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INTRODUCTION

Climate change has an impact on tree growth. 
Climatic factors such as variation in annual and 
seasonal rainfall influence growth at the level of 
populations that affect all individuals in a roughly 
equivalent fashion even though individual- and 
species-level responses may vary widely (Clark & 
Clark 1994). The study of tree growth is needed 
to understand tree growth and ageing, as well 
as the factors controlling tree growth. The 
study of cambial activity is one of the methods 
of determining which tree species makes clear 
annual rings or, in other words, this method can 
estimate the age of trees.
 Tropical tree species vary greatly in growth 
rate, as influenced by climatic factors that 
include temperature and rainfall. It is important 
to understand what drives tree growth at the 
species-level in order to predict forest dynamics 
and carbon storage, but species-specific growth 
responses to these factors are largely unknown 
for tropical trees. In the humid tropics, seasonal 
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change in environmental conditions may be 
less pronounced than in temperate forests, but 
the monsoons bring wet and dry seasons that 
influence tree growth patterns. High-resolution 
electronic dendrometers are frequently used 
to measure stem diameter variation over finer 
time scales and to record temporal growth 
relevant to cambial cell division and expansion 
studies (Bräuning et al. 2008, Krepkowski et al. 
2012). Data from dendrometer bands installed 
permanently on 10 tropical tree species in South 
Brazil revealed a marked seasonality in cambial 
activity and stem growth associated with high 
temperatures and long summer days (Shimamoto 
et al. 2016). Cambial activity has been studied in 
subtropical forest trees, e.g. teak (Rao & Dave 
1981, Priya & Bhat 1999, Rao & Rajput 1999) 
and acacia in India (Rao & Rajput 2001b), as 
well as Azadirachta indica in India (Rao & Rajput 
2001a) and Malaysia (Wang & Hamzah 2018). In 
central Thailand, cambial activity was studied for 
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Tetrameles nudiflora, Magnolia baillonii, Canarium 
euphyllum, Toona ciliata and Spondias axillaris 
growing in a seasonally wet, evergreen, inland 
tropical forest (Pumijumnong & Buajan 2013). 
Cambial activity of trees growing in a tropical 
monsoon climate has not yet been studied. Chang 
Island has a tropical monsoon climate with little 
variation in temperature throughout the year, 
but due to the influence of the monsoon, varies 
considerably in precipitation from season to 
season. 
 The objectives of the study were to determine 
the extent to which radial growth and cambial 
activity of tropical rainforest tree species are 
influenced by seasonal variation in temperature 
and rainfall of a tropical monsoon climate. 
For this study, three tree species were selected 
that were dominant species on Chang Island 
i.e. T. nudiflora (Datiscaceae), Hopea pierrei 
(Dipterocarpaceae) and Cleidion spiciflorum 
(Euphorbiaceae). Tetrameles nudiflora grows at 
altitudes from 0–1200 m asl. The grey bark is 
thick and smooth. It flowers from March to April, 
and the fruits mature from April to May (Gardner 

et al. 2000). It is used as a traditional medicine 
to treat insect stings, rheumatism, edema and 
ascites, and as a laxative and diuretic (Prasad et 
al. 2008). Tetrameles nudiflora and H. pierrei are 
threatened and endangered species respectively 
(IUCN 2012). Hopea pierrei is a small dipterocarp 
tree (20–40 m tall, 60–80 cm diameter at breast 
height (dbh)) found mainly in lowland evergreen 
rainforests of Indo-China. The bark is black with 
deep vertical cracks. The dark grey leaves are egg-
shaped and coated with a white powder. Cleidion 
spiciflorum grows up to 30 m high with a dbh of 
up to 50 cm. It is a medicinal plant (Menkham 
2001). Its stems and roots are used locally to 
relieve fever and as a remedy for malaria, while 
the bark serves as a cure for skin diseases and 
stomach ache (Naengchomnong et al. 2006).

MATERIALS AND METHODS

Study site 

The study site (12° 05' N and 102° 21' E) is 
located on Chang Island (Figure 1), which is 

Figure 1     Map of Chang Island showing the sampling site
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part of Mu Koh Chang National Park, a national 
marine park in Trat Province on the Gulf of 
Thailand. The total area of Chang Island covers  
212.4 km2. There are small mangrove forests 
around the island and an abundance of plants—
largely tropical rainforest species (Pumijumnong 
& Payomrat 2013). At Chang Island, T. nudiflora, 
H. pierrei and C. spiciflorum are dominant species 
that appear as large emergent plants along canals, 
streams or foothill slopes around the island.
 The rainy season (May–October) is influenced 
by the south-west monsoon and the dry season 
(November–April), by the north-east monsoon. 
Mean annual rainfall is 403.82 mm and mean 
annual temperature is 26.7 °C with annual average 
minimum and maximum temperatures of 25.4 
and 28.0 °C respectively (Thai Meteorological 
Department 2010). Soil moisture is 21.87% with 
an average minimum and maximum of 5.4 and 
32.5% respectively.

Environmental data

Soil moisture was measured at 10-cm soil depth. 
Microclimatic parameters (air temperature and 
relative humidity) were measured using racing 
weather tracker. Rainfall was recorded daily 
using rain gauge installed about 28 km from the 
study site. 

Tree species

Sample collection and treatment

At the study site, three trees of each of the three 
species were randomly selected and their dbh 
measured. The average dbh of T. nudiflora, H. 
pierrei and C. spiciflorum were 153 ± 0.24, 117 ± 
0.87 and 143 ± 0.45 cm respectively. Tree ages 
were unknown for all sampled individuals. 
Sampling was conducted from the same tree once 
a month from December 2011 till May 2012 and 
twice a month from June till November 2012 after 
the installation of electronic point dendrometers. 
One block measuring approximately 2 cm ×  
2 cm × 1 cm and containing inner bark, cambium 
and xylem was removed from the trunk at breast 
height using a cutter and chisel. Samples were 
immediately fixed in 3% glutaraldehyde to 
preserve cell fine structure. At the laboratory, 
the samples were dehydrated in a graded series 
of ethanol (30, 50, 70, 90 and 100%), soaked 

for about 2 weeks in polyethylene glycol (PEG) 
1500 at 55 °C then embedded with fresh PEG 
1500 for another 24 hours (Holtham & Slepecky 
1995). The samples were then embedded using 
stainless steel molds and placed in the freezer 
for at least 24 hours. Transverse sections were 
cut to a thickness of 15–20 µm using microtome. 
These sections were stained for light microscopy 
with safranin and fast green dissolved in xylene, 
and mounted in permount. The red colour of 
safranin shows the presence of lignin in the cell 
walls of xylem cell, and fast green is an indicator 
for cellulose. 

Determination of cambial activity

The sections were analysed and photographs 
taken with a stereo microscope. Cambial activity 
was determined by counting the number of 
undifferentiated cell layers between mature xylem 
and phloem in the radial direction of transverse 
sections at 10 randomly chosen positions along 
the circumference of the cambium ring. Ten 
counted values from each side of the tree 
were used to calculate maximum, median and 
minimum cambial activity rates. 

Electronic dendrometer measurement

We installed the electronic point dendrometers 
in May 2012 on two T. nudiflora trees, one H. 
pierrei tree and one C. spiciflorum tree. Two 
sensors were installed at about 1.5 m height on 
opposite sides of each tree to measure changes 
in stem diameter. Displacement measurements 
were registered automatically at 30-min intervals. 
Data were downloaded every 2 weeks when 
cambium block samples were taken. Raw data 
was downloaded from the data logger to the 
computer using HOBOware Pro version 3.2.1 
and converted to µm following the instruction 
manual for the device. Calculation of the rate 
of radial variation was modified from Downes 
et al. (1999) and Deslauriers et al. (2003). 
These authors prescribed three distinct phases 
of stem radial variation over a 24-hour period, 
i.e. contraction (shrinkage), recovery and 
increment. Additionally, hourly diurnal radial 
variation in response to rainfall was examined 
for 2nd and 28th September 2011, which were days 
of little (50.6 mm) and abundant (2059 mm) 
rainfall respectively. 
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Statistical analyses

All statistical analyses were performed using 
SPSS 16.0 (2007). Correlations between 
monthly average values of cambial cell layers 
and cumulative radial growth (µm) and mean, 
minimum, maximum daily air temperature, 
total monthly rainfall and soil moisture were 
evaluated by Pearson’s correlation for December 
2011 till May 2012. Pearson’s correlation was 
also run with bi-monthly values of cambial layers 
and cumulative radial growth (µm) against bi-
monthly mean values for weather variables from 
June till November 2012.

RESULTS AND DISCUSSION

Rainfall was low during the dry season months of 
December through April (the driest and hottest 
month). The wet season months of May through 
October saw alternating months of low and high 
rainfall that peaked in September then dropped 
in October, which was the second hottest month 
that year. Soil moisture to some extent followed 
rainfall patterns but showed less fluctuation and 
remained stable in the wet season even as rainfall 
recorded alternating high and low months 
(Figure 2).

Seasonal cambial activity

In general, cambial activity for the three species 
tended to positively correlate with rainfall 
soil moisture and relative humidity (Figure 2) 
indicating that cambial activity was limited by 
water availability, but these correlations were not 
statistically significant (Table 1), except for T. 
nudiflora where cambial activity had significant 
positive correlation with relative humidity  
(r = 0.645, p < 0.01, Table 1). Cambial activity 
did not correlate with temperature in this 
study. Following the May rains at the start of 
the wet season, cambial activity peaked first for 
C. spiciflorum in June, followed by H. pierrei in 
July while T. nudiflora cambial activity peaked in 
August (Figure 2). The peaks in cambial activity 
were followed by gradual decreases through the 
wet season and dropped to a low from the start 
of the dry season in November. 
 A closer examination of wood anatomical 
microsections taken monthly for the three 
species showed that their cambial zones appeared 
active throughout the year as indicated by 

swelling fusiform cambial cells (Figures 3–5). 
This year-round growth was reflected in the 
monthly cambial layer counts for all three 
species. Hopea pierrei showed the highest cambial 
activity through the wet and dry seasons and also 
overall, followed by T. nudiflora and C. spiciflorum 
with an overall average cambial layer count of  
2.3 ± 1.8, 1.7 ± 1.3 and 0.9 ± 0.8 respectively. 
There was an evident seasonality in cambial 
activity with a tendency towards an increase in cell 
numbers during the wet season and a decrease 
during the dry season. Peak cambial activity  
(8.2 ± 1.1 layers counted in mid-August) in 
T. nudiflora was not as high as that seen in H. 
pierrei (12.9 ± 3.0, end-July), but mean cambial 

Figure 2  Mean tangential layers of cambial cells 
(± SE) of (a) Tetrameles nudiflora, (b) 
Hopea pierrei and (c) Cleidion spiciflorum in 
relation to (d) temperature and relative 
humidity, (e) rainfall and soil moisture, 
from 2011 to 2012
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Table 1 Pearson correlation coefficients and the level of the p values between growth parameters 
and environmental variables

Tree species Growth parameter R TMIN TAV TMAX SM RH

Tetrameles nudiflora CL 0.245 0.012 0.089 -0.101 0.416 0.645**

CRG -0.058 -0.001 0.128 0.582 0.708* -0.637*

Hopea pierrei CL 0.005 0.046 0.448 0.206 0.250 0.317

CRG -0.140 0.418 0.819** 0.333 0.223 0.001

Cleidion spiciflorum CL 0.059 0.084 0.321 -0.127 0.120 0.436

CRG -0.512 0.568 -0.339 -0.550 -0.263 -0.344

CL = cambial layers, CRG = cumulative radial growth, R = total rainfall, TMIN, TAV and TMAX = minimum, mean 
and maximum temperatures respectively, SM = soil moisture, RH = air relative humidity; ** < 0.05 and * < 0.01

activity for T. nudiflora for the wet season was 
almost double that of the early dry season from 
December 2011 to May 2012 (5.1 ± 1.4 versus  
2.6 ± 0.9), possibly indicating a greater 
responsiveness to seasonal variation in the 
environment than in H. pierrei. Mean cambial 
activity of H. pierrei across the early dry season 
(5.0 ± 1.6) was double that of T. nudiflora and C. 
spiciflorum (2.6 ± 0.9 and 2.0 ± 0.7 respectively), 
which again indicated that growth in the latter 
two species might be limited by environmental 
variation to a greater degree than H. pierrei. 
The lowest cambial activities of T. nudiflora  
(2.1 ± 0.9, end-March) and C. spiciflorum (1.8 ± 
0.8, end-February) during the dry season could 
be considered the baseline for dormancy and 
these species appeared to enter a period of 
dormancy with little to no growth registered for 
months. In contrast, monthly cambial activity 
for H. pierrei rarely fell below 4.0 and the varying 
cambial layer counts recorded month by month 
during the dry season indicated that this species 
did not enter dormancy. 
 The results of our study are in agreement 
with those of Pumijumnong and Buajan (2013) 
showing year-round cambial activity for five 
tropical tree species studied in central Thailand. 
In their study, cambial activity for T. nudiflora 
also peaked a few months after the start of the 
wet season but this peak (median value = 11.7 
cambial layers counted) was in June whereas peak 
cambial activity for T. nudiflora in our study was in 
August. Additionally, our findings on dry season 
dormancy of T. nudiflora and C. spiciflorum concur 
with previous reports of cambial dormancy 
for A. excelsa in Malaysia (Wang et al. 2013) 
and A. indica in India (Rao & Rajput 2001b) 

which was associated with low rainfall in the 
dry season. It is noted that cambial activity of C. 
euphyllum in Thailand was reported to correlate 
negatively with temperature in the wet season 
(Pumijumnong & Buajan 2013) while cambial 
activity of Dillenia indica correlated strongly 
with temperature and not with rainfall in India 
(Venugopal & Liangkuwang 2007). Temperature 
and precipitation seem to be the major triggers 
in subtropical and tropical forest respectively 
(Oliveira et al. 2009).

Seasonal radial increment

As a whole, rainfall and relative humidity showed 
negative associations with radial increment 
rates for the three species (Figure 6) but these 
associations were not significant except for T. 
nudiflora where radial increment had significant 
negative correlation with relative humidity  
(r = -0.637, p < 0.05, Table 1). The radial 
increment of T. nudiflora also had significant 
positive correlation with soil moisture (r = 0.708, 
p < 0.05) while that of H. pierrei was positively 
correlated with average temperature (r = 0.819, 
p < 0.01). 
 Radial increment recorded over the 6 months 
was highest for H. pierrei (mean 1072.8 ± 0.1 µm), 
which was four times that of T. nudiflora (317.6 
± 0.1 µm), which in turn was four times greater 
than that of C. spiciflorum (93.8 ± 0.2 µm, Figure 
6). Comparatively, cambial layer counts for H. 
pierrei (2.3 ± 1.8, Figure 2) was higher than that of 
T. nudiflora (1.7 ± 1.3), which in turn was double 
that of C. spiciflorum (0.9 ± 0.8), indicating that 
the magnitude of radial increment was greater 
than that of cambial layer growth. 
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Figure 3  Transverse sections of Tetrameles nudiflora showing cambial activity from December 2011 to November 
2012; black arrows indicate cambial zone, Ph = phloem, X = xylem; scale bar =10 µm for plates a–g 
and k–l, scale bar = 100 µm for plates h–j

a. Dec b. Jan c. Feb

d. Mar e. Apr f. May

g. Jun h. Jul i. Aug

j. Sep k. Oct l. Nov
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 The season means of radial increment for 
the three species during the wet season were at 
least double that recorded for the dry season. 
While cambial dormancy in T. nudiflora and C. 
spiciflorum could be recognised by consecutive 
months of unchanging cambial layer counts 
during the dry season, this dormancy was not 
reflected in radial increment or decrement. 

Diurnal radial variation

Changes in tree diameter comprise addition 
and enlargement of cambial derivatives and 
reversible changes in size due to hydration and 

temperature, which explain more than 90% of 
stem radial fluctuations (Zweifel et al. 2014). In 
the three species, radial increment was greater 
on wet days than on dry days, with the pattern of 
diurnal variation for dry days appearing to parallel 
that for wet days (Figure 7). All three species 
appeared to follow the typical pattern of tree 
stem shrinkage in the afternoon with stem radii 
falling to their lowest at around 2.30 p.m. From 
that point stem radii increased—the increase 
tending to be steeper on abundant rainfall days 
than on dry days—reaching maximum stem 
radii at 8.30 a.m. the next morning. Shrinkage 
followed until about 2.30 p.m. and on dry days 

Figure 4 Transverse sections of Hopea pierrei showing cambial activity from December 2011 to November 
2012; black arrows indicate cambial zone, Ph = phloem, X = xylem; scale bar = 60 µm
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it fell to or below the previous day’s low, but on 
wet days it fell no lower, thus, resulting in net 
increment (irreversible growth) in that diurnal 
cycle. Stem shrinkage during the day is due to 
net water loss by transpiration, while rehydration 
and expansion occurs at night (Kozlowski 
1971). Since shrinking and swelling can mask 
tissue growth, radial variation as measured by 
dendrometers may not approximate cambial 
growth (Kozlowski 1971). 

CONCLUSIONS

Our preliminary study of cambial activity of 
three species growing in the tropical monsoon 
rainforest of Chang Island revealed that growth, 
which was measured by the number of cambial 
layers, was year-round and much higher in the 
wet season than in the dry season. Our results 
also showed that while radial variation measured 
by electronic dendrometers generally followed 

Figure 5  Transverse sections of Cleidion spiciflorum showing cambial activity from December 2011 to November 
2012; black arrows indicate the cambial zone, Ph = phloem, X = xylem; scale bar = 60 µm
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Figure 6 Number of cambial layers and radial increment (µm) of (a) Tetrameles nudiflora, (b) Hopea pierrei, 
(c) Cleidion spiciflorum in relation to (d) temperature, rainfall, soil moisture and relative humidity 
from May to November 2012

Number of cambial       Radial increment
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that of cambial activity, radial increment did not 
correlate significantly with cambial activity. Long-
term monitoring of cambial activity and radial 
variation is needed to determine the factors 
driving growth in these species of interest. 
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