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Abstract

Key message The increment duration and rate were equally important in controlling annual stem radial increments
of Picea meyeri at its upper limit of distribution.

Abstract Stem radial increment rate and duration are the most important parameters in determining the width of annual tree
rings. To identify the contributions of rate and duration to annual radial increments and their relationships with environmental
factors, we analyzed intra-annual stem increments of five Picea meyeri trees in a sub-alpine habitat of North-Central China
over 7 years (2008-2015, except for the year 2012) with point dendrometers in this study. The results showed the following.
(1) We estimated that approximately 53% of the variability in the annual radial increments is attributable to the rate of radial
increment and approximately 47% to its duration. (2) The contribution of cessation time to the annual increments was more
than three times that of the initiation time. (3) The initiation of radial increment was primarily controlled by soil tempera-
ture and warmer soil temperature could advance the initiation time. The cessation and rate of radial increment were mainly
influenced by thermal and light-related environmental factors. During growing seasons, low temperatures and insufficient
light caused by many rainy and cloudy days at the high altitudes of the Luya Mountains may result in earlier cessations and
lower rates of radial increment. Overall, our results may have further applications in modeling the responses of tree stem
growth to climate change in a sub-alpine habitat of North-Central China.

Keywords Dendrometer - Intra-annual growth - Semi-humid region - Tree line ecotone - Environmental factors - Threshold
temperatures

Introduction

Forest growth is sensitive to climatic factors. Since the
end of the past century, forest growth response to climate
change has drawn increased global interest (Nabuurs et al.
Electronic supplementary material The online version of this 2002). Based on meteorological data, climate warming

article (https://doi.org/10.1007/s00468-018-1693-0) contains trends over the past several decades have been reported in
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various regions (IPCC 2013), implying both rising tempera-
tures and lengthening growing seasons. Some studies have
demonstrated that the lengthening annual growing season
of terrestrial vegetation in the Northern Hemisphere was
mainly dependent on advanced growth initiation (Linder-
holm 2006; Menzel and Fabian 1999; Park et al. 2016),
whereas recent studies reported that it was more dependent
on delayed growth cessation after AD 2000 in most regions
of the Northern Hemisphere (Garonna et al. 2014; Jeong
et al. 2011). The benefit to forest growth due to a length-
ening growing season remains unclear, because increasing
respiration and drought risk may slow growth rate (Trahan
and Schubert 2016).

It has been proved that terrestrial gross primary produc-
tivity (GPP) can be effectively estimated using maximum
daily GPP and the initiation and cessation of the growing
season (Xia et al. 2015; Zhou et al. 2016). Forests are the
most important ecosystems for terrestrial productivity, and
the intra-annual dynamic of wood formation represents the
primary biological process through which carbon is seques-
tered in plants (Antonucci et al. 2017; Pan et al. 2011). The
stem radial increment (ring width or xylem cell number) of
trees could represent forest productivity due to the positive
correlation between ring width and net ecosystem productiv-
ity (NEP) or GPP (Kulmala et al. 2017). The annual stem
radial increment could also be estimated with increment
initiation and cessation times and rates. Of the three param-
eters, initiation, and cessation times represent the duration
of increment (the difference between cessation and initiation
times), in which period the annual stem radial increment was
generated, and increment rate represents tree physiological
status. Similar annual increments can be achieved through
different combinations of increment rate and duration, which
are controlled by different environmental factors (Duchesne
et al. 2012). The parameters of intra-annual stem radial
increment dynamic (here, we refer to initiation, cessation,
and rate of increment) have already been accurately quanti-
fied for many coniferous tree species using dendrometers or
the micro-core technique (Cuny et al. 2012; Duchesne et al.
2012; Ren et al. 2015; Wang et al. 2015). With this infor-
mation, researchers can estimate the relative contributions
of rate and duration in modeling annual stem radial incre-
ment, i.e., tree-ring width or cell number (Cuny et al. 2012).
For Picea abies, Pinus sylvestris, and Abies alba in Europe,
where the mean annual temperature is approximately 10 °C
and the mean annual precipitation exceeds 700 mm, higher
annual increments have been mainly attributed to higher
rates (Cuny et al. 2012; Rathgeber et al. 2011), but those of
Picea mariana and Abies balsamea in North America, where
the mean annual temperature ranges between —2 and 4 °C
and the mean annual precipitation exceeds 700 mm, have
been mainly attributed to longer increment durations (Duch-
esne et al. 2012; Rossi et al. 2014). Furthermore, studies on
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the stem radial increment dynamic showed that in both Eura-
sia and North America, cessation time contributed more to
annual increment than initiation time (Duchesne et al. 2012;
Rossi et al. 2014).

A detailed analysis of the relationships between differ-
ent environmental factors and increment dynamics may help
us perceive the effects of changing climate on the growth
of trees (Kulmala et al. 2017). However, the environmental
influences on the dynamic of stem radial increments remain
fragmentary. Recent studies found that at high altitudes/lati-
tudes, increment initiation was mainly determined by when
specific threshold air or soil temperatures occurred (Jiang
etal. 2015; Li et al. 2017; Rossi et al. 2008). The maximum
radial increment rate of conifers was either synchronized
with the warmest temperatures (Makinen et al. 2003) or
with the maximum day length (Rossi et al. 2006), which
suggested that photoperiod or temperature could act as a
growth constraint for increment rate (Makinen et al. 2003;
Rossi et al. 2006). Stem increment cessation in autumn can
be induced by cool temperatures or short photoperiod ces-
sation (Ford et al. 2017).

To date, most prolonged period monitorings of intra-
annual stem radial increment dynamics have been conducted
in Europe and North America (Duchesne et al. 2012; Rossi
et al. 2006). Although such projects in China have been con-
ducted over recent years (Dong et al. 2011; Jiang et al. 2015;
Lietal. 2017; Ren et al. 2015; Wang et al. 2015), long period
data to support further research remain lacking. Considering
that the response of radial increment to climate seems to be
site- and species-dependent, we selected Picea meyeri in
North-Central China to detect its radial increment dynamic
in a sub-alpine habitat at the margin of the East Asian sum-
mer monsoon. North-Central China is a region where an
increasing temperature trend is prominent in the Northern
Hemisphere (Walther et al. 2002; Wang et al. 2012). P. mey-
eri is an important dominant coniferous species of the sub-
alpine forests in this region (Wu 1980). As an endemic cold
temperate evergreen conifer tree species, P. meyeri not only
provides local residents with lumber production, but also
acts as a major agent for soil and water resource conserva-
tion in mountainous areas (Liu 1996; Ma and Shangguan
2001). Because of its large biomass, P. meyeri also plays an
important role in carbon storage for regional ecosystems.
The mean annual temperature was below 0 °C and the mean
annual precipitation was less 500 mm at this study site,
which was different from that in Europe and North America.
Therefore, we hypothesized that the contributions of radial
increment rate and duration of P. meyeri to annual incre-
ment were different from those of tree species in Europe and
North America. Specifically, we aim to (1) reveal the intra-
annual radial increment dynamic of P. meyeri in a sub-alpine
habitat, (2) assess the partial contributions of increment rate
and duration to the annual radial increments, and (3) explore
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relationships between stem radial increment dynamics and
environmental factors.

Materials and methods
Study site

The study site is located at 2737 m a.s.l. in the sub-alpine
natural forest zone of the Luyashan Mountains in Shanxi
Province (Fig. 1). The latitude and the longitude of the site
are 38°44'N and 111°50'E, respectively. The study region
is characterized by a semi-humid temperate monsoon cli-
mate. According to the automatic weather station (linear
distance ca. 450 m south of the study site, 2771 m a.s.l.,
with recording beginning at the end of 2007) from 2008
to 2015, the mean annual temperature was — 1.48 °C, the
mean annual cumulative precipitation was 439 mm, and over
80% of annual precipitation fell between May and September
(Fig. 2). The vegetation is dominated by P. meyeri, and the
canopy cover was approximately 70%, with almost no shrub
layer and a sparse grass layer. The site corresponded to a
type of abrupt treeline ecotone, and some solitary trees with
a flag crown were found around the plot. At the site, a thick
moss layer occurs in the understory, indicating a relatively
moist environment. The site is on a north-exposed slope with
an inclination of 20°.

Data collection
Measurements of stem radial increment changes

At the site, five P. meyeri trees were selected to install auto-
matic point dendrometers (type: Radius Dendrometer, Ecoma-
tik, Munich, Germany) to continuously measure stem radial
changes from early September 2007. The selected trees were
healthy adults with similar stem diameters and well-developed
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Fig. 1 Location (left) and landscape of the study area (right)

crowns and without visible wounds on their trunks. The
average height of the selected trees was 5.87+0.81 m
(mean + standard deviation), and the mean diameter was
16.3+3.7 cm. According to cores taken from the selected
trees at breast height, the mean age of the selected trees was
61+15.1 years. Dendrometers were attached to stems at breast
height. Before installing the dendrometers, the outer dead bark
was carefully removed to reduce the influence of expansion
and contraction processes of the bark (Deslauriers et al. 2003).
The signal resolutions of the dendrometers were <2.6 um, and
the thermal expansion coefficient of the sensor was <0.1 pm
°C~!. Stem radial changes (um) were registered automatically
at 1-h intervals and saved in data loggers (DL15, Ecomatik,
Munich, Germany). Because the thermal expansion coefficient
was less than the signal resolution, no temperature correction
was conducted. Daily means were calculated by averaging all
daily measurements (24 values day~!). Data were recorded
from September 2007 to December 2015. The dendrometers
were installed on the selected trees for a year round, and we
periodically adjusted the tensions of the dendrometer sensor

120 === Precipitation -1.48 °C 115
L I 439 mm
100 = @= Temperature ,r -« 2771masl. 1 10
o 20082015
= 5
E 80 | AN 0 e
£ ’ ‘\ g
9 4 \ =
s 60 | U \ 5 &
= ‘ \ 5
= / ) -3
© ’ \ -10 ¢
o 40 s \ s
a . \ -
P 2 -15
20
-20
0 v BT L . 25

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig.2 Monthly mean temperatures and total monthly precipitation for
monitoring years 2008-2015 from the automatic weather station near
the study site
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rods to maintain them within the manufacturer’s measurement
range as the trees grew. The dendrometer data were not always
continuous because of animal destruction, power failures, and
other causes. The resulting data with gaps or abrupt jumps
were checked carefully and corrected considering neighboring
trees without corresponding inhomogeneities or replaced by
linearly interpolated values (King et al. 2013; Korpela et al.
2010). We focused subsequent analysis over seven growing
seasons (approximately from May to September) from 2008 to
2015. We note that the stem radial change data in the growing
season of 2012 were lost completely due to animal destruction;
therefore, the following analysis does not include stem radial
changes from 2012.

Measurement of environmental factors

Environmental factors, including air temperature, soil tempera-
ture, and soil water content, were monitored at the study site.
Air temperature (°C) was recorded at 1-h resolution using a
sensor (Onset Corporation, HOBO Pro v2, U23-001) placed
beneath the canopy 1.5 m above the ground. Soil water con-
tent (m3 m~3; Theta Probes Type ML2x, Delta-T, Cambridge,
England) and soil temperature (°C; ST1, Delta-T, Cambridge,
England) were measured at approximately 10-20 cm depth
and recorded every 1 h with a GP1 data logger (Delta-T, Cam-
bridge, England). Daily precipitation (mm) was collected with
an automatic weather station (Onset Corporation, HOBO U30-
NRC) at a distance of 450 m from the study site. Daily pho-
tosynthetically active radiation (PAR) was estimated through
sunshine hours of the nearest Wuzhai weather station (Zhu
et al. 2010). The Pearson correlation coefficient between the
estimated daily PAR and measured daily PAR at the study
site for 2014 was 0.89 (»p <0.001, n=365). The DOY (day
of the year) when snow completely melted was approxi-
mately the day when soil thawed and water content increased
dramatically.

Data analysis

High-frequency electronic dendrometer data have been widely
used for observing initiations and cessations of tree stem radial
increments (Ford et al. 2016, 2017). In this study, we fitted
the intra-annual stem radial increments of P. meyeri with a
Gompertz function during the growing seasons (May—Sep-
tember) (Rossi et al. 2006). To avoid arbitrary choices in the
initial settings of the dendrometer measurements, an additional
parameter (Y,) was used in the Gompertz equation (Formula 1)
(Duchesne et al. 2012; Wang et al. 2015). The daily averaged
raw measurement data used in fitting is

Y=Y0+Axexp[—exp(/3—1c><t)], (1

where Y represents the daily averaged cumulative increment,
Y, is the lower asymptote, A is the upper asymptote of the
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curve, f is the x axis placement parameter, x is the rate of
change parameter, and ¢ is the day of the year (DOY). The
parameters were estimated using an ordinary least squares
method with the nonlinear regression procedure included
in the Origin software package (OriginLab Corporation,
Northampton, MA, USA). A total of 35 models were estab-
lished for each individual tree (n=5) and each growing sea-
son (n="7) (see Table S1 available as Supplementary Data)
(Duchesne et al. 2012; Linares et al. 2009). To evaluate the
general goodness-of-fit of each regression, the residual dis-
tribution and resulting R* were calculated (Michelot et al.
2012; Rossi et al. 2006).

Based on the Gompertz models, the weighted mean
absolute rate of stem radial increment (R) and time for the
maximum daily increment (7p) were calculated using the
following equations (Formulae 2 and 3):

R =Ax/2(v +2), )

T, = B/, 3)
where the parameter v was set to 0.0001 following Deslauri-
ers et al. (2003) and Rossi et al. (2008).

For the dendrometer method, because we lack direct
observations of dynamic cambium activity, the precise
dates of stem radial increment initiation and cessation can-
not be determined unambiguously; therefore, researchers
use different estimation methods (Deslauriers et al. 2007,
Duchesne et al. 2012; Lempereur et al. 2015; Makinen et al.
2008; Zweifel et al. 2010). Because the sample trees have
different growth rates and stem diameters, it is difficult to
compare their wood formation dynamics with cell numbers
or microns (Jyske et al. 2014). To make the sample trees
commensurable, we decided to transfer the cumulative
stem radial increments into cumulative percentages based
on curves modeled by the Gompertz function in this study
(Jones et al. 2004; Jyske et al. 2014), and the DOY of initia-
tion and cessation of stem radial increment were defined
as the days when 5 and 95% of the final annual cumulative
stem radial increment were reached, respectively (Gutierrez
et al. 2011; Jyske et al. 2012). Consequently, duration of
radial stem increment was calculated as the number of days
between the dates of initiation and cessation. The DOY of
increment initiation and cessation, days of increment dura-
tion, increment rate and annual increment of five sample
trees in each year were averaged for the following analysis,
because we were interested in the differences in the above
three parameters among different years rather than individ-
ual trees.

Principal components analysis (PCA) was used to deter-
mine the relationships between increment initiation time, ces-
sation time, rate, increment duration, and annual increment
with CANOCO 5 (Microcomputer Power Company, Ithaca,
NY, USA) (Smilauer and Lep§ 2014). The components
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considered were determined on the basis of the Kaiser—Gutt-
man criterion (eigenvalues > 1) (Cocozza et al. 2016). The
log-transformed values of increment initiation time, cessation
time, increment rate, increment duration and annual increment
were used. These five parameters were depicted as vectors, and
the directions of the vector values and the correlations among
vectors and component axes were determined. Two simple
physical models were applied to assess the relative contribu-
tions of increment initiation and cessation to increment dura-
tion (Formula 4) and increment initiation, cessation and rate
to annual increment (Formula 5) (Cuny et al. 2014). A linear
regression analysis was used to examine the relative contri-
butions of increment initiation and cessation to duration and
increment initiation, cessation and rate to annual increment
(Rossi et al. 2014; Xia et al. 2015). The relative contribution
of each independent variable to the dependent variable was
evaluated by means of the relative weights method (Johnson
and LeBreton 2004).

Ty =f(Ty., T¢). 4)

Al =f(Ty, Tc. R). ®)

T, represents increment initiation time, 7 represents
increment cessation time, R represents increment rate, 77,
represents increment duration and Al represents annual
increment.

To date, only temperature and precipitation have been
commonly used in climate-growth relationship studies.
However, factors influencing tree growth processes are
known to be diversified (Dufour and Morin 2013). The
most important factors include temperature, water and light-
related environmental variables. We chose the environmen-
tal variables in Table 1 to explore the relationships between
increment initiation, cessation and rate and environmental
factors based on the expected effects in regulating seasonal
tree growth processes in a cold environment according to
Duchesne et al. (2012) and Dufour and Morin (2013), such
as that temperatures and photoperiods have been posited
as cues for tree growth initiation and cessation (Ford et al.
2016, 2017). These relationships were explored through the
multiple regression model method. Every possible model
was inspected by means of subset regression using the
“leaps” package in the R procedure (Kabacoft 2015). The

Table 1 Environmental variables used to model initiation time, cessation time and rate of radial increment

Environment type Environmental factors Years
2008 2009 2010 2011 2013 2014 2015 Mean
Air temperature Last DOY with daily mean air 156 116 139 142 116 135 132 134
temperature <0 °C
Daily maximum air tempera- 14.6 19.6 18.8 14.2 15.1 153 15.8 16.2
ture (°C)
DOY of daily maximum air 185 185 211 226 226 213 212 208
temperature
Mean air temperature from 8.4 11.2 9.6 8.7 10.3 8.7 8.9 9.4
May to August (°C)
Soil temperature First DOY with soil tempera- 145 153 154 160 142 149 146 150
ture>1 °C
Maximum soil temperature 11.5 12.3 12.7 11.3 12.4 11.6 11.9 12.0
O
DOY with the highest soil 222 202 212 227 228 216 214 217
temperature
Average soil temperature from 4.9 4.9 5.7 4.7 6.6 5.2 5.2 53
May to August (°C)
Photosynthetically active radia- First DOY with 77 76 97 89 92 75 104 87
tion (PAR) PAR > 500 umol s~! m~2
Maxi;num PAR (umol s~ 687 787 728 650 697 733 664 707
m~")
Cumulative PAR from May to  48x10° 57x10® 56x10° 49x10® 52x10° 52x10° 54x10® 53x10°
August (umol s~! m™2
Water availability and snow- Cumulative precipitation from 235 183 284 328 459 361 162 278
melt May to August (mm)
Soil water content from May to 0.32 0.21 0.21 0.20 0.22 0.21 0.20 0.22
August (m>m™3)
DOY when snowmelt was 125 131 125 150 129 132 129 132

complete
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best models were selected based on the Akaike Information
Criterion (AIC) (Akaike 1998).

We used logistic regression (the GLM package in R,
2017) to calculate the probability of stem radial increment
being active at a given temperature in spring (Rossi et al.
2008). Binary responses were coded as non-active (value
0) or active (value 1). For each tree and year, the model
was fitted with the respective temperature series (mean,
minimum and maximum air temperatures and mean soil
temperature), and temperature thresholds were calculated
when the probability of radial increment being active was
0.5. Fitting verification included »? of the likelihood ratio,
Wald’s y? for regression parameter and goodness of fit, and
Hosmer—Lemeshow C for eventual lack of fit. None of the
models were excluded because of a lack of fit. One-way anal-
ysis of variance (ANOVA) and Tukey multiple comparisons
were carried out to test for any significant differences in the
estimated thresholds among years. Normality and variance
homogeneity were checked using Shapiro—Wilk and Bartlett
tests.

Because over 50% of annual increment was produced
within 30 days around the DOY of fast increment rate, we
extracted the average increment during the 30 days around
the DOY of fast increment rate (Aly,..) and corresponding
environmental factors (see Table S2 available as Supple-
mentary Data). We then calculated the Pearson correlation
coefficients between Aly,,, and the environmental factors.
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—2009, R*=0.98 s
1100 k —2010,R*=0.96 te N L —
_ —2011, R*=0.95
€ 900 | —2013 Re=0.94
= ——2014, R?=0.97
g 700 R2=0.98
o
2 500
I
E 300
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-100 '.."x‘ i?: ’n " 1 " L " 1 " 1
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Results

Intra-annual stem radial increment dynamic
characteristics

The daily mean accumulated stem radial increments mod-
eled using the Gompertz function (Formula 1) and associ-
ated increment rates are illustrated in Fig. 3. Intra-annual
accumulated increments were well fit by the Gompertz
function, which explained 81-98% of the variations in sea-
sonal stem radial changes (see Table S1 available as Supple-
mentary Data). Several characteristics describing seasonal
increment progress are defined in Table 2. Initiation of stem
radial increment was at approximately DOY 150 (May 30),
whereas the increment cessation was at approximately DOY
226 (August 14). The mean duration of annual stem radial
increment was approximately 76 days. The mean seasonal
stem radial increment was approximately 856 um. The
mean stem radial increment rate was approximately 16.6 um
day~!. A fast increment occurred at approximately DOY
170 (June 19), which was not significantly different with
the DOY of the summer solstice (DOY 172 or 173, June 21
or 22, respectively) (one-sample ¢ test, p < 0.05). Most of the
annual accumulated increments were completed in June and
July (approximately 43 and 33%, respectively).

Relative contribution of rate and duration to annual
increment

Two simple physical models, T, =f (T}, T¢) and Al =f (T,
Tc, R), yielded good results in modeling mean increment
duration and annual increment, with R? exceeding 99%
(»<0.01, n="7). The annual increment showed a stronger
relationship with rate than with initiation and cessation times

25 r

= e N
o (63} o
T

Increment rate (um/day)

4]

181 211
DOY

151

121 241 271

Fig.3 Examples of modeled mean intra-annual stem radial increments (left) and associated stem radial increment rates (right) of Picea meyeri

OVer seven growing seasons
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Table 2 Characteristics of stem radial increment characteristics during the study period

Characteristics 2008 2009 2010 2011 2013 2014 2015 Mean

DOY of 5% annual radial incre- 148 (15.0) 161 (5.6) 156 (21.5) 151 (7.0) 141 (5.1) 151 (7.6) 141 (5.5) 150 (12.0)
ment

DOY of 50% annual radial incre- 179 (15.0) 189 (4.8) 178 (14.4) 176 (4.0) 168 (5.3) 177 (4.1) 177 (4.3) 178 (10.2)
ment

DOY of 95% annual radial incre- 232 (16.6) 237 (9.8) 218 (4.7) 219 (12.8) 216(16.4) 222(5.0) 237 (9.5) 226 (16.2)
ment

Periods from 5 to 95% annual 84 (16.2) 76 (13.6) 62 (25.7) 68 (18.0) 75 (19.5) 71 (11.2) 96 (14.2) 76 (21.0)
radial increment

DOY of maximum increment rate 171 (14.2) 182 (4.3) 162 (18.8) 169(3.9) 161(42) 170(4.8) 168(3.9) 170 (10.5)

Maximum increment rate 11.8(83) 22.6(13.1) 208(9.9) 13.0(6.8) 150(11.4) 18.4(142) 144(53) 16.6(10.4)
(um-day™")

Mean increment rate (um-day~') ~ 8.0(5.5) 15.4(8.9) 14.2(6.8) 89(4.6) 102(78) 125(9.7) 98(3.6) 13.1(7.1)
Mean annual increment (um) 686 (295.0) 1194 (615.9) 871 (493.9) 597 (158.5) 762 (605.1) 844 (652.9) 999 (302.0) 856 (478.3)

Mean values of seven years are in bold

The values presented in brackets are the standard deviations. The stem radial increment initiation and cessation times are defined as the days of
the year (DOY) when 5 and 95% of the final increment were reached

(Fig. 4). The relative contributions of increment rate, initia-
tion time, and cessation time to annual increment variance
were 53, 11, and 36%, respectively (Fig. 5, red line). Incre-
ment duration showed a stronger relationship with cessation
time (Fig. 4). The relative contribution of cessation time
to the variance in increment duration was 62%, which was
much larger than for initiation time and contributed 38% to
the variance in increment duration (Fig. 5, blue line).
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T, 02015 T,
Al
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(¢]

20080 R

Threshold temperatures
2(93 2014o
The threshold air and soil temperatures at which there was a
0.5 probability of stem radial increment at the study site are
depicted in Fig. 6. On one hand, a significant difference was
found in the daily air temperature thresholds for 77 among
the 7 years (ANOVA with Tukey post hoc test, p <0.05). On
the other hand, there were no significant differences in the
soil temperature thresholds for 77 among the 7 year, and the
-1.0 Component 1 (72.33%) 1.0 soil temperature threshold was approximately 1.8 +0.6 °C
(ANOVA, p>0.05).
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O
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O
2011

-1.0

Fig.4 Principal components analysis of increment initiation time
(T}, cessation time (7¢), rate (R), increment duration (7p), and
annual increment (Al)

Fig.5 Relative contributions

of increment initiation time,
cessation time, and rate to incre-
ment duration (blue) and annual
increment (red). *p <0.05;

**p <0.01; ***p <0.001. (Color
figure online)

Increment initiation time Increment cessation time Increment rate

62%***

Increment duration Annual increment
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Relationships between stem radial increments
and environmental factors

The relationships between the main stem radial increment
dynamic parameters (initiation time, cessation time and rate
of increment) and environmental factors were explored using
a multivariate regression method (Table 3; Fig. 7). Increment
initiation time showed a close relationship with thermal
related environmental factors, i.e., the first DOY with soil
temperature > 1 °C, the first DOY with PAR > 500 umol s~
m~2, and the DOY when snowmelt was complete (Table 3;
Fig. 7a, p<0.05, R?>=0.937, p<0.05). Among the three
above environmental variables, first DOY with soil temper-
ature> 1 °C was the primary variable with the increment
initiation time independent explanation variance exceeding
56%. Increment cessation time was influenced by precipi-
tation from May to August (Table 3; Fig. 7b, R?>=0.781,
p <0.01). Mean increment rate was controlled by cumula-
tive PAR from May to August (Table 3; Fig. 7c, R>=0.793,
p<0.01). Increment during the 30 days around the DOY
of fast increment rate was negatively correlated with air
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among trees. The lowercase letters (a, b) indicate significant differ-
ences among years based on Tukey post hoc test (p <0.05)

relative humidity (r=—0.933, p <0.01) and positively cor-
related with photosynthetically active radiation (r=0.954,
p <0.01) and soil temperature (r=0.767, p <0.05) (Table 3).

Discussion

Contributions of increment rate and time to annual
stem radial increment

In this study, the increment duration and rate of P. meyeri
are both important in explaining the variance of annual stem
radial increments; the contributions of increment duration
and rate to annual increment, 47 and 53%, respectively, were
similar (Fig. 5). This result differs from those of studies of
evergreen conifer trees in Europe and North America. For
European spruce (Picea abies), Scots pine (Pinus sylves-
tris), and silver fir (Abies alba) in Europe, rate contributed
75% to annual increment variance, and duration contrib-
uted only 25% (Cuny et al. 2012; Rathgeber et al. 2011).
However, for black spruce (Picea mariana) and balsam fir
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Table 3 Multiple regression of increment initiation time, cessation time and mean increment rate in relation to environmental variables (n=7)

7 8 9 10 11 12 13 14 15 16
R (nm-day™)

Variable Estimate Std. Error t value Independent p value
effect (%)
Increment initiation time (DOY)
Intercept 53.54 27.49 1.95 0.047
First DOY with soil temperature > 1 °C 1.36 0.24 5.72 56.9 0.011
First DOY with PAR >500 umol s~ m™?2 -03 0.09 -3.21 23.1 0.049
DOY when snowmelt was complete -0.62 0.17 —3.59 13.7 0.037
Total 93.7 0.026
Increment cessation time (DOY)
Intercept 248.13 5.57 44.58 <0.001
Cumulative precipitation from May to August (mm) —0.08 0.02 —4.22 78.1 0.008
Total 78.1 0.008
Mean increment rate (um day~ ")
Intercept —28.57 9.12 -3.13 0.026
Cumulative PAR from May to August (mmol s™! m~2) 0.76 0.17 4.38 79.3 0.007
Total 79.3 0.007
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Fig.7 Observed and modeled initiation times (77), cessation times (7-) and rates (R) of stem radial increments

(Abies balsamea) in Québec, Canada, annual increment was
more sensitive to duration than rate. Contributions of incre-
ment duration and rate to annual increment variance were
86% and 14% for black spruce (Rossi et al. 2014) and 76%
and 24% for balsam fir, respectively (Duchesne et al. 2012).
Different contributions of increment rate and duration to

annual increment may indicate different adjustments to adapt
to local environments by tree species in different climate
regions (Cuny et al. 2012).

Equal inter-annual variances in radial increment initia-
tion and cessation might generate different stem radial incre-
ment changes. In our study, the contributions of increment
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initiation and cessation to annual increment were 11% and
36%, respectively. This result means that the contribution of
cessation time to annual increment was 3 times more than
that of initiation time. This phenomenon was also found in A.
balsamea trees in Québec, Canada, where the contribution of
cessation time (61%) to annual increment was 4 times more
than that of initiation time (15%) (Duchesne et al. 2012). We
also calculated the Pearson correlation coefficients between
annual increment for the seven conifer species in the north-
ern hemisphere and increment initiation and cessation time,
respectively (Rossi et al. 2008). The result showed that
annual increment had a closer relationship with increment
cessation time (r=0.65, n=16, p <0.01) than with initiation
time (r=—0.18, n=16, p=0.50). These results imply that
cessation time is more important than initiation in explain-
ing annual increment variance. Therefore, in evaluating the
influence of climate warming on forest ecosystem productiv-
ity, more attention should be paid to the influences of climate
change on increment rate and cessation time. It should be
noted that Lupi et al. (2010) reported that higher numbers
of radial cells along tree rings produce delays in the end of
xylem maturation, which was defined as the termination of
cell wall thickening and lignification. However, in our study,
radial increment cessation was defined as when tree-ring
width stops increasing, which approximately corresponds
to when xylem cells stop enlarging and is much earlier than
when cell walls complete thickening and lignification (Cuny
et al. 2015).

Contributions of increment initiation and cessation
time to increment duration

Increment duration is the synthesis of initiation and ces-
sation. Understanding relative contributions of increment
initiation and cessation times to duration is an important step
towards predicting future increment duration changes under
the influence of global climate warming (Garonna et al.
2016). In this study, increment cessation time contributed
more (62%) to duration than initiation time (38%) (Fig. 5).
A similar result was found for A. balsamea in Québec; incre-
ment cessation time contributed more (79%) to duration than
initiation time (21%) (Duchesne et al. 2012). For the seven
conifer species in Europe and Canada (Rossi et al. 2008),
the Pearson correlation coefficients between increment
duration and initiation and cessation time were — 0.64 and
0.78 (n=16, p<0.01), respectively. These results indicate
that increment duration variance was mainly driven by the
change in cessation time.

Previous studies have verified the existence of a critical
temperature for increment initiation, but the factors influ-
encing increment cessation were more complex (Rossi et al.
2008). Therefore, variance in increment cessation time could
be higher than for initiation time. Consequently, increment
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cessation time contributed more to duration than initiation
time. According to temperature recordings at our study site,
the daily mean air temperature was 10.5 °C when P. mey-
eri stem radial increment finished increasing, which was
much higher than the temperature when stem radial incre-
ment started increasing (6.4 °C). The standard deviation of
increment cessation time for P. meyeri was 16 days, which
was higher than that of initiation time (12 days). Rossi et al.
(2008) obtained similar results from a study of seven coni-
fer species in Europe and Canada, where the mean daily
air temperatures at increment cessation and initiation times
were 13.8 and 8.4 °C, and the standard deviations of the
increment cessation and initiation times were 10 and 8 days,
respectively. The standard deviations of the increment ces-
sation and initiation times were 16 and 7 days, respectively,
for A. balsamea in Québec, Canada (Duchesne et al. 2012).

Main environment factors influencing stem radial
increment for P. meyeri

It has been well established that temperature strongly effects
growth resumption after winter dormancy in plants (Kérner
2006; Swidrak et al. 2013). However, it is still inconclusive
whether soil temperature or air temperature affects the ini-
tiation of tree radial increment. Different from some studies
that reported that xylogenesis was initiated when air tem-
perature rose to specific thresholds (Rossi et al. 2008; Li
et al. 2017), we found in this study that stem radial incre-
ment for P. meyeri was initiated when the soil temperature
increased approximately 1.8 °C (Fig. 6). By contrast, the
air temperature thresholds for increment initiation were sig-
nificantly different among the 7 years. This indicates that
the most important environmental factor that influenced
increment initiation in P. meyeri was soil temperature. The
result of the multiple regression of increment initiation time
in relation to the environmental variables also confirmed
that warmer soil temperatures caused initiation to advance
(Table 3). Warm soil temperatures accelerate root activity
and promote water and nutrient uptake, thus influencing cell
turgor in the cambium and advancing reaction of the cambial
cell. Our previous studies on intra-annual stem radial incre-
ment in P. meyeri and Larix principis-rupprechtii int the
Luyashan Mountains using point dendrometers and micro-
cores also indicated that soil temperature determined the
initiation of stem radial increment (Dong et al. 2011; Jiang
et al. 2015). Previous studies have suggested that cessation
of radial increment was mainly influenced by photoperiods
or temperature (Fromm 2013; de Andrés et al. 2015). In
our study, precipitation during the growing season led to an
earlier cessation of radial increment in P. meyeri (Table 3).
This was consistent with a previous study based on remote
sensing, where it was found that precipitation had negative
effects on the end of the vegetation growing season in colder
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Table 4 Pearson correlation coefficients between mean increment during 30 days around DOY of maximum rate and environmental factors

N=T7 P T T ax Tin SwC ST PAR

r —-0.206 0.638 0.752 0.607 —0.464 0.767* 0.954%*
p value 0.657 0.123 0.051 0.148 0.294 0.044 0.001

*Correlation is significant at the 0.05 level (2-tailed)
**Correlation is significant at the 0.01 level (2-tailed)

P cumulative precipitation, 7' daily mean air temperature, T,

mean daily maximum air temperature, 7,

min M€an daily minimum air temperature,

SWC mean daily soil water content, ST mean daily soil temperature, PAR accumulative photosynthetically active radiation. All the environmental
factors were averaged or summed during 30 days around the DOY of the maximum rate

regions (Liu et al. 2016). We speculated that this may be
related to the close relationships between precipitation, light,
and temperature. More precipitation at high altitudes in the
Luya Mountains may lead to a shortage of thermal and radia-
tion energy for photosynthesis during the growing season,
consequently resulting in an earlier cessation of growth.
The close relationship between precipitation and cessation
of increment found in this study was not contradictory to any
previous findings. This explanation was also suggested by a
previous tree-ring study on P. meyeri at high altitudes in the
Luya Mountains, which reported that radial growth for this
species was negatively correlated with precipitation in June
and July of the same year (Zhang et al. 2012). Increment rate
of P. meyeri at high altitude showed a strong relationship
with PAR during the growing season (Table 3). At the same
time, increment during 30 days at a fast increment rate was
significantly and positively correlated with PAR (r=0.954,
p=0.001), but the relationship with air temperature was not
significant (Table 4). At high altitudes, radiation intensity
is usually higher and plants usually have a higher photo-
synthetic capacity, but an increase in cloudy and rainy days
would decrease total radiation (Korner 2003). Therefore, an
appropriate increase in PAR could promote photosynthe-
sis and raise the increment rate. The annual increment was
mainly determined by the number of tracheids; therefore,
increment rate directly reflected cambium cell division rate.
Above all, insufficient solar radiation at high altitudes may
be among the primary factors influencing P. meyeri radial
growth.

Previous studies on climate change in the study region
have already demonstrated an increasing trend in mean
annual air temperature (0.3 °C-decade™ 1y with a decreasing
trend in annual total precipitation (13 mm-decade™') over
the past several decades (Zhang et al. 2013) and a decreas-
ing trend in annual sunshine duration of 65 h-decade™' over
the past 50 years (Fan and Wang 2010). Considering the
positive effects of temperature and PAR on P. meyeri radial
increment at high altitudes, if the current climate trend con-
tinues, increasing temperature and decreasing precipitation
could extend growing season lengths. However, these posi-
tive effects on stem radial increment of trees distributed in

sub-alpine regions may be offset by the negative effects of
the decreases in solar radiation on increment rate.
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