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Radial growth of Cinnamomum kanehirae Hayata displays a larger
temperature sensitivity in dominant than codominant trees
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Abstract
& Key message The radial wood growth curves of Cinnamomum kanehiraeHayata (an endangered species of subtropical
Taiwan) exhibit an S shape. The dominant trees displayed a larger radial growth than the codominant trees, and their
growth was more sensitive to air temperature.
& Context Knowledge of wood radial growth is important for evaluating the factors that limit tree growth performance. The
relevant experiments have mostly been conducted in cold and temperate ecosystems, but rarely in subtropical ecosystems.
& Aims In this study, we aimed to construct a unified radial growth model for Cinnamomum kanehirae Hayata and to identify its
sensitivity to temperature.
& Methods The wood radial increments were quantified for 3 years by either pinning or microcoring. The radial wood growth
curves weremodelled integratively by semiparametric regression and individually by curve fitting. The effects of tree social class,
interannual and environmental factors on radial growth were analysed quantitatively.
& Results A unified S-shaped growth model for C. kanehirae was successfully constructed. By including the social class effect,
the model was significantly improved. The maximum radial increment (A) was significantly correlated with the maximum
growth rate (μ); both A and μ were significantly higher in dominant than in codominant trees. The time-varying radial growth
rate was more sensitive to air temperature in dominant than in codominant trees.
& Conclusion Semiparametric models revealed an S-shaped growth curve of C. kanehirae and confirmed the higher temperature
sensitivity of dominant trees compared to codominant trees in humid subtropical areas.
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1 Introduction

The formation of wood simultaneously satisfies the require-
ments for water transport and mechanical support to achieve
the remarkable size and age of trees (Tyree et al. 1994; Hung
et al. 2016, 2017). Cells in the vascular cambium undergo cell
division, cell enlargement and cell wall lignification to be-
come mature xylem cells (Rathgeber et al. 2016). These
growth processes are tightly controlled by internal and
external factors, shaping characteristic patterns of seasonal
radial growth in different ecosystems.

The alternative structure and density profile of tree rings
potentially encode environmental signals, such as temperature
and precipitation, but to what temporal and spatial dimension
is uncertain. To answer this question requires detailed seasonal
radial growth patterns in different forest ecosystems. Stangler
et al. (2016) utilised phenological information as timestamps
to align tracheid diameter profiles of Norway spruce, demon-
strating the practical values of tree phenology in tree ring
analysis for evaluating tree performance under climate chang-
es (Baas et al. 2016; Rathgeber et al. 2016; Rossi et al. 2016).

The sigmoidal Gompertz function was applied to model the
seasonal radial growth in boreal tree species (Deslauriers et al.
2003a, b; Rossi et al. 2003; Thibeault-Martel et al. 2008; Lupi
et al. 2014) and was adopted in numerous studies in different
terrestrial biomes such as in alpine forests (Rossi et al. 2006; Li
et al. 2013), continental and oceanic temperate forests (Rathgeber
et al. 2011; Michelot et al. 2012) and Mediterranean forests
(Linares et al. 2009; Güney et al. 2016). The studied species were
mostly gymnosperms, but Michelot et al. (2012) and Deslauriers
et al. (2009) also considered for some angiosperm species. The
Gompertz function, however, was not appropriate in fitting bi-
modal growth patterns in continental Mediterranean climates
(Camarero et al. 2010). The bimodal growth curves of Quercus
petraea (Matt.) Liebl. in lowland temperate forests were success-
fully fitted by the extended Gompertz function (Michelot et al.
2012). Recently, nonparametric generalised additive modelling
revealed more details of cambial phenology, thus allowing re-
searchers to answer mechanistic questions of wood formation
(Cuny et al. 2013, 2014, 2015; Balducci et al. 2016). It is com-
mon to fit overall growth curves while ignoring the hierarchical
structure of longitudinal data (radial increments of the same in-
dividual measured repeatedly through the experiment period);
however, the repeated measures of radial increment from the
same tree may be autocorrelated. In addition, the parameters
estimated from fitting individual growth curves of each sample
tree can be further analysed to gain biological insights, even
though this two-stage analysis is prone to loss of information
during parameter extraction (Zuur et al. 2009). In addition to
the two-stage analysis, a semiparametric mixed modelling tool
including both random components and varying coefficients as
fixed components (Zhang 2004) should be included to analyse
radial wood growth curves.

In Taiwan, despite high-quality tree ring analysis being con-
ducted in the forests of high latitude (Wright et al. 2015), the
study of seasonal radial growth is still in its infancy; only a few
assessments being conducted in an interval of four seasons
(Chen 2015). Wood growth curves are essential for conserva-
tion biology due to their potential in studying the growth per-
formance and the population dynamics of targeted species un-
der climate change scenarios (Morellato et al. 2016).
Cinnamomum kanehirae Hayata (Lauraceae), an endemic ev-
ergreen tree species in Taiwan, is distributed from 200 to
1400 m above sea level (a.s.l.) (Huang et al. 1996). It is of
economic importance for its timber and by-product. The quality
wood may cost up to 5000 USD per cubic meter. The dead
heartwood of C. kanehirae is the unique host of
Niuchangchih (Antrodia camphorata Sheng H. Wu, Ryvarden
& T.T. Chang), which is a medicinal fungus with anti-viral,
anti-oxidant, anti-cancer and liver-protecting properties (Ao
et al. 2009). The high demand for C. kanehirae, unfortunately,
has led to illegal logging in natural forests. According to the
Taiwan Forestry Bureau, the wild population of C. kanehirae
shrunk from 368,240 m3 in 1927 to 33,201 m3 in 1990 and was
listed as an endangered species following criterion A1 of the
IUCN red list. The natural reproduction of C. kanehirae is
limited by the seed predation (Huang et al. 1996; Chung et al.
2012) and the low germination rate (Chen and Chien 2012).
Therefore, the restoration of the C. kanehirae population
through management is in urgent demand.

The studies of environmental controls on wood formation
are often focused on dominant trees (Fritts 1976;
Schweingruber 1996). Nevertheless, trees of other social clas-
ses account for a substantial proportion of biomass in a wood
stand. The trees of different social classes receive different
amounts of solar radiation, resulting in differences in metabo-
lism, development and growth. Thus, the climatic effect on
wood formation might differ among trees of different social
classes. In this study, we measured the radial increment of
C. kanehirae planted in a nursery of Taiwan. We aimed to fit
the unified radial wood growth curve of the species by using
semiparametric mixedmodels and studied the social class effect
and the interannual difference by analysing the growth param-
eters extracted from fitting individual wood growth curves. We
also investigated the effects of temperature and precipitation on
the wood growth rate by analysis of covariance.

2 Materials and methods

2.1 Site information, sample trees and climatic data

Established in 1992, the plantation of Cinnamomum
kanehirae was located in a Xinxian nursery (24° 50′ 27 N,
121° 32′ 02 E, 338 m a.s.l.). The conditions of the plantation,
the methods of sapling nursery and the growth performance of
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the trees were reported by Yu et al. (2012) and are briefly
summarised in the supplementary material (M1). Although
these trees are of the same age, they can be classified into
two social classes: the dominant trees that receive direct sun-
light from the top of the canopy as well as from the side, and
the codominant trees that receive the sunlight only from the
top of the canopy. In this study, we chose three dominant trees
(D1, D2 and D3) with diameter at breast height (DBH) of
28.6 ± 2.14 cm and tree height (TH) of 16.25 ± 0.05 m and
three codominant trees (C1, C2 and C3) with DBH of 21.7 ±
3.27 cm and TH of 16.05 ± 0.06 m. However, after the serious
impact of Typhoon Soulik on the plantation area in 2013, the
codominant tree C1 was exposed to an increased solar radia-
tion due to the gap formation. This condition was taken into
account when modelling the wood growth curves.

From 2012 to 2014, the hourly air temperature (°C), pre-
cipitation (mm) and relative humidity (RH, %) were acquired
from the Tonghou auto-weather station (C0A570, 24° 51′0.2″
N, 121° 35′ 22.7″ E, 387 m a.s.l., about 8.5 km from the study
sites) of the Central Weather Bureau through the Data Bank
for Atmospheric and Hydrologic Research. The hourly data
were processed into monthly mean temperature and monthly
sums of precipitation with the xts Package (Ryan and Ulrich
2017) in R version 3.2.2 (R Core Team 2016). Although the
data from the 7th to 30th of December in 2013 are not avail-
able due to technical issues, this omission does not seriously
affect our interpretation of the phenological data. From 2012
to 2014, the mean monthly temperature was approximately
12.5 °C in winter and 26.5 °C in summer (Fig. 1). The annual
precipitation is overall abundant, especially with heavy rains
caused by typhoons in summer. For example, the typhoons in
2013 brought about 40% of the total annual precipitation in
Tonghou. The overall RH seldom fell below 70%, except in
March 2012 (minimum RH of 62%).

2.2 Wood sample preparation and radial increment
measurements

Radial increments of the six sample trees were studied by
pinning (Yoshimura et al. 1981) in 2012 and by microcoring
(Rossi et al. 2006, 2011) in 2013 and 2014. Pinning and
microcoring are currently the most reliable methods used to
quantify seasonal wood production and were proven to yield
similar results (Mäkinen et al. 2008). The sampling intervals
varied from 2 to 4 weeks (see the supplementary materials M2
and M3 and Figs. S1 and S2 for the detailed sampling
procedure and tissue section preparation).

2.3 Radial wood growth curves modelling
and parameter analysis

The wood growth curves were fitted both integratively and
individually. To construct a unified growth curve, we applied

semiparametric mixed models to deal with the hierarchical data
structure, with longitudinal repeated sampling on six trees
(specified by the variable Tree) for 3 years (Year), i.e. 18 growth
curves (ID). We focused on the active period of cambial growth
and removed three zero radial increments in the early growing
season (166 DOYof C2-2012, 164 DOYof C2-2013 and 166
DOYof D1-2012) because they were likely caused by random
errors, and they led to numerical problems during model-
building process. The radial increment was log-transformed to
ensure that the model would estimate positive growth incre-
ments during the growing season and that the standard devia-
tion envelope would not cover negative values. Furthermore,
the log-transformation also improved the residual patterns.
Model selection was based on Akaike’s information criterion
(AIC, Akaike 1973). The lower value of AIC suggests better
model performance. The difference between the nested inter-
mediate models was additionally tested by likelihood ratio tests.
When a modification did not result in a significant improve-
ment, the model with the least cost of degrees of freedom (df)
and more satisfactory error structure was retained. We followed
the model-building steps suggested by Zuur et al. (2009) and
initialised the models by the maximum likelihood method with
the package mgcv (Wood 2006) (see supplementary material
M4 for a brief description of the model-building steps).

To extract parameters from each sampling tree, each of the
radial wood growth curves was fitted by both parametric re-
gression based on the Gompertz function (Rossi et al. 2003)
and nonparametric cubic smoothing spline with package grofit
(Kahm et al. 2010) in R software (R Core Team 2016). Please
see the supplementary material M5 for a brief summary of the
curve-fitting procedure, and also see Kahm et al. (2010) for a
detailed workflow of grofit. The Gompertz function used in
grofit follows the parameterisation:

y tð Þ ¼ Ae−e
μe
A λ−tð Þþ1½ �

where t represents the day of year (DOY), A is the maximum
radial growth, μ is the maximum growth rate, and λ is the lag
phase between the beginning dates of the experiment to the
expected dates of cambial resumption. Here, λ has no biolog-
ical meaning because the starting dates of the experiment
among the study years were chosen arbitrarily and therefore
did not provide a consistent basis for comparison. Instead, the
beginning dates of the cambial growth were analysed and
discussed in this study. For the extracted cambial growth pa-
rameters (A and μ) and the investigated phenological param-
eters (beginning, ending and duration of cambial growth),
two-way ANOVAwas applied to test the differences between
the tree social classes (dominant and codominant) and inter-
annual differences (2012, 2013 and 2014). The residuals were
inspected with residual plots to check if there were any trends
in the residual patterns. The relationship between the param-
eters was studied by simple linear regression model and
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Pearson’s correlation analyses. The slopes corresponding to
different social classes were compared by analysis of covari-
ance (ANCOVA). Four functional relationships were of par-
ticular interests: (1) A and μ, (2) A and the duration of cambial
growth, (3) the duration and the beginning date and (4) the
duration and the ending date.

2.4 Analysing climate influences on wood radial
growth

The effects of air temperature and RH on the radial growth
rates of C. kanehirae were studied. The hourly data of tem-
perature were pre-processed into 3-day mean, 5-day mean and
spline smoothed daily mean temperatures to reduce noise
while retaining the characteristic seasonal trend. Radial incre-
ment data were smoothed by shape constrained additive
modelling (SCAM) using the package scam (Pya and Wood
2015), which coerce the curves to bemonotonically increasing
(Fig. S3), thus excluding negative growth rates. The resulting
curves were used to compute the growth rate (μt) at each time
point by the following equation:

μt ¼
g tð Þ−g t−1ð Þ

t−t−1

where t represents the sampling dates (DOY). t−1 repre-
sents the sampling date before t, and g(t) and g(t−1) indi-
cate the radial increment at time t and t−1, respectively. The
influence of social classes of trees on the climate-radial
growth relationship was evaluated by ANCOVA. The type
III ANOVA table was calculated using the package car
(Fox and Weisberg 2011).

Data availability The datasets generated during and/or
analysed during the current study are available from the cor-
responding author on reasonable request.

3 Results

3.1 Seasonal dynamics of wood radial growth

The active period of wood production varied considerably
among trees within the study years. It commenced between
late March and mid-June and ended between mid-August and
mid-December. The length of the growing season was 172.3
± 43.3 days (mean ± SD, n = 18) and ranged from 82 to
240 days; no difference was found between dominant and
codominant trees (t = −1.22, p = 0.24).

Fig. 1 Climatic information for the study site. Three-year climatic data
recorded by Tonghou auto-weather station of Central Weather Bureau.
The monthly mean temperature increased from about 12.5 °C in January,
peaked at 26.5 °C between July and August and declined back to 12.5 °C
in next January. The precipitationwas overall abundant andwas relatively
high in summer due to the heavy rain caused by typhoons. The relative

humidity (RH) was high and seldom fell below 70%, except that the
minimum RH approaching 62% in March 2012. The grey envelope
around the red line indicates the range between the mean monthly
maximum and mean monthly minimum temperature. The grey
envelope around the dark blue line shows the range between the
monthly maximum and minimum RH

52 Page 4 of 11 Annals of Forest Science (2018) 75: 52



The radial growth curves of C. kanehirae were modelled
by semiparametric mixed methods (Table 1). All models
(models A, B and C) were substantially improved by applying
ID as a random intercept, power variance structure and auto-
correlation (order 1). In building model B, the random inter-
cept was removed because it became insignificant once the
correlation structure was applied. This implied that the ran-
dom variable might be attributed partly to the fixed compo-
nent and partly to the autocorrelation structure. Model A rep-
resents a unified growth curve for all the sample trees, with an
S-shaped curve. The fixed component explained 52% of the
total variance. The smoother was significant (p < 0.001) with
the estimated degrees of freedom (edf) of 4.50, implying that
the growth curves were nonlinear.

Model B represents the growth curves concerning the tree
social classes. The fixed component explained 72% of the
total variance. Both smoothers [sco(t) and sdo(t)] of Model B
were highly significant with edf of 4.02. The fixed effect
(class) was significant (t = 3.49, p < 0.001), suggesting that
the growth curves of different social classes exhibited a sig-
nificant difference in maximum radial increments (Fig. 2).
Here, the growth curve of tree C1 in 2014 was treated as a
dominant class for the reason described in the ‘Materials and
methods’ section. If the growth curve of tree C1 in 2014 was
regarded as a codominant tree, the model would require ID as
a random intercept. The resulting model (AIC = 185)
underperformed model B (AIC = 172), and the explained
fixed component decreased by 6%.We thus treated the growth
curve of C1 in 2014 as a dominant class.

Model C represents the growth curves concerning the three
study years. The fixed component of model C explained 53%
of the total variance. All smoothers were highly significant
(p < 0.001) with edfs of 3.12, 3.77 and 3.88 for s2012(t), s2013
(t) and s2014(t), respectively. The Year effect was not signifi-
cant (p = 0.69), implying that the interannual difference can-
not be confirmed using the 3-year data (Fig. 3).

Model B was selected as the best model for three reasons.
First, the fixed variables of model B explained more variance
than models A and C. Second, model B had the lowest AIC
(172). Third, model B had the most satisfactory residual struc-
ture (Figs. S4, S5 and S6). Model B can extract the general
growth patterns of C. kanehirae (Fig. 2) despite the inconsis-
tency among growth curves. These results emphasised the role
of social classes in regulating tree radial growth.

Each radial growth curve was fitted with the parametric
Gompertz function (Fig. S7) and nonparametric smoothing
splines (Fig. S8). The seasonal growth of C. kanehirae ap-
peared irregular and therefore could not be fitted appropriately
using the Gompertz function, which reduces the confidence in
estimating maximum growth rates (μ), particularly in C3-
2012, D1-2012, D1-2013, D2-2013 and D3-2012 (Fig. S7).
In C1-2014, the Gompertz function estimated a maximum
growth (A) that was not actually reached during the study
period (Fig. S7, Table S1). Alternatively, a smoothing spline
was aptly fitted to the wiggly growth pattern of C. kanehirae
(Fig. S8). Biologically incoherent decreasing trends were
found in D1-2013, D2-2013 and C2-2013, probably due to
the heterogeneous radial growth rate over the sampled area.

Fig. 2 Estimated radial growth
curves (thick line) ofC. kanehirae
by model B considering tree
social classes. The grey area
indicates the approximate
standard errors obtained by the
Taylor expansion approach

Table 1 Semiparametric models of the wood radial growth curves of C. kanehirae

Models Fixed variables Random intercept (sd) Variance structure (δ) Correlation structure (ρ) AIC

Model formula adj. r2

A s(t) 0.52 ID (0.53) varPower (− 1.06) AR1 (0.76) 178

B sdo(t) + sco(t) 0.73 – varPower (− 1.15) AR1 (0.82) 172

C s2012(t) + s2013(t) + s2014(t) 0.53 ID (0.56) varPower (− 1.17) AR1 (0.56) 196

δ the power of the variance, ρ autocorrelation coefficient, ID the identification of growth curves, AIC Akaike’s information criterion
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However, the A and μ estimated by the bootstrap-smoothing
spline were not seriously affected and were utilised in the
subsequent analysis (Table S2).

The effects of social class and interannual difference on
wood growth parameters (A and μ) and phenological parame-
ters (the beginning dates, ending dates and the duration of the
growing season) were further analysed by linear methods
(Tables 2 and 3). For growth parameters, both A and μ were
significantly higher in dominant trees than in codominant trees
(p < 0.001, Tables 2 and 3). This result is also supported by
model B (Fig. 2). The interannual differences were marginally
significant (0.01 < p < 0.05). This result must be interpreted
with caution because the interactions between Class and Year
were significant (Table 3). In addition, model C does not lend
support to the significance of the interannual effect (Fig. 3).
Between the two tree social classes, no significant difference
was detected in phenological parameters. Among the 3 years,
the beginning dates cannot be distinguished, while the ending
dates and the duration differed significantly. The ending of the
growing season of 2013 was significantly later than the other
2 years, and the duration of the growing season in 2013 was the
shortest. The interactions between Year and Class were not
significant for the beginning date and the duration, and only
marginally significant for the ending date (Table 3).

The maximum radial increment (A) was controlled by
the maximum growth rate (μ) in trees of both classes (r2

= 0.87, p < 0.01, Fig. 4). The slopes of dominant and co-
dominant trees were not significantly different from each
other (ANCOVA, p = 0.48). The relationships between A
and the growth duration differed between dominant and
codominant trees (ANCOVA, p < 0.01, Fig. 4). In domi-
nant trees, A was positively correlated with the growth
duration (r2 = 0.91, p < 0.01), but there was no significant
correlation in codominant trees (r2 = 0.14, p = 0.36).
While the correlation between the duration and the begin-
ning date of the growing season was weak (r2 = 0.18, p =
0.08), the duration was determined chiefly by the ending
dates (r2 = 0.74, p < 0.01, Fig. 5).

3.2 Climatic influence on wood radial growth

In our analysis of the correlations between temperature and
radial wood growth rate (μt), the 3-day mean, 5-day mean and
spline smoothed daily mean temperatures led to a similar con-
clusion. Therefore, only the results of the smooth spline are
presented.

The results showed significant interaction between Class
and temperature (p = 0.032, Table 4), meaning that

Fig. 3 Estimated radial growth curves (thick line) by model C considering the studied years. The grey area indicates the approximate standard errors
obtained by the Taylor expansion approach

Table 2 Mean and standard deviation (SD) of the growth and phenological parameters of the wood radial growth of C. kanehirae

A (mm) μ (mm/day) Beginning (DOY) Ending (DOY) Duration (day)

Mean SD Mean SD Mean SD Mean SD Mean SD

Social class

Dominant 3.86 1.38 0.030 0.011 124.2 21.5 307.0 39.0 182.8 50.6

Codominant 1.37 0.33 0.011 0.004 127.5 24.9 286.8 39.8 159.3 30.3

Year

2012 1.97 0.95 0.017 0.007 138.3 23.2 272.8 31.1 134.5 35.0

2013 3.18 2.03 0.027 0.018 129.2 16.5 327.8 28.9 198.7 38.2

2014 3.11 1.714 0.021 0.012 109.5 19.5 293.3 40.9 183.8 31.6

A, maximum growth; μ, maximum growth rate. A and μ were estimated by the bootstrap-smoothing spline fitting
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temperature differentially regulated the μt values of the
dominant and the codominant trees (Figs. 6 and S9). The
temperature effect was significant for the dominant trees
(r = 0.32, p < 0.001) but not for the codominant trees (r =
0.16, p = 0.139); both linear models had heterogeneous re-
sidual patterns. For dominant trees, if only the data from
the latter part of the growing season (after 260 DOY) were
considered, the r increased to 0.64 (p < 0.001) with a more
satisfactory error structure.

In contrast, no significant correlation could be detected
between RH and μt among either dominant or codominant
trees (Fig. S10, Table 4), while the interaction between Class
and RH was significant. There was neither a significant inter-
annual difference nor an interaction between Year and RH
(Fig. S11, Table 4)

4 Discussion

4.1 Modelling wood growth curves

In this study, we constructed a unified growth curve for
C. kanehirae in the humid subtropical area by using an
additive mixed model (model A, Table 1). The S-shaped
growth curve resembles the curves commonly observed

in temperate and boreal forests, despite the large varia-
tions among the studied trees. The inclusion of tree social
class into our model revealed the importance of this fac-
tor in wood radial growth (model B), which will be
discussed extensively in section 4.2. Conversely, model
C failed to reveal an interannual difference among the
3 years of measurements, probably because the climate
during the study period was not extreme enough to sub-
stantially affect the tree radial growth or the study period
is too short to reveal any climatic trends. Nevertheless,
the semiparametric models can potentially be employed
to explore temporal trends or to compare the tree radial
growth among different regions when the corresponding
data are available.

While the wood radial growth was supposed to increase
monotonously, model A estimated a negative growth from
300 DOY onward. For our sample trees, an increasing
smoothing degree could not completely solve the problem
while it also sacrifices characteristic patterns. A recently in-
troduced SCAMwas capable of restricting the shape of curves
in monotonous increasing (Pya and Wood 2015) and thus
produced sensible estimations of growth rates (μt) in our anal-
ysis of temperature effects. We anticipated that the SCAM
could be extended to include random effects, which will be a
powerful tool for modelling wood growth curves.

Fig. 4 Relationships between the growth duration, the maximum growth rate (μ) and the maximum radial increment (A) of C. kanehirae. The A of
dominant trees is correlated with μ (r2 = 0.73, p < 0.01) and the growth duration (r2 = 0.91, p < 0.01), while that in codominant trees is only correlated
with μ (r2 = 0.79, p < 0.01) but not with the duration (r2 = 0.14, p = 0.36). Circle: dominant trees (n = 10); triangle: codominant trees (n = 8)

Table 3 Two-wayANOVAof the
effects of the tree social class and
the interannual difference on the
growth and phenological
parameters of the wood radial
growth of C. kanehirae

A μ Beginning Ending Duration

F p F p F p F p F p

Class 45.25 0.000 45.0 0.000 0.00 0.972 2.68 0.128 1.97 0.19

Year 2.80 0.030 4.30 0.039 3.22 0.076 6.00 0.016 6.65 0.01

Class × Year 5.59 0.019 6.74 0.011 1.35 0.296 3.90 0.050 2.05 0.17

A, maximum growth; μ, maximum growth rate. A and μwere estimated by the bootstrap-smoothing spline fitting
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4.2 Influence of tree social classes on the wood
growth curves

Following the result of model B (Fig. 2, Table 1), the differ-
ence of tree radial growth between dominant and codominant
trees was further explored with two-stage analysis of the pa-
rameters. The dominant trees of C. kanehirae showed higher
maximum growth increments (A) and maximum growth rate
(μ) than the codominant trees (Fig. 2, Tables 2 and 3), which is
similar to the results in silver firs (Rathgeber et al. 2011). The
growth duration of C. kanehirae, in contrast to the findings in
silver firs, was not distinguishable between the two social
classes. In dominant trees of C. kanehirae, A is attributed to
both μ and the growth duration, while in codominant trees A is
attributed mainly to μ (Fig. 4).

In contrast to the stable social organisation in north-eastern
France (Rathgeber et al. 2011), the organisation in Taiwan was
frequently disturbed by typhoons. Although the typhoon-
caused tree fall rate in north Taiwan is only 1.4% of canopy
trees, the typhoon-resulted defoliation effectively increased
the understorey light level, supporting understorey diversity
(Lin et al. 2010). During the strike of Typhon Soulik in 2013,
the canopy of tree D2 was partly damaged; a scaffolding was
blown away from C1; and the codominant tree C1 was re-
leased from the suppression of D2, being exposed to an in-
creased solar radiation. Thus, C1 increased considerably in
radial growth in 2014 (Fig. S3) and started to bloom in 2015

(data not shown). This example illustrates the effects of ty-
phoons on understorey light environment and the subsequent
tree growth dynamics in the forests of subtropical Taiwan.

4.3 Climatic influences on the wood growth rates

Temperature is a primary factor affecting the secondary
growth of trees in boreal, subalpine and temperate forests
(Deslauriers and Morin 2005; Michelot et al. 2012; Rossi
et al. 2014). The positive relationship between temperature
and wood growth rate (μt) was also found in dominant
C. kanehirae trees. However, the relationship was not that
apparent in codominant trees (Fig. 6). The results suggest that
the relationship is conditioned, probably also depends on oth-
er limiting factors such as light availability. In addition, the
results also suggest that the radial growth in dominant
C. kanehirae would be affected more than codominant trees
by climate warming if other conditions remain unchanged.
Thus, the forest structure could be further differentiated.

Rossi et al. (2016) successfully modelled the effect of an-
nual mean temperature on spring and autumn cambial phenol-
ogy and the growth duration in cold ecosystems in the
Northern Hemisphere. With increasing temperature, the
spring cambial phenophases of the conifer species advanced
and autumn phenophases delayed linearly, resulting in
prolonged duration of xylogenesis. According to the model
(Rossi et al. 2016), when the mean temperature was

Fig. 5 Relationships between the growth duration and the beginning and
ending dates of cambial growth of C. kanehirae. For dominant and
codominant trees, the growth duration is correlated with the ending date
(r2 = 0.74, p < 0.01) but not with the beginning date (r2 = 0.18, p = 0.08).

Circle: dominant trees (n = 10); triangle: codominant trees (n = 8). Grey
envelope: 95% confidence interval. The overlapping data points (D2-
2013/D3-2013 and C2-2012/D1-2012) were jittered to avoid overplotting

Table 4 ANCOVA of the climate
factors (temperature and relative
humidity) on the radial growth
rate (μt) of C. kanehirae
considering tree social class
(Class) or interannual differences
(Year) as a covariate

μt – Temperature / Class μt – RH / Class μt – RH / Year

F p F p F p

Temperature 0.633 0.427 RH 0.144 0.705 RH − 0.070 0.792

Class 1.535 0.217 Class 7.530 0.007 Year − 0.044 0.835

Temp. × Class 4.683 0.032 RH×Class − 2.206 0.028 RH×Year 0.070 0.792

Class, tree social class; RH, relative humidity
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tentatively extrapolated to 20 °C for our study site, the expect-
ed beginning (of cell wall thickening), ending (of tracheid
lignification) and duration of the growing season would be
approximately 100 DOY, 305 DOYand 205 days, respective-
ly. However, forC. kanehirae, the observed beginning, ending
and duration of the growing season were 126 ± 22.4 DOY
(mean ± SD), 298 ± 39.6 DOY and 172 ± 43.3 days, respec-
tively. The average beginning date of radial growth was not
as early as expected with the model constructed for trees of
cold ecosystems. It was even later than the broadleaf species
in temperate climates (Michelot et al. 2012). This comparison
suggests that factors other than temperature are involved in
regulating the commencement of wood production in
C. kanehirae in the subtropical region.

In response to environmental factors, such as drought or
warming, the growth rate and the growth duration compen-
sated each other in regulating wood formation (Balducci
et al. 2016): shorter growth period coupled with decreasing
growth rate, and vice versa. According to Cuny and
Rathgeber (2016), the temperature signal was registered
in a tree ring structure in the late growing season when
the compensation was absent. In C. kanehirae, the positive
correlation between the wood growth rate of dominant
trees and ambient temperature was greatly improved when
only the late growing season data were considered. Though
the monitoring of compensation effects in C. kanehirae is
currently lacking, our results showed a similar trend as the
findings of Cuny and Rathgeber (2016).

The tree radial growth of conifers is coordinated by tem-
perature and water availability (Fritts 1966). As indicators of
water availability, precipitation and RH are related to the sec-
ondary growth of several conifers and broadleaf trees
(Deslauriers et al. 2003b) In addition, precipitation is the prin-
cipal controlling factor of tree ring formation in the tropical
dry forest with prominent dry seasons (Reich 1995; Worbes
et al. 2003; Rozendaal and Zuidema 2011; Pumijumnong and

Buajan 2013). However, in our study area, no apparent rela-
tionship was detected between the wood growth rate and rain-
fall or RH within the study years, suggesting that precipitation
was not a limiting factor forC. kanehirae (Figs. S10 and S11).
This is probably because the precipitation is overall abundant
so that drought rarely posed a threat to tree growth. In contrast,
the temperature is the only fluctuating climate factor during
the year and therefore has a stronger impact on radial growth
than RH or precipitation.

5 Conclusion

In this study, we successfully constructed a radial wood
growth curve for Cinnamomum kanehirae (model A) and in-
vestigated the social class differences (model B) and annual
variations (model C) of radial increment with semiparametric
models. The results confirmed the important role of social
class in the growth performance of C. kanehirae but failed
to reveal the interannual differences. The analysis of individ-
ual curves showed that the maximum radial increment corre-
lated significantly with the maximum growth rate in trees of
both social classes. However, the sensitivity of maximum ra-
dial increment to the growth duration was different between
dominant and codominant trees. Also, the variation of growth
duration was attributed to the ending rather than the beginning
of the growing season for trees of both social classes. Our 3-
year study revealed the effects of the climate factors on the
wood radial growth of C. kanehirae trees of different social
classes. The results also suggest that trees of different social
classes might respond differently to climate warming.

Acknowledgements The authors acknowledge support from Taiwan
Typhoon and Flood Research Institute, National Applied Research
Laboratories to provide Data Bank for Atmospheric & Hydrologic
Research service. The authors thank the editors and the anonymous

Fig. 6 Relationships between temperature and radial growth rate (μt).
The radial growth rate of dominant trees was positively correlated to
temperature (r = 0.32, p < 0.001), while codominant trees are less
sensitive to temperature (r = 0.16, p = 0.14). Solid line: regression line;

dashed line: regression trend (not significant); grey envelope represents
95% CI. The colours of the circles were mapped to the day of year
(DOY). Blue: toward the beginning of the growing season; red: toward
the ending of the growing season

Annals of Forest Science (2018) 75: 52 Page 9 of 11 52



referee for their suggestions which substantially improved this paper. C-C
Tsai thank Ching-Te Chien and Chin-Mei Lee from Taiwan Forestry
Research Institute, Taiwan for their help of setting up the experiment,
Tung-Yu Hsieh from Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences for his valuable suggestion on model
building, and Hsiao-Hang Tao from Göttingen University for her wise
advice on manuscript editing.

Funding This study was funded by Ministry of Science and Technology,
Taiwan (MOST 102-2313-B-002-035 and 103-2313-B-002-10).

Compliance with ethical standards

The Executive Committee of the Executive Yuan, Council of Agriculture,
Forestry Bureau granted permissions on Republic of China October 5,
106 to Professor Ling-Long Kuo-Huang, for using endangered species of
plant (Cinnamomum kanehirae) (No.: 106/010104/02).

Conflicts of interest The authors declare that they have no conflict of
interest.

References

Akaike H (1973) Information theory and an extension of the maximum
likelihood principle. In: Petran BN, Csaki F (eds) International sym-
posium on information theory. Akademiai Kiadi, pp 267–281

Ao Z-H, Xu Z-H, Lu Z-M, Xu HY, Zhang XM, Dou WF (2009)
Niuchangchih (Antrodia camphorata) and its potential in treating
liver diseases. J Ethnopharmacol 121:194–212. https://doi.org/10.
1016/j.jep.2008.10.039

Baas P, Beeckman H, Čufar K, Micco DV (2016) Functional traits in
wood anatomy. IAWA J 37:124–126. https://doi.org/10.1163/
22941932-20160139

Balducci L, Cuny HE, Rathgeber CBK, Deslauriers A, Giovannelli A,
Rossi S (2016) Compensatory mechanisms mitigate the effect of
warming and drought on wood formation. Plant Cell Environ 39:
1338–1352. https://doi.org/10.1111/pce.12689

Camarero JJ, Olano JM, Parras A (2010) Plastic bimodal xylogenesis in
conifers from continental Mediterranean climates. New Phytol 185:
471–480. https://doi.org/10.1111/j.1469-8137.2009.03073.x

Chen Y-C (2015) Evaluation of ring characteristics of hardwoods by
wounding window method. Master’s thesis, National Chung Hsing
University

Chen S-Y, Chien C-T (2012) Seed reproduction of Cinnamomum
kanehirae (in Chinese). For Res Newsl 19:26–28

Chung J-D, Chien C-T, Tsai C-P (2012) Seed production stands and seed
orchards of Cinnamomum kanehirae Hay. (in Chinese). For Res
Newsl 19:21–25

Cuny HE, Rathgeber CBK (2016) Xylogenesis: coniferous trees of tem-
perate forests are listening to the climate tale during the growing
season but only remember the last words! Plant Physiol 171:306–
317. https://doi.org/10.1104/pp.16.00037

CunyHE, Rathgeber CBK, Kiessé TS, Hartmann FP, Barbeito I, Fournier
M (2013) Generalized additive models reveal the intrinsic complex-
ity of wood formation dynamics. J Exp Bot 64:1983–1994

Cuny HE, Rathgeber CBK, Frank D, Fonti P, Fournier M (2014) Kinetics
of tracheid development explain conifer tree-ring structure. New
Phytol 203:1231–1241. https://doi.org/10.1111/nph.12871

Cuny HE, Rathgeber CBK, Frank D, Fonti P, Mäkinen H, Prislan P,
Rossi S, del Castillo EM, Campelo F, Vavrčík H, Camarero JJ,
Bryukhanova MV, Jyske T, Gričar J, Gryc V, de Luis M, Vieira
J, Čufar K, Kirdyanov AV, Oberhuber W, Treml V, Huang JG, Li

X, Swidrak I, Deslauriers A, Liang E, Nöjd P, Gruber A, Nabais
C, Morin H, Krause C, King G, Fournier M (2015) Woody
biomass production lags stem-girth increase by over one month
in coniferous forests. Nat Plants 1:15160. https://doi.org/10.
1038/nplants.2015.160

Deslauriers A, Morin H (2005) Intra-annual tracheid production in bal-
sam fir stems and the effect of meteorological variables. Trees -
Struct Funct 19:402–408. https://doi.org/10.1007/s00468-004-
0398-8

Deslauriers A, Morin H, Begin Y (2003a) Cellular phenology of
annual ring formation of Abies balsamea in the Québec bo-
real forest (Canada). Can J For Res 33:190–200. https://doi.
org/10.1139/x02-178

Deslauriers A, Morin H, Urbinati C, Carrer M (2003b) Daily weather
response of balsam fir (Abies balsamea (L.) Mill.) stem radius in-
crement from dendrometer analysis in the boreal forests of Québec
(Canada). Trees - Struct Funct 17:477–484. https://doi.org/10.1007/
s00468-003-0260-4

Deslauriers A, Giovannelli A, Rossi S, Castro G, Fragnelli G, Traversi L
(2009) Intra-annual cambial activity and carbon availability in stem
of poplar. Tree Physiol 29:1223–1235. https://doi.org/10.1093/
treephys/tpp061

Fox J, Weisberg S (2011) An R companion to applied regression, 2nd
edn. SAGE Publications, Inc, Thousand Oaks, California

Fritts HC (1966) Growth-rings of trees: their correlation with cli-
mate. Science 154:973–979. https://doi.org/10.1126/science.
154.3752.973

Fritts HC (1976) Tree rings and climate. Academic, New York
Güney A, Küppers M, Rathgeber C, Şahin M, Zimmermann R (2016)

Intra-annual stem growth dynamics of Lebanon cedar along climatic
gradients. Trees - Struct Funct 31:587–606. https://doi.org/10.1007/
s00468-016-1492-4

Huang S-G, Ho K-Y, Wu K et al (1996) Survey on the composition and
structure of natural Cinnamomum kanehirae forests. Taiwan For J
11:349–360

Hung LF, Tsai C-C, Chen S-J, Huang YS, Kuo-Huang LL (2016) Study
of tension wood in the artificially inclined seedlings of Koelreuteria
henryi Dummer and its biomechanical function of negative
gravitropism. Trees - Struct Funct 30:609–625. https://doi.org/10.
1007/s00468-015-1304-2

Hung LF, Tsai CC, Chen SJ, Huang YS, Kuo-Huang LL (2017) Strain
distribution, growth eccentricity, and tension wood distribution in
the plagiotropic and orthotropic branches of Koelreuteria henryi
Dummer. Trees - Struct Funct 31:149–164. https://doi.org/10.
1007/s00468-016-1464-8

Kahm M, Hasenbrink G, Lichtenberg-Frate H et al (2010) grofit: fitting
biological growth curves with R. J Stat Softw 33:1–21

Li X, Liang E, Gričar J et al (2013) Age dependence of xylogenesis and
its climatic sensitivity in Smith fir on the south-eastern Tibetan
Plateau. Tree Physiol 33:48–56. https://doi.org/10.1093/treephys/
tps113

Lin T-C, Hamburg SP, Lin K-C, Wang LJ, Chang CT, Hsia YJ,
Vadeboncoeur MA, Mabry McMullen CM, Liu CP (2010)
Typhoon disturbance and forest dynamics: lessons from a
Northwest Pacific subtropical forest. Ecosystems 14:127–143.
https://doi.org/10.1007/s10021-010-9399-1

Linares JC, Camarero JJ, Carreira JA (2009) Plastic responses of Abies
pinsapo xylogenesis to drought and competition. Tree Physiol 29:
1525–1536. https://doi.org/10.1093/treephys/tpp084

Lupi C, Rossi S, Vieira J, Morin H, Deslauriers A (2014) Assessment of
xylem phenology: a first attempt to verify its accuracy and precision.
Tree Physiol 34:87–93. https://doi.org/10.1093/treephys/tpt108

Mäkinen H, Seo JW, Nöjd P, Schmitt U, Jalkanen R (2008) Seasonal
dynamics of wood formation: a comparison between pinning,
microcoring and dendrometer measurements. Eur J For Res 127:
235–245. https://doi.org/10.1007/s10342-007-0199-x

52 Page 10 of 11 Annals of Forest Science (2018) 75: 52

https://doi.org/10.1016/j.jep.2008.10.039
https://doi.org/10.1016/j.jep.2008.10.039
https://doi.org/10.1163/22941932-20160139
https://doi.org/10.1163/22941932-20160139
https://doi.org/10.1111/pce.12689
https://doi.org/10.1111/j.1469-8137.2009.03073.x
https://doi.org/10.1104/pp.16.00037
https://doi.org/10.1111/nph.12871
https://doi.org/10.1038/nplants.2015.160
https://doi.org/10.1038/nplants.2015.160
https://doi.org/10.1007/s00468-004-0398-8
https://doi.org/10.1007/s00468-004-0398-8
https://doi.org/10.1139/x02-178
https://doi.org/10.1139/x02-178
https://doi.org/10.1007/s00468-003-0260-4
https://doi.org/10.1007/s00468-003-0260-4
https://doi.org/10.1093/treephys/tpp061
https://doi.org/10.1093/treephys/tpp061
https://doi.org/10.1126/science.154.3752.973
https://doi.org/10.1126/science.154.3752.973
https://doi.org/10.1007/s00468-016-1492-4
https://doi.org/10.1007/s00468-016-1492-4
https://doi.org/10.1007/s00468-015-1304-2
https://doi.org/10.1007/s00468-015-1304-2
https://doi.org/10.1007/s00468-016-1464-8
https://doi.org/10.1007/s00468-016-1464-8
https://doi.org/10.1093/treephys/tps113
https://doi.org/10.1093/treephys/tps113
https://doi.org/10.1007/s10021-010-9399-1
https://doi.org/10.1093/treephys/tpp084
https://doi.org/10.1093/treephys/tpt108
https://doi.org/10.1007/s10342-007-0199-x


Michelot A, Simard S, Rathgeber C, Dufrene E, Damesin C (2012)
Comparing the intra-annual wood formation of three European spe-
cies (Fagus sylvatica, Quercus petraea and Pinus sylvestris) as re-
lated to leaf phenology and non-structural carbohydrate dynamics.
Tree Physiol 32:1033–1043. https://doi.org/10.1093/treephys/
tps052

Morellato LPC, Alberton B, Alvarado ST, Borges B, Buisson E, Camargo
MGG, Cancian LF, Carstensen DW, Escobar DFE, Leite PTP,
Mendoza I, Rocha NMWB, Soares NC, Silva TSF, Staggemeier
VG, Streher AS, Vargas BC, Peres CA (2016) Linking plant phe-
nology to conservation biology. Biol Conserv 195:60–72. https://
doi.org/10.1016/j.biocon.2015.12.033

Pumijumnong N, Buajan S (2013) Seasonal cambial activity of five trop-
ical tree species in central Thailand. Trees - Struct Funct 27:409–
417. https://doi.org/10.1007/s00468-012-0794-4

Pya N,Wood SN (2015) Shape constrained additive models. Stat Comput
25:543–559. https://doi.org/10.1007/s11222-013-9448-7

R Core Team (2016) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna

Rathgeber CBK, Rossi S, Bontemps J-D (2011) Cambial activity related
to tree size in a mature silver-fir plantation. Ann Bot 108:429–438.
https://doi.org/10.1093/aob/mcr168

Rathgeber CBK, Cuny HE, Fonti P (2016) Biological basis of tree-ring
formation: a crash course. Front Plant Sci 7:1–7. https://doi.org/10.
3389/fpls.2016.00734

Reich PB (1995) Phenology of tropical forests: patterns, causes, and
consequences. Can J Bot 73:164–174. https://doi.org/10.1139/b95-
020

Rossi S, Deslauriers A, Morin H (2003) Application of the Gompertz
equa t ion for the s tudy of xy lem ce l l deve lopment .
Dendrochronologia 21:1–7

Rossi S, Deslauriers A, Anfodillo T (2006) Assessment of cambial activ-
ity and xylogenesis by microsampling tree species: an example at
the Alpine timberline. IAWA J 27:383–394

Rossi S, Morin H, Deslauriers A, Plourde P-Y (2011) Predicting xylem
phenology in black spruce under climate warming. Glob Chang Biol
17:614–625. https://doi.org/10.1111/j.1365-2486.2010.02191.x

Rossi S, Girard MJ, Morin H (2014) Lengthening of the duration of
xylogenesis engenders disproportionate increases in xylem produc-
tion. Glob Chang Biol 20:2261–2271. https://doi.org/10.1111/gcb.
12470

Rossi S, Anfodillo T,Čufar K, Cuny HE, Deslauriers A, Fonti P, Frank D,
Gričar J, Gruber A, Huang JG, Jyske T, Kašpar J, King G, Krause C,
Liang E, Mäkinen H, Morin H, Nöjd P, Oberhuber W, Prislan P,
Rathgeber CBK, Saracino A, Swidrak I, Treml V (2016) Pattern

of xylem phenology in conifers of cold ecosystems at the Northern
Hemisphere. Glob Chang Biol 22:3804–3813. https://doi.org/10.
1111/gcb.13317

Rozendaal DMA, Zuidema PA (2011) Dendroecology in the tropics: a
review. Trees - Struct Funct 25:3–16. https://doi.org/10.1007/
s00468-010-0480-3

Ryan JA, Ulrich JM (2017) xts: eXtensible time series. R package version
0.10–0

Schweingruber FH (1996) Tree rings and environment: dendroecology.
Paul Haupt AG Bern, Berne

Stangler DF, MannM, Kahle HP, Rosskopf E, Fink S, Spiecker H (2016)
Spatiotemporal alignment of radial tracheid diameter profiles of
submontane Norway spruce. Dendrochronologia 37:33–45. https://
doi.org/10.1016/j.dendro.2015.12.001

Thibeault-Martel M, Krause C,Morin H, Rossi S (2008) Cambial activity
and intra-annual xylem formation in roots and stems of Abies
balsamea and Picea mariana. Ann Bot 102:667–674. https://doi.
org/10.1093/aob/mcn146

Tyree MT, Davis SD, Cochard H (1994) Biophysical perspectives of
xylem evolution: is there a tradeoff of hydraulic efficiency for vul-
nerability to dysfunction? IAWA J 15:335–360. https://doi.org/10.
1163/22941932-90001369

Wood SN (2006) Generalized additive models: an introduction with R,
2nd edn. Chapman and Hall/CRC, Boca Raton

Worbes M, Staschel R, Roloff A, Junk W (2003) Tree ring analysis
reveals age structure, dynamics and wood production of a natural
forest stand in Cameroon. For EcolManag 173:105–123. https://doi.
org/10.1016/S0378-1127(01)00814-3

Wright WE, Guan BT, Tseng YH, Cook ER, Wei KY, Chang ST (2015)
Reconstruction of the springtime East Asian subtropical jet and
Western Pacific pattern from a millennial-length Taiwanese tree-
ring chronology. Clim Dyn 44:1645–1659. https://doi.org/10.1007/
s00382-014-2402-3

Yoshimura K, Hayashi S, Itoh T, Shimaji K (1981) Studies on the im-
provement of the pinning method for marking xylem growth I: min-
ute examination of pin marks in Taeda Pine and other species.Wood
Res Bull Wood Res Inst Kyoto Univ 67:1–16

Yu H-M, Chang N-H, Ma F-C et al (2012) The growth performance of
Cinnamomum kanehirai (in Chinese). For Res Newsl 19:39–42

Zhang DW (2004) Generalized linear mixed models with varying coef-
ficients for longitudinal data. Biometrics 60:8–15. https://doi.org/10.
1111/j.0006-341X.2004.00165.x

Zuur AF, Ieno EN, Walker N, Saveliev AA, Smith GM (2009) Mixed
effects models and extensions in ecology with R. Springer Science+
Business Media, LLC, New York

Annals of Forest Science (2018) 75: 52 Page 11 of 11 52

https://doi.org/10.1093/treephys/tps052
https://doi.org/10.1093/treephys/tps052
https://doi.org/10.1016/j.biocon.2015.12.033
https://doi.org/10.1016/j.biocon.2015.12.033
https://doi.org/10.1007/s00468-012-0794-4
https://doi.org/10.1007/s11222-013-9448-7
https://doi.org/10.1093/aob/mcr168
https://doi.org/10.3389/fpls.2016.00734
https://doi.org/10.3389/fpls.2016.00734
https://doi.org/10.1139/b95-020
https://doi.org/10.1139/b95-020
https://doi.org/10.1111/j.1365-2486.2010.02191.x
https://doi.org/10.1111/gcb.12470
https://doi.org/10.1111/gcb.12470
https://doi.org/10.1111/gcb.13317
https://doi.org/10.1111/gcb.13317
https://doi.org/10.1007/s00468-010-0480-3
https://doi.org/10.1007/s00468-010-0480-3
https://doi.org/10.1016/j.dendro.2015.12.001
https://doi.org/10.1016/j.dendro.2015.12.001
https://doi.org/10.1093/aob/mcn146
https://doi.org/10.1093/aob/mcn146
https://doi.org/10.1163/22941932-90001369
https://doi.org/10.1163/22941932-90001369
https://doi.org/10.1016/S0378-1127(01)00814-3
https://doi.org/10.1016/S0378-1127(01)00814-3
https://doi.org/10.1007/s00382-014-2402-3
https://doi.org/10.1007/s00382-014-2402-3
https://doi.org/10.1111/j.0006-341X.2004.00165.x
https://doi.org/10.1111/j.0006-341X.2004.00165.x

	Radial growth of Cinnamomum kanehirae Hayata displays a larger temperature sensitivity in dominant than codominant trees
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Site information, sample trees and climatic data
	Wood sample preparation and radial increment measurements
	Radial wood growth curves modelling and parameter analysis
	Analysing climate influences on wood radial growth

	Results
	Seasonal dynamics of wood radial growth
	Climatic influence on wood radial growth

	Discussion
	Modelling wood growth curves
	Influence of tree social classes on the wood growth curves
	Climatic influences on the wood growth rates

	Conclusion
	References


