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caluscells

completed secondary wall vessel
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traumatic resin cana
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General Introduction

Climate change, forest degradation and demand éadwproducts stimulate the practice of
sustainable forest management in recent years. ¥Howirests, plantations and wood supplies can
be sustainably managed with certainty when thenmsf@mation of tree growth and wood formation
available. In Peninsular Malaysia, selective mansgg system (SMS) was applied for stand
development to overcome accelerated forest degoadand decline to realize sufficient wood supply
for timber industries. Based on given values ofnstdiameter at breast height (d.b.h) set for
dipterocarp and non-dipterocarp groups, trees weparated into size classes such as seed producer,
harvest-available and future-harvest. However, ribgulation established in SMS was somehow
arbitrary because trees react physiologically diffié with ecological differences, thus occurring
problems remain unsolved.

One of the ways to acquire knowledge on tree gramith wood formation are through tree-
ring analysis. In the tropical region, lack of bi& growth rings in trees causes limitation to pcac
dendrochronology, evaluate tree growth rate, atichate tree age. Although it is thought that most
tropical rainforest trees do not form annually idist growth rings, preliminary observation of some
trees in Peninsular Malaysia shows that they hawg-like structure” even if it is very weak or fdi
Therefore, the “ring-like structure” in tropicaliméorest trees becomes an important target to be
investigated.

Worldwide interest in tropical dendrochronology hheen increasing. Rozendaal and
Zuidema (2011) and Pumijumnong (2013) reviewedpibiential of tree-ring analysis in the tropics.
The development of tree-ring chronologiesTactona grandign India (e.g., Bhattacharyya et al.
1992, Borgaonkar et al. 2007), Java (e.g., D'Arggal. 1994), Thailand (e.g., Pumijumnong et al.
1995), and Myanmar (e.g., Pumijumnong et al. 20 stimulated interest on formation of growth
ring in other tropical species. Few applicationgrapical seasonal forests (e.g., Brienen et @920
and mangrove forests (e.g., Menezes et al. 2008w@ury et al. 2008) showed that tropical
dendrochronology can be applied. Limited studiegehaeen conducted in tropical rainforest (e.g.,
Fichtler et al. 2003, Soliz-Gamboa et al. 2011, dopt al. 2012), because most tropical rainforest

trees were thought not to produce anatomicallyrdisannual growth rings.



Worbes (1995, 2002) reviewed several methods wtigchbe applied to investigate annual
rhythm of radial growth in tropical trees, and catézed them as direct measurement of radial growth
and detection of changes in wood formation. Radi@wth can be estimated by dendrometer
measurement (e.g. Ohashi et al. 2001, Baker @0aR, da Silva et al. 2002), cambial marking (e.qg.
Shiokura 1989, Fujiwara 1992, Nobuchi et al. 198&ss et al. 1995) and cambial zone monitoring
(e.g. Venugopal and Krishnamurthy 1994, Rao ang@uR&dj999). Changes in wood formation can be
detected through anatomical (e.g. Brienen et &920@hashi et al. 2013) and isotopic analyses (e.g.
Poussart et al. 2004, Verheyden et al. 2004a, Yddreet al. 2004b, Ohashi et al. 2009).

Dendrometer enables continuous measurement of thamiecrement and provides
information on growth rhythm. However, the incremeneasured by dendrometer includes the
phenomena occurred in a bark, therefore the resudispartially reliable to evaluate the growth
rhythm. Wood anatomical changes in a certain pecana be pursued through cambial markings in
which visible marks are created in the xylem tisSuee fundamental knowledge of wood formation
in a certain period can be understood through amatd observation of cambium and cells derived
from it. However, periodic sampling of green phlegyem blocks on a stem of single tree and
delicately prepared samples for microscopy areiredquo investigate the rhythm of cambial activity.

Some studies reported visible growth ring as welirevisible growth indicator in tropical
trees. The former were investigated through anatanstudies (e.g. Worbes 1985, Roig et al. 2005,
Maingi 2006) and the latter by isotope analyseg. (Boussart et al. 2004, Verheyden et al. 2004a,
Ohashi et al. 2009). Worbes (1985) classified theg-types appeared in tropical trees as 1) density
variations (fibres), 2) terminal parenchyma bargls,a repeated pattern of alternating fiber and
parenchyma bands, and 4) variation in vessel bigtan and/or size. In some occasion, the
mentioned anatomical features can occur in var@mmsbinations. Unfortunately, those features are
restricted to particular species and areas withonlsvseasonality in climate. The variation of stabl
isotope concentrations in tree rings of temperateeg was traced to variations in climate (Long 3982
to the ringless species (e.g. Poussart et al. 208deyden et al. 2004). TREC ands™®0 values in
xylem record climate-related variables such asiprtetion (Saurer et al. 1997), temperature and

irradiance (McCarroll and Loader 2004). Howeveeréhare some uncertainties in the results because



isotope discrimination in plants are complex andyea fully understood. Besides, the measurement
of stable isotope content in xylem is expensive timg consuming which limit the application to
long- and high-resolution chronology.

Regardless of the occurrence of faint or weak “tikg structures” in some tropical rainforest
trees in Peninsular Malaysia, it is important tari€y the rhythm of radial growth and detect the
occurrence of growth rings in tropical rainforasiess. In the present study, the author aimed tdycla
the annual formation of growth rings in tropicahfarest trees. Thus, to accomplish the main goal,
is important to (1) investigate the occurrence andtomical features of visible growth rings, (2)
apply effective methods, (3) determine the annigthm of radial growth, and (4) verify the annual
formation of visible growth rings in tropical raorest trees in Peninsular Malaysia.

In Chapter 1, dendrometer measurement, light reéeney of cambium, cambial marking, and
phenological observation were applied and testeselacted tropical rainforest trees in Peninsular
Malaysia. Through this study, the author found s@he of the selected tropical rainforest do have
ring-like structures, seasonal radial growth, cahbictivity and leaf phenology. The author also
proposed for improvement of methods and applicatibrsotopic analysis to enhance the study of
wood formation in tropical rainforest trees. Chafediscussed on the occurrence and anatomical
features of growth rings in selected tropical raigét trees, classified as group of well-defined,
poorly-defined and absent growth rings. Based errdisults discussed in Chapter 1, Chapter 3 and 4
discussed the improvement and additional methols.application and effectiveness of high direct
current (DC) pulse cambial marking and stable carisbtope §°C) measurement in tropical
rainforest trees were discussed in Chapter 3. @€haptdiscussed the rhythm of radial growth and
cambial activity based on measurement using derstemand electric impedance, coupled with
phenological observation. Annual formation of growing in species belongs to the group of well-
defined growth rings, estimated through the synaicity among anatomical changes, variation in
8'°C values, annual rhythm of radial growth, cambivity, leaf phenology, and precipitation, were

discussed in Chapter 5.



Chapter 1

Characteristics of Wood Formation in Tropical Rainforest Trees in Peninsular Malaysia

11 Introduction

Seasonal characteristics of cambial activity ingerate regions can be easily traced by the
variation in climate, such as day-length and terafpee. However, because tropical climates are often
regarded as non-seasonal, there is much uncertaintp the factors controlling cambial activity
under tropical conditions (Alvim 1964). There wemme studies reporting seasonal characteristics of
vascular cambium in the tropics (e.g. Rao and R&p01, Pumijumnong and Wanyaphet 2006). In
order to understand the characteristics of wooch#ébion in tropical rainforest trees, it is impoitam
investigate the cambium.

Among common and useful approaches and methodmvyestigating xylem formation in
trees are direct measurement of radial growth titodendrometer and anatomical approaches
through cambial observation and cambial markingnued rhythm of wood formation can be well
examined with independent factors of leaf phenol@yd meteorological conditions. Cambial
marking is applied to investigate wood formatioming a recognized duration. The ‘pinning method’,
invented by Wolter (1968) became a useful tooltfos objective. Shiokura (1989) modified the
pinning method by using a nail instead of tiny phujiwara (1992) introduced the ‘knife-cutting
injury’ method by using a knife. Most of the metlBodere applied to temperate trees and some for
tropical trees.

To ensure that the study of xylem formation camnestigated, it is important to identify the
cambial response on marking and exact positionasked cambium. Denne (1977), Yoshimetaal
(1981a & 1981b) and Kuroda and Shimaji (1984) msestigated the effect of wound to the cambial
differentiation. There were some references tgthation of marked cambium and cambial cells, (1)
series of traumatic resin canals (Kuroda and Shit@#83) and (2) region with a small vessels and
increased of cell rows in tangential direction (Nohiet al 1995).

This study investigated the seasonal characteisficambial activity and cambial response

to marking, and deduced the anatomical featuremarked cambial zone. Through this study, the



effectiveness of cambial observation and cambiakimg for the study of wood formation in tropical

rainforest trees were discussed.

1.2 Materials and Methods
1.2.1 Study sites and species selection

This study was conducted in two forest plantatiorenaged by Forest Research Institute
Malaysia (Fig. 1.1), located at Mata Ayer Foressé&tee, Perlis (MAFR, 6°4R, 100°153E) and
Bukit Hari, Forest Research Institute Malaysia,aBgbr (BHFRIM, 3°14N, 101°38E). The climate
of MAFR is classified as tropical monsoon.{According to Képpen-Geiger climate classification,
Peel et al. 2007), with a 2-3-months of dry seasom December to February. The climate of
BHFRIM is classified as tropical rainforest;(@ccording to Képpen-Geiger climate classificatjon)
which the monthly precipitation is usually muchapex than 100 mm.

Five experimental trees éfzadirachta excelsaHopea odorataandKhaya ivorensigrown
in MAFR and BHFRIM were selected for this study MMFR, A. excelsa(hereafter this is called as
AEMA) was planted close to the river in 1996.odorata(HOMA) was planted close to small stream
in 2000. K. Ivorensis (KIMA) was planted in 2000 and located far fromyawater source. In
BHFRIM, A. excelsa(hereafter this is called as AEBH) was planted @97 on a hill.H. odorata
(HOBH) was planted in 1997 together wiblyera costulataand located at the downhill siti.

Ivorensis(KIBH) was planted in 1998 together with excelsalocated at an uphill location.

1.2.2 Monitoring of diameter growth and observation aiflehenology

Annual growth of stem radii for each tree speciesrewvmonitored with dendrometers.
Phenomena of leaf changes were observed by usitipagular. Dendrometer measurement and
phenological observation were performed once a Imfsotn May 2008 to June 2009. Scale of 0 (0%),
1 (less than 20%), 2 (in between 20-80%), and 3drtltan 80%) were used in recording the cover
percentage of mature leaves (dark green leavesyl lgaves, leaves emergence (hew shoots), and

fully expanded leaves (leaves fully expanded frénmass but light-green in color) on tree crown. In



this study, the records of dendrometer readingdeafdohenology were used to relate and discuss the

seasonality of cambial activity in selected troprainforest trees.
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Fig. 1.1 Location of research sites and climate diagramefch area. Monthly precipitation (bar) and
temperature (line) are the mean from 2000 to 2@limate data for the Mata Ayer Forest
Reserve (MAFR) and Bukit Hari, Forest Researchitlitst Malaysia (BHFRIM) were obtained
from the Malaysian Meteorological Department.

1.2.3 Cambial observation

Small wood block including bark was collected evlimee months (August 2008, November
2008, February 2009, and May 2009) using chisel laamdsaw. The extracted wood block was
chemically fixed with 3% glutaraldehyde (GA) fogliit microscopy.

GA-fixed wood blocks were washed with water andiotdg small wood blocks with size of 2
mm (T) x 7 mm (R) x 10 mm (L). Small wood blocksrevelehydrated with a series of ethyl alcohol
(EtOH). After small wood blocks were dehydratedabsolute EtOH, they were replaced with epoxy
resin using propylene oxide as the intermediate. Wbod blocks were transferred into a plastic box
with epoxy resin and polymerized by heating in &aroat 37°C for 24 hours, 45°C for 24 hours and
58°C for 24 hours. Epoxy-embedded wood blocks veertewith a handsaw and trimmed using a
blade to expose the desired surface of the blofter Anmersed the epoxy-embedded block in water,

transverse sections with a thickness of 1Q20were cut using a sliding microtome.



Periodic AcidSchiff's (PAS) reaction (McManus, 1948) was appléedthe staining mhod
to clearly reveal théne structure of unlignified cambial celCambial and enlarging zone cells w
observed and identified using a polarized and bright under aLeica Leitz DMRE compound
microscopeThe number of cambial zone and enlargione cells were counted characterize the

seasonality of cambial activity.

1.2.4 Cambial zone cellgnlarging zone cel and terminology

Cambium consists of a single cell layer surroun a tree between theark ancthe wood. In
a radial cell file from thévark tc the xylem, only one cell is theoretically tb@mbial initial. In reality
it IS not easy to judgthe cambial initic in a transverse section. This is because someamsent t(
the cambial initials have ¢hability to divide and showing aimilar shape as cambial initials. The te
“cambial zone” is common for the group of cellsliaing cambial initials and cells with the ability
divide (Schmid1976). All of the radially flattened ce which were locted in a region between
phloem and xylemwvere judged to be ipericlinal division or showing such pattern were counte:

cambial zone (CZ) celldlate 1.1.

{ r s

L Loiga¥is ¥k %
Plate 1.1 Transverse sections Azadirachta excelsahowing cambial zone cells and enlarging z
cells.(a) Conventione light micrograph(b) Polarized light micrograptbouble-headed arrows
indicate cambial zone and stars indicate the tiotiaof $; layer formation. Arrows indicate

the directiorof the bark sidt

The process of cell completion involves cell digisi enlargement and thickening of cell w

Beyond cambial zone, each cell starts to enlargeradially expand In a transverse section, thc

7



enlarging zone cells increase in radial diametat ahow the pattern of intrusive growth. The
cessation of enlargement is the start of secondaty formation that can be observed under a
polarized light microscope (Plate 1.1b), becaudls wath secondary wall reflect bright light. Thask

or final enlarging zone cell is a cell just befohe secondary wall layer {Sforming cells. For the
enlarging zone cells, total number of cells froms next to CZ to the innermost enlarging zone (EZ)
cells was counted.

When counting cell number, it is important to invgate the effect of vessel formation
because cells differentiating into vessel elementarge conspicuously and occupy a wide space in
the enlarging zone. Wakutd al (1973) reported that radial cell rows having etstement start to
enlarge earlier than cell rows without vessel. @4 BZ cells were counted in rows with and without
the vessels to identify the cambial activity. Therage numbers of CZ and EZ cells in rows with and
without the vessels were checked with precipitatiata to investigate the seasonality of cambial
activity.

In this study, the author categorized the cambitilidy as active and less active cambium.
Active cambium was termed when there was a patieanticlinal division or just after the division
(AD), newly-formed (NFVE) or enlarged vessel elem@EVE), and the number of CZ and EZ cells
was high and increased. Less active cambium wasetewhen there was no pattern of AD, no NFVE,
had thickened-wall vessel element (TVE), and thabmr of CZ and EZ cells was less or decreased.
In some occasions, thick radial wall of flattenetisc(TRWC) can be observed in those featuring less

active cambium.

1.2.5 Cambial marking

In this study, cambial marking was performed teestigate the cambial response on marking,
deduced the marked cambial zone in selected tlogisdorest trees, and determined the appearance
of ring-like features in selected tree species. @pplicability and suitability of cambial marking i
tropical rainforest trees were also discussed @m@xe whether the study of wood formation in

tropical rainforest trees can be carried out pedgis the future.



Marking of cambium was performed every two montiosrif June 2008 to April 2009 using a
knife. The marking positions were arranged in zigpattern for all species with distances of 4 cm in
tangential and longitudinal direction between kmifarks. Wood block samples including the knife-
mark were collected from the wood disks for anat@nbbservation. Transverse sections 20—30 um
in thickness were cut using a sliding microtome daodble-stained with safranin and fast green. All

transverse sections were observed microscopicatigiuLeica Leitz DMRB compound microscope.

1.3 Results and Discussion
1.3.1 Anatomical features of ring-like structures

In this study, the author used the term “ring-ldteucture” as a preliminary term before it can
be judged as the growth ring. The main reason veaause it is not yet clarified whether tropical
rainforest trees, especially in Peninsular Malaysdtaform growth rings or not.

Ring-like structures were observed in all studigecses. AEMA showed obvious ring
boundaries, featuring dark and light colored baoghe transverse plane of the wood disk (Plate
1.2a). Microscopically, the darker bands were attarezed by thick-walled fibers with small radial
diameter; the lighter bands were featured by gxéakenchyma (Plate 1.2b). AEBH also showed a
similar ring-like structure even if it is not aswitus as AEMA. HOMA and HOBH did not show
ring-like structures. KIMA and KIBH showed ring-Bkstructures featured by darker bands on the
transversesurface of the wood disk (Plate 1.3a). Microscdpicéhe darker band was characterized
by thick-walled fibers (Plate 1.3Db).

Through general observation of the studied spetiegas considered that some of tropical
rainforest trees do have ring-like structure, eahis weak or faint. Identification and clariéition
of discovered ring-like structures became one ef itiain targets to bexamined in this study,
through investigating the seasonality of radialwgio and cambial activity, and perhaps direct
observation of the ring-like structure formationraiigh cambial marking during one-year

experimental period.



Plate 1.2 Transverse surface and section Afadirachta excelsashowing ring-like structure(a)
Arrowheads on transverse surface indicate lightreal bands featuring the ring-like structure.
(b) Transverse section showing a band of axial pasgnah(arrowheads). Dashed line
indicates the boundary of fiber changes from laméhin radial diameter and thin- to thick-
walled fibers. Arrow indicates the direction of thark side.

o Ve

Plate 1.3 Transverse surface and sectiorKdfaya ivorensiggrown in Bukit Hari FRIM showing ring-
like structure.(a) Arrowheads on wood disk indicate dark colored b&wturing ring-like
structure(b) Transverse section showing band of fibrous zormevdead). Inset image shows
the enlargement (from dashed box) of fiber chariges thin- to thick-walled fibers (dashed
line). Arrow indicates the direction of the bariesi

1.3.2 Radial growth and leaf phenology

AEMA showed a seasonal rhythm of radial growth linfige individuals (Fig. 1.2a). All
individuals showed active radial growth from May080to December 2008. During this period,
AEMA grew in the rainy period and all individualsere fully covered with leaves (Fig. 1.2c). AEMA
slowed down radial growth from January to Febri2099. During this period, AEMA experienced a
dry period, shedding of leaves and leafless camdith January 2009. In March 2009, all individuals
restarted radial growth and continued until Jun@@2®hen all trees flushed new leaves and grew in a

rainy period. In BHFRIM, AEBH showed continuous ieddgrowth (Fig. 1.2.b), with always

10



receiving much amount of precipitation throughowear. Different from AEMA, AEBH did not
become leafless even though they shed their leghigs 1.2d). Based on the differences between
AEMA and AEBH, the author characterized AEMA as ingvseasonal radial growth while AEBH

showed continuous radial growth.
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Fig. 1.2 Dendrometer measuremdntand b)and leaf phenologfc and d) of Azadirachta excelsgrown

in Mata Ayer Forest Reserve (MAFR, AEMA) and Bukiri FRIM (BHFRIM, AEBH).(a and

c) AEMA. (b and d) AEBH. Dashed lines were the estimated relatiorsstop diameter

increment with precipitation and leaf phenologyABRMA. Precipitation data for MAFR and

BHFRIM were obtained from the Malaysian MeteorotagiDepartment.

Evergreen HOMA showed seasonal rhythm of radiaivginon all five individuals (Fig. 1.3a).

All trees showed active radial growth from May tot@ber 2008. During this period, HOMA grew in
the rainy period and all individuals were flushingw leaves (Fig.1.3c). HOMA slowed down radial
growth from November 2008 to February 2009. Dutinig period, HOMA experienced drought but
leaves remained intact on the tree until the endhefdry period. All individuals restarted radial
growth in between March and June 2009 when theergpced a rainy period. In BHFRIM, all
HOBH trees showed continuous radial growth (Fi@b). Trees were always covered with leaves
(Fig. 1.3d) and always received a lot of precipiatthroughout the experimental period. Based on

the differences between HOMA and HOBH, the evemgid®MA can be characterized as having a

seasonal radial growth whereas HOBH showed a aomig growth.
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= 600 4 — 600
= Precipitation Precipitation
g ——KIMA 1 T 500 —e—KIBH 1 T 500 =
2 3T—e—KIMA2 1 400 2 T—o—KiBH3 Lo &
o —&—KIMA 4 —&—KIBH 5 =
5 1 300 2 1 300 =
© =
£ + 200 + 200 5
g 1 o
S + 100 4 100 >
e t i t L t :> t c:Ts t j_ t ; t 0 0 + $ + + } + } —t—t } $ $ $ 0
3 3 (=] (1] ] T = oy > T 5 >
20z § s = a b= = iy 3 > s g b
[ee] o
& § &
100% -
= 80% A 80% -
9>
= 60% - 60% -
2 40% - 40% -
< 209% 20% -
0% A = . - ~ 0% - ~
§ 3 & & § 3 & 3 8 &
c|lz ° o 2 3 = = il =~ & 2 3z = £
8 8 3 8
o N o N
N ~

® Fully expanded
B Self-pruned branches

Emerge from buds
W Mature leaves

® Fully expanded
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Emerge from buds
B Mature leaves

Fig. 1.4 Dendrometer measuremdatand b)and leaf phenologgc and d) of Khaya ivorensigrown in
Mata Ayer Forest Reserve (MAFR, KIMA) and Bukit H&ERIM (BHFRIM, KIBH). (a and c)
KIMA. (b and d) KIBH. Precipitation data for MAFR and BHFRIM wegbtained from the

Malaysian Meteorological Department.
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KIMA showed continuous radial growth until the lastordable month (Fig. 1.4a). Through
phenological observation, KIMA trees were alwaysered with leaves (Fig. 1.4c). KIMA did not
cease growing even when they shed some amoungiobitanches (self-pruning branches) in January
and February 2009. KIBH showed continuous radiaiwgin until the last recordable month (Fig. 1.4b).
Through phenological observations, KIBH was alweaggered with leaves (Fig. 1.4d). Phenomena of
self-pruned branches were also noticed, but netctiffy radial growth (June and November 2008).
Based on the similarity of radial growth, KIMA aikdBH were characterized as continuous growth

species.

1.3.3 Growth rhythm of tropical rainforest trees

In this study, annual rhythm of radial growth inested tropical rainforest trees grown in two
different climates were characterized mostly basedneteorological conditions and leaf phenology.
Alvim (1964) reported thaTectona grandidoses its leaves during the dry season in Weslava
(periodically dry region), but behaves like an gveen when cultivated in the wetter area of Eastern
Java. Nishideaet al. (2003) explained that the tree which received mwater showed more active
growth compared to those experienced drought. Nahkaicl (1995) clarified thaHopea odoratdn
Thailand formed more wood in the rainy season thahe dry season. Based on those examples, the
author considered that similar scenario might lvelired in tropical rainforest trees.

AEMA showed seasonal rhythm of radial growth. Aetivadial growth in AEMA was
considered to have relation with much amount otipration, and all individuals were fully covered
with leaves for photosynthesis. Slowing down ofiahdrowth was considered to be affected by dry
period, shedding all the leaves in January 2009nah Zuhaidi and Weinland (1995) reported a
similar phenomenon of slow growth rate/Afexcelsamentioning tha#\. excelsehad a pronounced
deciduous habit with three months of leafless pkruring this period, AEMA was expected to
experience difficulties in water uptake. AEBH showntinuous radial growth without any obvious
period of slowing down. In the meantime, AEBH expraced inconsistent leaf shedding. Both

characteristics were considered to be the resatitBRIFRIM provides wet and humid environment.
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HOMA showed seasonal rhythm of diameter growth. Hative growths from May to
October 2008 and March to June 2009 were considerd the effect of sufficient water supply
from the nearby small stream. Slowing down of radrawth in November 2008 to February 2009
was somehow arbitrary because leaves remained mathe tree with a small portion of old leaves
during the dry period. As mentioned, HOMA was péghhearby a water stream. Therefore, slowing
down of radial growth in HOMA may be consideredbm an effect of drying nearby stream during
the dry period. Meanwhile, HOBH showed continucadial growth rhythm.

KIMA and KIBH showed continuous radial growth dwgithe measurement period. Although
KIMA experienced dry period, there were no detdetatowing down of radial growth. The leaves
remained intact on the tree, except that self-pfum@anches were recorded concurrently. Lok and
Ong (1999) mentioned that fast-growikaya ivorensisas a promising species for forest plantation
possess the characteristics of good self-prunmthis study, the exact mechanism of self-pruning i
K. ivorensiswas unknown. It was considered that during sommggelower branches did not receive

enough sunlight to survive, or too dry to keep stwages during the dry period.

1.3.4 Characterization of cambial activity

Plate 1.4 showed variation in anatomical featwesambium of AEMA and AEBH. As
shown in Plate 1.4 (1d, 2b & 2c), similar probleotwred for all sections dfiopea odorataand
Khaya ivorensisThe severely compressed sections were considiered the effect of either fragile
cambial region, minor damage on the cambial rediming sampling, dull knife during sectioning or
the tissue was incompletely infiltrated or embedded

Table 1.1 summarizes the mean numbers of camhi@ @Z) and enlarging zone (EZ) cells
in rows with and without vessel element, and maiatamical features occurred in August 2008,
November 2008, February 2009, and May 2009 fos@dicies. In this section, diameter growth and
leaf phenology from Fig 1.2 (a-d), Fig. 1.3 (a-dyld&ig. 1.4 (a-d) were referred to discuss on cambi

activity.
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Table 1.1Mean numbers of cambial and enlarging zone catisamatomical features of cambium

Mean number of cells Anatomical observation of cambium
i i and enlarging zone features
Sample Month Qamblal zone. I?nlargmg zong ging
Rows with  Rows without Rows with  Rows without Pattern of

Anatomical features

vessel vessel vessel vessel division
AEMA Aug-08 9 12 14 20 AD EVE
Nov-08 6 8 10 14 AD NFVE, EVE
Feb-09 5 6 6 7 - TRCW, TVE
May-09 6 11 13 15 AD EVE
AEBH Aug-08 6 8 12 15 AD EVE
Nov-08 7 10 15 18 - EVE
Feb-09 6 9 13 16 - EVE
May-09 6 8 11 14 AD EVE, TVE
HOMA  Aug-08 8 10 10 18 AD EVE
Nov-08 6 9 9 16 AD EVE
Feb-09 4 5 7 12 - TRCW, EVE, TVE
May-09 6 10 10 18 - EVE
HOBH Aug-08 5 7 6 9 - EVE
Nov-08 6 11 9 12 AD NFVE, EVE
Feb-09 5 9 7 10 - EVE, TVE
May-09 2 4 5 10 - EVE, TVE
KIMA Aug-08 4 8 18 22 - EVE
Nov-08 4 7 18 22 AD EVE
Feb-09 3 6 15 18 - EVE
May-09 4 9 11 18 AD NFVE, EVE
KIBH Aug-08 3 6 15 20 AD EVE
Nov-08 5 8 18 22 AD NFVE, EVE
Feb-09 4 8 17 18 AD EVE
May-09 2 5 10 12 - EVE

Pattern of division: AD: Anticlinal division or just after division.
Anatomical features NFVE: Newly-formed vessel elemerEVE: enlarging vessel elemerityE : thickened
vessel elemenT,RCW: Thick radial cell wall of flattened cells.
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Plate 1.4 Transverse sectiosfiowing cambial zone and enlarging zonAzadirachta excelsgrowing in(1) Mata Ayer Forest Reser and(2) Bukit Hrari FRIM.

(a) August 2008(b) November 2008c) February 2009, an(d) May 2009 NFVE: newly formed vessel elemetYE: enlarging vessel elemeMyE :
Thickened vessel eleme@SWV: completed secondary wavessel. Inset images show the enlargertfemin dashe circle) of anticlinal division or just
after division (1a,

and no division (2dy @nd 2c). Arrows indicate the direction of thekoside

thick radial wall (1c),

1d, aritl),

1b
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AEMA showed active cambial activity in August 2088en it had a large number of cells in
CZ and EZ with and without vessels (Table 1.1).iBgithis period, AEMA grew in rainy period (Fig.
1.5a) and trees were covered with leaves (Fig)1Based on Plate 1.4 (1a), the pattern of anétlin
division or just after the division (AD) and enladyvessel element (EVE) were observed. AEMA
showed less active cambium when cell numbers in 6@ and EZ with and without vessel decreased
in November 2008 and February 2009, but not dettlinezero. Although AEMA started to decrease
the cell numbers in November 2008 (Fig. 1.5a), EDE and newly-formed vessel element (NFVE)
were observed (Plate 1.4, 1b). Although it wasstiagt of a dry period, the trees continued to iasee
in diameter (Fig. 1.2a) and were still covered véthves (Fig. 1.2c). Neither AD nor EVE was found
in February 2009 (Plate 1.4, 1c), but the featdr€RCW in CZ was observed. During this period,
trees just started to produce new shoots afterrxed 3 to 4 months dry period (Fig. 1.2¢). AEMA
showed active cambial activity in May 2009 when tlel numbers in CZ and EZ with and without
vessel increased, and the feature of AD and EVEewbserved (Plate 1.4, 1d). Therefore, it was
estimated that AEMA showed the tendency of seastarabial activity when the cambium was less
active in November 2008 arktebruary 2009 then active in May 2009, synchronizeld the diameter
growth and following the pattern of precipitatiomdechanges in leaf phenology.

CZ with and without vessels in AEBH contained mdmnan five cells and did not show
conspicuous decrease, even if it experienced gheribd of less precipitation throughout the
experimental period. However, the number of cell€Z with and without vessel slightly decreased
in February 2009 and May 2009 (Fig. 1.5b). AD wasnd only in August 2008 and May 2009, and
EVE was observed in all sampled months (Table 1ri)February 2009, EVE and TVE were
observed (Plate 1.4, 2c) while AD and EVE were thim May 2009 (Plate 1.4, 2d). Compared to
AEMA, AEBH did not showed any TRCW, except for TWas observed in February 2009. Based
on Fig. 1.5b, AEBH did not show any typical seas@ambial activity in CZ with and without vessel,

but showed seasonal rhythm in EZ with and with@asgsel.
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Fig. 1.5Relationship of cambial zone (CZ) and enlargingez(EZ) cells ofAzadirachta excelsgrown in

(a) Mata Ayer Forest Reserve aff) Bukit Hari FRIM with amount of precipitation fromdlay 2008 to
Jun 2009. Number of cells was counted from trars®/esections of August 2008, November 2008,
February 2009, and May 2009. Arrows indicate thiemeded tendency of activity in cambial zone and
dashed arrows indicate the estimated tendencytieftadn enlarging zone.

HOMA showed active cambial activity in August 2088en it had high cell numbers in CZ
and EZ with and without vessel (Fig. 1.6a). AD &\E were observed in this sampled month (Table
1.1). Cell numbers in both CZ and EZ with and withweessel decreased continuously in November
2008 and February 2009, and did not decline to.der€Z without vessels, there was no AD, but
TRCW feature was observed in February 2009. FeatoirdcVE were observed in EZ with vessel
during this two periods, as well as TVE in Febru2609. During less active cambium, HOMA
experienced dry period and had some portion of &waks (Fig. 1.3c). In the meantime, HOMA also
developed new shoots during dry period. HOMA agstiowed active cambial activity when the
number of cells in CZ and EZ with and without véssereased in May 2009. Therefore, it was
estimated that HOMA showed the tendency of seasmarabial activity when the cambium was less
active in November 2008 and February 2009 thenvecth May 2009. These observations
synchronized with diameter growth measured by demdter (Fig. 1.3a), following the pattern of
precipitation.

HOBH showed active cambial activity throughout gwerimental period when considered
from cells number in CZ and EZ, and the appearafideVE feature (Table 1.1). Little difference
between EZ with and without vessel (Fig.1.6b) wifscted only by the occurrence of EVE and TVE.

Cell numbers in EZ without vessel in May 2009 remedi the same as those in November 2008,

probably focused on the increase in girth with aitfiber or parenchyma cells. Meanwhile, cell
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numbers in EZ with vessel decreased because sortierpof xylem tissue was occupied with EVE
and TVE. This may depend on the size of vesselaiémnd it may take over some number of radial
cell files; for example four to five radial cellds for one vessel element. Therefore, it was eséich
that HOBH showed active cambial activity and it veschronized with continuous radial growth

measured by dendrometer (Fig. 1.3b).
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Fig. 1.6 Relationship of cambial zone (CZ) and enlargingez(i#Z) cells oiHopea odoratagrown in(a)
Mata Ayer Forest Reserve aifib) Bukit Hari FRIM with amount of precipitation frordlay
2008 to Jun 2009. Number of cells was counted ftransverse sections of August 2008,
November 2008, February 2009, and May 2009. Arrgwdicate the estimated tendency of
activity in cambial zone and dashed arrows indidhie estimated tendency of activity in
enlarging zone.

KIMA showed active cambial activity along the expeental period. Number of cells in CZ
was always less than 10 but up to 22 cells in EZ2#&xh month (Table 1.1). KIMA showed slightly
decreased CZ and EZ cell numbers from November ,2008the features of AD and EVE were
observed. Cell numbers in CZ increased again in K39 when the tree grew in rainy period and
features of AD and EVE were again observed, asageNFVE in May 2009. However, cell numbers
in EZ with vessels continued to decrease while EHAaut vessel remained the same as in February
2009 (Fig. 1.7a). The decrease of cell numbersZnnMére not interpreted as less active cambium
since there were EVE observed in EZ. Therefonealt estimated that KIMA showed the tendency of
continuous active cambium with no effect of dryipér and trees were always covered with leaves
(Fig 1.4c).

KIBH showed active cambial activity for each montbticed by occurrence of AD and EVE
features in most of the months, even the numberel$ in CZ and EZ decreased from November

2008 (Table 1.1). Most active cambial activity haped in November 2008 when the number of CZ
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and EZ cells increased and the features of AD aR¥ENwere found. During this period, KIBH
received high amount of precipitation. Based on Eig@b, it was estimated that KIBH were always
active in cambial activity since they always reeeivmuch precipitation and trees were always

covered with leaves (Fig. 1.4d).
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Fig. 1.7 Relationship of cambial zone (CZ) and enlargingez@®Z) cells ofKhaya ivorensigrown in
(a) Mata Ayer Forest Reserve afim) Bukit Hari FRIM with amount of precipitation froday
2008 to Jun 2009. Number of cells was counted ftransverse sections of August 2008,
November 2008, February 2009, and May 2009. Arrgvdicate the estimated tendency of
activity in cambial zone and dashed arrows indidhie estimated tendency of activity in
enlarging zone.
1.3.5 Periodicity of cambial activity
Periodicity in cambial activity produces growth ginin the stems of perennial plants.
According to Larson (1962), ring formation in temgte trees is related to auxin gradients. In spring
the first flush of leaf is rapid and the resultimgh auxin synthesis stimulates production of aezoh
earlywood cells throughout the cambial region dfee. As the season advances terminal growth
ceases, auxin synthesis declines, and the lateiarathtion is initiated. As a rule, the period of
higher cambial activity coincides with the periofihbgher photosynthesis production (Kozlowski,
1962).
Active cambial activity in all studied species wgrdged from high and increased number of
CZ and EZ cells, and occurrence of AD, NFVE, andeEVAccording to Kozlowski (1962), diameter
growth seems to depend primarily on current phaotttsis; it is possible that higher cambial adfivit

during an active growing period results from falmeaconditions for photosynthesis associated with

limited flushing at that time. AD was consideredo® triggered by hormonal activity and supplied
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photosynthates from active leaves. Rao and Kiskb®89) reported that trees that have access to
water throughout a year would show continuous cahdtivities. The feature of NFVE and EVE
were considered to be affected by much amount a@ifable water in soil.

Less active cambium in AEMA and HOMA were considebased on low and decreased cell
numbers in CZ and EZ. In some occasion, TRCW cafoilxed in CZ and TVE in EZ. Nobuchi and
Hori (1998) reported that the thicker radial wallscells (TRCW) in cambial zone are one of the
features happened in temperate trees during dorse@sion. However, occurrence of TRCW during
the dry and leaf shedding period was considerexhasf the peculiar features of tropical trees Whic
indicate short or non dormancy in cambial actigiti€his is because the number of CZ cells did not
reach zero and radial growth continued in a sloeepa

Compared to other species, KIMA and KIBH had moeflscin EZ than in CZ. It was
considered that the fast-growiig ivorensisfocused to enlarge faster while cell division aced at
the same time. It should be subject of future mesem investigating the characteristics of cambial

activity in tropical fast-growing species.

1.3.6 Cambial response on cambial marking

Transverse section of the wound tissue inducednifg knarking was shown in Plate 1.5. The
wound tissue formed was divided into two zonesaaitfn it showed a very complicated structure. In
zone 1, the cambial initials and cells in diffefatihg zone had been directly affected by knife
marking. They had been crushed and cell wall foignain the living cells had been interrupted
during knife insertion. Therefore, cells in thisneoretained the cell wall organization at the tiofie
marking even if they were deformed. Under polaritigtt, the birefringence of ;Slayer can be
observed in the bark-side outermost cells (Plaéa)1l.Under bright light, the residue of deformed
cells was attached on the cells (Plate 1.6b). & w@nsidered that the cells pointed by arrowheads
were those initiated the, &yer formation at the time of marking.

Anatomical features of indirectly affected zoneng®) showed a region of normal xylem
tissue, radially flattened cells, and small diametessels. The callus-like cells in zone 1 were

considered to have been formed by ray parenchytigtoefill the gap formed after knife insertion.
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This layer included the residues of cambial ancrgihg zones at the time of marki The callus-
like cells were considered tworrespon to the location of enlangg zone at the time of markin

Therefore, it was referred ttieduct the feature or showed a patterrcambial zon.

‘  s——

Plate 1.5 Transverse section ézadirachta excelsahowing wound tissue with twamarked zoneZone

1: tissue directly affected bmarking. Zone 2 tissue imlirectly affected b knife marking.
Arrows in Zone 1 and Zone indicate the deduced position cdmbialcells at the time of
marking.CT: callus tissu. Arrow indicates the direction of bark side.

Plate 1.6 Transverse sections correspond to zone 1 obsendst(a) polarized microscope ar(b)
conventional microscope iA. excelsa Arrowheads indicate the deduced site of
initiation of § layer formation. Arrows indicate the direction afrk side

After marking, region with small vessels wwobserved (Plate 1.7t was considered that tl
small vessel diameter was effect of abnormal differentiati from the cambial cells,by being
affected by knife insertion. Radially flattenedIselvere also included ithose regior with small
vessels. It was considered that the radially flegtecells remained undifferentiated after marking

retained theistructural characteristicand is similar to those in tloambial zone
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The arrowhead in Plate 1.7b was a point where numbeell rows increased tangential
The increasechumber of cell rows wi considered to haveaused by the anticlinal division
cambial cells. Theine which coinects the innermost pointé anticlinal divisions was consider
theoretically to be the location cambiumat the time of knife insertion. This line coincidetth the
line connecting the locatioraf the innermost smesize vessels. Therefore, thine was adopted as
the marker of cambial zorat the time of marking. The anatomical featuresvofind tissue an

deduced cambial zone kopea odorat andKhaya ivorensisvere basically the same asA. excelsa
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Plate 1.7 Transverse sectioms A. excelsahowing indirectly affected zone, corresponding@déme 1 in
Plate 1.5.(a) Anatomical features appeared in indirect affectedezNW: normal wood
formed before markir, CC: callustike cells corresponding to enlarging zone at iheetof
marking as deduced in indirect affected z FC: radially flattened cel, SV: the layer
included with small vessels formed after mark. (b) Enlargement of dashed t in (a),
featuring inceased of cell rov (arrowhead). Arrows indicatbe direction of bark sid

Fujiwara (1992) estimated the position of camand enlargingone at the time of marki
in the directly affected zone. However, the ceflglicectly affected zone were generally crushec
knife insertion. Therefore, it was difficult ideduce the exact position cdmbiun at the time of
marking. Nobuchi et al. (1995) estimated thatcambial zone wakcated in the indirectly affecte
zone by the knife insertion.

There were some reports on the formation of traiennasin canals after cambial marking (¢
Kuroda and Shimaji 198%Fhiokura 198, Nobuchi et al. 1995). In this studhetfeature of traumatic
resin canals occurred aftknife insertior (Plate 1.8a &  They were formed longitudinally ai
tangentially. Generally, theyere formed by disintegration of axial or ray parenchyredls due to th

injury (Kuroda and Shimaji 198. Thewall of epithelial cells of traumatic resin canalas thicker
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than that of thenormal resin can. In this research, all species studfedned the traumatic res

canals after pinning injury.

side of the deduced site cambial cells (arrowheadsfa) Band of traumatic resin car
formed after knife insertior(b) Overlapping of traumatic resin canal bands caugeddrking
in different periodCT: Callus tissue. Arrow indicateke direction of bark sid

The traumatic resin canals were located toward®dhle side of the estimated linecambial
cells at the time of marking. Bome occasics, the formation of this featuoan beoverlapping (Plate
1.8b). Kuroda and Shimaji (1983) reported thatdbtimated position ccambialzone at the time of
marking was located towards the bark side of efiheells cmstituting resin canals. Shioku
(1989) also used gum/resin canals as the posificambiumduring marking. Nobuchi et al. (199
stressed that traumatic resin canals cannot beasstite marker of cambizonebecause they did not
reveal the exact position of cambium at the timenafking. In this study, therefore, traumatic re
canals were not used as ttembial marker at the time of marking sirthey were considered to be
formed by traumatic events, st as mechanical injury with knife. Appearance of tegped
traumatic resin canal alsmuses dficulties in investigating the anatomical changes along #ukat
direction from marked cambium, such as the appearahrin¢like structurelt was considered that
modification of cambial marking technique in tragicainforest trees must be prioritd to enhance

the study of wood formation.
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1.4 Summary

The application of dendrometer, cambial observatoa cambial marking coupled with
phenological observation and anatomical investgain the studied species showed potential to
investigate wood formation in tropical rainforastds in Peninsular Malaysia.

The studied species had ring-like structures, fedtby band of axial parenchyma and zone
with thick-walled fibers. The occurrence of theseatfires stimulated the interest for further
investigation of growth ring occurrence in tropicainforest trees. Some of the studied species had
seasonal growth rhythm when radial growth slowsmadwring a dry period and shedding of leaves.
This informed that radial growth in some tropicainforest trees reacted to changes in precipitation
and leaf phenology. Seasonal cambial activity wetaeified when the cell numbers in the cambial
and enlarging zones decreased, and no newly-foroneehlarged vessel elements were observed
during a dry period or that of low precipitationdashedding of leaves. Through cambial marking, it
was shown that cambium of tropical rainforest tre=ect strongly to mechanical injury (e.g. knife
marking).

Seasonal rhythm of radial growth, seasonal cambaivity and cambial response to
mechanical injury in studied species were invegdidlaHowever, further attention is required to
enhance the study of wood formation in tropicahi@iest trees:

1. Investigate the occurrence of growth rings in madividuals of selected tropical rainforest tree
species and determine their anatomical features.

2. Shorten the duration of dendrometer measurementpaedological observation to elucidate
clearer pattern of radial growth and leaf phenology

3. Substitute the anatomical observation of cambiurth wither cambial monitoring method, to
reduce the damage on tree stem and obtain morécdeliacidate clear rhythm of cambial activity
in tropical rainforest trees.

4. Minimize the wound caused by cambial marking foeqse observation of anatomical changes
during a known period.

5. Apply isotopic measurement to check the relatiotwben anatomical changes in xylem and

water availability.
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Chapter 2
Occurrence and anatomical features of growth ringén tropical rainforest trees in Peninsular

Malaysia

2.1 Introduction

There were some basic studies reporting growthsringvarious tropical species and their
potential for tropical dendrochronology (e.g., Reigal. 2005, Maingi 2006, Worbes and Fichtler
2011). Thus, investigating the characteristics mwgh rings in tropical trees and identifying the
species that have potential for dendrochronologstatlies in the tropics represent a major new
endeavor in tropical dendrochronology. Stale (19B8% proposed to identify the temperate or
subtropical species that have known dendrochrombgalue and a wide natural distribution and to
extend the survey into the tropics. However, tharithiution of these species is limited to certain
growing conditions and they are not widely foundropical rainforests.

In this chapter, the author examined growth rimgsammon tropical rainforest tree species
in Peninsular Malaysia. The author described amegoaized the anatomical features of growth ring
markers in trees from two plantations and a natiwedst. The study sites and studied species

discussed in Chapter 3, Chapter 4 and Chapter & tlversame as in this chapter.

2.2 Materials and Methods
2.2.1 Study site

The study trees were selected from two plantatzomisone natural forest (Fig. 1). Both forest
plantations are managed by the Forest Researcdiutasialaysia, and are located at Mata Ayer
Forest Reserve, Perlis (MAFR, 6°M0Q100°13E) and Bukit Hari, Forest Research Institute Makays
Selangor (BHFRIM, 3°1N, 101°38E). The climate of MAFR is classified as tropicabmsoon (A,
according to Koppen-Geiger climate classificati®gel et al. 2007) with a 2-3-month-long dry
season from December to February. The climate dffBIM is classified as tropical rainforest(A
according to Képpen-Geiger climate classification),which the monthly precipitation is usually

much greater than 100 mm. The natural forest iscarglary disturbed lowland dipterocarp forest,
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Ayer Hitam Forest Reserve, Selangor (AHFR,’'RS1101°3%). The climate of AHFR is also

classified as tropical rainforest, but with a shst period for 1-2 months in June and July.
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Fig. 2.1 Location of research sites and climate diagramefich area. Monthly precipitation (bar) and
temperature (line) are the mean from 2000 to 2@limate data for the Ayer Hitam Forest
Reserve (AHFR) was provided by Universiti Putra &fsla, and data for the Mata Ayer Forest
Reserve (MAFR) and Bukit Hari, Forest Researchitlitst Malaysia (BHFRIM) were obtained
from the Malaysian Meteorological Department.

2.2.2 Study species and methods

Table 2.1 summarizes the selection of tree speagesiell as the information regarding their
growth rings from the literature available (FRIM9B) PROSEA 1994a, b, c, Ogata et al. 2008).
Occurrence and anatomical features of growth nmgse investigated in five tree species, belonging
to three families, planted in MAFR, five tree sgs;ibelonging to four families, planted in BHFRIM,
and 26 tree species, belonging to 18 families ¢inatv naturally in AHFR. All species selected in
MAFR were planted in 2000 and trees in BHFRIM wglanted in 1998Azadirachta excels®yera
costulataandHopea odoraty 1999 Shorea roxburghjiand 2000 Peronema canescénsSelected

tree species in AHFR are common species that grgwimary and secondary forests.
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The investigation of anatomical features was cotatliaising wood cores, as destructive
methods are not permitted. Depending on the numbérsize of trees available in the study sites, up
to 20 individuals were sampled for each specieb art increment borer (diameter = 5.15 mm). Wood
cores were extracted from the north, west, east,santh sides of each tree stem at breast height at
the end of December 2011. Each core was examinedoswopically under an Olympus SZX12
stereomicroscope. Transverse sections 20-30 phickness were cut using a sliding microtome and
double-stained with safranin and fast green. Alhsverse sections were observed microscopically

under an Olympus BX50 compound microscope.

2.2.3 Description of anatomical feature of growth rings
The author classified growth rings as (A) well defi, (B) poorly defined, and (C) absent, on the

basis of microscopic observation. Following Worl{@885), the IAWA Committee (1989), and

Carlquist (2001), the author then considered thetcamical features of growth ring boundaries for

each species and classified them into one or catibmof the following five types:

1. Fiber zones (FZ): The tissue is mainly composedadd fiber, which appears as a tangentially
darker band macroscopically. Microscopically, itigone with fewer or no vessels and/or axial
parenchyma cells.

2. Radially flattened fibers (RF): The sample contaadially narrow fibers.

3. Marginal parenchyma (MP): There is a tangentiatharaged axial parenchyma band at the initial
or terminal stage of xylem formation.

4. Thick-walled fibers (TF): The cell wall changes rfrahin-walled cells at the beginning of the
growth period to thick-walled cells at the endlod growth period.

5. Variation in the vessel sizes and/or density (VSD)e vessel diameter and/or density changes
from large diameter and low density to small diaanaind high density in the xylem layer.

Some samples presented difficulties and their drawig could not be easily classified. The
difficulties encountered were categorized as:

1. Intermittent growth rings (IT): non-periodical asdoradic occurrence of growth rings.

2. Ambiguous growth rings (AR): indefinite or indisodsle ring boundary.
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3. Discontinuous growth rings (DC): discontinuous g@l@ncircumference.
4. Occurrence of resin canals and/or traumatic cafRil<C): resin canals and/or traumatic canals

were included in parenchyma band.

2.3 Results
2.3.1 Anatomical features of growth rings

Table 1 summarizes the degree of growth ring diitianess, types of growth rings, and
types of difficulties encountered in each speciedisd. Unlike FRIM (1993) and PROSEA (1994a, b,
c), the present study revealed that even thougle spacies investigated formed growth rings, these
were either weak or faint. All five types of growtings were observed and some species showed a
combination of several types.

Growth rings were well defined leronema canescefigerbenaceae, MAFR and BHFRIM),
featuring ring-porous porosity (Plate 2.1a & 2.1@)d Intsia palembanicgLeguminosae, AHFR),
featuring marginal parenchyma (Plate 2.5a & 2.5b}hese species, the rings showed essentially the
same pattern and their occurrence might be caugeehtironmental factors. Growth rings were
absent in 10 species. Poorly defined growth ringeevencountered in 17 species.

Fiber zones (FZ) were most frequently observedrawit ring boundaries in eight species.
These species wereGarcinia urophylla Pternandra echinata Syzygium polyanthum
OchanostachyamentaceaParopsia vareciformis (Plate 2.2), Aidia densiflora Diplospora
malaccensegandGonystlus confusug\ll these species grow naturally in the tropieahforest climate
of AHFR.

Growth rings featuring radially flattened fibersRRwere identified in five species, on the
basis of microscopic observation. These specieg Bgera costulatal(BHFRIM and AHFR),G.
urophylla (AHFR), Macaranga gigantae(AHFR), Litsea costalis(AHFR, Plate 2.3), andA.
densiflora(AHFR).

Like RF growth rings, those that featured thicklealfibers (TF) and clear ring boundaries

were observed microscopically. Fiber wall thicknekanged from thin-walled at the beginning of

29



one growth period to thick-walled at the end of plegiod. Tree species featuring TF as growth rings
wereG. urophylla(Plate 2.4) an&horea parvifoliaboth of which grow naturally in AHFR.

Five species showed marginal parenchyma (MP). fHaiture was distinct macroscopically,
depending on the spacing between boundaries (PRld&a). Microscopically, MP appears as
parenchyma bands associated with abrupt changeslial diameter or wall thickness of fibers (Plate
2.5hb). Tree species classified as MP wAmadirachta excels§MAFR, AHFR), I. palembanica
(AHFR), Sindora wallichii (AHFR), Timonius wallichianus(AHFR), and Gironniera nervosa
(AHFR).

Clear variation in the vessel sizes and/or den@ityD) was found only inP. canescens
(MAFR and BHFRIM), although weak VSD types includédexcelsaBHFRIM and AHFR) and
Gmelina arboreadMAFR). We classified boti\. excelseandG. arboreaas weak VSD because the
changes in vessel sizes were not as clear Bs aanescenand there were only faint differences in
vessel density. In this study, the author primaolyserved the anatomical features and did not
measure the size of vessels, but the author wdee tabdetermine the position of growth ring
boundaries as the vessel feature changed fromdegkity and small diameter to low density and
large diameter in one xylem layer (e.g., Plate.26)densifloraandG. urophyllagrowing in AHFR
showed a combination of types of fibers in theiovgth rings, andA. excelsa(AHFR) showed a

combination of growth rings between the MP and V®fpes within the xylem layer.
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Table 2.1Selection of tree species and the characteristiggowth ring in the literature and the presendgt

Characteristics of growth ring

Study site / Family / Species Present study

Literature Distinctiveness Type Difficulties
Mata Ayer Forest Reserve
Dipterocarpaceae
Hopea odorata @B Indistinct (FRIM 1993, PROSEA 1994a) C - RTC
Shorea roxburghii @ Indistinct (FRIM 1993, PROSEA 1994a) C - RTC
Meliaceae
Azadirachta excelsa ) Marked by differences in pore size, fiber walktriess, and initial parenchyma B MP IT, AR, RTC
(PROSEA 1994b)
Verbenaceae
Gmelina arborea Marked by differences in pore size and fiber waitkness (PROSEA 1994a) B VSD AR
Peronema canescens “ Marked by differences in vessel frequency and Ging-porous porosity) (PROSEA A VSD -
19944, Ogata et al. 2008)
Bukit Hari, FRIM, Selangor
Apocynaceae
Dyera costulata ®) 1. Marked by periodic layers without wood parenchy@RIM 1993) B RF AR
2. Marked by differences in fiber wall thicknesREPSEA 1994b)
Dipterocarpaceae
Hopea odorata @ Indistinct (FRIM 1993, PROSEA 1994a) C - RTC
Shorea roxburghii @ Indistinct (FRIM 1993, PROSEA 1994a) C - RTC
Meliaceae
Azadirachta excelsa ) Marked by differences in pore size, fiber walktriess, and initial parenchyma B VSD AR, RTC
(PROSEA 1994b)
Verbenaceae
Peronema canescens “® Marked by differences in vessel frequency and @ing-porous porosity) (PROSEA A VSD -
19944, Ogata et al. 2008)
Ayer Hitam Forest Reserve
Apocynaceae
Dyera costulata ®) 1. Marked by periodic layers without wood parenchy@RIM 1993) B RF AR
2. Marked by differences in fiber wall thicknesREPSEA 1994b)
Clusiaceae
Garcinia urophylla If present, marked by different regions of fewergmehyma bands (PROSEA 1994c) B FzZ, TF, RF AR
Dipterocarpaceae
Hopea odorata @ Indistinct (FRIM 1993, PROSEA 1994a) C - RTC
Shorea acuminata Indistinct (FRIM 1993, PROSEA 1994a) C - RTC
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Table 2.1(continued).

Study site / Family / Species

Characteristics of growth rings

Present study

Distinctiveness Type Difficulties
Ayer Hitam Forest Reserve
Dipterocarpaceae
Shorea parvifolia Indistinct (FRIM 1993, PROSEA 1994a) TF AR, RTC
Euphorbiaceae
Macaranga gigantea Indistinct (PROSEA 1994c) RF AR
Lauraceae
Litsea costalis 1.Concentric markings produced by terminal bands@vdyparenchyma (FRIM 1993) RF IT
2. Differences in fiber wall thickness and radibef diameter (PROSEA 1994b)
Leguminosae
Intsia palembanica 1.Produced by terminal layers of wood parenchyma [ R993) MP -
2. Marked by marginal parenchyma bands and/orréiffees in vessel frequency
(PROSEA 1994a)
Sindora wallichii 1. Produced by terminal layers of wood parenchyRiiN 1993) MP IT, RTC
2. Marked by terminal layers of wood parenchyma@SEA 1994a)
Melastomataceae
Pternandra echinata Indistinct (PROSEA 1994c) Fz AR
Meliaceae
Aglaia oligophylla Indistinct (PROSEA 1994b) - -
Azadirachta excelsa ) Marked by differences in pore size, fiber walktriess, and initial parenchyma VSD, MP AR, DC, RTC
(PROSEA 1994b)
Moraceae
Artocarpus scortechinii 1.Indistinct (FRIM 1993) - -
2. Usually indistinct, but when present generalbrked by long wings of parenchyma
and smaller pores (PROSEA 1994b)
Streblus elongatus Indistinct, occasionally visible, indicated by darlkcolored bands with relatively few - -
vessels and parenchyma (PROSEA 1994c)
Myrtaceae
Syzygium polyanthum Indistinct or inconspicuous, but occasionally camide with 3-5 mm-thick bands with Fz AR
few or no vessels (PROSEA 1994b)
Olacaceae
Ochanostachyamentacea Indistinct (PROSEA 1994b) Fz AR
Passifloraceae
Paropsia vareciformis No literature Fz AR
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Table 2.1(continued).

Characteristics of growth rings

Study site / Family / Species Present study

Literature Distinctiveness Type Difficulties

Ayer Hitam Forest Reserve
Rhizophoraceae
Gynotroches axillaris Indistinct (PROSEA 1994c) C - -
Pellacalyx axillaris Indistinct (PROSEA 1994c) C - -
Rubiaceae
Aidia densiflora No literature B RF, FZ IT, AR
Diplospora malaccense No literature B Fz IT, AR
Timonius wallichianus Sometimes visible, indicated by layers of margpeienchyma (PROSEA 1994c) B MP IT, AR, DC
Sapindaceae
Pometia pinnata 1.Vague concentric marking produced by terminal layefrwood parenchyma may be C - -

visible on end surface (FRIM 1993)

2. Marked by concentric bands of marginal parench{AROSEA 1994a)
Sapotaceae
Palaquium maingayi 1.Generally absent but occasionally concentric lagédense fibers may occur that C - -

simulate growth rings (FRIM 1993)

2. Indistinct, if present, marked by differencesjracing on tangential parenchyma

bands and/or in fiber wall thickness on either siflthe ring boundary (PROSEA 1994a)
Thymelaeaceae

Gonystlus confusus Indistinct (FRIM 1993, PROSEA 1994a) B Fz AR
Ulmaceae
Gironniera nervosa Indicated by banded parenchyma (PROSEA 1994c) B MP IT, DC

Wto ™ Same tree species and growth ring information basetie literature.

Distinctiveness (A) Well defined,(B) Poorly defined (with difficulties)C) Absent.

Type: (FZ) Fiber zones(RF) Radially flattened fibergMP) Marginal parenchymdTF) Thick-walled fibers(VSD) Variations in vessel size and/or density.
Difficulties: (IT) Intermittent growth ring(AR) Ambiguous growth ring(DC) Discontinuous growth ringRTC) Occurrence of resin and/or traumatic canal in
parenchyma band.
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Plate 2.1 Transverse sections of ring-pord@sronema canescer(®) Sample collected from Mata Ayer
Forest Reservglb) Sample collected from Bukit Hari, Forest Resedrddtitute Malaysia.
Arrows indicate the direction of the bark side.

zone.(a) Arrowheads indicate darker and clear ground tisgugrowth rings.(b) Arrowheads
indicate fiber zones with few or no axial parenchyand/or vessels. Arrows indicate the
direction of the bark side.

g ' 4 A v ¢

Plate 2.3 Transverse sections dfitsea costalisshowing growth ring boundary marked by radially
flattened fibers(a) Arrowheads indicate darker ground tissue of gromivths.(b) Arrowheads
indicate the changes in radial diameter of fibemnf larger diameter in the beginning of
growth to smaller diameter at the end of the groritl. Inset image shows the enlargement

(from dashed circle) of the radially flattened fibéarrowhead). Arrows indicate the direction
of the bark side.
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Plate 2.4 Transverse sections Gfarcinia urophyllashowing a growth ring boundary marked by thick-
walled fibers. (&) No clear darker ground tissue was observed mampasaly. (b)
Arrowheads indicate the differences in fiber walickness of the growth ring. Inset image
shows the enlargement (from dashed box) of thickeddfibers (TF). Arrows indicate the
direction of the bark side.

Plate 2.5 Transverse sections dhtsia palembanicashowing a growth ring boundary marked by
marginal parenchymda) Arrowheads indicate the band of axial parenchympArrowhead
indicates the marginal parenchyma band associattdd the abrupt changes in fiber wall
thickness and radial sizes. Inset image shows tiergement (from dashed box) of axial
parenchyma cells (AP) associated with abrupt chaimgéiber wall thickness and radial sizes
(F). Arrows indicate the direction of the bark side

Y \ \ £ Y
HVD LVD HVD LVD

Plate 2.6 Transverse section éfzadirachta excelsahowing a growth ring boundary marked by weak
changes in vessel diameter from large to small eiam(arrowheads) and vessel density from
high (HVD) to low (LVD) density. Arrow indicates ¢hdirection of the bark side.
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2.3.2 lrregularities in growth rings

Table 1 includes 17 species that showed poorlynddfigrowth rings. IT was occasionally
found in the xylem layer and was distinguished rhotpgically from normal growth boundaries by
its sporadic character or circuit of non-unifornogth zones (e.g., Plate 2.7a, 2.7b & 2.7c). AR
included growth rings that were indefinite, macayscally as well as microscopically (e.d.
costulata Plate 2.8a & 2.8b). In the DC type, ring bounésuare discontinuous at one or more points
along the circumference. This feature was well plese macroscopically (e.g., Plate 2.9). Another
irregularity encountered was RTC in the parenchyraad. Minute observation revealed that there
were differences between resin and traumatic camitlts respect to the thickness of epithelial cell
walls and the number of axial parenchyma cellsosumding these canals (e.g., Plate. 2.10b and 2.10d)
Traumatic canals had thicker epithelial cell wallsd were surrounded by more axial parenchyma
cells than the resin canals.

A total of seven species showed IT irregularitiesr species belonging to the MP group (
excelsan MAFR, S. wallichii T. wallichianus andG. nervosy two belonging to the FZ group\(
densifloraandD. malaccensg and one belonging to the RF growp ¢ostalig. In this study, the AR
irregularity type was the main problem in judgimg tgrowth ring boundary and was observed in 14
species. The majority of those species belongelled-Z and RF groups; some also belonged to the
VSD group A. excelsan MAFR andG. arbored. Most of the tree species with growth rings ia th
MP group showed DC irregularitieé.(excelsan AHFR, T. wallichianus andG. nervosa In this
study, all the species belonging to Dipterocarpadeamed concentric bands of resin canals (e.g.,
Plate. 2.10a and 2.10b), aAdexcelsandS. wallichiiformed concentric bands with traumatic canals

(e.g., Plate. 2.10c and 2.10d).
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Plate 2.7

Plate 2.8

O . I
Transverse sections showing intermittent occuaenf growth ring boundaries in the xylem
layer of Azadirachta excels@a and b) and.itsea costalis(c). (a) Arrowheads indicate the
intermittent occurrence of axial parenchyma baids Arrowheads indicate the intermittent
occurrence of marginal parenchyma in the xylemrlayeset image 1 shows the enlargement
(from dashed box 1) of axial parenchyma cells (At)associated with abrupt changes in fiber
(F) wall thickness and radial diameter. Inset imagdows the enlargement (from dashed box
2) of axial parenchyma cells (AP) associated whiupt changes in fibers from thin-walled
(TnF) to thick-walled (TkF) fibers. Marginal pardryena from dashed box 2 may be used as a
growth ring boundary(c) Arrowheads indicate the intermittent occurrenceadially flattened
fibers in the xylem layer. The exact growth ringubdary is still unknown and the tree may
have formed many growth rings in a single yearois indicate the direction of the bark side.

clear darker ground tissue can be observed magusdly. (b) Thin arrows indicate radially
flattened fibers. Inset image shows the enlarger{fenin dashed box) of radially flattened
fibers (arrowheads) in the region of the ambigugnmsvth ring. Arrows indicate the direction
of the bark side.
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Plate 2.9 Transverse section cGironniera nefvdsashowing discontinuous growth ring bounda
(circles). The parenchyma bands are either disconnected app#sr on the circuit. Arro

indicates the direction of the bark s

Ql | 8800127297

Plate 2.10 Transverse sections showing resin and traumaticalgain a parenchyma banca)
Photomacrograph oiHopea odorata Arrowhead indicates the parenchyma bai(b)
Photomicrograph ofi. odorate. Arrowheads indicate the concentric band of resimal. Inse
image shows an enlargement (from dashed box) @si rcanal (RC) surrounded by i-
walled epithelial cells (EC) and a few axial pafgeyroa cells (AP)(c) Photomacrograph of
Sindora wallichii Arrowheads indicate a series of parenchyma b¢(d) Photomicrograph of
S. wallichii Arrowheads indicate a concentric band of trautnedinals. Inset image show
enlargement (from dashed box) of a traumresin canal (TR) surrounded by thi-walled
epithelial cells (EC) and massive axial parenchgeis (AP). Arrows indicate the direction
the bark side.
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2.4 Discussion
2.4.1 Occurrence of growth rings in tropical rainforeseés

The entire tree species studied had diffuse-ponpo®sity, except for ring-porou®.
canescensMost classifications of growth rings of temperasrdwood species in the literature are
based on porosity, but it was not possible to juth@egrowth rings in most tropical rainforest trees
Even though most tropical rainforest trees do woinfgrowth rings, mostly because there is less
seasonality in tropical climates, this researclv@sahat some of them do form growth rings, and tha
they are characterized by the anatomical featuréZ oRF, TF, MP, and variation in VSD.

Changes of fibers in the xylem were the most comfeature to be characterized as a growth
ring boundary in this study. In a zone in which Ymdumetric percentage of fibers is high, xylem is
considered to function more in mechanical suppoantin water transportation and/or storage of
carbohydrates. In species with the FZ type of gnowitg boundary, the absence of vessels and/or
axial parenchyma in the growth ring boundary wagi@ks. In the tropical rainforest climate, where
precipitation and temperature are high throughbet year, we may assume that trees, in general,
grow continuously and tree physiological activitiesntinue to function. The author consider the
appearance of fewer or no axial parenchyma celt \@ssels in a xylem is attributable to the
conditions under few carbohydrates to be storedi@sslsoil water to be taken up during the time of
their formation. Unexpected short drought may be afsuch conditions.

Several species showed the growth ring boundamystyd RF and TF. Faint dark tangential
bands were observed macroscopically in some o$pleies. Using a microscope, the changes in the
radial size of fibers and the thickness of therfiball close to the growth ring boundary was obsdrv

The formation of RF and TF may be explained throtigh lens of tree phenology. After
observing darker rings on a disk of young para eulfdevea brasiliensjsgrown in Malaysia, Ogata
et al. (2001) found that the variation of fiberloghll thickness and radial diameter of fibers e t
darker rings were formed during the leafless perdadil et al. (1998) reported that such features a
formed by the “wintering effect” during annual didition at the beginning of each year. Ogata et al.
(2001) suggested that the RF and TF are formekedirhe of defoliation rather than during the final

phase of shoot elongation. It is important to inigede the disappearance of axial parenchyma and/or
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vessels in the fiber zone and the changes of fidial size and cell wall thickness in order totdret
understand this group of growth ring boundaries.

There were five species with MP as the growth fogindary. This feature was easy to
observe macroscopically but still must be confirnmeidroscopically to avoid being confused with
parenchyma bands, following the IAWA Committee (@P8The IAWA Committee (1989)
recommended using the marginal parenchyma bandsvamén they were associated with abrupt
changes in fiber wall thickness and/or radial seegrowth rings. MP appears to function primarily
to store starch. Dunisch and Puls (2003) obsemveddliaceae species that starch is predominantly
stored in axial parenchyma and that soluble cartb@itgs are mobilized at the beginning of the
growing period, to support the formation of newviesand secondary xylem before the new foliage
produces carbohydrates through photosynthesis.aCygatl. (2001) reported that banded parenchyma
in matureH. brasiliensisgrown in Malaysia are formed during the leaflessiqul. In summary, the
formation of MP could be best explained as statcnage for flushes of growth. In this study,
therefore, the author considers MP to indicatesthet of new growth, associated with an increase in
fiber wall thickness and/or the decrease in filztial diameter. Fiber changes indicate the end of
current growth in trees.

The author found clear VSD iR. canescen§MAFR and BHFRIM) and weak VSD iA.
excelsaBHFRIM and AHFR) ands. arborea(MAFR). The variation of vessel size and/or denist
most likely caused by changes in water availabtlityrees (e.g., Baas 1976, Baas et al. 1983, Alves
and Angyalossy-Alfonsi 2000, Ohashi et al. 200%a€hi et al. (2013) reported that vessel features
varied independent of water availability in all sjgs studied grown in rainforest climate and most
species grown in savanna and monsoon climate. Okash. (2013) also stressed that even water
availability influences variation in vessels fonsmtrees in the tropics, it is also depend on pleeiss
characteristics such as vessel porosity, leaf dbgpand drought adaptations, and internal factors
such as phytohormones. However, the actual faetoesing variation in vessel size and/or density in
tropical trees are still in dispute.

Through microscopic observation of wood sectionsl amformation from the technical

officers belonging to MAFR on general phenologicbservation of tree species and site conditions,

40



the author consider that VSD kh canescenandG. arboreagrown in MAFR were influenced by the
genetic factor controlling vessel porosity, phennaef leaf shedding and adaptation to 3 to 4
month’s drought. VSD oP. canescensn BHFRIM was mostly considered to be influencedtie
genetic factor since the site was along a river @ngys humidA. excelsagrown in BHFRIM and
AHFR were considered to be influenced by the gerfattor controlling semi-ring porous feature and
short term leaf shedding. Future investigation actdrs causing vessel changes in tropical rainfores

trees should be conducted to deepen our undersgandi

2.4.2 Intra-specific variation in growth ring charactetiss

The growth ring characteristics of several sperigwesent study differ from those reported
in the literature (FRIM 1993, PROSEA 1994a, b, Edr example, FRIM (1993) describdal
costulataas being marked by periodic layers without axalemchyma, whereas PROSEA (1994b)
described. costulataas being marked by differences of fiber wall timegs. In this study, the author
observed changes in fiber radial sizes as growth lsoundaries ilD. costulatagrowing in BHFRIM
and AHFR, and these samples were categorized as RF.

The author present the following reasons for thfedinces: (1) most of the findings in the
literature were intended for timber use, and saite descriptions of each species were unnecessary
(2) the trees examined were grown under differdimatic conditions, and (3) the small number of
sample replicates failed to cover the anatomicahtians. Information provided by FRIM (1993), for
instance, was used mostly for wood identificatidihey grouped different genera from the same
family together in a single commercial timber grotiperefore, the information about growth rings in
a particular trade group might actually refer ty ah several genera within the group. Information
provided by PROSEA (19944, b, ¢) mostly covereditbe species grown in southeast Asia, and thus
the growth ring information from this source miglaime from trees grown in a tropical seasonal area.

Different climatic and site conditions also causéterent growth boundaries to develop in a
single speciesA. excelsgyrowing in MAFR had MP as the growth ring boundaygexcelsagrowing
in BHFRIM showed weak VSD, amil excelsagrowing in AHFR had a combination of MP and weak

VSD. A. excelsdan MAFR was growing in a tropical monsoon climated sheds leaves over a 2—3-
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month dry period, resulting in the formation of M8 its growth ring boundanA. excelsain
BHFRIM grows on a hill plot. Water availability dag some low precipitation periods was distorted,
perhaps triggering weak VSD in growth rings. In AR{RheA. excelsaree was growing in an open
field. AHFR experienced at least 2 months of lowggpitation, during which the tree continuously
sheds leaves. Nobuchi et al. (1995) observed bahdarenchyma with small-diameter vessels as a
growth ring inH. odoratain Thailand, and found that the growth rings wienened in the dry season.

In present studyl. odoratagrown in all study sites did not display distigebwth rings. Thus, the
author suggests that the species reacts to envenaamstressors, producing different growth ring

boundaries.

2.4.3 lIrregularities in poorly defined growth rings

In this study, irregularities were classified as AR, DC, or RTC. The most common
problems in dendrochronological studies in tempgegaid tropical seasonal areas are false rings and
wedging rings (e.g., Worbes 1985, 2002, Bhattacgtzamt al. 1992, Brienen and Zuidema 2006,
Rozendaal and Zuidema 2011, Worbes and Fichtlerl)20These features, also known as
discontinuous, partial, or incomplete rings, wdessified as DC in this study.

The irregularities IT, AR, and DC may be attributedunusual cambial activity at certain
positions of the stem. The explanation for wedgings given by Schweingruber (1988) and Worbes
and Fichtler (2011) is that they develop when a tkanges its direction of growth relative to the
light source due to competition with surroundinges. This direction change probably leads to
differences in the local supply of carbohydratester, mineral elements, and phytohormones
(Diunisch et al. 1999). Other explanations for wadgrings are unusual climatic extremes or
traumatic events. In the case of IT in species timte MP as their growth rings, the author
differentiated the actual growth ring boundariesrfrthe other parenchyma bands by strictly using the
MP associated with abrupt changes in fiber waltkhess and/or radial size as the growth ring
boundaries, following the IAWA Committee (1989).

The author identified RTC in parenchyma bands @ones species. Macroscopic observation

alone suggested that the growth ring would be fedtbby MP. Minute microscopic observation
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revealed that in some cases, these tree spectepralduced parenchyma bands associated with resin
canals and/or traumatic canals. Even though thasals became one of the main features that
assisted in wood identification, their occurrence donsidered to be contingent. The author
recommends avoiding the use of concentric parenahlgands with resin canals and/or traumatic
canals as growth ring boundaries; as such canalstimulated by traumatic events, such as physical

or mechanical injuries.

2.5 Summary

This study confirmed that some tropical rainforétgte species do form growth rings.
Anatomical features that were considered as grawi) boundaries were fiber zones, radially
flattened fibers, thick-walled fibers, marginal @achyma, and variation in vessel size and/or densit
Peronema canesceshowed well-defined growth rings, featuring ringrqus porosity characteristics.
Intsia palembanicalso showed well-defined growth rings, featuringrginal parenchyma. A total of
17 species showed indefinable growth rings whenesamegularities were included, such as
intermittent growth rings, ambiguous growth ringlscontinuous growth rings, and resin and/or
traumatic canals in the parenchyma band. Growtisrimere absent from nine of the studied species.
These results confirmed the importance of selectipgcies that produce well-defined growth ring

boundaries in tropical dendrochronology.
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Chapter 3
Application of cambial marking with electrical stimulus and stable carbon isotope analysis to

tropical rainforest trees

3.1 Introduction

Investigating the occurrence of growth rings by tamacal approach becomes a useful
method when they are visible. There were studigsctiag periodicity of wood formation in ringless
species by isotopic analysis (e.g. Poussart 20814, Verheyden et al. 2004, Ohashi et al. 2009).
However, all those studies were conducted in talgeasonal forest.

Anatomically, to ensure the study of wood formatiera known period by cambial marking,
it is important to 1) minimize the wound responsel &) deduce the exact position of marked
cambium. Based on past research, the author coedide apply cambial marking with electrical
stimulus introduced by Imagawa and Ishida (1981r&sent study. Succeeded marked cambia were
then used as for isotopic analysis.

Imagawa and Ishida (1981) studied the influenceedl@ftrical stimulation on xylem cells. In
their first trial, they applied electric currentsAbies sachalinensiSThe electric sources were direct
current (DC) from dry batteries (1.5, 67.5, 135d &@87.5V) and direct current rectified from
alternating current (AC-DC) using rectifiers (12\As for electrodes, they used setting pins or
sewing needles and spaced them vertically from ltamh0 cm apart and immediately pulled out.
They applied the electrical stimulation only onoe éach electrodes, from 5 seconds up to 2 hours.
They concluded that the stimulation with DC 135V $oseconds did inscribe the xylem, featured by
radially crushed tracheids. Imagawa and Ishida 3L %pplied the electrical stimulation to broad-
leaved treesAlnus japonicaand Cinnamomum camphorgrown in subtropic region. They applied
DC 154V for 5 seconds on 5 cm apart of dressmakes @lectrodes only once, and immediately
removed the electrodes. They concluded that ambagnfluenced cells, the tangential series of
crushed cells seem to be most suitable mark reprasethe position of enlarging cells at the tirhe o

marking. Note that, the crushed cells were notcdmbial cells but enlarging cells which did not
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complete the formation of secondary wall. Thereftine author considers that similar feature can be
observed in tropical rainforest trees.

The use of stable carbon isotopes in plant matirigéneral, and tree rings in particular, has
become wide spread when a good model became deajmbdicting environmental effects on
isotopic ratios §*C) (Farquhar et al. 1982, 1989). Discriminationiaga°C during photosynthetic
carbon dioxide (Cg assimilation in @ plants decreases with decreasing ratio of intiedeel to
atmospheric C@concentration ({IC;). This denotes increasing stomatal limitation bbjesynthesis
caused by either a decrease in stomatal conducfgscand/or an increase in photosynthetic rate (A)
The resulting increased intrinsic water use efficie (A/gs) is thus associated with isotopically
enriched plant carbon (increaseif®C). Drought typically increases stomatal limitaticof
photosynthesis, whereas shading reduces it, trasish corresponding excursionsi'C (Francey
and Farquhar 1982).

Studies of stable carbon isotope composition ie tiegs are growing in order to infer
environmental conditions and tree physiologicapoeses (McCarroll and Loader 2004). However,
the absence of visible growth rings in most tropitaes so far excluded the application of this
method in the tropics. Some reports show that drdwatundaries can indeed be formed in the wood
of tropical trees when a dormancy period is indubgda dry season (Worbes 2002). Deciduous
species grown in seasonal climate are most likefpim distinct rings, but evergreens may alsoao s
(Brienen and Zuidema 2005). Environmental stresgher than drought have also been shown to
induce an annual pattern in wood structure, sudtoaging and seasonally high salinity (Schongart
et al. 2002, Verheyden et al. 2004a). The idemtiiicn of distinct rings in deciduous trees have
furthermore opened the possibility to use stabbéojges for deriving past environmental responses
(e.g. Poussart et al. 2004, Verheyden et al. 208#iz et al. 2005, Brienen et al. 2011). However,
most of evergreen tropical trees that grown inhbeid tropics do not form distinct growth rings
(Jacoby 1989). This is a serious shortcoming sinpeecludes a dendrochronological approach and
the use of stable isotopes for retrospectively yarirad) the effect of environmental factors on tree

growth.
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In this chapter, the author discusses the effantise of cambial marking with electrical
stimulation, combined with isotopic analyses irest#d tropical rainforest trees grown under trdpica

monsoon and rainforest climates.

3.2 Materials and Methods
3.2.1 Research sites and samples

Research sites and sample species are the sathesasin Chapter 2, five tree species,
belonging to three families, planted in tropicalmeoon Mata Ayer Forest Reserve (MAFR), five tree
species, belonging to four families, planted irpical rainforest Bukit Hari FRIM (BHFRIM), and 26
tree species, belonging to 18 families that growunadly in tropical rainforest Ayer Hitam Forest

Reserve (AHFR).

3.2.2 Cambial marking with electrical stimulation

Electrical stimulation was applied in selectecetstems using a portable device, namely
Direct Current High Voltage Pulse Generator (DCHBEHG (Hokusetsu Systems, Sakai, Japan)
used 4AA batteries as the power source. Sourcagmitan be boosted through a DC-DC circuit to
higher voltages, namely 300, 400 and 500V, andteshoonducting time which is 0.5 second.

At breast height of the stems, two electrodes weserted through the outer and inner bark
into the mature xylem in a vertical orientation dixeéd. Three set of electrodes inserted were gpace
5 cm longitudinally and 10 cm tangentially apars. the electrodes, stainless-steel nails (0.12 mm in
diameter, 1.51 cm in length) were used. Electrétimhulation consisting of 300, 400 and 500V were
applied on three different set of fixed electrodes.

Marking of cambium with DCHG was applied two tinssthe same electrodes, in July 2011
and December 2011. In this chapter, December’s in@rivere examined to discuss the trees’
response to high DC pulse. The exact dates of mankere, December 12, 2011 in two individuals
of all species in MAFR, December 27, 2011 in ordiviidual of all species in AHFR, and December
28, 2011 in two individuals of all species in BHMRIONly one tree was sampled for each species for

microscopy.
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All wood samples contained December’'s marking werected seven months later. Since
mass-destructive sampling (i.e. felling of treeg}swot allowed, wood blocks of 5 cm thick, 7 cm
wide and 3 cm depth were collected using handsalchisel. The exact dates of sampling were on
July 4-9, 2012 for those in AHFR (radial growth 803194 days), July 9, 2012 for trees in BHFRIM
(radial growth = 193 days), and July 11, 2012 froees in MAFR (radial growth = 199 days).
Sampled wood blocks were directly fixed in 3% glatdehyde. As for light microscopy, transverse
and radial sections of 20-30 pum in thickness weteusing a sliding microtome and double-stained
with safranin and fast green. All sections wereeobsd under an Olympus BX50 compound
microscope.

In this chapter, the author discussed mainly on ifiifdenced anatomical features and
species-voltage suitability and evaluated the &ffecess of electrical stimulation as a tool for

investigating wood formation in tropical rainforéises.

3.2.3 Carbon isotope measurement

Species for preliminary carbon isotope measurememé selected based on the degree of
growth ring distinctiveness, as mentioned in Chaptén MAFR, Peronema canescelisell-defined
growth ring, PCMABS8), Azadirachta excelsgpoorly-defined growth ring, AEMAS5) andHopea
odorata (growth ring absent, HOMA3) were selected. In BHWR following the order of
distinctiveness, same species were selected (PCBRHBH8 and HOBH10). Meanwhile in AHFR,
Litsea costaligpoorly-defined growth ring, LCAH1A. excels§AEAH2) andH. odorata(HOAH1)
were selected.

A radial strip of 5 mm wide, 5 mm thick and 20 nlong were cut from December’s marked
blocks. Tangential sections of 0.1 mm in thicknesse cut out from the strips with a sliding
microtome. Depend on species, tangential sectiare wut from cambium until marked position, at
least 140 sections per species.

Holocellulose was prepared from wood sections Hey Yayme-Wise method (Green 1963)
with some modifications as reported by Leavitt &ahzer (1993). The extraction process removed

the glutaraldehyde and made the sample homogehtmiscellulose of 1-2 mg were obtained from
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each sample sections, which was sufficient for @arisotope measurement. In a series of sections
prepared from each tree, only samples with odd musNyere measured to reduce time and effort.
Carbon isotope composition of holocellulose (cand) was measured with an isotope ratio
mass spectrometer (Finnigan Delta S) connected &leamental analyzer (NA2500) via an interface
(Conflo 1I). As for reference materials, DL-Alanitf&Cypps = —25.36%0), L-Alanine {*Cypps = —
19.04%0), Glycine §Cypps = —34.92%0), and L-LeucineCypps = —29.06%0) were used. Results
were expressed using the conventiaghabtation relative to the VPDB (Vienna Pee Dee inelige),
which is an internationally accepted reference nwterhe overall analytical uncertainty estimated

by repeated analyses (10 replicates) of the DL-ARwas within £0.1%. (SD).

3.3 Results
3.3.1 Effect of cambial marking with electrical stimutati

It was considered that cambium in all studied E3ewere active at the time of marking. By
the application of electrical stimulation, somelwé cells were influenced depending on the degiree o
electrical stimulus. Table 3.1 summarizes the iligjtof tangential series of influenced cells ayge
of influenced cells based on degree of electritalldus

Depending on degree of electrical stimulus, eadtisp studied showed different response.
With regards to marking or making inscription orexy, the crushed cells (CC) are most noticeable
among the influenced cells (e.g. Plate 3.1b—d). @mivo cells at almost the same position in each
radial file of cells were radially collapsed, satlhe crushed cells were almost arranged in tdiaen
series, thus represented a line macroscopicallgebadence of the degree of electrical stimulatibe, t
visibility of tangential line was different amongexies studied (Table 3.1). Since they were nearly
completely crushed, some of their lumina could b®tfound microscopically (e.g. Plate 3.1a & b).
Tangential series of crushed cells were remarkattée inscribed by 500V (e.g. Plate 3.1d), almost i
all studied species. The walls of crushed fiberd/@maxial parenchyma cells were considerably thin

and not fully lignified based on staining resultishwsafranin and fast green.

48



Table 3.1Visibility of tangential series and influencedlsehscribed by electrical stimulation.

Degree of electrical stimulus Suggested
300V 400V 500V voltage for
Study Site / Family / Species Visibility of Visibility of Visibility of precise
tangential Influenced cells  tangential Influenced cells tangential Influenced cells anatomical
series series series observation
Mata Ayer Forest Reserve
Dipterocarpaceae
Hopea odorata C RTC B CC, ER, CV,RTC A CC,CD, ER, CV,RTC 400V
Shorea roxburghii *Error - *Error - *Error - *Error
Meliaceae
Azadirachta excelsa C CC,CD B CC,CD, ER, CV A CC,CD, ER, CV 500V
Verbenaceae
Gmelina arborea C CcC B CC,CD, ER, CV A CC,CD, ER,ER 400V
Peronema canescens C - C CC, CD, ER B CC,CD, ER, CV 500V
Bukit Hari FRIM
Apocynaceae
Dyera costulata B CC,ER B CC,ER, CV A CC,ER, CV 300V
Dipterocarpaceae
Hopea odorata B CC, CD, RTC A CC,CD, ER, CV, RTC A CC, CD, ERYRTC 400V
Shorea roxburghii *Error - *Error - *Error - *Error
Meliaceae
Azadirachta excelsa C CC, CD B CC,CD, CV, ER A CC,CD, CV, ER 500V
Verbenaceae
Peronema canescens C - C CC, CD, ER B CC, CD, CV, ER 500V
Ayer Hitam Forest Reserve
Apocynaceae
Dyera costulata B CC,ER B CC, ER A CC,CD, ER, CV 400V
Clusiaceae
Garcinia urophylla C CcC B CC,ER B CC,CD, ER, CV 500V
Dipterocarpaceae
Hopea odorata B CC, CD, ER, RTC A CC, CD, ER, RTC A CC, CD, ER/,RTC 400V
Shorea acuminata *Error - *Error - *Error - *Error
Shorea parvifolia B CC, CD, ER, RTC A CC, CD, ER, CV, RTC A CC,CIRECV, RTC 400V
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Table 3.1 (continued)

Degree of electrical stimulus Suggested
300V 400V 500V voltage for
Study Site / Family / Species Visibility of Visibility of Visibility of precise
tangential Influenced cells  tangential Influenced cells tangential Influenced cells anatomical
series series series observation
Ayer Hitam Forest Reserve
Euphorbiaceae
Macaranga gigantea B CC,ER B CC,ER, CV A CC,CD, ER, CV 400V
Lauraceae
Litsea costalis B CC,ER A CC, CD, ER, CV A CC, CD, ER, CV 300V
Leguminosae
Intsia palembanica *Error - *Error - *Error - *Error
Sindora wallichii B CC,CD,ER A CC,CD,ER, TC A CC,CD, ER, CV,RTC 300V
Melastomataceae
Pternandra echinata C - B CC,ER B CC, ER, CV 400V
Meliaceae
Aglaia oligophylla *Error - *Error - *Error - *Error
Azadirachta excelsa C CC,ER B CC, CD, ER A CC, CD, ER, CV 500V
Moraceae
Artocarpus scortechinii B CcC B CC,CD, ER A CC,CD, ER, CV 400V
Streblus elongatus C - B CC,CD, ER A CC,CD, ER, CV 400V
Myrtaceae
Syzygium polyanthum C - B CC,ER A CC,ER, CV 500V
Olacaceae
Ochanostachyamentacea C CcC B CC,CD, ER A CC,CD, ER, CV 400V
Passifloraceae
Paropsia vareciformis C - C CC,ER B CC,CD, ER 500V
Rhizophoraceae
Gynotroches axillaris C CC,ER C CC,CD, ER A CC,CD, ER 400V
Pellacalyx axillaris C CC,ER C CC, CD, ER B CC, CD, ER 400V
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Table 3.1 (continued)

Degree of electrical stimulus

300V 400V 500V Suggested
— voltage for
Study Site / Family / Species V|5|b;||ty Visibility of Visibility of precise
tangoential Influenced cells  tangential Influenced cells tangential Influenced cells anatomi(_:al
. series series observation
series
Ayer Hitam Forest Reserve
Rubiaceae
Aidia densiflora C - C CcC B CC,CD, ER 500V
Diplospora malaccense C - B CC,ER B CC,CD, ER 500V
Timonius wallichianus B CC,ER B CC,CD, ER A CC,CD, ER 400V
Sapindaceae
Pometia pinnata *Error - *Error - *Error - *Error
Sapotaceae
Palaguium maingayi C - B CC, CD, ER A CC, CD, ER, CV 400V
Thymelaeaceae
Gonystlus confusus C CcC C CC,ER A CC,ER, CV 500V
Ulmaceae
Gironniera nervosa C - B CC,ER A CC, CD, ER, CV 400V

*Error caused by the limitation of nail length astlength to penetrate through thick and hard Hakctrical stimulus unable to inscribed the camhbiadl enlarging

zone cells at the time of marking.

Visibility of tangential series: (A) Visible/strong,(B) Slightly visible/moderatgC) Not visible/weak.
Influenced cells: (CC)Crushed cell§(CD) Cell deposits(ER) Extended ray parenchym®&V) Crushed vessel eleme(lRTC) Occurrence of traumatic resin canal.

51



Plate 3.1 Transverse sections Afadirachta excel: show the different visibility of tangential line mked
by electrical stimulus(a) Normal xylem.(b) Xylem marked with 300V(c) Xylem marked with

400V. (d) Xylem marked with 500V. Arrowheads indicate thegtamtial line made up k
crushed cells. CV: crushed vessel element. ArrodiEate the direction of the bark si
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Although most of the CC seemed to be fibers andkial parenchyma cells judging from
their features, a few of them were cells which wagstined to become vessels (CV in Plate 3.1d and
3.2b). They were partially crushed radially. In mos& studied species, most of CV can be found in
500V-marked and few of them in 400V-marked samplé®w wall of CV was relatively thick and
partially lignified based on staining results.

On the bark side of the crushed cells, two or tluaés which were abnormal in shape and
arrangement were found (e.g. Plate 3.1c & d). Baserhdial section, most of them were strand-like
(e.g. Plate 3.3a—b). Although it was not clear wihaty were differentiated from or to what they
would eventually matured, they seem to be parenaHika cells. Almost normal shaped cells were
relocated at the bark side of abnormal cells. khsegions, thin walled vessels were not found, but
sizes changed from smaller to larger.

On the pith side of the crushed cells, thin walketls were grouped in a tangential band.
Most of these cells were considered to be fibersceStheir walls were relatively well stained with
fast green, however, it was considered that theynat fully lignified. In species with thick walled
fibers, such aslopea odorataShorea roxburghiandGarcinia urophylla the CC was considered to
be the axial parenchyma cells because most ohtble fibers close to CC retained thickness. In some
occasions, abnormal shape of thick fibers in thgsecies can only be observed in 500V-marked
samples. Some of the thin walled cells showed & deposits (CD) in their lumina. It was
considered that such feature represent the resafube protoplasm.

Rays were also profoundly affected by all degrefeslectrical stimulation. Most of the ray
parenchyma cells at the position adjacent to thav@éfe considerably expanded tangentially (e.g. ER
in Plate 3.2a—c). It was considered that new ragmdnyma cells were added tangentially. CD was
included in ray and axial parenchyma cells (e.gtéPB.2b &c, Plate 3.3a). It was considered that
those CD were not always produced after the agjlitaf electrical stimulation, because it can also
be observed in some of parenchyma cells at theslthbefore marking (e.g. Plate 3.4).

Species belonging to Dipterocarpaceae @imdlora wallichiiproduced resin and/or traumatic
canals (TRC) after the application of electricainsius (e.g. Plate 3.4). The cause of formation was

unknown, either naturally formed or physiologicalgsponded to electrode installation or physically
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stimulated by DC pulse. The author considered THR€C were most probably formed later as a
response to electrode installation because it waseacrted to the callus-like tissue formed by nail
insertion. However, compared to marking resultswghan Chapter 1, TRC in this study was not
considered as serious problems since they wereveslapping with each other and did not disturb the

anatomical investigation of wood formation.

3.3.2  Carbon isotope composition in selected tropicahfarest trees

Based on preliminary samples with 199-days of tagiiawth from marking position to the
sampled cambiumPeronema canesceris MAFR (PCMAB8) which represent the group of well-
defined growth ring was not showed any distincticity of §'°C values (Fig. 3.1a).

Growth ring boundary occurred at the distance 6f3m from cambium. From this point, the
values of5'°C in PCMAS gradually decreased to minimum and reexhiow until the end of periods,
as a signal of active growing period. Poorly-defirgrowth ring ofAzadirachta excelséAEMAD)
was considered to show weak variation$'8€ values (Fig. 3.1b). During 199-days growth, i€
values decreased a little and increased towardsnti@f period. Compared to PCMAS, value$'d€
in AEMAS were slightly higher. Absent growth ringé Hopea odoratgd HOMAS3), however, showed
variations of*°C values (Fig. 3.1c). Within 199-days radial growtiio small peaks appeared from
DC-marked position to the end of the period. Theimum values 06*°C in HOMA3 were similar as
AEMAS. Based on the results, it can be considehed the studied species have variation$'¢

values since those trees experienced 3—4 monthzedigd.
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Fig. 3.1 Variations ofs*3C in (a) Peronema canescendashed line indicates growth ring bounddby,
Hopea odorataand(c) Azadirachta excelsgrown in Mata Ayer Forest Reserve. The dottedsline
indicate the position of cambial marking (Marked@ec. 25, 2011). Samples were collected on
July 11, 2012 (199-days radial growth).

Well-defined growth ring oP. canescenis BHFRIM (PCBH9) resulted similar variations of
8"°C values as in PCMAS after 193-days radial grovigig.(3.2a). Unfortunately, the samples were
measured until 2.6 mm from cambium because soméh@fsamples were missing during the
measurement. However, the point of 2.6 mm was déatat the region of the end of pore zones. The
values of5'*C gradually decreased until minimum and again skioavemall peak in between of small
vessels region. After decreased, M€ values remained low until the end of period. Careg to the
values of$*C in PCMAS8, the values were slightly higher, indiog a signal of weak drought in
BHFRIM. A. excelsaAEBHS8) showed extraordinarily high values &fC within 193-days growth
(Fig. 3.2b). Although there were a decreased i values, it was still high especially for treeswn
in tropical rainforest climate. The possible reasothat the selected AEBH8 was growing on a hill
slope. It was unknown whether the slope conditi&m lee considered as drought conditidnodorata
(HOBH10) showed similar pattern 6t°C variations as HOMA3, when there were two peaksewe

obtained within 193-days radial growth (Fig. 3.2Che appearances of these peaks indicate that
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HOBH10 might experience weak drought at some tiBased on the results obtained, it was
considered that the studied species might or cgerenced drought even they were grown under

tropical rainforest climate.
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Fig. 3.2 Variations ofs*3C in (a) Peronema canescendashed line indicates growth ring bounddby,
Hopea odorataand(c) Azadirachta excelsgrown in Bukit Hari FRIM. The dotted lines indieat
the position of cambial marking (Marked on Dec. 2811). Samples were collected on July 9,
2012 (193-days radial growth).

Poorly-defined growth ring species latsea costaliggrown in Ayer AHFR (LCAH1) did not
show any variations df**C values during 190-days radial growth, but smadtéased i"*C values
were detected. LCAH1 was grown close to the rivet was considered to receive much amount of
water. However, it was not presume that LCAH1 ditl experience any drought such as increased in
salinity. A. excelsa AEAH2) showed a variation di**C values. During 194-days growth, values of
8"°C rapidly decreased and slightly increased to ttieaé period. AEAH2 was grown on an open field
and sometimes experienced flooding during the deobheavy rain. The evergreéh odoratain
AHFR (HOAH1) did not show any variations &fC values when most of the values were constantly

low within 194-days radial growth.
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Fig. 3.2 Variations ofs**C in (a) Litsea costalis(b) Hopea odorataand(c) Azadirachta excelsgrown in
Ayer Hitam Forest Reserve. The dotted lines indiche position of cambial marking (Marked
on Dec. 27, 2011). Samples were collected on Jul032 forL. costalis (190-days radial
growth) and July 9, 2012 for both excelsandH. odorata(194-days radial growth).

3.4 Discussion
3.4.1 DC-influenced cells

In all species examined influenced cells suchhas@C, CV, ER, and some TRC occurred
during the 190-199 days radial growth. Judging fritie state of their appearance, it was presumed
that the differentiating cells were strongly infhwed by the application of the electrical stimwati
and consequently resulted in necroses or abnoriffetethtiations. The exact causes from which the
necroses or abnormal differentiation resulted wage clarified in this study. Imagawa and Ishida
(1982) reported that the electrical stimulatiorcorrent flows mainly through the cells near orhe t
cambium, in which protoplasm were abundantly comtdi Based on the state of their appearances in
the studied samples, therefore, it may be postibéssume that the enlarging cells were resporaled t
the electrical stimulation and produced the infeeshcells. It was also considered that both crushed

cells and thin walled and unlignified cells diedidg the course of their differentiation.
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Among influenced cells, CC was located at thetfmshearest the marked cambium and had
the thinnest walls. Therefore, they were assumdaktthe cells immediately before the initiation of
the secondary wall formation. They appeared tcaldeHy collapsed by pressure which occurred after
necroses because of their thinnest and weakest. walla result, since they were located at alntst t
same position in each radial file of cells, theyevaligned in tangential series. Clearly, CC weosim
suitable feature to deduce the position of enlargiells at the time of marking, because such
tangential series or line of CC can be easily ifiedt microscopically or macroscopically. Based on
the degree of electric stimulus, every species slodifferent response when they show different
visibility degree of tangential series. The difieces were considered to arise from the differentes
xylem cell organization. Imagawa and Ishida (198%)orted that the appearance of paratracheal
parenchyma cells remarkably contributed to thedatigl series of crushed cells.

Generally, the differentiation of a vessel elemémtlines to advance faster than the
surrounding cells (e.g. Imagawa and Ishida 1972ki#aet al. 1973). In fact, the walls of the CV
were relatively thick and more lignified comparedthose of the surrounding cells. Imagawa and
Ishida (1983) reported that vessels collapsed Isecatitheir large lumina. Thick and lignified walls
may be not sufficient to maintain large volumest thauld resist any pressure occurred after the
necroses (Imagawa and Ishida 1983). Thin walleduamtignified vessels surrounded by normal cells
were observed on the bark side of CC in some speBiace such vessel initiated the differentiatmn
some extent and the surrounding cells were coreider have not begun, the vessel was left in an
immature state and the surrounding cells were lysddferentiated after the electrical stimulatidn.

a viewpoint of elucidation of vessel differentiatjothe occurrence of CV and thin walled and
unlignified vessels were interesting to be investg.

Occurrence of TRC in selected Dipterocarpaceae samde other species were expected
because of their nature. However, the occurrencERE seems to be less and not overlapped when
compared to mechanical cambial marking (i.e. kmifarking). In the region with presumed DC-
influenced cells were located (i.e. in between wb telectrodes in longitudinal direction), TRC

features were not as obvious as those in regisedo electrodes insertion. Therefore, TRC in this
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study was considered to be formed later after D&kimg because most of TRC observed were
connected to callus tissue formed at the regiaglagftrodes insertion.

The appearances of ER and abnormal shaped cedlsmie studied species did not resulted
from the death of cells. It was considered thasé¢hieature derived from the unusual differentiaton
unusual cell divisions may occurred. However, isygaesumed that the cambial cells were sometimes
not directly influenced by the electrical stimutatibecause the ER was directly recovered to normal
ray parenchyma afterwards and the abnormal shagsdaere scarce.

It was showed that the marking of cambium with ®ieal stimulation in studied species was
beneficial to study wood formation in tropical fairest trees since the normal production of celis w

expected after DC-stimulation.

3.4.2 Application of carbon isotope measurement in traprainforest trees

Based on the distinctiveness classification ofaghorings discussed in Chapter 2, the author
selected tree species belongs to well-defined, lpa@fined and absent growth ring groups in each
research sites for testing the effectiveness abgso approach. Anatomically, growth ring featuoés
those belong to poorly-defined and absent wereasy and impossible to be observed. Therefore, the
author applied isotopic analysis to detect thequokity of wood formation for each class of growth
ring distinctiveness.

The preliminary studied samples collected in MABRIFRIM and AHFR consisted of 190-
to 199-days radial growth and not represent anoyelic of 5'°C values. The values 6f°C in all
studied species showed a part of an annual cyceroe variations when the valuessbiC in some
species decreased to minimum and increased to maxifBepend on research sites, the variation of
8'°C values were different. The variation &fC values was considered as reflection to the sehson
changes of the physiological and environmentalofactvhich affected carbon isotope fractionation.
Poussart et al. (2004) reported that moisture alviditly is inversely related to th&°C value of
tropical trees. Based on the general patters*i values for each research sites, it was considered

that MAFR had seasonality in moisture availabilifg]lowed by BHFRIM and later by AHFR.
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However, the drought experience might be subjectoreeach site, depend on climate and site
condition.

The values 08"°C in well-defined growth rings specigderonema canescensere different
than those belonged to poorly-definedzédirachta excelsand Litsea costalis and absent growth
rings Hopea odorata PCMA8 showed gradual decreased to minimum anhire low until the end
of the period. The pattern of rapid rise from jlosfore the ring boundary followed by gradual oridap
decrease to the minimum were observed in tempéregs and can be attributed to the usé’of
enriched carbon reserve for xylem formation (Helled Schiser 2004). The annual formation of
growth rings inPeronema canescemggown in MAFR is unknown, but based on the infotiova by
technical staffs; they shed all leaves in the degiqu. Other species did not shed until leafles®irn
they start to flush new leaves while retaining saraeleaves. When electrical stimulation was alie
the trees started to shed leaves. Based on analoofiservation of PCMAS8, the DC-marked cells
position was in the region of small vessels (e¢ewood), approximately 0.3 mm from the position of
current growth rings in the bark side. The graddetreased values @&C in PCMA8 were
considered as a result of the use of some carlserves when entering the initial stage of xylem
formation (i.e. large pore zones).The annual cigliof 5'°C values in the studied species were

unpredictable yet. Therefore, it is important talgme those cycle in future.

3.5 Summary

In this experiment, carbon isotope did not prowdsdenuch useful information on tree growth,
but the DC-pulse marking was proved to be usefulreate artificial indication in determining the
time of growth ring formation. The DC-influencedllsesuch as crushed cells, crushed vessels,
extended ray parenchyma, and in some occasionrecoa of abnormal-shaped cells are considered
to be the most suitable features to deduce thdigogif enlarging cells at the time of marking. The
variation of3'*C values in preliminary studied species showed idwibpic approach can be applied

and effective to deepen the understanding of woaddtion.

62



Chapter 4

Radial growth periodicity in tropical rainforest tr ees

4.1 Introduction

Tree rings in woody plants are generally inducedsbgsonally alternating favorable and
unfavorable growth conditions. Stress factors wlochur seasonally in the tropics are dry seasons
and flooding (Worbes 1995). Worbes (1992) indicdtet an annual dry season with a length of 2 to
3 months and less than 60 mm monthly precipitatimduce annual rings in tropical trees. The
existence of two rings per year has been documentethcoby (1989) and Gourlay (1995) for trees
grown in regions with dry seasons. These climdtiess factors induce an inactive cambium in trees
and, in consequence, growth zones in the wood. é&stioned in Chapter 1, some tropical rainforest
trees show seasonal rhythm of radial growth, plagichl events and cambial activity revealed by
dendrometer measurement, phenological observatidmaatomical observation of cambium.

One of the ways to monitor cambial activity is tngbh measurements of the electrical
resistance of the cambial zone with a Shigometdrig(s and Shortle 1985). Shigometer have
occasionally been used to describe cambial act{ety. Torelli et al. 1990, Worbes 1995). Worbes
(1995) reported that higher electrical resistanbewed less cambial activity. In cellular level,
Imagawa and Ishida (1982) reported that total nunddecells in cambial and enlarging zones
increased with the decreasing electrical resiseandewever, Shigometer uses direct current (DC)
voltage and measures the electric resistance viiimging the position of trunk, and accordingly
uncertainties were included in estimating the \emmof cambial activity.

Unlike electrical resistance, electrical impedaocomprises two components: a resistive (real)
part and a reactive (imaginary) part. Practicaflypedance is considered as the total resistanae of
AC circuit. The conductive characteristics of tisdluids provide the resistive component, whereas
the cell membranes, acting as imperfect capaciteesye as the frequency-dependent reactive
component. When a low-frequency alternating cur@®) is applied to plant tissues, it flows
through the apoplast, whereas its passage thrinegsymplast is limited by the high impedance of the

membrane. With increased AC frequency, membranedapce decreases and the amount of current
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that passes through the symplast increases (C6éi).18npedance measurements made over a range
of frequencies therefore reveal information abbetdxtra- and intracellular fluids.

Electrical impedance measurements have been usestitoate frost hardiness (e.g. Stout
1988, 198, Repo 1992). In those studies, electrical impedaneasurements provided a means of
non-destructively analyzing variations in intra-dagxtracellular resistances and the condition ef th
membranes. Based on the concept of electricataesis in cambium (e.g. Imagawa and Ishida 1982,
Worbes 1995), it was assumed that impedance vdluwarabium will be smaller during growing
season when external and internal resistance @afetssbecome smaller with increasing moisture and
solutes in tissues.

In Chapter 2, the studied tree species have grows showing anatomical variation.
Therefore, it is necessary to determine the seashytom of radial growth, seasonal phenological

events and seasonal cambial activity in the custemy.

4.2 Materials and Methods
4.2.1 Study sites and samples species

Radial growth and changes in phenological evergsewnvestigated in five tree species
planted in Mata Ayer Forest Reserve (MAFR), fiveetrspecies planted in Bukit Hari FRIM
(BHFRIM), and 26 tree species that grow naturallyAyer Hitam Forest Reserve (AHFR). Ten
individuals were selected for each species in MaARR BHFRIM. Only two to three individuals were
selected in AHFR, because they were sparsely llis&d within one forest compartment, and hence
were difficult to observe many trees. Results presgkin this chapter were mostly results of species
which represent one of the growth ring distincteesigroups such as well defined, poorly-defined and
absent growth rings in each study sites.

Climatic conditions during field experimental petiin MAFR, BHFRIM and AHFR were
shown in Fig. 4.1a, b and c. In MAFR, data colletsi were conducted from July 2011 to December
2012. There was no distinct dry period during tlxpeeimental period based on the pattern of
precipitation. Highest precipitation was observeddugust and September 2011 and the lowest was

in July 2012. The total amount of precipitation vgéii low compared to BHFRIM and AHFR. Mean
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temperature increased from January to February 20@2continued until July 2012. In BHFRIM,
field data collections were conducted from July 2@ July 2012. High precipitation were recoded in
BHFRIM during the experimental period, always extiag 100 mm per month. Data collections in
AHFR were conducted from December 2011 to Decen2idd?2. Compared to BHFRIM, AHFR
showed some variation in precipitations when lovecppitation was recorded from January to

February 2012 and May to August 2012. Highest pitation was recorded in November 2012.
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Fig. 4.1 Diagram of monthly total precipitation (bar) andean temperature (line) of study sites from
January 2011 to December 201&) Mata Ayer Forest Reserve (MAFR)) Bukit Hari FRIM
(BHFRIM). (c) Ayer Hitam Forest Reserve (AHFR). Dashed linesceig experimental period.
Climate data for AHFR was provided by UniversititRuMalaysia, and data for MAFR and
BHFRIM were obtained from the Malaysian MeteorobtagiDepartment.

4.2.2 Dendrometer and impedance measurement, and phecaladservation
Radial growth of each studied trees was measurgd band-type dendrometer. Data

collection was performed every two weeks from Jiy 2011 to December 18, 2012 in MAFR, July

14, 2011 to July 31, 2012 in BHFRIM, and Decembkr2D11 to December 18, 2012 in AHFR.

Leaf phenology was observed with a binocular. &adr0 (0%), 1 (less than 20%), 2 (20—

80%), or 3 (more than 80%) was used in recordiegdbver percentage of mature leaves (green or

dark green), old leaves (yellowish or brownishaf lemergence (new leaf buds), and expanded leaves

(new leaves expended from buds) on the crown fcin @adividual tree.
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Cambial activity of studied trees was monitorednbgasuring electrical impedance with a
portable impedance measuring instrument (IMI, Heksis Systems, Sakai, Japan). IMI has a
rechargeable DC power source (rechargeable 4A/Ziied). DC is converted to AC through a DC-
AC inverter, and frequency of 1000Hz is appliedhe sample with two fixed electrodes. Based on
the value of applied frequency, relative changdmpkdance values are detectable.

As for the electrodes, stainless-steel nails (nt2 in diameter and 1.5 cm in length) were
used as the fixed electrodes and placed longitligiBacm apart at breast height of a stem. The
electrodes were inserted until it reached the xyBtainless wires were also fixed to the electrodes
case the nails were underneath tree bark aftertairtgeriod. Impedance values were measured
repeatedly at the same position of trunk, on thmesalay as dendrometer measurement and
phenological observation. Impedance measurementosaducted on the trees in BHFRIM and
AHFR only because the number of device was limit€Edrough impedance measurement, the
absolute value of impedance is variable accordintpeé installation of permanent electrodes as well
as species characteristics. Low impedance valubsaite the high cambial activity and high values

indicate low cambial activity.

4.3 Results
4.3.1 Radial growth and leaf phenology of trees growMiiFR

Peronema canesceims MAFR (PCMA) showed seasonal rhythm of radialvgito (Fig. 4.2a).
Based on phenological observation, PCMA showed osedisleaf changes when leaf shedding
occurred (Fig. 4.2b). PCMA showed active growtlhie early stage of measurement until November
8, 2011. During this period, trees were coveredhwigaves and received much amount of
precipitation. Radial growth slows down from Noveni22, 2011 until April 24, 2012. In the same
period, trees gradually replaced matured leaves olit leaves, and leafless in March 13, 2012. &k wa
noted that PCMA was entering the dry season whenatial amount of precipitation was low. PCMA
restarted radial growth when trees covered witkidedrom May 8, 2012 and received much amount

of precipitation. Radial growth and leaf phenologiyPCMA, as well as total precipitation, were
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related each other; radial growth slowed down wieafi shedding occurred during the period with

less precipitation.
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Fig. 4.2 Dendrometer measurement and precipitai@grand leaf phenologgb) of Peronema canescens
grown in Mata Ayer Forest Reserve. Radial growtth plnenological observation were measured
and observed every two weeks from July 12, 2011l december 18, 2012. Two-week
precipitation data was sorted after obtained froenMalaysian Meteorological Department.
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Fig. 4.3 Dendrometer measurement and precipita@nand leaf phenolog{b) of Azadirachta excelsa

grown in Mata Ayer Forest Reserve. Radial growtth plnenological observation were measured
and observed every two weeks from July 12, 2011l Wecember 18, 2012. Two-week
precipitation data was sorted after obtained froenMalaysian Meteorological Department.

Azadirachta excelsan MAFR (AEMA), in general, showed continuous rddyaowth (Fig.

4.3a), and did not show any particular period af Ehedding; they always produced new leaves with

keeping

of old leaves (Fig. 4.3b). However, AEMAJ dihowed slow growth in the early stage of
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measurement until August 23, 2011. During this qukritrees received less precipitation, but were
covered with leaves. Radial growth restarted frapt&mber 13, 2011 and continued until February
14, 2012. In the same period, at least 30% of eddds were replaced with new ones. Radial growth
slowed down for a short period in the dry seasemfi~ebruary, 28 to March 27, 2012. AEMA
restarted radial growth when trees were coverel matw leaves emerged from buds from April 10,
2012 and received much amount of precipitation. i®agrowth of AEMA appeared to have
responded with the dry period.

Hopea odoratan MAFR (HOMA), in general, also showed continugaslial growth (Fig.
4.4a), and did not show any particular periodsaf Ehedding; they always produced new leaves with
keeping of old leaves (Fig. 4.4b). Similar to AEMAOMA did show slow growth in the early stage
of measurement until August 23, 2011. During thésiqu, trees were covered with leaves, but
received less precipitation. Radial growth resthftem September 13, 2011 until March 1, 2012. In
the same period, trees were replaced with old kayeat least 20%. Slowing down of radial growth
occurred for a short period in the dry season frahruary 14 to March 27, 2012. HOMA restarted
radial growth when trees received much amount dewdradial growth of HOMA seemed to be

responded with the water shortage when the radiatyy slowed down during the dry period.
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Fig. 4.4 Dendrometer measurement and precipitaf@rand leaf phenologfb) of Hopea odoratayrown

in Mata Ayer Forest Reserve. Radial growth and plogical observation were measured and
observed every two weeks from July 12, 2011 urgit€@nber 18, 2012. Two-week precipitation
data was sorted after obtained from the Malaysiatebtological Department.
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4.3.2 Radial growth, impedance and leaf phenology ofsigg@wn in BHFRIM
P. canescenin BHFRIM (PCBH) showed seasonal rhythm of radiedvgh and cambial
activity (Fig. 4.5a and b). PCBH did not show amytgular periods of leaf shedding; they always

produced new leaves with keeping some amount diakk (Fig. 4.5¢).
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Fig. 4.5 Dendrometer measurement and precipitatia)) impedance(b) and leaf phenologyc) of

Peronema canescemgown in Bukit Hari FRIM. Radial growth, impedaneed phenological

observation were measured every two weeks from Jdly 2011 until July 31, 2012.

Precipitation data was obtained from the Malay$#mteorological Department.

PCBH showed active growth in the early stage of susmment. During this period,
impedance values were low. Some of the individsalewed first slowing down of radial growth
from September 26, 2011 and continued until Nover8p&011. During this period, the impedance
values slightly increased and trees were coverdi olil leaves by at least 20%. Radial growth was
slowing down for the second time from January 5.2@nd continued until April 24, 2012. In the
same period, impedance values increased rapidlyreemdgradually decreased. When the impedance
values reached the maximum, trees were coveredli@dgtles by at least 50% and some of them were

shed thereafter. When the impedance values grgdiedireased, trees produced new leaves. PCBH
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restarted radial growth when trees were coveret leiaves and cambium was reactivated. Radial

growth, impedance values and leaf phenology of P@R&ie related to one another. Radial growth

slowed down when the impedance values were highleafdshedding occurred. Slowing down of

radial growth in PCBH seemed to be not affectedmaych amount of precipitation. It was also

showed that PCBH restarted and continued the rapi@hth during the low precipitation period.

Based on the observation of site condition and $tem, PCBH were planted close to a swamp and

most of PCBH were covered with mosses. These donditindicate that PCBH was grown in an

extreme wet environment.
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Fig. 4.6 Dendrometer measurement and precipitatfa)y impedance(b) and leaf phenologyc) of
Azadirachta excelsgrown in Bukit Hari FRIM. Radial growth, impedaneed phenological
observation were measured every two weeks from Jdly 2011 until July 31, 2012.
Precipitation data was obtained from the Malaysiteorological Department.

A. excelsan BHFRIM (AEBH) showed slow radial growth througitothe experimental

period (Fig. 4.6a). All slow growing individualsvedys showed high impedance values (Fig.4.6b).

AEBH had at least 30% old leaves from July 14, 204t January 19, 2012 (Fig. 4.6c). One or two
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individuals showed slowing down of radial growttowing down of radial growth was noticed for
AEBH7 from January 31 to February 27, 2012, andrtipedance values increased during this period.
H. odorata in BHFRIM (HOBH) showed continuous radial growtmtil the end of
experimental period (Fig. 4.7a). The impedance esluaried from low to high, depending on
individuals (Fig. 4.7b). The evergreen HOBH werwajs covered with mature leaves and new
leaves even there were also old leaves on thectmens (Fig. 4.7c). However, slowing down of
radial growth in a short period was noticed fromulay 5 to January 19, 2012. During this period,

impedance values were relatively low and no obvleasshedding occurred.
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Fig. 4.7 Dendrometer measurement and precipitaggnimpedancégb) and leaf phenologfc) of Hopea

odorata grown in Bukit Hari FRIM. Radial growth, impedanead phenological observation

were measured every two weeks from July 14, 201l duly 31, 2012. Precipitation data was

obtained from the Malaysian Meteorological Deparitme

4.3.3 Radial growth, impedance and leaf phenology ofsigr®wn in AHFR
Intsia palembanican AHFR (IPAH) showed seasonal rhythm of radiadwth and cambial
activity (Fig. 4.8a and b). IPAH shedding leavesilueafless during the period of less precipitatio

(Fig. 4.8c). IPAH showed active growth in the eashage of measurement. During this period,
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impedance values were low. Radial growth slowedrdénam April 24 until July 31, 2012. During

this period, the impedance values slightly incrdaased trees were covered mostly with old leaves,
and finally became leafless in July 17-31, 2012 FRHeceived less amount of precipitation during
this period. Radial growth restarted again, bua islow pace. During this period, impedance values
reached maximum and remained high until the erekpé&rimental period. Radial growth, impedance
values and leaf phenology monitored in IPAH werensed to be related each other; radial growth
slowed down when the impedance values graduallyeased and leaf shedding continued until

leafless during the less precipitation period.
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Fig. 4.8 Dendrometer measurement and precipitaignimpedancgb) and leaf phenologgc) of Intsia

palembanicagrown in Ayer Hitam Forest Reserve. Radial grovitipedance and phenological

observation were measured every two weeks frommeee 14, 2011 until December 18, 2012.

Precipitation data was obtained from the Malaysiteorological Department.
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A. excelsan AHFR (AEAH) showed continuous radial growth dFi4.9a). The impedance
values were high from the beginning until the eficéxperimental period (Fig. 4.9b). No particular
shedding of leaves occurred in AEAH (Fig. 4.9c)wdweer, there was a difference among individuals.
AEAH1 and AEAH2 showed more faster radial growtlsdzhon dendrometer measurement and and
lower impedance values compared to AEAH3.

H. odoratain AHFR (HOAH) showed continuous radial growth aamtive cambial activity
(Fig. 4.10a and b) since the beginning of the arpantal period. Impedance values increased during
the period of less precipitation and decreasedndutie period of much precipitation. HOAH was

always covered with leaves and produced new origs4R.0c).

4.4 Discussion

Seasonal rhythm of radial growth was detectedsfmcies with well-defined growth rings,
Peronema canescemgown in MAFR (PCMA) and BHFRIM (PCBH), anldtsia palembanican
AHFR (IPAH). The changes in radial growth seemedhtve synchronized with changes in
precipitation (PCMA and IPAH), leaf phenology (PCMghd IPAH), and cambial activity (PCBH
and IPAH). It was considered that each factor viledependent of the features in the visible growth
rings inP. canescenandl. palembanicaHowever, it cannot be concluded yet because drerether
stimulus factors involved in growth ring formation.

One of the external factors closely associated ig#hfall in the tropics is drought. Medway
(1972) reported that leaf fall behavior in the tospis correlated with the occurrence of dry period
even if it is short and unpredictably throughoutear. Alvim (1964) reported that in the extensive
area of north-eastern Brazil which covered by ti@ri-deciduous forest, all trees lose their foliage
during the dry season and produce new leaves gladtdr the onset of rains. In deciduous treed, lea
shedding almost invariably occurs during the dryiquke This influence of moisture deficiency has
been noticed by Koriba (1958), even in areas witifoum rainfall distribution, where several species
lose their leaves after relatively short dry spedlemetimes twice or even three times during tlee.ye

In the periodically dry region of eastern Javakt€eectona grandisloses its leaves during the dry
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season, but when cultivated in the wetter areaasfteyn Java, it behaves like an evergreen (Alvim,
1964).

The relationship between leaf changes and camdiizitst was studied by Koriba (1958) and
Alvim (1964). During the leafless period of decidsospecies, the cambium does not divide and
activity is not resumed until the new leaves unfdldis cessation of cambial activity makes thesing
quite visible. Alvim (1964) stated that clear ririgdropical regions are found only in deciduoues,
but Chowdhury (1940a) found well-marked rings imsotropical evergreens, such Rigrocarpus
dalbergiodesColubrinasp., and®?eronemasp.

Weak seasonal rhythms of radial growth were detiedte poorly-defined growth ring
Azadirachta excelsgrown in MAFR (AEMA) and indistinct growth ring ¢fopea odoratan MAFR
(HOMA) and BHFRIM (HOBH). In general, they seemeddgrow continuously. The growth habit
was termed as weakly seasonal because the chamgeslial growth seemed to respond to the
changes in precipitation. They shed old leaves itducing new leaves at the same time. No
variations in cambial activity were detected basedmpedance measurement.

A common feature for trees in the humid tropicghes synchronous occurrence of leaf flush
and leaf fall. For this semi-deciduous nature,tdren leaf emergence or leaf change has been coined
(Longman and Jenik, 1974). Characteristically theses are never truly deciduous, but always carry
old and young leaves at the same time. The relatipertance of the external and internal factors in
controlling leaf fall in tropical climates has beenich discussed (Richards, 1957, Koslowzki, 1971a,
Kramer and Kozlowski 1979). In evergreen treesf fell generally follows the rhythm of leaf
production,and the phenomenon seems to suggest a competitionafbohydrates and/or plant
hormones or nutrients between young and old lednesich cases, an internal mechanism connected
with leaf abscission is probably present, althoiigiprimary cause derives from factors includinafle
production.

Slow growth and high impedance values in mostAofexcelsain BHFRIM (AEBH)
individuals seemed not affected by less precigitatbr changes in leaf phenology. One of the
possible reasons was that AEBH were planted onllaslope. Based on the observation of site

condition and tree morphology, some other stands. @xcelsavere affected with die-back disease.
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It might happen that selected experimental tree® akso affected by die-back. In AHFR, one of the
possible reasons of different growth rate amAngxcelsarees was that AEAH1 and AEAH2 were
grown in an open condition with no competition wather trees, while AEAH3 were grown in a

closed environment under other emergence trees.

4.5 Summary

In this study, it was shown that some of tropicainforest trees grown under tropical
monsoon and rainforest climate had seasonal rhythradial growth, synchronized with changes in
precipitation and leaf phenology as well as cambadivity. Well defined growth ring oPeronema
canescengrown in MAFR showed seasonal radial growth whenradial growth slowed down and
shed of leaves during low precipitation (dry pejidel canescensm BHFRIM also showed seasonal
radial growth when radial growth slowed down ineatain period. It was considered that it did not
respond to the changes in precipitation or leafnphagy, but stressed by humid conditidntsia
palembanicagrown in AHFR showed seasonal rhythm of radialxghoand cambial activity. Slowing
down of radial growth and inactive cambial activityere noticed during less precipitation and
shedding of leaves. The clarification of growthgriimrmation during those events will be discussed i

the next chapter.
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Chapter 5

Characterization of growth ring formation in tropic al rainforest trees

5.1 Introduction

Chapter 1 discussed the possibility to investighte wood formation in tropical rainforest
trees. Important points on the occurrence andndistieness of growth ring features were discussed i
Chapter 2. Chapter 3 discussed the effectivenegambial marking and stable carbon isotope to
study wood formation in tropical rainforest treBsawdial growth, cambial activity, and leaf phenology
of the species groups having well-defined, poosdfirted and absent growth rings have been
discussed in Chapter 4. Aiming to the main goalkect®n of annual ring formatiowas investigated
in the species group of well-defined growth rings.is important for promoting tropical
dendrochronology to clarify and confirm whether gbowell-defined growth rings are formed
annually or not.

Investigation of the growth ring and clarificatiohits annual formation in present study was
approached by anatomical and isotopic analysispleduwith results obtained through dendrometer

measurement, phenological observation, impedanesunement, and precipitation record.

5.2 Materials and Methods
5.2.1 Samples

Samples selected for this study belonged to tleipyof well defined growth rings. The
sample species used wéteronema canesceggown in MAFR (PCMA9) and BHFRIM (PCCP10),
andIntsia palembanicgrown in AHFR (IPAH1).

Wood blocks contained DC-pulse marks made in A@%1 (for samples in MAFR and
BHFRIM) and December 2011 (samples in AHFR) werkected in January 2013. Wood blocks
from MAFR and BHFRIM included 19-month of radialogrth information while those from AHFR

included that of 12-month. December-marked posivas also included in the July-marked samples.
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5.2.2 Anatomical observation and stable carbon isotopalysis

The position of DC-influenced cells in the woodngdes were identified macroscopically and
microscopically. The identified marked positionsreveeferred to to detect the occurrence of growth
ring feature along the radial strip and to prephessamples for isotopic analysis. Anatomical fesgu
of growth rings and irregularities discovered ine@ter 2 were examined.

The results of stable carbon isotope and macrosalbypidistinct growth ring features were
combined with individual data of radial growth, flgdnenology and electrical impedance of studied
samples. The distinctiveness of annual rings wasnéed based on the synchronicity of anatomical
changes, variations 6f°C values, rhythm of radial growth, leaf phenologid precipitation during a

known period.

5.3 Results
5.3.1 Characterization of growth ring formation

Annual variations 06™*C values, occurrence of growth rings, diameter ghowrecipitation,
and leaf phenology oPeronema canescemgown in MAFR (PCMA9), BHFRIM (PCBH10) and
Intsia palembanican AHFR (IPAH1) were shown in Figs. 5.1, 5.2 and.5

Markings in PCMA9 were first applied in July 120121 and December 25, 2011 for the
second time. Based on macroscopic observationgometh ring boudary was formed within a 19-
months period of experimental period (Fig. 5.10)csing on the position between previous and
current growth ring boundaries (dashed lines) viilees of3'°C varies with the anatomical changes
in PCMA9, indicated by Zones 1, 2 & 3 (Fig. 5.1i&)Zone 1, the values 6f*C rapidly increased to
the maximum. Anatomically, it was featured by laxgssels. A possible reason of increased values
of 8°C in Zone 1 was considered as a result of the tiseroe carbon reserves when entering the
initial stage of new xylem formation. In Zone 2e&1°C values gradually decreased to the minimum.
Anatomically, it was featured by largessels. In Zone 3, tHEC increased to the maximum when
the vessels change to smaller sizes. In the rdggbmeen the end of Zone 3 to the position of maykin
in July 2011, thes'*C values gradually decreased. Based on the valii€d’® and anatomical

features from the start of previous ring boundaryhie marking position, PCMA9 did show a cyclic
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variations ind**C values and vessel sizes. Therefore, the cyclityern ofs**C values and changes
of vessels size were referred to evaluate the omgoe of growth ring in current study.

The positions of July and December marking (9.7 amd 6.3 mm from cambium) were
located in the region of previous growth ring. Frtma position of July marking, the valuesfC
continued decrease to theminimum from the previeek at the end of Zone 3. Anatomically, this
region was featured by small vessels (Zone 4). PElgifowed continuous radial growth between the
two marking periods, during which the amount ofggpgation was high (Fig. 5.1c) and the tree was
covered with leaves (Fig. 5.1d).

From the position of December marking to the endafie 5, the values &*C gradually
increased and reached a maximum, and decreaseédhentnd of the period. Large vessels were
observed in the beginning of Zone 5 and changeshtall vessels. It was believed that during the
December marking, a new growth ring was formed @MR9. Increase ir5'°C values during the
formation of new large vessels in Zone 5 correspdnwiith the result of Zone 1. The radial growh of
PCMA9 slowed down and old leaves were lost andrhedaafless in March 13—-27. Increas&BC
values in the pore zones in PCMA9 was attributédblthe use of some carbon reserves at the initial
stage of new xylem formation. The maximum valu&'d€ was located at the position of medium-
size vessels in the middle of Zone 5. It might e point where PCMA9 started to reactivate radial
growth. Values of5'*C gradually decreased until the end of the experiai@eriod. Anatomically, it
was featured by gradual changes from medium tolssimd vessels. The radial growth continued
until the end of the period when precipitation gased and tree was covered with leaves.

It is considered that the new ring boundary in P@W#ere formed either in late December

2011 orin early January 2012, during which preatmn was low and leaf shedding initiated.
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Markings in PCBH10 were first applied in July 14912 and December 28, 2011 for the
second time. Unlike PCMA9, PCBH10 features the attaristics of diffuse-porous wood. Therefore,
they limit the use of vessel size differences a&sgtowth indicator. One of the possible reasons of
diffuse-porous features might that PCBH10 grew elts a swamp in BHFRIM. Based on the
anatomical observation, one growth ring boudary we@ssidered to have been formed within 19-
months of the experimental period, evidenced imgka of vessel density and/or size (Fig. 5.2b).

In Zone 1, the values 6f°C increased to the maximum and gradually decre@&gd5.2b).
Anatomically, the size of vessels was slightly &argnd the density was higher. In Zone 2 where the
July’s marking was located, the values &fC decreased to the minimum and increased to the
maximum. In this region, vessels gradually changedmaller sizes and became low in density.
Based on the dendrometer measurement, radial gnaghconsidered not to have reactivated since
the beginning (Fig.5.2c), but cambium may have sheame activity based on low impedance values
(Fig. 5.2d). During this period, the amount of ppéation was high and tree was always covered with
leaves, even shedding of leaves occured (Fig. .5.2€)

In the region between December’s marking and estidhang boundary (Zone 3), the values
of 8"°C decreased. Anatomically, it was featured by l@ssel density and small vessel sizes. The
ground tissue was darker, featured by thick-waflbdrs microsccopically. During this period, the
radial growth was slowly reactivated with the iragiing amount of precipitation while the tree was
covered with leaves. High impedance values weredexat during this period, indicating that cambium
had a low activity. It was considered that durihg period, PCBH10 was forming wood fibers rather
than vessels so as to increase the mechanicafgtrenstem.

In Zone 4, where the estimated region of ring baumdvas formed, the values 8f°C
always fluctuated and did not show any obviousdse\natomically, there was a change in vessel
density along the radial direction, but it did reatrrespond to the variation 6f°C values. Radial
growth was estimated to be reactivated and the ieduttivity was low until the end of the period. |
this study, it was considered that the selectethstef PCBH10 should be classified as having

anatomically absent growth rings. Based on&H€ values, PCBH10 shows no cyclic variations. It
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was considered that clegotopic cyclicity of PCBH10 might be observed dtable

(8"°0) analysissince PCBH10
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Marking in IPAH1 was applied in December 27, 200hlike P. canescendPAH1 posseses
the characteristics of diffuse-porous wood, thusiniits the use of vessel size differences as the
growth indicator. Based on anatomical observatmre growth ring boudary was considered to be
formed within a 12-months of experimental periogitfired by initial or terminal parenchyma, i.e.
marginal parenchyma (Fig. 5.3b).

Before the marking was applied, some ring boundanere observed (Zone 1-6). IPAH1
was considered not showing any variation8'fiC values along the radial strip (Fig. 5.3a). Howgeve
it was shown that the position of terminal paremslyin IPAH1 had or was approaching the
maximum value 06™C. In Zones 1, 2 and 5, the maximum values$'d€ were indicated by the
position of terminal parenchyma. Anatomically, tterminal parenchyma was seemed to have
occurred after or just after small vessel formatioefore larger vessels were formed. The decreased
values of3"°C were indicated by the slightly large vesselswéts considered that the sharp peak
arouse from small vessels and the decreased vallb&¥C afterwards were the signals where IPAH1
continue wood formation, judging from the appeaeaotthe large vessels. It was considered that the
formation of each terminal parenchyma in those gomere affected by either low moisture
availability or shedding of leaves. In Zones 3 dndhe parenchyma band was considered to be the
initial parenchyma. Anatomically, this parenchynaatd was associated with or connected among the
large vessels. The parenchyma band was obtaine@é&etthe minimum and maximudh’C values.

It might be a signal indicating that IPAH1 was meg®g carbohydrates before entering the beginning
or the end of the growth.

When the marking was applied in December 2011,véiaes of$*°C slightly decreased.
Anatomically, it was the position of large vessés.this point, radial growth was continuous (Fig.
5.3c), high cambial activity (Fig. 5.3d) and treasrcovered with leaves (Fig. 5.3&)°C values were

then increased to the maximum and they graduattyedsed until the end of the period.
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Ring boundary was observed to have appeared h#enarking (Zone 6). Zone 6 represents
the values in between low and higfiC. Anatomically, it was the terminal parenchymalgjing from
the association with small vessels before the appeas of large vessels. During this period, it was
estimated that small vessels and terminal parenatwere formed during the slowing down of radial
growth (Fig. 5.3c), high to low cambial activityedfless, and low amount of precipitation. The
decreased values @&f°C coincide with a region of large vessels. At thisint and toward the
cambium, the radial growth was considered to hastarted and slowly continued. During this period,
the cambial activity was considered low even when ttee was flushing new leaves and received
high precipitation. It was considered that IPAH1swacusing more on flushing leaves during the
slow and continuous radial growth. The appeararidarge vessels was judged to be the signal of
high precipitation.

However, it was considered that the appearancengfboundary in IPAH1 in this study
cannot be clarified as an annual ring, and thewa judged as having poorly-defined growth rings.
It was because the values&@fC in IPAH1 did not clearly varied as in PCMA9 arh trelationship
between the feature of marginal parenchyma Wit!C values is unknown. Even though the
appearances of marginal parenchyma can be relthiesaasonal storage of photosynthates, it doesn’t

mean that this feature are formed annually.

5.4 Discussion

Precise dendrochronological studies require tregih annually distinct growth rings.
However, the amount of trees with potential for dteichronological studies in the tropics were
restricted, and onlyfectona grandisso far, shows promise for dendrochronology (Pumijang
2013). In addition, tropical dendrochronology wasstly been applied to those trees grown under
tropical seasonal climate and limited to tropiaihforest area. In this study, the author showed th
potential of species belonging to well-defined giowng, which werd?eronema canescegsown in
tropical monsoon and rainforest regions, amdia palembanicagrown in tropical rainforest area.

The ring-porous feature iR. canescensvas considered as genetic, enabling its use as a

growth descriptor. Ring-porous feature Pf canescenin MAFR (PCMA9) allows the author to
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distinguish the growth ring anatomically. Based the cyclic variation of6*C values, it was
considered that PCMA9 experienced seasonality instn@ availability when theé™*C values
increased during the dry period and decreasedglthim rainy period. The formation of large vessels
during the rapid increased 8FC values were considered to be related to the Liseserve material
when the tree shed the leaves during a dry pemadséowed down the radial growth. Changes in
anatomical features and cyclic variations3tfC values were estimated to be synchronized with the
rhythms of radial growth, changes in precipitatiand leaf phenology. Thus, the growth ring
boundary formed within the experimental period wassidered to be an annual ring and estimated to
be formed between January and March 2012, durieglii period, slowing down of radial growth,
and shedding of leaves.

Growth ring was difficult to be identified in thelsectedP. canescensm BHFRIM (PCBH10),
because it was featuring diffuse-porous wood. Ohéhe possible reasons that PCBH10 showed
diffuse porosity that it grew close to a swamp agxkived much water. Based on #1C values, it
was shown that PCBH10 did not experience any ditficin water supply. The author assumed that
wet conditions restricted PCBH10 to show seasdmghm of radial growth and having changes in
leaf phenology. However, information on environnanivater sources and atmospheric vapor
pressure deficit through an analysis of oxygenopetratio (Roden et al 2000), might enable us to
interpret the variations of anatomical changes oneeological basis and detect growth rings in
PCBH10. It was considered that influence of sitedittons should be emphasized for further study of
growth ring formation in well-defined growth ring P. canescengrown under the tropical rainforest
climate. In this study, therefore, the author dfeess PCBH10 as having ambiguous to absent growth
ring based on inability to integrate anatomicalraes and values @°C with precipitation, radial
growth, cambial activity, and leaf phenology.

Growth rings ofl. palembanican AHFR (IPAH1) was demarcated by marginal pargna
macroscopically and one growth ring occurred durihg experimental period. Microscopically,
IPAH featuring the terminal and/or initial parenainy, being judged by the shape of the cells. The
former was mostly radially flattened in shape assbaiated with small vessels while the later mostly

varied in shape and associated with large vesBaked on the values 81°C, IPAH1 did not show
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any cyclic variations, but the position of termimmrenchyma was noticed to have a high value of
8"C. It was unclear to relate nature of parenchynuhthe values 08*°C, thus, the author considered
that the high and low values &fC was arouse from small and large vessels. Basélueanccurrence

of present parenchyma band, value8'dE, rhythm of radial growth, cambial activity, lgatienology,
and precipitation, it was estimated that the teaihparenchyma was formed during the period of
slowing down of radial growth, high to low cambiattivity, shedding of leaves until becoming
leafless, and low precipitation. Carlquist (200kplained that growth rings featured by marginal
parenchyma can be related to seasonal storagarohsind to flushes of growth. Dunisch and Puls
(2003) explained the highest content of starch feaad in the secondary xylem during a period of
complete leafless when the cambium is dormantyrperiod. At the locations of high value &fC,

in which terminal parenchyma associated with swatisels is located, the valuessdiC gradually
decreased. Anatomically, this region was featurgdldvge vessels. During this period, it was
estimated that the radial growth restarted growttslow mode when the tree was producing new
leaves and received much water. Carlquist (200pJained that the alternative possibility for the
function of terminal parenchyma would be the stera§ starch to support rapid flushes of growth,
flowering, and fruiting. Dunisch and Puls (2008uid that wet condition decreased the amount of
reserve materials, as for reactivation of cambialugh and formation of new leaves. In this studly, i
was considered that the terminal parenchyma fortoeithg the experimental period was parallel with
the availability of water and physiologically reedtto leafless period. However, the relationship
between the occurrence of terminal parenchyma anidtions ofs*°C values was considered weak
even though they showed some relationship withhringt of radial growth, cambial activity, leaf
phenology and precipitation. Therefore, IPAH1 wassidered and clarified as having a poorly-
defined growth ring. The uncertainty of its anndaimation can be investigated through the

application of stable oxygen isotope analysis aralyais of changes in starch contents.
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5.5 Summary

In this study, the characterization of annual simgs based on synchronicity of annual cyclic
variations of3*°C values, seasonal rhythm of radial growth patteambial activity, changes in leaf
phenology and precipitation in the well-defined gvo With all combined parameters, PCMA9
featuring ring-porous wood was clarified as formamgnual rings and the ring was considered to be
formed during the period of slowing down of radigbwth, leafless and less precipitation. PCBH10
featuring diffuse-porous wood was clarified as hgvambiguous or no growth rings since they did
not show any relationship between anatomical featwmd variations 0'°C values with radial
growth, cambial activity, leaf phenology, and ppé#eition. IPAH1 featuring marginal parenchyma
was clarified as having poorly-defined growth ringgcause the marginal parenchyma was expected
can be formed many times within a year, dependimdpa@w frequent the tree shed their leaves and
experienced low precipitation. Detection of anncignges in PCBH10 and IPAH1 was considered

possible by the analysis of stable oxygen isotapghe future.

88



Conclusions

The possibility of growth ring occurrence in traglicainforest trees was shown in Chapter 1
and 2 through anatomical investigation, dendrometerasurement and leaf phenology. The
anatomical features of growth rings were obsereethd the fiber zones, radially-flattened fibers,
thick-walled fibers, marginal parenchyma, and u#ies in vessel size and density. However,
difficulties might be encoutered: intermittent gtbwings, ambiguous growth rings, discontinuous
growth rings, and occurrence of traumatic resinatsarnn parenchyma bands. Based on the
preliminary investigation, it was shown tHa@ronema canesceggsown in tropical monsoon climate
and rainforest climate area, almdsia palembanicayrown in tropical rainforest area had distinct and
well-defined growth rings. 17 species showed peddfined growth ring and growth rings were
absent in 10 species. Some of the tropical raisfarees showed seasonal rhythm of radial growth
and cambial activity when the radial growth slovadesvn during the period of shedding of leaves and
low precipitation. During this period, the numbdraambial and enlarging zone cells decreased.
Therefore, Chapter 1 and 2 concluded that growtty f@atures occur in tropical rainforest trees and
do show seasonal rhythm of radial growth and cahalaitvity.

Application of DC-pulse marking and stable carbsotope analysis in Chapter 3 meet the
expection for precise investigation of wood forroatin tropical rainforest trees. The DC-influenced
cells such as crushed cells, crushed vessels,daderay parenchyma are considered to be the most
suitable features to deduce the position of enfargbne at the time of marking. The variatios6€
values in preliminary studied species showed thatiopic approach can be applied and effective to
deepen the understanding of wood formation in t@lpiainforest trees. Therefore, the applicatidns o
DC-pulse marking and stable carbon isotope anatysi®ffective to study wood formation in tropical
rainforest trees.

Monitoring of radial growth periodicity by dendrotee measurement, phenological
observation and application of electrical impedanwasurement in tropical trees were shown in
Chapter 4. Each group of distinctiveness, claghifig well-defined, poorly defined and absent growth

rings meet the expected criteria. The poorly-defigeoup not always showed the seasonal rhythm of
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radial growth and the absent group was sometimewesth seasonal radial growth. The well-defined
group that grown in tropical monsoon and rainforelghates showed seasonal rhythm of radial
growth and cambial activity when the trees slowdiogvn their radial growth during the period of leaf
shedding less precipitation. Therefore, the poldsilaif the occurrence of annual growth rings inliwe
defined group was expected.

Characterization of the growth ring and estimatidrits annual formation in well-defined
group was investigated by anatomical observatitables carbon isotope, dendrometer measurement,
phenological observation, and impedance measuredugintg in a known period. Annual formation
of growth ring in well-defined species was estirdaterough the synchronicity among anatomical
changes, variation i&'°C values, seasonal rhythm of radial growth, camddivity, leaf phenology,
and precipitation. With all combined paramet&sgcanescens tropical monsoon area was clarified
as forming an annual rin§.. canescenm tropical rainforest area is considered to hawidiguous or
absent growth rings because it it grew under weditmn. I. palembanicawas judged as having
poorly-defined growth rings.

Therefore, in this study, the author concluded tRatcanescenggrown under tropical
monsoon climate in Peninsular Malaysia can be ptedhfor use in tropical dendrochronology when
the growth ring is considered to be formed annudlganwhile, the well-defined growth rings Bf
canescend. palembanicaand other species with poorly-defined growth simgown under tropical
monsoon and rainforest climates should be clariiethe future with the addition of stable oxygen
analysis, as for precise investigation of wood fation and confirmation of the annual ring formation

in tropical rainforest trees.
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