in summer
were obtained for Chinese fir. The analysis of climatic forcing on daily stem radial increments indicated similar correlation
trends with different magnitudes for the two species, with changes in the daily stem growth positively correlated with relative
humidity (RH), precipitation, and soil water content (SWC), and negatively correlated with photosynthetically active radia-
tion (PAR), vapor pressure deficit (VPD) and temperature factors. In general, daily stem radial growth is closely associated
with moisture conditions. Lagging the climatic factors showed decreasing impacts on daily stem growth. We conclude that
tree growth is primarily responsive to moisture-related climatic factors, and Chinese fir shows more robust transpiration and
assimilation activity.
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Introduction

Subtropical forests in southern China play an important role
in the dynamics and coupling of global carbon and hydro-
logical cycles (Fang et al. 2001; Huang et al. 2018; Sun
et al. 2019), with high forest coverage and a diverse range
of vegetation types (Li et al. 2009; Yang et al. 2019). The

Communicated by Leavitt.

P< Shengwang Meng
mengsw @igsnrr.ac.cn

Huimin Wang
wanghm@igsnrr.ac.cn

Qianyanzhou Ecological Research Station, Key Laboratory
of Ecosystem Network Observation and Modeling, Institute
of Geographic Sciences and Natural Resources Research,
Chinese Academy of Sciences, Beijing 100101, China

subtropical forest also has great value in maintaining the
regional economic sustainability of rural populations. How-
ever, subtropical forests face a major challenge from global
climate change, making the quantification of tree growth and
its climate response imperative.

Differential response of tree species to climate may alter
the role of forests in future global biogeochemical cycles
(Harvey et al. 2020). Tree growth has been described as
an effect of control by limiting factors of the environment
(Downes et al. 1999; Fritts 1976). Predicting how tree
growth and forest productivity would respond to gradually
changing climate at local scales will benefit from under-
standing seasonal climatic influences. Information on the
climate sensitivity of tree growth, which is crucial for
appropriate management approaches, is therefore urgently
needed (Liu et al. 2018; van der Maaten et al. 2018). At pre-
sent, numerous dendroclimatological studies have adopted
tree-ring technologies to explore tree growth mechanisms

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00468-021-02152-5&domain=pdf

1818

Trees (2021) 35:1817-1830

responding to climate using monthly climatic data and
annual tree-ring width (e.g., Harvey et al. 2020; Yu et al.
2018). Due to the typical annual resolution of dendroclima-
tology, the response of tree growth to climate was generally
assessed at the inter-annual time scale. However, cambial
activity and xylem enlargement occur on a short time-scale
(Deslauriers et al. 2008; Huang et al. 2018), which is dis-
tinctly different from traditional dendroclimatological stud-
ies in terms of time resolution. Improved understanding of
climatic drivers of tree growth can greatly benefit from intra-
annual scale data and studies.

Dendrometers are widely used instruments that are
installed on stems to obtain gross stem size (Fritts 1976).
High-resolution dendrometer measurements can provide
valuable information on tree stem radial variation by con-
tinuously monitoring stem radial variations at sub-hour
and micrometer resolution, making it possible to study tree
response to climatic influences at a high temporal resolu-
tion (Aldea et al. 2018). In contrast with stem wood ana-
tomical approaches for studying intra-annual tree growth
dynamics, such as the weekly micro-cores sampling method
(Huang et al. 2018), continuous-measurement dendrometers
record stem radial changes without an invasive sampling of
the cambium and trunk (Deslauriers et al. 2011; Duchesne
and Houle 2011). Therefore, high-resolution dendrometers
are particularly suitable for long-term monitoring of tree
growth, which ensures the recorded results are based on nat-
ural responses of trees to past and current factors (Gliniars
et al. 2013). Physiologically, the recorded stem radial vari-
ations contain both irreversible periods of cambium growth
as well as reversible periods of stem shrinkage and swelling
related to water changes (Bouriaud et al. 2005; Deslauriers
et al. 2003; Downes et al. 1999).

Automatic dendrometers are now commonly used in for-
est ecological studies. For example, dendrometers have been
used for studying daily stem radial variations and seasonal
growth dynamics of various tree species driven by climate
around the world (Aldea et al. 2018; Fritts 1976; Smiljanic
and Wilmking 2018; Wang et al. 2016). Furthermore, den-
drometer analyses also focus on the long-term water sta-
tus of plants (Barraclough et al. 2018; Schaefer et al. 2019;
Zweifel and Hasler 2001). Thus, dendrometers have been
shown to provide important insights into water movement
and storage in plants, growth phenology, and climatic effects
on stem size dynamics. Despite its valuable characteristics,
dendrometers are usually installed on individual tree species
with a limited number of trees due to the high cost, hinder-
ing comparison between species that might have different
phenologies and physiologies (van der Maaten et al. 2018).

In the present study, we seek to understand the growth
dynamics and climatic forcing in Masson pine (Pinus mas-
soniana Lamb.) and Chinese fir (Cunninghamia lanceolata
Hook.), which are the main afforestation and local native
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tree species widely distributed in subtropical China (Yu et al.
2003). Masson pine has played a critical role in vegetation
and soil restoration over the past several decades because
of its valuable ecological traits, such as high survivability
and fast-growth in nutrient-impoverished soils (Huang et al.
2018; Kuang et al. 2008). Chinese fir, which is unique to
subtropical China, is a vital commercial tree species with
high growth rates and timber quality, creating considerable
economic value (Chen et al. 2013; Huang et al. 2019). The
planting history can be dated back a thousand years. With
the large scale of afforestation and reforestation, the forest
area of Chinese fir is increasing rapidly, mostly in planta-
tions (Zhang et al. 2004). Understanding continuous stem
size dynamics and the intra-annual growth response to cli-
matic variation is crucially important for afforestation design
and sustainable forest management under changing climate.
However, stem radial variation on short time scales and the
corresponding response to climatic factors are little known
because of the lack of long-term monitoring. Furthermore,
the species differences in radial variation patterns remain
unexplored.

Consequently, this study was designed to use high-res-
olution dendrometers to monitor stem radial variations of
Masson pine and Chinese fir over 2 years (2017-2018) in
subtropical China. The specific goals were 1) to determine
interspecific differences in intra-annual stem radial variation
cycles and growth dynamics (onset, duration, and cessation);
2) to examine the major climatic factors driving species-
specific stem radial growth.

Materials and methods
Study site description

This study was conducted at the Qianyanzhou (QYZ) eco-
logical research station, in the south-central Jiangxi Prov-
ince, subtropical China (115° 3’ 37.1" E, 26° 45’ 1.5" N).
The area has a distinct subtropical monsoon climate. The
average annual temperature from 2009 to 2018 was 19.4 °C,
with daily maximum average temperatures of the warmest
month and daily minimum average temperatures of the cold-
est month of 35.8 °C and 3.1 °C, respectively (Fig. 1). The
annual precipitation ranges from 1100 to 1760 mm with a
mean value of 1446 mm, and the lowest precipitation in
early spring and autumn (Fig. 1). The forest is dominated
by evergreen coniferous species such as Masson pine, Chi-
nese fir, and slash pine (Pinus elliottii). The substrate is pre-
dominantly ultisols. The shrub layer mainly includes Loro-
petalum chinense, Camellia oleifera, and Vitex negundo var.
cannabifolia, among others.
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Fig. 1 Climograms for the period of 2009 to 2018 of the study site.
Numbers to the left of the y-axis indicate daily maximum average
temperatures of the warmest month and daily minimum average tem-
peratures of the coldest month, from top to bottom, respectively. Bars
below the x-axis represent probable frost season (blue green), and
frost-free season (no bars)

Data collection
Stem radial variation measurements

Four upright and healthy trees per species from pure Mas-
son pine and Chinese fir forests were randomly selected
for the installation of high-resolution automatic band
dendrometers. We assumed the same climatic conditions
for the two forests that are 5 km apart. The two forests
were located on the southeastern and southern slope
with an elevation of 92 m a.s.l. and 120 m a.s.l., respec-
tively. The monitored Masson pine and Chinese fir trees
respectively had an average diameter at breast height of
19.5+ 1.4 cm and 14.3+2.1 cm, tree age of 31 +3 years
and 24 + 2 years. In July 2016, we installed band dendrom-
eters Type DC2 (range 15 mm, accuracy + 2 pm, tempera-
ture coefficient < 0.1 pm/K, Ecomatik, Munich, Germany)
in the selected trees to measure stem radial changes at
breast height. Parts of the outermost bark were carefully
removed to avoid damaging cambium and to reduce the
influences of expansion and shrinkage due to changes in
air humidity. Stem radial variations were automatically
recorded every 30 min and stored in data loggers HOBO
DL18. Measurements recorded in 2017 and 2018 were
used in the analyses of this study. All raw data were con-
verted to radial variations with an assumption that the
selected tree stem is circular.

Climatic data records

To assess weather conditions in 2017 and 2018, daily mete-
orological data including daily average, maximum and mini-
mum temperature (T,,., T Tinins C), total precipitation
(Pre, mm), relative humidity (RH, %), photosynthetically
active radiation (PAR, pmol/(m?s)) were obtained from the
QYZ climatic station. Soil temperature (ST) and soil water
content (SWC) were acquired on-site at 10-cm depth using
a small automated weather station. All raw records were at
a half-hour scale. The daily vapor pressure deficit (VPD,
kPa) was computed by air temperature (T) and RH using the
following equation (Zhang et al. 2016):

VPD = (1 — RH) X 0.6108 x ¢!!"271/(T+2733) (1)

Data analysis

To illustrate the daily pattern of dendrometer cycles, which
is analogous to a sinusoidal wave (King et al. 2013), we
calculated the differences between radial size series and the
first value on a specific day, i.e., the first value of a day was
artificially set to zero for all individual trees. Monthly mean
half-hour data of stem radial variations were calculated by
averaging the half-hour data during the same month across
trees and years. From these waves, monthly mean daily max-
imum and minimum, as well as their time of occurrence was
obtained.

The Gompertz equation is one of the most appropriate
sigmoidal models to describe growth processes due to its
inherent flexibility (Duchesne et al. 2012; Zeide 1993), and
is commonly adopted in many dendrometer studies (eg.,
Deslauriers et al. 2003; Tian et al. 2017). To determine the
growth onset and cessation of the two species, we first fitted
the Gompertz equation to the daily averaged raw measure-
ment data for individual trees and year. The form of the
Gompertz equation including a parameter (Y, the lower
asymptote) that is indicative of the initial stem status at the
beginning of the growing season to avoid arbitrary choices
in the initial settings of the raw dendrometer data is given as:

Y =Y,+A X exp[— exp (f — Kt)] 2)

where Y is the daily radial variations; A is the upper asymp-
tote; f is the x-axis placement parameter; k is the rate of
change parameter; ¢ is the time in days.

After fitting Gompertz equations, we computed their
derivatives, i.e., the function of growth rates. The timing of
growth onset and cessation was identified according to the
dendrometer accuracy. More specifically, the growth onset
and cessation dates were defined as the DOY (day of year)
when growth rates exceeded and fell below 2 pm per day,
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respectively (Liu et al. 2018), and growth duration was cal-
culated as the number of days between growth onset and
cessation.

Raw dendrometer cycles comprise irreversible stem radial
growth and a combination of water-related reversible stem
expansion and shrinkage. To explore the climatic forcing of
intra-annual tree stem growth, we need to extract the growth-
induced expansion of the stem from raw data for each tree
and year. The zero growth (ZG) concept by Zweifel et al.
(2016) was applied to separate water-related and growth-
related variations, which assumes that growth starts when
stem radius exceeds the previous maxima and ends when
the stem starts shrinking again (Fig. 2). More specifically,
a stepwise zero-growth baseline as displayed in Fig. 2 was
extracted by moving daily maxima to the next equal stem
radius (Liu et al. 2019). Consequently, it is assumed that no
growth happens during periods of stem shrinkage (Knusel
et al. 2019).

Additionally, day-to-day stem radial increments were
computed by calculating the difference between two con-
secutive days using continuous daily stem growth data fol-
lowing the ZG concept (Zweifel et al. 2016). To remove
individual long-term growth trends and make daily stem

variations comparable among trees, a min—-max normali-
zation (0—1 normalization) method was used. Namely, the
difference between actual daily growth and year-round
minimum value is divided by the difference between
year-round maximum and minimum daily variations. The
removal of growth trends makes it possible to assess the
sensitivity and responses of trees to external environments,
avoiding the effects of different absolute growth rates. We,
therefore, made climate-growth analyses by correlating the
averaged normalized daily stem radial growth against the
climatic factors to investigate the climatic forcing pattern
throughout the main growing season across the two years.
Specifically, Spearman correlation coefficients between
diurnal stem radial growth and diurnal climatic factors as
well as diurnal stem radial increment and previous-day cli-
matic factors were calculated. The climatic factors lagged
up to 2 days were used to illustrate hysteresis effects. Fur-
thermore, moving-window Spearman correlation analysis
was used to examine the possible seasonality of climate-
growth relationships. The moving window was thereby
set to 21 days.

All statistical analyses and graphing were performed
using the R software (version 3.6.1, R Core Team).
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Fig.2 Half-hourly stem radius changes (high-frequency fluctuations)
in 2017 and 2018 for 4 trees of each species with cumulative stem
growth (rising stepped curves) deduced according to the ZG concept
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Results
Variations of meteorological factors

Climatic conditions were similar between the two studied
years (Fig. 3). The annual T,,. in 2017 and 2018 were
comparable, with values of 18.6+8.0 and 18.7 + 8.6 °C,
respectively. Monthly mean air temperature ranged from
7.7 (December) to 28.6 °C (July), and from 6.1 (January)
to 28.9 °C (July), respectively. Maximum air temperatures
exceeded 38 °C in June or July (Fig. 3a, b). The annual
total precipitation in the two years was 1418 and 1400 mm,
respectively. From March to August, the amounts of pre-
cipitation in 2017 were higher than in 2018, with values
of 1049 and 890 mm, respectively. The difference between
years was caused by more precipitation in March and June
in 2017. RH ranged from 63.8% to 100% in 2017 and from
50 to 100% in 2018. The variation trends of vapor pres-
sure deficit are inverse to relative air humidity, with values
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ranging from 0 to 0.90 kPa in 2017 and from O to 1.45 kPa
in 2018 (Fig. 3c, d). PAR showed a normal distribution
shape with higher values in the mid-year and lower values
at the beginning and end of the year.

Soil temperatures varied with air temperatures but with
lower diurnal amplitudes. The paired-samples Wilcox test
showed that soil temperatures at 10 cm depth were signifi-
cantly higher in Masson pine forests in both years, while
there was no significant difference between the two years for
these species. In contrast, soil water content showed a sig-
nificant difference between both species and years. The aver-
age soil water content in the Chinese fir forest was higher in
the two years, which is opposite to soil temperature (Fig. 4).

Stem growth dynamics and seasonal growth pattern

The annual variability of stem radius is characterized by
rapid growth in the spring, followed by a progressive rise
in summer, a fluctuating plateau in autumn, and a slight
decrease during the winter months (Fig. 2). Although
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Fig.3 Time series of mean temperature, maximum temperature, minimum temperature and precipitation (a, b), relative humidity (RH), vapor
pressure deficit (VPD), and photosynthetically active radiation (PAR) (c, d) during 2017 and 2018
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Fig.4 Soil temperature (a) and soil water content (b) at 10 cm depth
for Masson pine and Chinese fir forests during 2017 and 2018. The
length of the box indicates the 25th—75th percentile, the vertical lines
attached to the box represent the minimum and maximum values,
the dot inside the box represents the mean value, the horizontal line
inside the box represents the median, outliers are marked as asterisks.
The violin represents a probability density. ns indicates non-signifi-
cant (p>0.05), *** indicates highly significant (p <0.001)

individual trees followed highly similar growth patterns
within years and species, differences existed in cumulative
growth (Fig. 2), e.g., Chinese fir showed distinctly larger
annual increments in 2017. Relatively constant annual
growth was observed for Masson pine, whereas higher
growth variation was found in Chinese fir over the two years.

The daily accumulated stem radial growth modeled using
a Gompertz function and derived growth rates are displayed
in Fig. 5. The fitting results showed intra-annual accumu-
lated stem growth of each tree across species and year can
be well explained by the Gompertz function. The time of
growth onset and cessation, and cumulative annual incre-
ments describing the stem growth progress are presented
in Fig. 6. On average, both species synchronously started
growth at approximately DOY 30 (Jan 30) in 2017, whereas
the initiation in 2018 was 6 days earlier for Masson pine and
10 days later for Chinese fir. The ending time of Masson
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pine was at approximately DOY 227 (Aug 15) and the ces-
sation was 113 days later for Chinese fir in 2017. In contrast,
the cessation was relatively consistent (DOY 257 and 263,
Sep 14 and 20) for the two species in 2018. Consequently,
the average duration of the growing season was 196 and
231 days for Masson pine, 310 and 222 days for Chinese
fir, in 2017 and 2018, respectively. The average annual stem
radial increments of the two years were approximately 1.7
and 1.9 mm for Masson pine, 3.6 and 2.1 mm for Chinese fir,
respectively. Relative fast stem growth occurred in April and
May. The main overlapped period of stem growth was from
March to mid-August, as the main growth period.

Monthly mean daily radial cycles over a full year reveal
variations among months and species (Fig. 7). The ampli-
tude and phase of these cycles varied along the course of
12 months with conspicuous differentiation between hot
and cold seasons, i.e., summer and winter. Hot months have
much larger amplitudes than cold months. Summer and win-
ter are characterized by an inconspicuous phase shift in the
daily cycle. During summer days, local maximum values
of Masson pine and Chinese fir occur at around 04:00 and
08:00, respectively, followed by local minima between 15:00
and 17:00 for both species. During winter days, both species
showed local maxima and minima between 09:00 and 11:00
and between 17:00 and 19:00, respectively. A comparison
of the two species showed a large fluctuation of daily radial
cycles for Chinese fir, suggesting that Chinese fir trees are
more sensitive to tree water deficit during spring than Mas-
son pine. In particular, high shrinkage was observed during
the hot months. The year-round variation patterns contain
daily amplitude maxima in August and minima in December
for Masson pine, and maxima in September and minima in
December for Chinese fir, respectively.

Correlations between growth and climate

During the main growth periods of both species in both
years, we studied the climatic forcing of daily stem growth
through calculating correlation coefficients between aver-
aged normalized daily stem radial increment and climatic
data. Highly similar correlation patterns between both spe-
cies and years were obtained in the present study (Fig. 8).
Diurnal correlation patterns indicated that daily stem incre-
ment was significantly associated with T, ,, (negative),
precipitation (positive), RH (positive), PAR (negative),
VPD (negative), SWC (positive) for both species in 2017
and 2018, while significant negative associations with T,
T i ST were observed for Masson pine in 2017 and 2018,
and Chinese fir in 2018. When considering the lag effects,
the strength of correlation patterns generally declined and
seldom changed direction.

To further understand the prominent climatic factors
affecting stem growth, moving-window correlation analyses
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Fig.7 Monthly mean daily radial cycles of stem radius (the gray lines represent four specific sampled tree, and the black solid line represent the
mean value of the four trees). Data are composited over twelve complete months, during 2017 and 2018

(21 days) were applied to calculate the correlation between
the averaged normalized daily stem radial increment and
the current-day climatic data (T,,,, precipitation, RH, PAR,
VPD, and SWC) in 2017 and 2018 (Fig. 9). The correlation
results demonstrated the above-mentioned high coincidence
in the climatic forcing of the changes in the daily stem radius
of the two species. In both years, stem radial growth changes
of both species were positively correlated with precipitation
and RH, negatively correlated with PAR and VPD, but no
continuous correlations with T, and SWC during the main
growth periods. Notably, in 2017 a long period of strong
positive correlations with RH and precipitation and strong
negative correlations with PAR and VPD was found for Mas-
son pine. Between the two years, similar climatic responses
can be found, especially with RH, PAR, and VPD for Chi-
nese fir during March and mid-August.

Discussion
Automated high-resolution dendrometers can provide valu-

able information about actual growth in tree diameter (irre-
versible cycle) and water status (reversible hydrological
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cycle) (Aldea et al. 2018; Zweifel et al. 2005). In the present
study, we monitored Masson pine and Chinese fir for two
years to analyze stem radial variation cycles and their cli-
mate responses across species and years. Our results found
differences in stem radial growth dynamics and variation
cycles across species and years. However, the climatic forc-
ing of stem radial growth was highly similar across species
and years.

Seasonal patterns of stem radial growth

The growth rates and/or annual increments of Masson pine
and Chinese fir showed large differences in 2017 but high
similarity in 2018. The distinct differences may result from
Chinese fir having a faster recovery from tree water defi-
cit or short-lived drought (Guney et al. 2020). From Figs. 2
and 9, we found Masson pine endures a long period of zero
values representing no growth while Chinese fir had dis-
crete—continuous growth indicating better recovery during
the same period. Furthermore, transpiration and assimilation
activity is assumed to be high when daily shrinkage is high
(Guney et al. 2020). As displayed in this study, Chinese fir
has a substantial daily stem radial fluctuation and large daily
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shrinkage (Fig. 7). When considering external factors, the
stand of Chinese fir may grow better on more fertile sites.
In contrast, Masson pine is always a pioneer tree species of
barren sites. Under extreme conditions, Masson pine trees
may maintain physiological processes primarily with very
low growth rates.

Stem radius began to increase in late January to early
February, which is earlier than micro-coring results of Mas-
son pine in south subtropical China, where xylem activation
started in mid to late February (Huang et al. 2018). The
discrepancy may be attributed to differences in measurement
methods or microclimates. Since the micro-core method
can monitor tree growth at the cell level, intra-annual stem
dynamics through dendrometers in combination with regular
micro-cores could move us to better document and under-
stand the mechanisms by which climate modulates wood
formation and tree stem growth (Cocozza et al. 2016).

In comparison with Masson pine, growth onset approxi-
mately 2 weeks later was observed for Chinese fir in 2018.
We thought that could be explained in terms of temperature
thresholds. Since threshold temperature is a limiting factor
favoring the beginning of xylogenesis (Huang et al. 2018;
King et al. 2013; Saderi et al. 2019), we inferred that the
lower soil temperature before growth onset in Chinese fir

T T T T T
RH PAR VPD ST SWC

T T T T T T T T T
Tae Tmax Twn Pre RH PAR VPD ST SWC

August) of 2017 and 2018, respectively, while considering lag-effects
up to 2 days (indicated by different colors). Gray dashed lines repre-
sent the significance at the 0.05 level

forests may delay the onset. Low soil temperatures reduce
enlargement and turgor of xylem cells due to inhibition in
water uptake and tree transpiration (Liu et al. 2016, 2018).

Growth cessation for Masson pine was much earlier
than Chinese fir in 2017 but similar in 2018, which resulted
in differences in growth duration. Duchesne et al. (2012)
showed that climatic factors cannot adequately account
for the growth cessation of individual trees, which may be
mostly determined by complicated intrinsic tree physiologi-
cal processes, like cell division, differentiation, and death.
However, a micro-coring study showed that the cessation of
wood formation is likely to be influenced by environmental
factors, such as photoperiod, with drought stress hastening
it (Saderi et al. 2019).

Monthly mean daily stem size variations showed clear
increasing amplitudes of the daily cycles in summer days
with high temperature and protracted sunshine. In line with
this finding, other high-resolution dendrometer studies also
report that daily maximum amplitudes appear in hot months
(e.g., King et al. 2013; Wang et al. 2016). Higher daily mean
air temperature and greater amounts of radiation promote
transpiration (McKenney and Rosenberg 1993), leading
to increased canopy water demands. However, because
of the lag in water absorption responding to the onset of
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Fig.9 Moving-window correlations (21 days window) between nor-
malized daily stem radial increments (calculated according to ZG
concept by Zweifel et al (2016)) of Masson pine and Chinese fir, and
selected diurnal climatic factors with highest correlation coefficients

transpiration and the lag prolonged with increasing distance
between crown and stem base, an individual tree may meet
water needs by consuming its water storage in elastic tissues

@ Springer

in Fig. 8. Gray dashed lines represent the significance at the 0.05
level. The discontinuous line of Masson pine is caused by consecutive
zero values

of the bark and rigid xylem (Zweifel and Hasler 2001), thus
causing large daily variations.

Larger fluctuations of monthly mean daily cycles in
Chinese fir (Fig. 7) may suggest that during a daily period,
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Chinese fir expend their internal stem water reserves more
quickly than Masson pine (King et al. 2013). On the other
hand, Chinese fir may have higher transpiration supporting
the larger annual increment. Additionally, Chinese fir may
store less water in internal issues than Masson pine, which
would be consistent with the fact that Masson pine has a
better ability to tolerate drought and to retain more water
(Yu et al. 2003).

Climatic driving daily stem growth

In addition to similar growth patterns and daily stem size
variations, the climatic forcing of daily stem dynamics was
also particularly similar for the two studied species (Figs. 8
and 9). The normalized daily stem radial increment in asso-
ciation with diurnal climatic factors gave significant correla-
tions. The strongest positive relationships were found for RH
and precipitation, and the strongest negative relationships
were observed for VPD, PAR, and T, ,,. In line with previ-
ous dendrometer studies (Deslauriers et al. 2003; Duchesne
and Houle 2011; van der Maaten et al. 2018), stem radial
growth is therefore expected to be maximal during periods
of abundant precipitation and higher humidity as well as
during periods of lower temperature and PAR. Furthermore,
the differences in moving correlation results between the
two years are possibly caused by specific climate conditions.

The highest positive correlations were found with RH,
whereas the strongest negative correlation tended to be with
VPD, especially during the rapid growing periods (Fig. 9).
RH and VPD are both influenced by precipitation and tem-
perature, representing direct metrics of moisture conditions
(Zhang et al. 2016). Air moisture is therefore regarded as the
major factor affecting stem radial dynamics for the two spe-
cies in subtropical China. With the increase of temperature
and solar radiation after 06:00 am, RH begins to decline, as
clearly illustrated in Fig. 10 using three-day data series. A

a
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decrease in RH together with an increase in VPD are likely
to gradually enhance tree transpiration and photosynthesis
and promote upward water transportation, thus inhibiting
cell enlargement and expansion because of a drop in cell
turgor pressure of the stem (Deslauriers et al. 2003; Fritts
1976; Major and Johnsen 2001). As temperature and solar
radiation decline in the late afternoon, transpiration and pho-
tosynthesis from the leaves occur more slowly than water
absorption in the roots, resulting in a simultaneous decline
in leaf water potential and increase in trunk water potential
(Fritts 1976; Zhang et al. 2016). As a consequence, the sig-
nificant correlation between stem radial variability and RH
indicates stem radius changed coincidentally with the vari-
ations of solar radiation.

Precipitation, furthermore, is also an important climatic
factor in stem radial variations, since it promotes tree growth
and/or internal water supplement (King et al. 2013). How-
ever, reversible expansion of cambium through rapid water
replenishment could generate an overestimation of the
impacts of precipitation. High PAR negatively affects stem
radial variations likely related to leaf photosynthesis, which
could be explained by two mechanisms. Firstly, the declines
of PAR reduce the rate of photosynthesis and decrease the
leaf water potential, further decreasing stem water mobiliza-
tion and thus contributing to water remaining in the conduit
to decrease contraction (King et al. 2013; Zhang et al. 2016).
Secondly, high PAR is prone to inducing light saturation,
leading to low light-use efficiency. Leaf photosynthesis rates
also decline at this time, which could result in carbon starva-
tion and negative consequences for carbohydrate formation.

Temperature influences daily stem variations in complex
ways such as indirectly changing tree water status over VPD
and directly controlling tree respiration and assimilation pro-
cesses (Downes et al. 1999; van der Maaten et al. 2018).
However, the limitation of temperature to stem radial growth
is often found in temperate and cold climates, particularly

()95 4
£0.20 - 35 >
) =
= a
% 0.15 %
(08
>0.10 - g
3 Big
S >
S 4 \®
~ 0.05 L 95
0.00

T T T T T T
06:00 18:00 06:00 18:00 06:00 18:00
Time

Fig. 10 Diurnal radial growth of Masson pine and Chinese fir associated with relative humidity and air temperature. The cycles are an example
of data recorded for individual trees of Masson pine and Chinese fir during the periods of 31 July—02 August 2018
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limiting growth onset and cessation (Begum et al. 2013;
Deslauriers et al. 2008; Downes et al. 1999; Rossi et al.
2008). After reaching a certain threshold temperature and
entering into the growing season, stem radial growth is gen-
erally thought to become limited by climatic factors other
than temperature (Duchesne and Houle 2011). For example,
Downes et al (1999) found a positive correlation between
stem radial growth and temperature in spring when water
was not limiting, which then decreases in strength and
becomes negative during summer. In the present study, air
temperature alone showed comparably weak effects on stem
radial growth (Fig. 8). For the three listed temperature vari-
ables, the strongest negative correlations were found with
maximum air temperature for both species. Additionally,
significant negative correlations were also found with daily
average and minimum temperatures for Masson pine in both
years and for Chinese fir in 2018. The negative response of
daily stem radial increment to temperature, as indicated by
example data in Fig. 10b, can be caused by transpiration
and respiration rates increasing with rising air temperature
(Lewis et al. 1999; Zweifel et al. 2001), thus, in turn, pro-
moting water loss and decreasing carbohydrates available
for tree stem growth (Liu et al. 2018; Zhang et al. 2016).
Furthermore, soil water content showed a relatively intense
impact on the daily stem increment of Masson pine (Fig. 8),
suggesting that the water loss by transpiration and the water
uptake from the soil is more balanced (Guney et al. 2020),
as demonstrated by Fig. 7.

When taking hysteresis effects of climatic forcing on daily
stem variations into consideration, correlation relationships
changed in intensity (Fig. 8) rather than direction, which are
not compatible with published similar dendrometer studies
(Downes et al. 1999; van der Maaten et al. 2013, 2018).
This could be due to the methods of extracting daily stem
dynamics from raw measurements, namely the ZG concept
and stem cycle approach, respectively. In comparison with
diurnal effects, however, lagging the climatic factors hardly
improves the significance of the correlations for considered
climatic factors. For example, a very explicit synchronous
change with lagging as much as a few hours between stem
radius and RH was observed (Fig. 10a). Further, lagging
effects can also help in understanding the complexity of the
interaction between climate and physiological processes.
For example, Downes et al. (1999) suggest that temperature
would immediately control metabolic rates but have lagged
effects on stem radial growth through photosynthesis and
transpiration, showing multiple effects.

Interspecific similarity in response to climatic
forcing

We expected species-specific responses to climatic forcing
in stem radial increment due to species-specific light and

@ Springer

water demands, nutrient-use efficiency, or growth phenology.
Our findings revealed a similar trend but species differences
in strength of response to the same climatic variables. The
observed similarity in climate responses could be explained by
stem radial changes at short-term resolution. This implies that
tree stem radial dynamics, regardless of species, may respond
consistently to climatic forcing even if the strengths of climate-
growth relationships vary among trees (van der Maaten et al.
2018). Consequently, synchronous or similar shrinking and
swelling cycles were commonly observed for trees grown in
one site, which is in accordance with previous relevant stud-
ies (Aldea et al. 2018; Fritts 1976; van der Maaten et al. 2018;
Vandegehuchte et al. 2014).

Intra-annual dendrometer monitoring series offers infor-
mation about two different signals, the irreversible stem size
growth due to division and enlargement of wood and bark cells
in the cambium, and the reversible stem shrinkage and swell-
ing of the stem on account of imbalances between transpiration
and water uptake (Duchesne and Houle 2011; Zweifel et al.
2005, 2006). Differentiating the wood formation and stem
rehydration components of dendrometric cycles is remark-
ably difficult due to rapid and constant changes in tree water
potential (Makinen et al. 2003). Failing to consider the intra-
seasonal variation in tree water status may bias the estimates
of tree growth (King et al. 2013), thus limiting the application
of automated high-resolution dendrometers in future long-term
growth monitoring programs. To better understand and quan-
tify stem increment on short time scales, further research that
focused on explicitly distinguishing true wood formation and
stem growth from dendrometric cycles appears to be urgently
needed. Sap-flow measurements might help to remove revers-
ible stem hydrological cycles (Oberhuber et al. 2015; Wulls-
chleger et al. 2004).

Understanding the growth response of tree species to
meteorological factors benefits from long-term monitoring of
radial growth, but unfortunately, our dendrometer measure-
ments were prematurely ended after 2 years. Severe pinewood
nematode disease in 2019 led to death of large numbers of
Masson pine trees including the trees we were monitoring.
Therefore, only two consecutive years of data were analyzed in
our study. Despite comparisons of species and climate records
with growth for only two years, our results yield generally
reasonable and consistent climatic response characteristics for
the two species. Additional years with more extreme weather
(e.g. drought) would expand the range of conditions for which
tree growth response could be assessed.

Conclusion

In the present study, we analyzed the stem growth character-
istics (growth onset, cessation, duration, and annual cumula-
tive stem radial increments) and daily variations with their
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response to climatic forcing for Masson pine and Chinese
fir in subtropical China based on automated dendrometric
measurements collected in 2017 and 2018. We found simi-
lar growth onset time between two species but prolonged
growth duration and large annual cumulative radial incre-
ments for Chinese fir in 2017, attributing to strong transpi-
ration and assimilation activity of Chinese fir. We suggest
that stem radial size dynamics, irrespective of species, are
closely associated with moisture conditions and indicate
moisture plays a major role in tree stem growth. Similar
correlation trend but different magnitudes of correlation
coefficients between Masson pine and Chinese fir demon-
strating climatic factors affect tree growth in the same way
with different intensities. More studies are needed to com-
bine the micro-coring approach and sap-flow measurements
to profoundly understand growth rhythms and environmental
responses using the corrected dendrometer series.
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