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ABSTRACT

Based on the principle of tree chronology, this paper measures tracheid morphological
characteristics, ring width, and latewood rate of harvested wood from Cupressus funebris
plantation in Deyang, Sichuan Province. Using meteorological data of average temperature,
precipitation, relative humidity, sunshine percentage, and average ground temperature from
1983 to 2015, correlation analyses were conducted. The results of the analysis showed that the
correlation between tracheid morphological characteristics, ring width, and latewood rate was not
consistent with a single climatic factor. Moreover, the correlation between tracheid morphological
characteristics and climatic factors, and the correlation between ring width, latewood rate, and
climatic factors were significantly different. Temperature was the main limiting factor for ring
width and latewood rate. In addition, relative humidity was positively correlated with ring width
and negatively correlated with most indicators of tracheid morphological characteristics. Fewer
indicators were affected by sunshine percentage. Meanwhile, precipitation was not significantly
correlated with ring width and latewood rate. In conclusion, the correlation between various
indicators and climate factors was from high to low in order of temperature, relative humidity,
sunshine percentage, and precipitation.
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INTRODUCTION

Temperature, sunshine, precipitation, and humidity are the main climatic factors, which play
an important role in the growth of trees. The morphological characteristics of wood tracheids
have obvious variability and difference among tree species and in the same tree species (Antonova
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and Stasova 1997). Many research studies have focused on correlation analyses between
tracheid morphological characteristics, annual rings of wood, and climatic factors. Tracheid
length, diameter, and wall thickness had different responses to climate change (Zhao and Guo
2009a, Nabais et al. 2014, Begum et al. 2018). Some of these studies have found that a number
of indicators, such as tracheid length, cell-wall percentage, latewood tracheid size, and wall
thickness are positively correlated with temperature of a particular time period (Song and Huang
1995, Guo 1999, Yasue et al. 2000, Olano et al. 2012). Conversely, some studies have found that
the number of tracheids and tracheid wall thickness were negatively correlated with temperature
of a particular time period (Olano et al. 2012). In addition, some studies have found that the
effect of temperature on tracheid length has a lagging effect (Zhao and Guo 2009b, Vichrové
etal. 2013). Similarly, other researchers have found that some indicators, such as tracheid length,
tracheid diameter, tracheid wall thickness, annual ring width, annual ring density and so on were
associated with precipitation, temperature and other climatic factors (Song and Huang 1995,
Guo 1999, Jonsson et al. 2002, Masiokas and Villalba 2004, Hacura et al. 2015, Kalbarczyk and
Ziemianska 2016, Ziemianska and Kalbarczyk 2018). Moreover, some studies were carried out
on the impact of extreme climate conditions on tracheid morphological characteristics, which
have showed the decrease of lumen width, cell wall thickness and the number of tracheid in
the tree rings at heavily damaged site, and significant difference was shown between sites with
different damage level (Samusevich et al. 2017). Research literature regarding Cupressus funebris
mainly focuses on forest resource management, variation of wood properties, chemical constituent
of essential oils, and physical and mechanical properties of wood products (Fan et al. 2014, Lyu
et al. 2018, Chen et al. 2018, Chen and Lyu 2018, Chen et al. 2019). Moreover, studies on the
correlation between tracheid morphological characteristics of C. funebris and climate factors are
very rare.

This study aims to analyze the adaptability of C. funebris tree species to climate change using
dendrochronology, and to investigate the relationship between tracheid morphology, ring width,
latewood rate of C. funebris and main climate factors, which could provide a theoretical basis
for high quality cultivation of C. funebris wood and guide the cultivation practice of C. funebris
plantations.

MATERIAL AND METHODS

Materials

The experimental wood was collected from a C. funebris plantation forest located in Jingyang
District, Deyang City, Sichuan Province, China. Twenty C. funebris trees were randomly selected
from 20 x 20 m sample plots without any treatment. Three cores were drilled per tree with
a 5.15 mm diameter borer. In order to avoid tree ring squeezing from slope gradient, the trees
were bored at breast height (1.3 m from the ground) in line with the contour of the hillside or in
the vertical direction with the slope (Jiang et al. 2018). The north-south direction of each sample
was marked. The samples were put into an incubator and transported to the laboratory.

Methods
Determination of ring width and latewood rate

Core samples were processed according to the conventional dendrochronology science
method (Fritts 1976). Samples were air-dried before a treatment. Core samples were fixed in
glass troughs 400 mm long, 5 mm wide, and 3 mm deep, which were made of glass sheets. In
this way, core samples were not damaged during grinding. Sandpapers with different grit sizes
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(150, 300, 500, and 800) were used to prepare the samples. Firstly, rough sandpaper was used to
smooth the surfaces of the samples. Fine sandpaper was then used to provide a smooth surface so
that the boundaries of the rings could be clearly distinguished between early wood and latewood.
The final diameter of the core was always slightly greater than half of the original diameter.
WinDENDRO Image analysis system for tree-ring measurement (Version 2005, Regent
Instruments Inc., Canada) was used to measure the width of the annual rings. The accuracy of
the measuring system was 0.01 mm. In the measurements, a preliminary cross-dating tree-ring
series was carried out, and we manually eliminated errors by comparing the years in question
until the width series meets the requirements, and the latewood rate of each year was obtained
by calculation.

Determination of tracheid morphology characteristics

The measurement indexes of tracheid morphological characteristics included tracheid
length, tracheid width, tracheid length-width ratio, tracheid cavity diameter, tracheid double
wall thickness, and tracheid wall-cavity ratio was provided. 34 measurements were measured
for each index, and the two maximum and two minimum values were removed. The average
of 30 samples was used for further data analyses. The prepared experimental materials were
soaked in a 1:1 mixture of hydrogen peroxide and glacial acetic acid to soften the cores. A rotary
microtome was used to slice 30 pm thick cross sectional samples. Next, samples were stained with
1% safranine for 1-2 minutes and dehydrated with (30%, 50%, 80%, and 95% alcohol), absolute
ethanol, ethanol-xylene mixture (1:1), xylene, and then placed on a glass slide for microscopic
observation. Tracheid double wall thickness and tracheid cavity diameter were measured in the
early and latewood in the radial direction. Small specimens were split into matchstick sizes, early
wood and latewood were separately put into test tubes. Equivalent mixtures of 10% nitric acid
and 10% chromic acid were added to submerge the wood. Samples were kept at room temperature

for 10-15 hours.

Fig. 1: Microscopically pictures of measured Cupressus funebris sample: (a) cross section, (&) radial section,
(c) tangential section.

After the samples were completely whitened, we poured out the mixture in the test tube
and rinsed it repeatedly with distilled water. An anatomical needle was used to pull out a small
amount of fibers and place it on a slide, dye with safranine solution for 1-2 minutes, add one drop
of glycerin, wash off the excess dye solution, and gently arrange with the anatomical needle so
that the fibers are evenly distributed. Each ring was separated three times, and the tracheid length
and width were measured respectively. All tracheid morphological characteristics were measured
with a Leica Application Suite X (LAS X, Leica Microsystems Inc., Buffalo Grove, IL, United
States). The temporary section was enlarged 25x for measurement, and the permanent section was
enlarged 400x times for measurement (Fig. 1).
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Processing of meteorological data

Climate factors included temperature, precipitation, sunshine, humidity and carbon dioxide
concentration, etc. The meteorological data used in this experiment were from the Resource
and Environment Science Data Center of the Chinese Academy of Sciences. By comparison,
the climatic data of the Deyang Meteorological Station, which is near the sampling point were
selected (Tab. 1). The climatic data needed for the experiment include monthly precipitation,
relative humidity, sunshine percentage, average temperature and average ground temperature

from 1983 to 2015 (Fig. 2).

Tab. 1: Information of meteorological stations at sampling sites.

Station Altitude (m) Longitude (E) Latitude (N) Period (Y)
Deyang 499 104°23' 31°09' 1983~2015
250,0 30,0 . 100,0% 40,0

. S 80.0% . 30.0
E 2000 220 %’) 60.0% o
=4 20,0 g 40.0% ;
S 1500 S 200% 10,0
s 20 S 00% 0.0

21000 z :
° 10,0 o 123456789101112
£ 500
B ’ 20 Month
0.0 0,0
123456789101112 IV Sunshine percentage
Month — . = Relative humidity
WM Precipitation —— Average temperature Averdgeground temperature
(@) (b)

Fig. 2: Variations of: (a) precipitation (Pm) and average temperature (Tm); (b) sunshine percentage (Sp),
relative humidity (Hr) and average ground temperature (1d) from 1983 to 2015.

RESULTS AND DISCUSSION

In the monitoring process of most meteorological stations, there are data missing. When the
average temperature is continuously missing for more than 7 days, the missing data are fitted by
a stepwise regression method (Li 2000). Through the analysis of the selected meteorological
station data, the missing experimental data in the meteorological station from 1983 to 2015
accounted for less than 0.1%, so the impact of meteorological data interpolation on the analysis
results is very small, and the quality of meteorological data can meet the analysis requirements
(Guo and Zhao 2009). Temperature has the characteristics of gradual change, but precipitation
is sudden in time and space. It is a non-continuous incidental event. The interpolation method
cannot be used to interpolate precipitation data. Therefore, the requirement for the integrity of
precipitation data should be stricter than that of temperature (Li 2000). From 1983 to 2015, the
data integrity of daily precipitation, sunshine, relative humidity and ground temperature exceeded
99.99%, so the data met the requirements of experimental analysis. The radial growth of trees is
not only affected by the climatic factors of that year but also that of the previous year, which is
called the lag effect (Falster and Westoby 2005). To consider the lag effect on tree growth, the

climatic factors of 17 months from June of the previous growth year to October were selected.
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Relationship between ring width, latewood rate and climate factors
Relationship between ring width, latewood rate and average temperature

The annual ring width chronology was negatively correlated with the average temperature in
January, March, and July at p=0.05 (Fig. 3). The early wood width chronology was significantly
correlated with the average temperature in July of the previous growth year, January, March
and October at the level of p=0.05, and with the average temperature in July at the level of
p=0.01, indicating that there was a significant negative correlation between these five temperature
indicators and early wood width, which is consistent with the conclusions of other researcher

(Kalbarczyk and Ziemiariska 2016).

Ring width Early wood width Latewood width ~ Latewood rate

Tm in June of the previous growth year
Tm in July of the previous growth year
Tm in August of the previous growth year
Tm in September of the previous growth year|
Tm i October r of the previous growth year
Tm in November of the previous growth year
Tm in December of the previous growth year
Tm in January
Tm in February
Tm in March

Fig. 3: Heat map of correlation coefficient between average temperature (Tm) and annual ring chronology.

Relationship between ring width, latewood rate and precipitation

The correlation coefficient values were all close to 0, and the P values were all greater than
0.05, indicating that there was no significant correlation between the ring width, early wood
width, latewood width, latewood rate and 17 precipitation indicators, which is not consistent with
other researcher (Fig. 4). Some research have found that temperature most negatively affected
ring width in June-July of the previous growth year and April-May of the current year (Hacura
et al. 2015, Ziemianska and Kalbarczyk 2018 ).

Ring width Early wood width Latewood width  Latewood rate

Pm in June of the previous growth year 281 0254
Pm in July of the previous growth year:
Pm in August of the previous growth year|
Pm in September of the previous growth year|
Pm in October of the previous growth year
Pm in November of the previous growth year

Fig. 4: Heat map of correlation coefficient between precipitation (Pm) and annual ring chronology.
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Relationship between ring width, latewood rate and sunshine percentage

C. funebris is a light-loving tree. In July, the cell activity of trees is vigorous. The appropriate
light is conducive to photosynthesis and energy storage. However, if the intensity of sunlight
increases, the photosynthesis is intense, which causes a large demand for water and temperature.
From Fig. 5, it can be seen that there is a negative correlation between the annual ring width,
early wood width, and the average temperature in July.

Ring width Early wood width Latewood width ~ Latewood rate

Sp in June of the previous growth year|

Sp in July of the previous growth year

Spin August of the previous growth year
Spin September of the previous growth year
Sp i October of the previous growth year [
Sp in November of the previous growth year
Sp in December of the previous growth year

Fig. 5: Heat map of correlation coefficient between sunshine percentage (Sp) and annual ring chronology.

Therefore, the sunshine percentage in July has a limited effect on the increase of the annual
ring width and early wood width. September of the previous growth year and December of the
previous growth year had different effects on the growth of latewood width in the same year. In
September, the life activities of trees decreased. Adequate light was conducive to the enhancement
of photosynthesis, prolonging the growth period of trees, thus promoting the increase of latewood
width (Nabais et al. 2014, Begum et al. 2018).

Relationship between ring width, latewood rate and relative humidity

C. funebris is suitable to grow in warm and humid conditions. The relative humidity in
March and April is favorable for the early development of trees. In July, the cambium activity is
vigorous, and the humid environment accelerates the growth and division of cells. At the same
time, it can store a large amount of water and promote the increase of the width of latewood. In
October, the relative humidity is high, and the growth period of trees is prolonged (Fig. 6). In
addition, the width of the ring was also affected by the lag of relative humidity in July, October,
and December of the previous growth year (Fritts 1976).
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Early wood width Latewood width ~ Latewood rate

Hr in June of the previous growth year
Hr in July of the previous growth year|
Hr in August of the previous growth year,
Hr in September of the previous growth year!
Hr in October of the previous growth year|
Hr in November of the previous growth year

Fig. 6: Heat map of correlation coefficient between relative humidity(Hr) and annual ring chronology.

Relationship between ring width, latewood rate and average ground temperature

The annual rings width is limited by the average ground temperature in January, March and
July, and the early wood width is limited by the average ground temperature in January, March
and October, which is basically consistent with the results of the above analysis. In addition, the
early wood width is limited by the average ground temperature in July of the previous growth year
(Fig. 7). Therefore, it can be known that the average ground temperature in July and July of the
previous growth year can promote the latewood rate (Nabais et al. 2014).

Ring width Early wood width ~Latewood width ~ Latewood rate

Td in June of the previous growth year|

Td in July of the previous growth year

Td in August of the previous growth year
Td in September of the previous growth year
Td in October of the previous growth year
Td in November of the previous growth year
Td in December of the previous growth year

Fig. 7: Heat map of correlation coefficient between average ground temperature (Td) and annual ring
chronology.

Relationship between tracheid morphological characteristics and climate factors
Relationship between tracheid morphological characteristics and average temperature

When the average temperature is high in March and April, the trees consume less nutrients
stored by themselves, and these can help the trees grow and develop, which is conducive to
tracheid elongation (Fig. 8). Nutrients and precipitation are sufficient for tree growth in July, the
higher the average temperature, the more vigorous the growth of trees, which is consistent with
the conclusions of other researcher (Vichrovi et al. 2013).
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Fig. 8: Heat map of correlation coefficient between average temperature (Im) and tracheid morphological
characteristics chronology.

The high average temperature in September and October prolonged the growth time of
cells, thus promoting the increase of tracheid length and early wood tracheid cavity diameter,
respectively. From the effect of average temperature on tracheid length and width, the tracheid
length-width ratio corresponds to average temperature (Olano et al. 2012). High average
temperature in December was beneficial to the increase of latewood cavity diameter, while high
average temperature in October was not conducive to the formation of early wood cell wall.
The higher average temperature in April and May is conducive to the formation of cell wall of
latewood.

Relationship between tracheid morphological characteristics and precipitation

There was a significant negative correlation between the early wood tracheid length,
latewood tracheid length, latewood tracheid length-width ratio, and precipitation in February at
the level of p = 0.05 (Fig. 9).

EW. LW

Eatly EW. LW, EW. LW : O EW. LW

g 1o BW LW R el il et i M e g
' tacheid tacheid  tracheid : ' joble  double
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width ratio width ratio diameter ~ diameter P ——
Pmin June of the previous growth year
Pmin July of the previous growth year -0.255
Pm in August of the previous growth year
Pm in September of the previous growth!
Pmin October of the previous growth year
P in November of the previous growth
Pm in December of the previous growth

Fig. 9: Heat map of correlation coefficient between precipitation (Pm) and tracheid morphological

characteristics chronology.
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In February, trees are in dormant period, and the precipitation is high, which reduces the
soil temperature. To a certain extent, it affects the respiration of tree roots and nutrient uptake by
roots, thus inhibiting the increase of tracheid length and reducing the latewood tracheid length-

width ratio. (Jonsson et al. 2002).

Relationship between tracheid morphological characteristics and sunshine percentage

The sunshine percentage in September is beneficial to the radial growth of trees, so the larger
the sunshine percentage, the smaller the tracheid length-width ratio. High sunshine intensity
can provide sufficient light and suitable temperature conditions for photosynthesis, which is
conducive to the growth of cell walls, thus inhibiting the increase of cavity diameter in the same
period. Because the sunshine percentage in April has an inhibitory effect on the cavity diameter of
latewood, the larger the sunshine percentage, the larger the wall-cavity ratio of latewood (Yasue
et al. 2000, Begum et al. 2018).
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Fig. 10: Heat map of correlation coefficient between sunshine percentage (Sp) and tracheid morphological
characteristics chronology.
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Relationship between tracheid morphological characteristics and relative humidity

From Fig. 11, it can be seen that high relative humidity is conducive to the radial growth
of trees. It can also be concluded that relative humidity can inhibit tracheid length, as well as
promote the increase of tracheid width. The higher the relative humidity in July and October,
the more abundant the water vapor, the greater the cell viability, the faster the tree grows, and
the faster the cavity diameter increases. At the same time, relative humidity promoted tracheid
width and diameter, but inhibited tracheid wall thickness, and the corresponding latewood wall-
to-cavity ratio was smaller (Yasue et al. 2000, Nabais et al. 2014).

Relationship between tracheid morphological characteristics and average ground temperature

The relationship between tracheid length and average ground temperature, and the
relationship between tracheid width and average temperature were basically the same for the
same reason (Fig. 12).

EW. Lw.
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Td in November of the previous growth year .18
Td in December of the previous growth year

Fig. 12: Heat map of correlation coefficient between average ground temperature (1d) and tracheid
morphological characteristics chronology.

The tracheid length-width ratio is proportional to the tracheid length, so the longer the
tracheid length in the corresponding month, the larger the tracheid length-width ratio (Fritts
1976). The increase of tracheid length was dominant to some extent, so the average ground
temperature in April and October inhibited the increase of tracheid diameter in a way. October
is in the late growing season and excessive ground temperature is not conducive to cell wall
thickening (Yasue et al. 2000). However, April and May are in the early growing season, and high
ground temperature is conducive to cell wall formation, which is the same as the effect of average
temperature on tracheid wall thickness.

CONCLUSIONS

During the dormancy period of C. funebris trees, tracheid morphological characteristics
indicators affected by climatic factors ranged from large to small in order of relative humidity,
temperature, precipitation, and sunshine percentage. Relative humidity and temperature were the
main climatic factors affecting indicators during dormancy. At the early growth period of trees,
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the indicators affected by climate factors was in the order of relative humidity, temperature, and
sunshine percentage, while precipitation had no effect on indicators. During the middle growth
period of trees, the indicators affected by climatic factors ranged from large to small in order of
relative humidity, temperature, and sunshine percentage, while precipitation had no effect on
indicators. In the late growth period of trees, the indicators affected by climatic factors is in turn
temperature, relative humidity, and sunshine percentage. Similarly, precipitation has no effect on
tracheid morphological characteristics, too.

It was confirmed that temperature and relative humidity play an important role in all
growth period of trees, however, the indicators affected by sunshine percentage was less. Besides,
precipitation was only related to tracheid length of early wood and latewood, latewood tracheid
length-width ratio, and early wood tracheid wall-cavity ratio during dormancy. Temperature and
relative humidity were the most important climatic factors affecting the growth of C. funebris
trees; however, the tree growth was less affected by sunshine percentage. Precipitation had no
significant correlation with most tracheid morphological characteristics.
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