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1.1.1 BFE v 2 — v HRoKpEEINIEDER

Bt FHiR IR o — T TR o FHIZE AR 2 Rk TH Y, Bk ttkos X2
43% % o, FWAERRERES) L ERARFEKE% D D & [FIFFIC (Food and Agriculture
Organization 2001), % D K{EER ii{hfi?i@i\{fﬁ;ﬁ WCHEHEREEHZRE LTV

T YTy A— v U CIREEL T R o8N %yx—yﬂ%M%®$W§%®
HEIMPENE O & DK Y2 —V@Eﬁﬂitéc&ﬁ%MénTmémmm&
Arblaster 2003). 7 — 7 (Tectona grandis) |3 BV Z= iR 3 2 fREN R TELTEB TH Y,
IR X2 3 IC R TEIC X W B IC 31 2 KB AT IR LKA 2 S 372 Lic ko THL
HE v A — v H O T b S ATEZIE L T 2 RIS L 4B 3 % (Brochert 1999). % @
e d & A4 ALERONEMMIC AT ¢ % F — 7 Cld HBOK s — KR THl % & K5 2 A
L, FhicBERSIZIERRCEETZ I LABRREEOHI 2RI TV
(Yoshifuji et al. 2006; Yoshifuji et al. 2011; Yoshihuji et al. 2014). X b1Z, [FFHEHD F— 71
ﬁbziﬁ’btofk%%miﬁ@ﬁmﬁ%%<%%ﬁéﬁmﬁﬁm%ﬁ%ﬁokﬁ%,
Tt D R IE - IRIERFIAD LHEK I X o T o TV 2 HAMER X LT\ 5 (Tanaka et al.
mn;%ﬁ&zmn.:nawzaﬁa,%%@7y7%yx—/%ﬁ@hmna—/@ﬂ
LR RO R IER O S EHM A D7 2 /) uy — 2833 2 A TFHIN, %

FER & L TRV IR O RO KIGER IR & S B L, ZNB5IRERICEZE % 5 2 %
ﬂ%ﬁ#%é.Lt#of797%VX~V%ﬁ@%mﬂﬂ~V@E@ RS 2 B 2R A
MOKBREDIEE % Tl T 28D Y, Z D701 FEGEEER O KFIHICOWT XD
FEAIC RS 2 B D B



1.1.2 SR D 7] FH e & it B oD 15

BIAR D R 3Bt O UE & 0 AMIlO MRk & BRI N TH D, T LML X R
N2 Mot &AM CRERL S 2 B IS/ T 2 2 e 3T & 5. BRI 1c Bl o N
A XK, TR ED L IR#E T 2 1%E 2105 L X T\ % (Angyalossy et al. 2016; Rosell 2016).
¥ 72, SMERIZHINEEEAS 2 R ) AL L7z a A 2 ik e & &, a7 fIZK D 2 2 DGR
P 2ME N 72 9 (Groh et al. 2002; Vishwanath e al. 2015), A4S 3B Il 2 & zk ook
[~DIHET 2% E % o & E 2 LT3, PIRE B (KA 13 AMEH R o PN TAE
L, BECHEPEI N NEHREY OEHASIR~ D% % H 5 (Angyalossy et al. 2016). X 51T
B R 137K 5y Dk % 4H 5 REBOEE X W G 2 Kok irz, KEBOKAELCEE O *
YT —va vBEUBRICIEZ O O 7 0 I1ITiF 2 72K B TEEE & A L COREENIC it
63 % (Zweifel et al. 2000; Pfauusch et al. 2015). & D X 9 1 P RZ (366 0 JE/KBEHE  HEFF
ICKECHBL T3,

B iR Ic BT, B OREBREREHEIKIE, WBRE, SMat)E, S8R L o
HE)IZ %R TH 2 (Fig. 1-2). 7z, WFLWFOMNED AR E Wbl ¢ 23 E
HM23H 5 2 & BHE I NTE Y, KRESEAMAD F IR 5 WAGH D FERET 1112 i 2
% 72K DR B RBIARICIEWT, IKGZ XD % TR % 72 O ICBIR 378 L
T3 EEZ 5N T 5 ([Rosell 2016). T D X 5 I 1ZIAR D KFF IC 35 CEE 7 1%
ERELTCwEEZOLN, ZoO&EE XV ESEREIHT 2 2 LI EVEFEIN O KB)EEIC D
WCHIRZED B 2 L IO B,
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Fig. 1-1. ¥ — 7 ofimrofis. K52 5 NN 2 TOME EE, MR (X
FIEAAHAR), AR ONEICES] LT\ %, AME R IZE R (a v 7 ke a2
BE) LHE L7z KA O R AJE<H 2 ) F F — L &R T % (Baptista
et al. 2013).

Fig. 1-2. Vg Z=Hitkic 2 H 3 2 B OB O REWTIRL. BEEARIZ R T — N —
(5mm), #iEFHR & MEKHR T Z N2 NIME B & WIS O #iPH %2 773, (a) Jacaratia

mexicana; (b) Cochlospermum vitifolium; (c) Heliocarpus pallidus; (d) Aralia

mexicane; (€) Pachycereus pecten-aborigium (Rosell et al. 2016).
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1.2.1 1 — k&R T DRSS o 4 i D Fe

AR D X 5 ICHIfEREDS 2 R Y AL L 7z 2 v 7 (1l 0 K @ i 1K w72 o, et X
SRR % 2 o> O OR5E LKy DR 2 M2 2 1% E 035 5 & X T X 72 (Angyalossy et al.
2016). —H T, AU 7 A N=T « ka4 XYRAFX(S. sempervirens) DI % Tz H3FCHE X N7 K as
MICEA LA 72 B, KR o@AKHEBDO ¥ ¥ €7 —> a VABEI L Z &2 b, B3 ot
BT Ko 2 W L, WRIN U 72 7K 53 % REK D sl BRRE D HERF ICFH W 2 & F5R 3 2 ifF 7Ef
b FELE S % (Mason et al. 2016). & - TRIKDIKFIFIC 517 2 S D% E 13 F 72 K iEHH©
H5. BEEZA—VHRICAEBT T 3BIRICE W TOIBE — KAB ORI U 23 5,
WX U 72 7K 53 53 S B 2 ARFRAHAR I fikfn T 4, 28807 L oK o ABSEICH W b L 5 A]
B2 5. Bt v A— VY HRIINBIC B W T RABELE K BENOMHEE R E W &b,
Hiet B I 2> & DK DRI ZR I B> TEE KRR & 72 2 flRetEs H 5. —77,
MBI % A U 72 NSt R e RER Il 2 727K o i 1E,  Sdmads e < BERAERL 2 K 5UKZR K=
IR 2 B e v A — v HIBR O §2FR I BT, B 0 B /KBS RE R A BFRR B D HERFIC 35
THEHELZRY 5 5. Ledo TR E Y XA — v HUIBIC AT ¥ 2 BIARIC IV TR —R5KUH
DIKGF DRFaDREIRIL, % OBIKROKHH % IS 5 L CREARRTH 5.

1.2.2 Ft iz DK Z& S0 O T T i D fifE T

BurZ=itkicEE 3 2 BRI O TREIERE 134 kT H % (Fig.1-2). HMEEK D 2 v 7 Hf%
DKDEBEWE I ZOBERLIEIICEGINDG 2 L 2HE SN TEH DY (Groh et al. 2002;
Lendzian et al. 2006), 1A D16z D 7K 537w 13 A48 i O HLEE LM L D JE & 7 & DI
BIVREINFHBICEG I N5 2 e PRI NS, IMEEIH 2> O WL L 72 7K 53 23 P st BE 2 AR
AR ICftfn T N2 5, B OFEBEER E VI EEIRK O AR O R~ D Hk S K % <
B EFEZLNS. —T TR DK EEEME NG, NEBE AR ICE 2 b Tn
LIKGDRA~DIH YT 2%E 2 H-TwB EEZLND, O X5 IS &Ik
B DKDEBMEDR R LICkoT, &% DBEDBIANKFIICE T 58 0% R
25 VIR TONS. Z DIREEZIREES % 72 D 113 R 7 2 TRHTZHE % £ O fof ]
TR DR EE L Z T 5 2 RO O, % D736 DKo o FF i
72 O EERFIEOME. & E BRI R O I L 70 5. ZOHE—EKREL L TR
78Tl AMat B T LA S 0 BT % X CTEEW T2 T — 7 ORI DY % B W 72 8 52 5% (Bark
water adsorption experiment LA T BWA) & [l i 52 B# (Bark water desorption experiment; LA
BWD)D #iti 5 % F \» 7o 6t B o 7K ZK gzt b B ik D iz 2 HiE 3.
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Section 1 INTRODUCTION

The fluctuation in water storage due to water movement between the inner bark and
xylem vessels causes fluctuations in stem volume through the expansion and contraction of
phloem parenchymal tissues. These fluctuations in stem diameter can be attributed to changes in
inner bark volume, which differ from hypertrophic growth (Brough et al. 1986; Zweifel & Hésler
2000). Thus, measurement of the changes in tree diameter using a dendrometer has been employed
in many studies to assess stem water conditions (Zweifel & Hisler 2000; Zweifel et al. 2000;
Zweifel et al. 2005; Zweifel et al. 2007; Zweifel et al. 2016; Steppe et al. 2006; Steppe et al.
2015). Therefore, measurement of fluctuations in teak stem diameter is considered an effective
means of determining stem water status in a teak tree.

Water deficit in stems occurs under conditions of high vapor pressure deficit (VPD) and
low soil water (Zweifel et al. 2005; Zweifel et al. 2016), suggesting that the absorption of soil
water by roots and transpiration by leaves are the major factors affecting the swelling and
shrinking of the stem. Stem water loss through the bark surface has been reported to be low in
cool-temperate coniferous forests (Zweifel et al. 1999). In these reports, it was assumed that no
water adsorption through the bark surface occurred. Outer bark has often been assumed to have

low water permeability in previous reports (Angyalossy et al. 2016; Groh et al. 2002). On the



other hand, some studies have confirmed that water permeates the xylem through the outer bark.

Embolisms in xylem vessels were eliminated when a redwood branch was placed in a fog chamber,

suggesting that water permeated the xylem through the outer bark (Mason et al. 2016). Thus,

whether water exchange with the outside environment occurs through the outer bark remains

unclear.

To clarify whether water exchange occurs through the outer bark in teak trees in a

tropical monsoon forest, we measured the responses of stem circumference to rainfall events

during the dry season, when leaf transpiration and root water absorption were stopped.

Transpiration via leaves and water absorption via roots were examined through measurement of

sap flow rates and counting of leaves in time-series images of the trees. To confirm that water

exchange occurs through the outer bark, we also observed changes in the water content and

thickness of bark blocks from a teak tree that were equilibrated with water vapor under various

relative humidity conditions. Based on the field observations and the experiments, we explored

whether teak trees exchange water through their outer bark.



Section 2 MATERIAL S& METHODS
2.2.1 Study site, plant material and environmental conditions

This study was conducted in an even-aged teak (Tectona grandis Linn. f.) stand planted
in 1968 at MaeMoh plantation in Lampang Province, northern Thailand (18° 25’ N, 99° 43” E,
380 m above sea level). The annual mean temperature at the study site is 25.4°C and the mean
precipitation is 1361 mm yr”' (2001-2012). Precipitation in this region is affected by the Asian
monsoon, and therefore is concentrated in the wet season from around May to October. Teak is a
tropical deciduous hardwood species that increases its numbers of leaves at the beginning of the
wet season and drops them completely in the late dry season (Yoshifuji ez al. 2006).

Precipitation was measured every 10 min with a storage-type rain gauge in an open plot
at the study site. Air temperature and relative humidity were measured every 10 min using an
aspirated psychrometer (MS-801 or HMP115a, Vaisala, Helsinki, Finland) at the top of an
observation tower. Soil water content (/) was measured near the tower at depths of 10, 20, 40,
and 60 cm every 10 min using a time-domain reflectometer (TDR; CS615, Campbell Scientific,

Logan, USA). Relative soil water content (®) was calculated as:
@ — et_emin (2_1)

emax - emin

where 6 is the average soil water content measurement at depths of 10, 20, 40, and 60 cm; 6, is

at time #; and Gyax and 6,i» are the maximum and minimum values of @ over 2 years (January 2014—



December 2015), respectively. We defined the period when @ was below 0.2 as the dry season, in

accordance with previous reports (Yoshifuji et al. 2011; Yoshifuji et al. 2014), and the period of

concentrated rainfall was designated the wet season.



2.2.2 Perimeter fluctuation, sap flow, canopy leaf states measurements

Stem-circumference and sap-flow measurements of two teak trees (C1 and C3; Fig. 2-1)

growing near the tower were conducted. Their heights and diameters at breast height (DBHs) in

April 2014 were 23.8 m and 32.4 ¢cm for C1, and 26.6 m and 36.6 cm for C3, respectively (Table

2-1). Stem circumference fluctuation (SCF; mm) was measured at a height of 1.2 m above the

ground surface on C1 and C3 hourly from November 2013 to June 2016 using a band-type

dendrometer (Stem increment sensor DRL26A, EMS Brno, Brno, Czech Republic; Fig. 2-2a).

Sap flow rate (SFR; cm hour™) was measured at a height of 1.5 m on C1 and C3 every

20 min from October 2012 to July 2015 using a heat ratio method (HRM) sensor (SFM1, ICT

International, Armidale, Australia; Fig. 2-2b).

Time-series images of the canopies of C1 and C3 (Fig. 2-2c) were recorded weekly from

September 2014 to March 2015 using Garden cameras (Garden Watch Cam, Brinno, Tokyo,

Japan) installed on the tower. In addition, 30 live leaves were randomly selected from each canopy

in the initial images, and changes in their number during the dry season were tracked to estimate

when defoliation occurred for each tree.



Table 2-1 Tree size (DBH and height) of the studied teak trees.

Tree size (as of April 22, 2014)

Tree ID
DBH (cm) Tree height (m)
Cl 324 23.75
C3 36.6 26.6

Fig. 2-1 Studied teak trees in MaeMoh plantation (left; C1, right; C3).
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Fig. 2-2 SCF measurement by dendrometer (a), SFR measurement by heat ratio
method sensor (b), Time-series image of canopy (c-1: 2014/8/18, c-2: 2015/3/16
in C1).

11



2.2.3 Bark water adsorption and desorption experiments

BWA and BWD were undertaken using bark samples, including both the outer and inner

bark layers, collected from the bottom of one teak tree at the study site (39.8 cm in diameter; Fig.

2-3a). The bark samples were cut into 16 small blocks (30 mm height X 30 mm width) and all

surfaces except the outer bark were sealed with epoxy resin (AR-R30, Huntsman Japan) to prevent

exchange of water vapor through those surfaces (Fig. 2-3b). Bark blocks were then oven-dried at

105°C for 24 h (DK400T, Yamato Scientific, Tokyo, Japan). The respective average weights and

thicknesses of the dried bark were 7.46 g and 11.80 mm in the BWA and 7.32 g and 11.72 mm in

the BWD. In the BWA , the dried bark blocks were sealed into the chamber individually, and the

temperature and relative humidity were constant (20°C; 10.8, 32.8, 54.3, 75.0 or 93.0%). Four

and three samples were maintained under conditions of 93.0% relative humidity (RH) and all

other humidity levels, respectively. Changes in the fresh weight and thickness of each bark block

were measured using an electronic balance (LIBROR AEX-180, SHIMAZU, Kyoto, Japan) and

an electronic caliper (Digimatic Caliper, Mitutoyo Corporation, Kanagawa, Japan), respectively.

These measurements were repeated until the weight of the block reached a stable value. In the

BWD, the dried bark blocks were equilibrated with water vapor in a desiccator at 93.0% RH for

98 days and then sealed into chambers of constant temperature and RH (20°C; 10.8, 32.8, 54.3 or

75.0%). Three samples were measured under each humidity condition. Changes in the fresh

12



weight and thickness of each bark block were measured in the same manner as for the BWA . RH

in the chambers was controlled using the saturated salt solution method (Table 2-2).

Changes in the fresh weight and thickness of each bark block were estimated using the

bark moisture content (1:%) and bark thickness swelling (S.:%) as:

_ Ww—Ws _
U= (2-2)
and
TW_TS
Se =2 (23)

where W,, and T, are the fresh weight (g) and thickness (mm) of a bark block, respectively, and

W and Ty are its dry weight (g) and dry thickness (mm), respectively. We assumed that the bark

blocks reached hydrous equilibrium when the change in u fell below 0.002% per hour.

13



Table 2-2 Salt names and chemical compositions used for the saturated salt solution method

to maintain relative humidity when saturated at 20°C.

Salt name Chemical formula %RH at 20°C
Lithium chloride LiCl 10.8
Magnesium chloride hexahydrate MgCl, + 6H,0O 32.8
Magnesium nitrate hexahydrate Mg(NO3), * 6H,0 54.3
Sodium chloride NaCl 75.0
Potassium nitrate KNO; 93.0

Fig. 2-3 A disk of teak used in BWA and BWD (a) and teak bark blocks sealed their all surfaces

except outer-bark side with epoxy resin (b).

14



Section 3 RESULTS

2.3.1 Environmental conditions

The wet season during the study period began on April 30, 2014, and ended on December

12, 2014, according to @ (Fig. 2-4b). Although most rainfall was concentrated in the wet season,

it also occurred in January and March during the dry season (Fig. 2-4a). The precipitation levels

of those events were 78.5 mm and 64.0 mm, respectively. The daily means of VPD remained

between 1.1 and 18.0 hPa during the wet season and increased to 31.5 hPa in the late dry season.

The values of ® remained high for the first 4 months of the wet season, and then decreased until

the first rainfall of the dry season (Fig. 2-4a, ¢). We also observed that @ increased in response to

rainfall events during the dry season (Fig. 2-4a, c).
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Fig. 2-4 Seasonal patterns of daily precipitation (a), daily mean relative soil moisture content
(b), daily mean air temperature and vapor pressure deficit (c) at the study site. White arrows

in Fig. 1a indicate rainfall events during the dry season.
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2.3.2 Stem perimeter, sap flow rate and canopy leaf condition

The SCF of both trees increased from March to the end of September 2014, and then

decreased from October until the first rainfall in January 2015, during the dry season (Fig. 2-5a).

The SCF of both C1 and C3 increased in response to rainfall events in the dry season (Fig. 2-5a).

In both trees, the daily peaks and diurnal fluctuation ranges of SFR were much greater in the wet

season than in the dry season (Fig. 2-5b). The SFR reduction was complete by January in C3,

before that of C1, which was not complete until March (Fig. 2-5¢). The SFR of C3 did not respond

to the sharp increase in @ after rain event A in the dry season, instead remaining low (Figs. 2-4b,

2-5b). The numbers of leaves observed in time-series images began to decrease in October in C3

and in early November in C1 (Fig. 2-5¢). The date when the number of leaves reached zero was

50 days earlier in C3 than in C1 (Fig. 2-5¢). SCF of both C1 and C3 increased immediately after

rain event A in the dry season (a in Fig. 2-6a, b), peaking about 18 days later (B in Fig. 2-6a, b).

After reaching this peak, SCF decreased more rapidly in C1 than in C3 (y and § in Fig. 2-6a, b).

17
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Fig. 2-5 Seasonal patterns of daily precipitation and daily mean stem circumference
fluctuation (a), hourly mean sap flow rate (b), and number of leaves observed in time-series

images (c).
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Fig. 2-6 SCF of Cl(a) and C3(b) between two rainfall events during the dry season.
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2.3.3 Bark moisture adsorption and desorption

In the BWA, the bark moisture content (1) and bark thickness swelling (S.) increased

over the experimental period at 32.8, 54.3, 75.0 and 93.0% RH, while u and S, showed little

change at 10.8% RH (Fig. 2-7a, b). These factors reached stable values due to hydrous

equilibration at each RH value (Fig. 2-7a, b), which ranged between 1.09 and 20.53% for u and

between -0.45 and 13.24% for S. (Table 2-3). The maximum values of u# and S, in the BWA

experiment were observed at 93.0% RH. The bark blocks required 97 days to achieve hydrous

equilibrium at 93.0% RH in the BWA (Table 2-3).

In the BWD, u and S, decreased immediately after the beginning of the experiment at

10.8, 32.8, 54.3 and 75.0% RH, and reached stable values more rapidly than in the BWA (Fig. 2-

7c, d, Table 2-3). The values of u and S., which reached hydrous equilibrium at each RH, ranged

between 3.44 and 11.18% and between 2.53 and 4.47%, respectively (Table 2-3). The lowest

values of u and S. in the BWD were observed at 10.8% RH, at which 46 days were required to

achieve hydrous equilibrium (Table 2-3). While u increased with increasing RH in both the

adsorption and desorption processes, S. did not differ greatly between 32.8 and 75.0% RH, and

increased between 75.0 and 93.0% RH (Fig. 2-8). The u and S. values observed at 10.8, 32.8, 54.3,

75.0% RH were higher in the desorption experiment than in the adsorption experiment (Fig. 2-8).
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Fig. 2-7 Time-series changes in bark moisture content (#) and bark thickness swelling
(S.) at each relative humidity level in the BWA (a, b) and BWD (c, d).
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Table 2-3 Mean values of bark moisture content (), bark thickness swelling (S.), and

days to reach the hydrous equilibrium at each relative humidity level in the BWA and

BWD.
%RH
Experiment Parameter
10.8 328 543 750 93.0
u (%) 1.09 3.58 5.57 8.84 20.53
BWA Se (%) -0.45 1.52 126 3.43 13.24
Elapsed time (day) <2 10 46 75 97
u (%) 3.49 6.16 8.28 11.22
BWD S (%) 2.53 4.12 459 4.47
Elapsed time (day) 46 36 28 22
20 16
—e—adsorption process —e—adsorption process
16 + . / 12 .
--o--desorption process / --o--desorption process
~12 < 8 2
> 3
S 8+ w4
4 + 0
0 -4 | | |
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Fig. 2-8 Bark moisture content (left) and bark thickness swelling (right) at hydrous

equilibrium for each relative humidity.
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Section 4 DISCUSSION

2.4.1 SCF increased process in the dry season

SCF increased over time in both trees studied (C1 and C3) in response to two rain events

during the dry season (rain events A and B in Fig. 2-5a). Stem circumference increases during the

growth of a tree ring and remains stable when tree-ring formation stops (Komiyama et al. 1987).

Microscopic observation of stem microcores sampled from C1 and C3 indicated that cambium

activity and tree-ring formation had stopped in both trees during the dry season (Matsunaga,

unpublished data). Cambium activities of various deciduous tree species, including teak, in

tropical seasonal forests have been reported to stop in the dry season (Borchert 1999). Therefore,

the SCF increase observed in this study during the dry season cannot be attributed to tree-ring

growth. A change in stem circumference can also be associated with a change in stem water

volume driven by transpiration from leaves and water absorption by roots (Zweifel et al. 2000;

Steppe et al. 2015). However, an SCF increase in response to rain event A was observed in C3,

which was completely defoliated and maintained low SFR throughout the day (Fig. 2-5a, b, ¢).

As the SFR observed in C3 was non-zero, but was much lower than that in the wet season, the

amount of water absorbed by the roots appears to have been very small, if any. The sap-flow rate

measured with the HRM did not reach zero when the roots were severed and water absorption

was stopped, as the HRM is also affected by changes in external temperature (Burgess ef al. 2001).
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Therefore, sap flow can be assumed to have stopped in C3 despite its non-zero SFR, as defoliation

was complete at the time. Transpiration from leaves and water supply from the soil via roots

generate a water potential gradient between the inner bark and xylem, which promotes water

exchange between the inner bark and xylem (Zweifel et al. 2000; Zweifel & Hasler 2001; Steppe

et al. 2015). Therefore, water exchange between the inner bark and xylem can be assumed to have

been inactive in C3, as all its leaves had fallen and its SFR was very low. This finding suggests

that the increase in SCF in C3 in response to rain event A cannot be attributed to water supply

from the soil via xylem. On the other hand, SCF increased in response to rain event A in C1, the

defoliation of which was not complete and the SFR remained high with daily fluctuations (Fig.

2-5b, c). Although the defoliation stage differed between C1 and C3, the responses of SCF to rain

event A were almost identical (Fig. 2-6a, b). These results suggest that the increase in stem

circumference in response to rain event A can be attributed mainly to absorption of rainwater,

water vapor, or both through the outer bark surface.

In the BWA , u and S. of the teak bark blocks increased due to absorption of water vapor

from the surface of the outer bark (Fig. 2-7a, b). This result indicates that absorption of water

vapor through the outer bark surface increased the volume of the bark, suggesting that the

observation of increased SCF in C1 and C3 during the dry season can be attributed to absorption

of water vapor through the outer bark surface. The maximum S, of a bark block in the BWA
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experiment was 13.24% at 93.0% RH. This S. corresponds to an increase of 9.82 mm in the

circumference of a tree with a bark thickness of 11.80 mm, which was the mean thickness of the

bark blocks used in the BWA and BWD and was assumed to be equal to the bark thickness of C1

and C3, which were of the same age and similar stem diameter. This increase of 9.82 mm was

similar to the increases in SCF of 10.74 and 8.64 mm observed in C1 and C3, respectively,

between rain events A and B (between a and P in Fig. 2-6a, b). This result suggests that the

increase in SCF in response to rain events during the dry season can be attributed to bark thickness

swelling due to water vapor absorption through the outer bark surface.

However, the time needed to reach maximum thickness differed between the bark of

teak trees at the study site and the bark blocks used in the experiment. While more than 97 days

were required for the bark blocks to reach hydrous equilibrium at 93% RH in the BWA , only 18

days were required for the stem circumference to reach its peak after the start of a rainfall event

in the field (Fig. 2-6a, b). This may have been due to differences in the diffusive resistance of

water vapor in the bark boundary layer. Air convection in the chamber in which each bark block

was sealed was certainly lower than that in the field. Therefore, the diffusive resistance of water

vapor at the bark boundary layer in the chamber was probably higher than that in the field. Higher

diffusive resistance in the bark boundary layer may have increased the time required to reach

equilibrium. It is also possible that water flow on the stem surface (stem flow) due to rainfall was
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absorbed by the outer bark of C1 and C3, resulting in a rapid increase in stem circumference. This

increase continued when the relative humidity was much lower than 100% and stem flow was

absent, suggesting that rainwater may be stored on the outer bark surface and gradually penetrate

the bark. The rough surface of outer bark has been reported to temporarily hold water originating

as stem flow (Levia & Frost 2003). Water stored on the rough surface of outer bark may require

some time to penetrate the bark and increase its thickness. However, even though rain event A

lasted for less than 2 days, 18 days were needed for the stem circumference to increase to its peak.

Thus, further experiments on liquid water absorption by bark blocks should be performed to

clarify whether the increase in SCF was caused by rainwater absorption via the outer bark surface.
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2.4.2 SCF decreased process in the dry season

After rain events in the dry season, SCF reached a peak and then decreased (Fig. 2-5a).

Stem circumference has been reported to decrease with a decrease in stem water content when

the amount of water transpired by the leaves exceeds that absorbed by the roots under dry

conditions characterized by high VPD and low soil moisture content (Steppe et al. 2015).

However, SCF decreased in C3 despite sap flow having stopped (Fig. 2-5a, b).

The results of the BWD experiment indicate that the u and S, of the teak bark block

decreased through the release of water vapor to the air via the outer bark surface (Fig. 2-7c, d).

This suggests that release of water vapor through the outer bark surface is a factor driving the

decrease in stem circumference during the dry season. The SCF decrease began more slowly in

C3, in which sap flow had stopped prior to rain event A, than in C1, in which sap flow did not

stop until 56 days after rain event A (Fig. 2-5a, b). This difference suggests that water stored in

the stem of C1 was consumed both through transpiration by leaves and water vapor release from

the bark to the atmosphere, while that stored in the stem of C3 was consumed only through the

latter process.

VPD at the study site increased after rain event A, exceeding 20 hPa just before rain

event B (Fig. 2-4c). The mean RH and VPD between the day on which the SCF of C3 began to

decrease and the day of rain event B were 45.2% and 20.2 hPa, respectively, which are similar to
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the levels of 10.8% RH and 20.9 hPa (when converted to VPD at 20°C) used for the BWD

experiment. The S, of the bark block at 10.8% RH was 2.53% when the bark block reached

hydrous equilibrium in the BWD experiment. The decrease in S, from 13.24% at 93.0% RH in

the BWA experiment to 2.53% at 10.8% RH in the BWD corresponds to a decrease in stem

circumference of 7.94 mm for a tree with a mean bark thickness of 11.80 mm. This value is similar

to the SCF decrease of 7.65 mm observed in C3 between the peaks after rain event A and rain

event B (between B and 6 in Fig. 2-6b). Additionally, the stem circumference of C3 required 45

days to reach its minimum during its decrease after rain event A (between B and 6 in Fig. 2-6b).

In the BWD experiment, 46 days were needed to reach hydrous equilibrium at 10.8% RH (Table

2-3). Thus, no difference was observed in the desorption period between trees in the field and

bark blocks in the experiment, in contrast to the adsorption process. These findings indicate that

water vapor release from the stem to the atmosphere through the outer bark surface can be a major

driver of stem circumference fluctuations in teak trees without sap flow.
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B 1L

3.1.1 B EZ 7k zk &g 4 o S

H2FE D F— 27 0V RITE W CHME I 2 N L CB R — RSB 0 /KZES DAY 234
U2 e RN, ST %2 N L CIRIIKDRASA L 5 2 L 2R S i, B oK
P I AV B D 2 7 RO JE X LB, BRI OME LBEMRL Tn b Lo
TN T3 Y (Groh et al. 2002; Lendzian 2006), W DIZETHE & Z DK g #E M IC 135 12 72 B
DONBH2ZLEZLND. FHCEEZRED SR 7 B = Hi MR D 1 < 1T D7k &t o
HESCKDEEEPBE S L ICKEC RR L EZON S, BTEHIARCIZIEOFEHZ
AL <, MBI & A L 728 — RS D /K 53 2813 2 o Hus i A= 3 5 SR o 7k Al

B2 5EZzbN5.

Stk BFEY A—VHRICER T 2 BIRDKMMICE T 21 D% EI D AR % R 2

5 2 TG FERPE DB COHBIZAEMAFETH Y, Z D7D B DKy EENE

% G 3 2 FEERT ik & ok oriE i & Sl 3 2 E B 2 IR B O L S AT R T H
%, KRETIE, KEKOHAY ZAMEE RO RICHRE L7257 — 27 OB (LT, fEA)%
Fv 72 R SR g, Bidm SR B o 5 BRI 35 1) 2 AR EE SR & & O PTG /KR (K9 IS AR
DIENT, KW 5 D FRERFZAL DT 2> & TR - D 7K o Wi 1< BA 3 2 etk D 4545
ORI BNEE R E DX T A — 2% L, B 0 /KZER O 0 E ' 7 HiifEEE & L <
R ZRGEEL 72, %72, 1R OSSR % A U 72 KRR D WBEIR T X 2 /K S Wl sk o s
AR 2 720, B R OKDPBIEEFFED 7 X — & & [REER O NS 2308, ar s
Ak, K7 & OREZMEIOIKGWIEFED ¥ T X — 2 OSCHE & g L 7=,
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3.1.2 BV E v X — v kD B DBIAKFIFTIC 351 2 5

PR O E BRI B 0 2 B RO B DT ETERRDZRICHEH L 20 5eHlid% <,
B DI E T RE D P BRI 2 W TR A IR T DT % 72 (Rosell et al. 2014; Rosell
2016). BIRDOBEIIRER - k5K - @22 O OR#ELZ I Lo, Bk LA, Ko - &
5 DOUTEs &4k E 2 Ho Tk Y, BROFEEERIZIINL DRESICKE (D 5 23,
A 5 P55 D i R B AHAR U3 PR AELAR o PREE B RE -C A o SCRFFERE X RV — 77 T, Bk
BOOMBENTIRA 2R T XRCOBRELZN T2 2 & REETH Y, FEKD4E B
DERBEICE T 2 B E O LMD & X IIE U TR O O B RE I fHER - AE IR
THRELIERELZ L 2L N TWwD (Rosell et al. 2014). B oKD KFIHICE T 5 5%
FlcsWTh, WETHR DK %2 95T 2 5% E & A FEE) I 5 720 Dok FER & L
ToOEHOMIIHEECTCH 2 LFEZOND, BIRKICEW K EEDOHELRHS a7
DR <, K DML 3 VE 7 B B g &K G 1AM\ 72 8 (Groh et al. 2002; Lendzian et
al.2006), FEFICHF 272K OREICHL T tEZONE, —HTI DX RlE TR
ST B2 I 351 2 K ZR LK D oMK <, AMEt BT & A U 729K 3 o IR IR R B
2LEZLNG.

BRIBOWZ IO FHIAEB I L VBT E v X — Y IRICE W TIME I % /i L 727K D HIA
DL, MEFICHWTIZEBUC DI 2K %l 5 72 DBIAOKFIIC B\ THHMNICE) < ATagtE
DB B —FC, WZFITITIMEIE I 2> & D RKZSBHIC X Y ffeg kg DIk 2 2 LA
Ezbhd., 2oL XYEEOKSEREIC X > TZOBIARDKFAIC B W TR 2S5
I HREIER L LEZ LN, EFICE T AN DK OIRE L NI E T 2 7K IR D
WHED &L 5% X D EEH L T 3510 X o TH A4 ORI DIEETZRE Ko E ks B 7n
2EZLNG.
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F28 Tk
3.2.1 Hailwood-Horrobin ¥ & FH \ > 72 7K 59 W S5 1568 D i b

FRHTIC 12 BWA, BWD DFER X 0 153 5 N7z K s S iR AR (Fig. 3-1) 2 AV 72 KE Rk
LB T 2K FOWEITL 7 TETETH Y, MAEEEDIER SR (2 v v — ZH[F L D
APFEE L TOARWIER) O Lo — 2§D OH # & KEREA BT LIKE L 72K 1-(E 5
FREBE)D LI, BIL7 7Y TAT —AATJICE o TR FRBRET L LEZLNLTWS
(Skaar 1972). AREAZMEL O KB F AR % BT 28 imA & L k4 gl 7 A0
REINHV DAL T 5 (Skaar 1972). KL TIdE DT ~D K> FWAE DR TH h KE
FMEL D KA E RO FFHICH W 54 % Hailwood-Horrobin #EGH(LA T H&H P,
Hailwood et al. 1946)% % L 7=.

H&H FEERIC 35\ TR R I L 72 KE R D 59113, S ROE oKD D3WE L T is
WARE R, KIPIOKG DS FTEWE L e KE R K1), RERME T ik
BHLTORWERKD 32T b, ZRENDELEmMONE X X X, T 5. T2
&, WCREWCELE, KR, ERK OTEEE Ao, Ap A ZZNENLUTOX S IRT 2 EHT
% 5.

—_ % *

Ay = s #3(3.1a
A, = —2h =k 3.1b
R X+ Xp+Xq :
X5 %

# 3.1c

57T Xo+Xp+Xs

EFEREETIZ Z D 3 B FEPREECTH b, BM/K & B2 E T X 2 /KA AL
DIRDACF G D VETER K1, KRS D O IR IR X 4L 5 BR DAL F RS O VT E L K,
WBUToOEATKRT B TE, 72X, AABUTOXIICEZIREZ2ZEBTES.

K, =2 =20 or X, = K XoA, BX32

AoAs  XoAs

K, = Ag/h, or A;=K,h #3033

T hIiIHxIkERIETH 5.
KNE R BT 35\ THZGOE B B0 T TEWOE L 72 /KR D = VIREE L X5 /( Xy + Xp) T
HY, 32, BAIZIEZHCCTUTDOIIITRTILRTX 3,
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TEHHFETH 3.
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B 34 % WmicoOWTHEL &,
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T
M 1 M (K;-1) M KK N
=_[ . p=M_t-D = MKK  grerag
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CEEHZ DL TEE3T 13 Wm=A+BIHCH L 72 %, A, B, CIXEIIESIEh) & FHEK
Kuh)k OBIRD 7 v v + % REAREIR T2 2 ic X 0, /h D EEE A WCEE T2 C
LRTE L, BHAINSE A B CEEA39ICHTIID, #HyGRERE LT 2 & TK,
Ky M QDERBAEETH S, Ik, him & h D7 vy bR EMO KRB E# C &3,
H&H M5OI TH 5.

K & K, DREEAEK, Ko)l3KZE S D KRB & T DAL SOG D FETER Z R L TH Y,
K, KK BARERMEI oKD BMEZ R IfEEL &5, 72 UM ZKRERMROST& 1g
B2 DK TWEF A PTHY, UM ITKDTDHTE 18 g/mol Z|HT 22 & TR
HEME 1 g B0 ICBET 2K E (o) ZBHT 2 LA TE 2.

DL E o H&H B % BWA, BWD X V£ 5 7z /KW S iR (Fig. 3-D)ICE A L, BEH
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3.2.2 G KK DR AL D AT

Bessho & Nakano (2009)% Nakai ez al. (2009)IC 3\ CTEMLEAM S AE, KK Wil
BRIC B 2K BE B ORIFELD 7 a v 28, Keflfiz s scickhe s
EAFA=TERWMLLEEFAL, v 274 v 7R CRIRT 2 2 LIk VKOG T
DRFERE, BiE B ORMA L %A T 5. BWA, BWD Tl & W72 &k K o fe i
ZAU(Figs. 3-2a, by, FEEEEHE d(hour) % X EZH(=In[]) T % Z & T> 7E A4 FHIFRICEAL
L 72 TR % 7R 3772 O (Figs. 3-2¢,d), &7KFE & FLBIRE R O WA MEDO R ov o 27 4 v 7
BABCHIAR )R X 0 Rt 32 C L 3vlRECTH 5.

0 YR 4y 7 BBUIARERN RIEREMS R0 0 e oTh 2 AT oA K 3.11)
DDV EDE LTl 2B <H 25 Bk 3.12).

ay_a _ ¥
—=,y(b—-y) #31

y=—=2  HK 312

- 1+cexp(—ax)

£ o TBWA ICB1F 2 GKEDORKZAL uh) %, #3313 Z W CllIGE%Z1T 5. £ 72 BWD
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¥ 3.13, 3.14 DERT A —% a, b, ¢l Microsoft Excel D Y LS —HEE% Fvs, R
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KR REE ab/4 ~FET 2 £ TICET IR TH Y, 72K TOWEERAMHE
DESFBR)ICEET 2 FTICET ZRETH 2 720, KOG ICE T 2R OfEE L L
THW3 Z L MARETH 3.

34



325

20

K U(t)(%)

Kl

25

(@)

20 ¢

u(x)(gH.0/g)

* BWA 93.0%RH

AR f(day)

60 80 100 120 140 160 180

...,100?".

* BWA 93.0%RH *
°

0

1

2 3

P s 6 7
x(In[t/hr])

+ BWD 10.8%RH

120 160 200 240

FZBER t(day)

280

x(In[t/hr])

Fig. 3-2.93.0% fHX RS D BWA, 10.8%HXHRESED BWD k1) %
B KR D FERFZEAC (a,b) & WFFETH 2 R A0 ZS 6 L 72 B D &7k R o fE I 28 L

(c,d).

35



3.3.1 Hailwood-Horrobin ¥ i 0 i

KGR AR ~D H&H B0 IC X b, BWA & BWD Dili /7 DS # FEE X <
BT 5 2L TE T (Fig 3-3). H&H HEm=IC X Y I & 172 K05 F iRt 13 BWA T
TTEREEERR, BWD Tl 7 4 PRI WEIRZ R L 72,

H&H HEERfRNTIC X 2 WIHER D X7 X — % K;, K, M X BWA I23\T 2.17, 0.83,
412.0 TH Y, BWD IZEBWT 16.40, 0.72, 3282 TH o 7=(Table 3-1). M, K, DEE (X BWA
DI BWD LW KE»o7z0icxf L, K DFUEIX BWA D728 BWD % X W /hNE o7z

25
e BWA |
20 1 + BWD =3I g
=15 ——BWA_H&H=: 4
o i R
< | - BWD_H&H=
5 | /,4
<10 o y
5 F - -
O"
0 L= : - - :
0 20 40 60 80 100
RH(%)

Fig. 3-3. BWA, & BWD 513 2 K3 g & H&H HEm=tic X 2 figtr
.

Table 3-1.BWA & BWD DKW AR © H&H BEEmAENTIC B 2 Wi E
D85 A — &

K] K2 M(ngIHZO)
BWA 2.17 0.83 412.0
BWD 1640 0.72 328.2
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332027 4 v 7 BRI

W+ it iR o R E IRg ] o e U i 1ot 3~ 2 B o &7k FE o 7'm v b iE BWA &
BWD Difi}j D+ _RCOMMBESFIcBWTe P27 4 v 7BERIC X > T BT RFH
HiC % 72(Fig. 3-5a, b). Ffic BWD IZBW\Cu P 27 4 v 7 BIEuhiiic X 2 HEE 2R E 5 -
7223, BWA TIIEBMKE(x > 6)Ic B W THIIEIMK L 7 2 H[A123 4 b 1172 (Fig. 3-5a,b). H
VAT Ay 7B D N T A — 2 R TS 5 &, BWA D 10.8%DHHX IR
FMETD b, ab, In[c)a DEAEM OFRESME & R L CHE ICRE L, ZhlStoM
IS ClE BWA ICB T b, ab, ab/4 \IHINEE 23 I EEAEDS R 2 W EmA 237 S
N, —77 T In[c)/a (ZFHRREEHME T EEAED K 2 #2355 172 (Table 3-2). BWD T
1% 10.8% DX IREL S C ab, ab/d DIED D /N Z V23, 32.8%, 54.3%, 75.0% D FHHNIRESE
EClZ ab, ab/d DEAEIZFRETH Y, In[cl/a DIEICITTXTOMHMBER TIE & A &2
D3R D e > o 7z(Table 3-2). MHIRRESEMAICEID S 3 BWD X ) BWA T In[c)/a DEiE 2
KEWEAZE S N7z (Table 3-2).

Table 3-2. BWA, BWD IC 5 F 2 FHMBEZMET cou v X7 4 v 7 B(n]
It DI RR & R X 7 A — &

BWA
Parameter
10.8%RH 32.8%RH 54.3%RH 75.0%RH 93.0%RH
b 2.582 0.092 0.138 0.146 0.252
lab | 0.865 0.042 0.065 0.079 0.238
lab /4| 0.216 0.010 0.016 0.020 0.057
[In[c ]/a| 23.90 8.85 8.88 7.88 6.43
BWD
Parameter
10.8%RH  32.8%RH 543%RH  75.0%RH
b 0.146 0.171 0.166 0.162
lab | 0.136 0.187 0.173 0.162
lab /4| 0.034 0.047 0.043 0.041
[In[c ]/a| 4.76 4.75 4.78 4.77
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3.4.1 HME B &2 A L 72K ZE S DR T 35 1 2 e B R D /K 7 BRI 0 F A

BWA, BWD DR X 01§ 5 N 727K W0 SR I H&H BilEm 28 A L 72 #5258, BWA ©
IR IR R BARHRAR 1<, BWD O RAR I > 7= 4 FEFRICIE WK % 7R L 72 (Fig. 3-
3). b DJEIRIE TUPAC DE & % s FilmAR O 53788 % Wi 3~ % & (Thomess et al. 2015),
BWD Tl3%  ODAREZMENC 3515 2 7K Wbt s 2 (Okoh & Skaar 1980; Nakai et al. 2009)
LERR I N DSR2 7R L7225, BWA TR IR o %R 81 % /R L 72 (Fig. 3-3, 3-
4). TR OGS SRR LA E (R I 3 5 K0 F) & WO BRI IC B 1T 5 B
S IEWE TR U A AR A% 0 FIEWE B 2 WEE F o lg o4 U 2 AFH
RARE L EEZEAICEN X, —77 IR OWE SR B T80 2 U 2 M AR
%o 1lEiE o U 2HAEERICKE RER RO N WEEICEN X L5 (Thomess et
al. 2015). B R TH 5 2K IRE L & K& BRI 351 2 A SRR O 0 2
FUL, KREBHMR-C MBI, a7 ik & o KREZMENC ﬁiéﬁnﬁ SIS T T
72> (Okoh & Skaar 1980; Lequin ez al 2010). ARERZMENT I 1F 57K+ D B3 JENAE 13K
FEAICLDZDDTHY, 77V TAT—=AANBEDHTRINNICX BEATHLLHT
JEW A & iR L€ % O AAERIZ K & W (Skaar 1972). iz v — 2% F5r L 3 5
FIZBWTHhRETHE EEZOLND. —J7TBWA ICE W TKSBREFRMRO IR IZT
RICH 570, B OKIEEBERICE W THESFEIE I X 3 HEERIZ, %918
WA I X 2K FEIOHANEH L L TRELS W E2RB I NI,

BWA IZBWT, KGO T A =2 K, K K; ¥, $HEER UM .08 o3¢
HAE (Koumoutsakos & Avramidis 1999)%° 10 F#EH D JATERS O N R, 38 OHGEEE S
& D&k R O CHkE(Okoh & Skaar 1980)1C H&H FlER %0 LS H L 72 5%l & Hel L <
BHFE IZ/N X W (Table 3-4).  Z OEUEAIME NI RSB OIKS & OFRESIE W L 2R LT
BY, F— 7 DK OMIEEERE 12K WE EFEIC B W TRERMEL X D b K BRIHE 23
R e FHli T 7z, —77, BWD BT 2 K, KK, DEAE L th D KE R MK O WS i I
B2 K, KK, DFUE & FRIFEE TH o 72 (Table 3-4). X o> TKABIEERRICE W TIE, B
Fr o M EER ] 13— AR 72 RECRAEL RIERICK P BAITE D Ee L EHli S 7z, £ 72 BWA
& BWD Lk T % K;, KiK:; DBUED DM O RKEZME X D K Z D5 72(Table 3-4). T4 X

DB AT IR fth O RE R AR & Bl L COKZR R O UGS 8 FE & & AR Tk WO Fthk 1c &
BRONE ZEHBREBINT,
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Table 3-3. 10 fE¥HD | HEM (Sweetgum, Hickory, So Red Oak, White Oak, Yellow Poplar,
Sweetbay, White Ash, Green Ash, Red Maple, American Elm) D NS & 38 D 7K 73 W i
T2 LRGP I @R 1T 35 1 2 B EE S T 0 P & /KR D P2 (Okoh & Skaar

1980).
Xylem adsorption Xylem desorption
EXTEE (%)  FEEKE%) EXHEE (%)  FEEKE%)
37.0 7.01 £0.33 53.0 8.20 £ 0.38
51.4 8.95+0.34 56.4 12.15+£0.43
71.2 12.55 £ 0.40 72.8 15.95 £ 0.47
86.2 17.13 £0.51 81.8 19.11 £0.62
94.1 21.74 £0.74
Inner bark adsorption Inner bark desorption
EXEE %)  FEEKE%) EXHEE (%)  FEEKE%)
32.3 6.59 £ 0.51 38.5 8.47 £0.51
50.6 8.91 £0.59 49.8 10.17 £0.48
65.9 11.61 £0.79 63.3 12.46 £0.53
73.3 13.31 £0.96 71.1 14.13 £0.65
81.8 15.90 £ 1.14 80.0 16.97 £0.95
87.3 18.53 +£1.40
95.0 23.02 +£2.00

Table 3-4. BWA & BWD IZ5F 2 /K WOEFRM &, JATERT O PR & RS D K
WA AR I 3 1) B Ky SR AR (Table 3-3)~D H&H BEERAEHT I X 2 KWl
FtE 87 A — 2 JRZEB O N &M O 8fiEI: 10 FEEE O JAZERHR IC 351 2 A%
LM & O P& KR O fH(Okoh & Skaar 1980)1C H&H G %8 L & H L

7- 1.
K] K2 K]K2 18/M(gH20/g)
BWA 2.17 0.83 1.79 0.0437
Bark block (Teak)
BWD 16.40 0.72 11.83 0.0548
. Adsorption  13.43 0.79 10.59 0.0591
Hardwood inner bark .
Desorption  15.25 0.76 11.54 0.0693
Adsorption  12.42 0.78 9.65 0.0594
Hardwood xylem )
Desorption  6.26 0.71 4.46 0.0871
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3.4.2 BEZ B DKoy D W 1< B B R[]

93.0% DMHXRLLZEFED BWA & 10.8% DIHHIHRESMFD BWD ICBIF5RrY AT 4 v 2
BEEIE X W BEH I N3 T X — & In[c]/a DIEIZKIITEEFETIT 6.43, Ko EET
13 4.76 TH b (Table 3-5), Wi OHEEHC BT ENEFN 258 H, 4.9 HicHY4 T 2. BWA
ICEB T B In[c)/a FARIERLAKRKICE T % In[c)/a D XHk{E(Nakai e al. 2009; Table 3-5)°7K7ZEA
DAY & PR07 I RRIE U 72 IR SERIM o WaR SEER IC 5\ O S7KE D o IcEE T 5
FCWIELZRR(ZF T 27 H, 77T3.6H; #H & % 1963) &b L TAkE W, &
DI Enb, F— 2 OBIZIMEREZ A/ L 2RI BT o RE RAEE Hle L Tk
O ICRRRZ 832 2 LRI iz, —J7 T, BWD ICET % In[c)/a DEAEIZAIEIC
B BKSBEBREL Y EL, KRICE T 2K BE B & FEEE T 5 > 72(Table 3-5). %
7z, KR DOHAY &P 207 I BRE L 72 A SERIM o B 5 IC 35\ TR E7KEE D a4y
CEGET 2 CicfE L 27T 1.0 H, 77T 1.55 H; #H & %% 1963)X 9 b
YaROKMZEST 2, O &b, F— 27 OBEIZIMEKE % /i L 2 BiRiIc s v Tky
T OWEICKRR & R, KECLRESOAM &KL CRVWKHZET 2 2 LRI
7=.

F BRI BT, 93.0% DR EE ST D K P E AR X D 10.8% DR S D
KW EFE T In[c)/a DEEIKE L, b OBIED = IIARE L ARKIC BT 5 KT BE
WEFR & KA BEFED In[c]/a DEMEDE X Y K Z 225 7=(Table 3-5). X o> TF— 7 DI
ST % A L 72 KRR DAY 123 TR OWRGE & BiEOETEEICKERENR L
N2 EIREBI NI

Table 3-5. A, KRIB, KK DKW ER, KoBEEBRO e Y 27 4 v 7 BEA%nA]
JFD T X — &, KJG & KK T Nakai et al 2009 12 513 2 CHAME.

Bark block (Teak) Wood waste Chacoal produced

Parameter BWA BWD  Adsorption Desorption Adsorption Desorption
93.0%RH 10.8%RH  Process process process process

b 0.252 0.146
lab| 0.238 0.136 0.207 0.226 0.259 0.192
ab/4|  0.057 0.034 0.052 0.056 0.065 0.048
In[c)/a| 643 4.76 3.845 4.205 3.362 4.769
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3.43 AR 0 a v 7 JARKIC X 20K FUGE, AKZESGEE O IR

18 B D IK 53 WG Sk D AT & Bk R DRERFZAL 2 BT L 7255 X b, F— 7 otk
VZK AT A R T 35\ TR BFIME DMK <, K OGS ICEE T B 23R & & 23 A
7r o 7z, BRI BTk & OBRMEMEWEIR & LT, At o a7 Mo R I X
LHEENEZLND, BRI KRR T 2 ko —2oTh 3 ar 7 ks vy CHiie
BEICIIARY v 23EE LT3 (Angyalossy et al. 2016; Vishwanath et al. 2015). A~V v (X
WYREE OBKEOME CTH Y, ARY VYR Lz 0 — ARMITHHAKZHET L 72
BRICIRILIR D B8 & U U CHRIE O A 23380 L 72 & & 2335 & 11T 5 (Handiso et al.
2021). 2o Z e XY, anrrHkOMAaEEDREIIAM OMIEEES £ v — X DK & H
B L CKRDBRMPEDMEC, ARY viT X B HRaEE~ D K5 1T O BHE 23 31 oy 1 g
BT X o TEKEREM T 2 K HHRESRMF B W Ol ERKEOER T 25 2 2 %5
RThotzbZEzoNnsb, a—u v XF 7D anrsflfli~DKELKQHE IOV TORFFEH
(Lequin et al. 2010)iICHWTH, 2 7 #FROIKGIWIE IR BKEZ R L2 2RK & LT
HAEEED AR Y LIC X 2B TH L L FIRLTWE, F— 27 DIMEKICE W TH o
oA L FRRIC L ZHEATFEEL, ARV VYABEINTWE I EAMEINTVS
(Baptista et al. 2013).

PLEX Y, BB I2ERIC 5Tl B A oK BIAITE MK i S 2 28R & LT, AR Y v
IC X BIMB B~ DK FE DIHE OREENE 2 bz, —F T, 10 T JATER o Nk
Bé &M % R 72 - B SERRIC 1T 2 OB S & & o P& 7K O - fiE(Okoh &
Skaar 1980; Table 3-3)iC H&H g% @M L 72455, W OUGE - BiiE SRR I 3510 57K
BRMED T X — 2 K, KiK> DBAEIZAM XD HRKZ W (Table3-4). 2D & XY, WK
IR X KGBAEDR E B2 b D, B TIXBE AR R 2k o K5 %
fO T 5720, MR OKRGSBBEREB ML a L 7 I X > CRESI NS L I
FEAEEL, KpBMEEEV LTI N EEZ LS. 93.0%DHMNRESMAD BWA (i
FWT, BEEKEOREEE{LDu Y 2T 4 v 7BEIRD ST X — & In[c)/a DEAEDM
DARERMEE IR L TR E L, BERBEKFEIREICEZ FCIc BB 284 3 L&
Zbhd, ZOHERE LT, SMEEO a7 HKIC X 2KEREBOHEORENE Z b
2. REZMEHC B W THIIEEN (S v 7 7 2 F RSP HIIEEEN (7R 7 7 2 MR % 5
LKL MR I N D LFE X O T Y (Terasawa 1994), 2L 7 fHFKIC I\ T, AfaEEIC X
RYVYDBHERET 22 IC X o TT KT 7 A MRIRICE T 20T OBEBT b, Wik
LARDBENEDME T 3 & # 2 5T\ B (Vishwanath ef al. 2015). BWA T (448 7 1 LASE
DFMIH % ZEC T & TR DR A Z ML IRE LT 5 720, B ~RAL 72K
ARERLT a7 B2 ERT 2LERH Y, ZhICX > THBE~DKERRDIRADH
FN5 L THBE OMEEE~D Oy FEREBET LR LIk Y, o REZME
LR L TR OB ICREWEMZEL - FE b3,
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3.4.4 BB BT 5K DWAERHE & BUERE D 7 R

BRE R 1, KPR R C LB EER 0 3 0 U, TR EER o P R0l 7 & D KB R b
Bl e B2 MOWESREMREZR LD L, KOBREER T3 o KE SRR L R
117 D Wy 5 AR % 78 L 72(Fig. 3-3). & b ic, B DR BE R 3 T 2 K EAITEC
B 2 X7 XA —2 K;, Ky lZa0Me NI EZIC 3513 % SCHikiE(Okoh & Skaar 1980; Koumoutsakos
& Avramidis 1999) D HiH N TH - 7z(Table 3-4). E/KEORIE D v Y X T 1 v 7 B0
JgD 8T X — % In[c)/a DEAEIZ, KBS AR D SCHRE(Nakai et al. 2009) & FLEE L TR & 77
13 A 5 N7 o 72(Table 3-5). & D X 5 7Ky OWGEEFE & PiE SRR O Rt D K & p e 5
B O KREZMEHC B W TIIEE S TR,

IR E TR & KR BRI T In[c)/a ICRERENPRONZERK & LT, A

IKFERRDIEBEIC B VTR AGERE & AUHHERE CERERRR L L wo ke Ty v A M) — %%
I ZAREEDHZE Z b5, BIRDEDE(FRK L a7 #lfK)IxZ DEKFOHMIC X -
TR DFEEPEDRE IR L 35 & & 23R & 11T F U (Schonherr & Ziegler 1980),
Z OFERIZAKD FIE I X 2 MlEBE DM LR DI RSP, o —ZHHEIcRkEL TEH T
KERMEINICHA L L CHRET 2 BHKICX 2 KGBEIREOERICL 2 b0 ThH s L
% Z b LT % (Schonherr & Schmidt 1979).  AH# T b [FIFRIC &K QN5 LD LK % 5]
R T 720, KELKDILEURE BN 3 2 & At T T 3 (B & % 1963). &
FERCIRBIK T~ DKL DO A Y BHME LI IRE S N T 7z, BRI DOKZES
BT a2 A ERT 20BN D - 72, BWA TIIHMEZIRAE D & WIS % FlMA L 72—,
BWD TN 93.0%5F T 97 HREWGRE S €2 R ICHR 2B L 72, D X 5 1o
B OWIAEKELRRE  Bix o /2720 WARHIHAO KK KGEBEDMK D> o 72 ATRETE DS &
3. 57, B oan 7HfkIcEE NS AN v asHIIEEERE ~ DKW ZHES 5 2 &
B3, IKGTWE L & K Gy I EAE O TR WS IC T IO X T X —XTH B
In[c)la ICREBEPRONZRNTH L LEZLND.
BWA DKW AR IC B TR WD ST O P& RKEME, H&H HEmAET
IC B W TRIPBRPEDME O & FHli & R & U< a2 7 MRk o M EE o Bk o 5220k
ZiFoins, Larla—ayoFJoan s fEoWds - FiigsEiRic B0 2 W ERmIc i
TR DK & 72213 & 5 17\ (Lequin et al. 2010). & Z T BWA IZE 1% 10.8%, 32.8%, 54.3%
DOHIHRE S IC BT, BB x OBUEAS 8.25 (EERFAIEA © 159 HF&#) 1L TH
EKEIEMAMERT 2R S N7 D> - 72(Fig. 3-52). & OEANIRWHIRHEE M T T
L VBEFICRN TS, 72 Ll OMRESRFICE W COFHEKEZR T AT A =X b3
FHHFE TR E/KR & g L CHUEAS R & 2> o 72(Table 3-5). 26D T L id, BWA ICE
% 10.8%, 32.8%, 54.3%DHINBEESM X, EERBHG2 5 159 HfkE L T b Ak Fnk e
CELCWhho72l L 2RBLTEY, KOG EEOKIEE M ICE T 2 P& /KkE
D it/ NG 2 K BRI OAKFEf O JRIA & 72 o 7= FIREER B 2 L EZ b D,
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3.4.5 FEERT VA T X BIKGTE EE DT

BWA O W NOMIHEERFE T I T, BERAEKTEREBICEIEST 2 2 CIck
WIF AL 72, £ 72, FHAHERE 93%50F D BWA I3\ TR ISR A D &K D g 23
fifE 72 X U(Fig. 3-5a), % DJERFFEERBELUL L, REAEEUKAR P FERFSL L 7272 DI
IASREZMEFF CE o/ b iCh B LI Nz, C o2 b XY, ERERTHEGKE, K
SIS R ORI D T — 2 %155 720121%, B SEKEEICET 3 £ CIcET 31
M2 T20ERH D EEZ D, AHFED BWA £ BWD I3\ TR DI ICRE W
Rl 2 L2 ZR & LT, MR o a7 lffic B 1 2 KkEROE#EOHE U E D X
IBRBERNBEZONDDPICONWTELRT S,

B WEIKEDO RMIC 1T 2 GZ1R (TR TlE, 28R O JREAME N 1T LR 23 )
THILBMEINTEY, DI EFARMEMICE T 2Ky DAFEICHEREA DX E
DRI I ND -0 TH B &EE 2 5N T 5 (Terazawa 1994). £7z X 5 R IZHY O
EORMPHBHEOAMICEWTHEL I EEZLNTEY, EiUCE W TEOKH LI
DR OHH BB &, DKM & KAE T DB DL LKA QDALY T b
% T L CTEDORMD O OKAL[ DRI T 2 (B EHHT) (Lambers 1998). Hift/E#E
PrBEoRMCEIEOHE AR E WIFERE {, BUEPRKE VNS {725 (Lambers 1998).
BWA & BWD 3FAI T ¥ v N—NTITb N 2O BHRNDOEEIZ/NE L, F—7D
A O RIENIHLE DK & Wiz, KIK[OREDAE U % MR 12 3 TR T
BAMEODKREWEEZONS, 2ol & XY, BRI R OB FEKT2 BWA
& BWD (i B 1F 2 K& ERE DA ICBEE L Tzl E 2 o s, —J7 T, At
DEIEIC B W TEKEPMET 3 5 &AM N DK BAM OEKHICHES 2 £ CIlclif % %
T2X51C b7, KMOWEEEICS 2 288K E L, JRHEIC X 2 52 R & 75
% (Terazawa 1994). X - T BWA & BWD IC B 1F 2 Mt 2 1 0 55 FUBHTIC X 2 K i
BH~OMELRIHMET 5 2 & IZNEETH 3.

%72, BWA, BWD I B W CHAMEHR LN o Bl % =R ¥ U iflEcES 2 L T2 H D
I BT 3 KEADHaZ W T2, 2D & XY KRR BB OKZRLS st L 3%
A L, B DKoy WS S DA N IS8 L ARt E 2 o %,

46



3.4.6 F— 7 O DK E MR

B CIXF— 7 OB To AR FEE L BEERZEBL B Y, thobifEo sk
& DIKGWIERFE AN T A =2 DWW EITS S LR TE R WD, % 0K EEM: % G
T LIIRNEETH B, £ DO BGTEER T — 7 DK OTRETEEE L ALK % fih 1
Mok & ik 2 2 & T, F— 7B OKMEREDHER %KD,

%—7@%@&iﬂﬁk%tb%:&%%ﬁ%&ﬂ&p»ﬁﬁﬁa:wﬁ&ﬁm&ﬁ
BV F F—=2)X 0K E N T2, ZDEXIFHEL 1 EORKICE T a7 ik
JImNCEEETTmNIC 2~8 fli5) @ﬁ@@?%ﬁﬁ?%(&mmaadzma FERICY F F— 24
W& DIMB R % b D F v 3 T (Quercus Cerris L) 12V 7 F— L3R O K 0% Lo, 1 )&
D JE B RETT AT 6~12 flil53 D 2 v 7 fFSAINE D JE % JE 3 % (Sen et al. 2011). TD T &k
IV F—2 DB ONBRICEENE AR L L Mo IT P w2 5N
5.

I-EEeRichw 2 2RY) voEBEIAIZ 19 %THY, ThIIMEEICED 5 aL

7 HBEDOBIAEL/NS V=AY (RARY VERR 1 %K) X h K&, IMIKDELS a2
HBOEN GV RE T F(ARY VERRET 5.9 %) L HIRL TS L, 20T & IFMK
CEENE a7 HMOBIG/NE WD TH S & XN T W 5 (Baptista et al. 2013). ¥ 7z,
Afft e e 1 IR CEUENTRE 72 B H I R S xS 2R 25 < #2she3 wihig s L <
BY, NEIRABHT 2138 0FECHITHD B S N(Fig 1-1), MR E N ST L KD
HiFH XY W ~KZE R K R AT AR E 2 b Ls. 2o e L b, F—
7 DRSO K 3 @ A3 <, AMBt T 2> & ORI L 72 Ky % A B Eh I R 3 5
BIRTH 2 A[REMEDRE 2 b 5.
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3.4.7 KITEBERES 7 A — 2 ORI DR SGERTEDTEE & L TOFIH]

BWA & BWD IZ5 1) % K RE iR~ H&H B2 @A L 72 2 S ic X W B S ik
RRMED N T A — 2 K, KiK. 93.0%D N IREES D BWA & 10.8% D iR S
D BWD IZE 3 EKKDORGELD oY 27 4 v 7 BAKIAIG X 0 B & 0=kl iiE
ICE S I DIEEETH 2 In[c)la £V, KFKLKDHAY ZIMIBINICIRE L 72 F — 7 D
B2 3\ TKPHAEDE N 2 &, SME R IC X o TRKERRDRAERES T oNn 3 2 &
DRAN, ZOZ L IIMNBIRDa L Z7HBICEENS ARY VIC X BKSTFOWEDHE
PG T BBROHEILL 2D THE I LBRBEINS. ARV v T v 7 A0BKICE
Fr2EHAREBIARI L ICE LS, BIROBEREL2EICED 22X vodlaidar s ffEo
JE X4 2 2 & X Tk Y (Miranda e al. 2012), H&H HinL W EH I3 K,
KK DEMEIIBE ICEETNDE ZARY v v 7 A EDKGBEAMED KO EFED
ZWIFERCATREED B 2 L E 2 LD, T 72, JMER DJEE(FRE L a7 MRS E g
ERGy R LR DT MK N & & AR & LT B 72 ®(Groh et al. 2002; Lendzian 2006), 4+
R 2SR IKFR R DB AMENE & In[c)/a DEMEPMECTHEMEDS B 2 & E 2 b 5,

ZD X5 BWA, BWD DT & b BH X1 2 KGBIERFED ¢ T 2 — 2 1350t 2 D
a7 HRKIC X 2K TFUE DR, KZASGERE O HE ORI X 40T\ 2 ATREPE 23
by, KELFEBEOIEEL LCHIHARETH 2 LEZXONE. TNHD T X — X (I
LB T IR DIEZ LAY v OEHEDOHNNCHE 5 BB D IKZKSUEERTE DK T % Sk
THAREMED D 5. Siatk A il CGR - BUBERZ 1TV, KOWGE SRR~ D H&H H
MO, KOWBIERORIFE D Y RT 4 v 7 BIKIER X 0 KBS R0 < Z
A—2EBHL, ThoDAT X=X LHBEO ar 7 BORE X &k L OVERE, AX)
ViR EDERRL OBROKKEIT 2 & THEKOEIEEL N T A — X OBARE AL,
Bt DKL EMEDFRIE L L C ORI DMt 2 6 2 LA D 5.
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AR FLO

Z A OB EIES F — 7 O RICE N T, BEROIEKER L KREEOEBHER L D I
IR L T 728231 35\ TR BN I KOG L 72 B R o B8 A8l S hi- 2 &
O, AMEEI & A L 7 — KA DK o 28 e Astatap ik B 0 28 % 5 2 2 3 2 L AR
X T FAMIKE LA A b DKER DAY % FE 72T — 7 OB R % Vv 72 0%
Ehid X OB FERRIC B W THMB 2 A L 7288 — KR 0 K ZE R 0 R a3 g s® & 2, st
BF DEKEOEPBEIEOEE 205 2 LRI Nz,

F— 7 LR CTHEHA & I 7 B2 2R R RN IRE oD 5t ] PR = o0 38R0 A3 48 B2 i FEBRIC 351 2 1 R TR
BB OB EFRE~OMEE L RABRECH o722 2 b, MR EZN L 28R — KMo
Ky DK EOEF %5 X 2 L 7= &3 2 BB B Ic o BT X
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