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Studies on transpiration characteristic of teak plantation in northern
Thailand based on sap flow measurements
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Chapter 1

Introduction

1.1 Significance of assessing the energy, water, and carbon cycles in tropical
forests

Tropical forests are an important latent energy source and a driving force of atmospheric general circulation,
and this latent energy has a strong influence on both regional and global climate (Lean and Warrillow, 1898;
Kanae et al., 2001; Mabuchi and Sato, 2005a, b; van der Molen et al., 2006). Zhang et al. (19964, b) reported
decreasing rainfall in tropical forests in the Amazon, Africa, and Asia using numerical simulations in which
the tropical forests were converted to grassland and observed a greater decrease in the Amazon and Africa
than in Asia. In recent years, various studies have revealed the impact of Asian tropical forests on global
and regional climate (Kanae et al., 2001; Mabuchi and Sato, 2005a, b; van der Molen et al., 2006). The
deforested area was greater in the Amazon and Africa than in Asia, and the relative rate of tropical
deforestation was higher in Asia than in the Amazon or Africa (Food and Agriculture Organization, 1993,
2001; Laurence, 1999). Kanae et al. (2001) reported the actual precipitation change in Southeast Asia based
on meteorological station data. A long-term decrease in precipitation over the period 1960-1998 was found
in tropical Asia (Malhi and Wright, 2004). A significant decrease in precipitation was also observed for the
month of September over Thailand between 1960 and 1994 (Kanae et al., 2001). According to these studies,
tropical forests in Asia also play a significant role in global and regional climate.

Several field studies have investigated the energy, water, and carbon exchange
between the vegetation and atmosphere in Amazonian tropical rain forests. Recently, studies have been
conducted in the tropical forests of Southeast Asia. These forests can be categorized into two types
according to rainfall seasonality and topography: tropical rainforest and tropical monsoon forest (Tanaka
et al., 2008). Tropical rainforests are distributed near the equator and tropical monsoon forests are affected
by the annual cycle of the Asian monsoon. Tropical monsoon forests can be further divided into evergreen
and deciduous forests. Field studies that have investigated the exchange of energy, water, and carbon
between vegetation and the atmosphere have mainly been conducted in tropical rainforests (Kumagai et al,

2004, Ohkubo et al., 2008; Takanashi et al., 2010) and tropical evergreen forests (Tanaka et al., 2004); few



studies have explored tropical deciduous forests (Igarashi 2013; Tanaka et al., 2011; Yoshifuji et al., 2006,
2011, 2014).

Tropical deciduous forests in particular are affected by the Asia monsoon and retain leaves on the
canopy during the wet season (April-October) that fall in the dry season (January-March and November-
December). In deciduous forest, the energy, water, and carbon exchange between the vegetation and
atmosphere are strongly affected by the vegetation phenology, such as leaf out and leaf fall (Maass et al.,
1995; Wilson and Baldocchi, 2000; Barr et al., 2004). Previous studies on tropical deciduous forest stands
in Southeast Asia revealed an inter-annual variation in the canopy duration and transpiration period
according to the inter-annual variation in rainfall seasonality. The variation in canopy duration and the
transpiration period spanned around 40 and 60 days, respectively (Yoshifuji et al., 2006). In contrast, the
inter-annual variation in canopy duration was reported to be about 10 days in temperate deciduous forests
(White et al., 1999; Black et al., 2000; Wilson and Baldocchi, 2000; Barr et al., 2004). Such a large inter-
annual variation in canopy duration and transpiration period is possibly strongly affected by differences in
the energy, water, and carbon exchange in tropical deciduous forests compared to temperate deciduous
forests (Yoshifuji et al., 2006; Igarashi, 2013).

The leaf phenology in tropical deciduous forests is regulated by soil moisture conditions (Reich and
Borchert, 1982, 1984; Borchert, 2002), and previous studies have revealed large interspecific and
intraspecific variations in the leaf phenology among individual trees (Lieberman, 1982; Lieberman and
Lieberman, 1984; Sayer and Newbery, 2003; Elliott et al., 2006). The leaf phenology strongly affected the
transpiration and photosynthesis period. Thus, understanding the transpiration characteristics at the
individual tree scale is important to determine the energy, water, and carbon exchange between the

vegetation and atmosphere in tropical deciduous forests.

1.2 Methods for examining the evapotranspiration from forests
Various types of measurement techniques have been used to quantify evapotranspiration. The most common
of these include the use of a porometer, catchment water balance, eddy covariance, and sap flow
measurements. The porometer is able to determine the evapotranspiration at the leaf scale, but to convert
from the individual leaf scale to tree scale, one must consider the spatial variability in the gas exchange
factor (e.g., due to photosynthesis) (Miyazawa et al., 2011).

The catchment balance method is able to reveal the long-term trend in the evapotranspiration using
runoff and rainfall data. Previous studies have revealed a change in the amount of evapotranspiration

according to changes at the forest level (e.g., thinning or changing the tree species) (Swank and Douglass,
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1974; Langford, 1976; Hornbeck et al., 1993; Murakami et al., 2000; Vertessy et al., 2001), and other studies
have determined the seasonality in the transpiration from forests using the short-time period water budget
method (Suzuki, 1985; lida et al., 2006). However, the catchment balance method is not able to determine
the transpiration at the hourly or diurnal scale. Eddy covariance method is able to reveal the energy, water
and carbon exchange between vegetation and atmosphere in hourly to daily scale. Moreover the long-term
observation is able to reveal the seasonality of evapotranspiration from forests (e.g., Kumagai et al., 2004).

Sap flow measurements are able to reveal the individual tree scale transpiration using the sap flow
sensors inserted into the tree trunk. The unit of obtained data is minute or hourly, and the long term sap
flow measurements are revealed the transpiration seasonality. Previous studies have proposed that the
method of estimated whole-tree water use (Phillips et al., 1996; James et al., 2002; Delzon et al., 2004;
Kumagai et al., 2005, 2007), and scale up from individual tree to stand scale (Hatton et al., 1995; Vertessy
etal., 1995; Meinzer et al., 2001; Pataki and Oren, 2003; Cermak et al., 2004; Kumagai et al., 2005; Chang
et al., 2006). Taking advantage of the fine spatial and times scale provided by data from sap flow
measurements, previous studies demonstrated the effects of forest management (e.g., thinning) to
transpiration at the individual tree and plot scale (Morikawa et al., 1986; Bréda et al., 1995; Lagergren et
al., 2008; Forrester et al., 2012), and the relationship between forest transpiration and leaf phenology
(Meinzer et al., 1999; Pataki et al., 2000; Iida et al., 2013).

1.3 Significance of examining the transpiration from teak plantations and
problems in applying sap flow measurements to teak

This study was conducted in a teak (7ectona grandis Linn.f.) plantation in northern Thailand. Teak is one
of the major tree species planted in tropical regions such as Southeast Asia, the Indian Subcontinent, Central
America and Africa (Krishnapillay, 2000). The simple species components and forest structure of a
plantation are advantageous for evaluating the energy, water, and carbon exchange between the atmosphere
and forest, and the area of land under teak plantations is increasing because of its high commercial value
(Kollert and Cherubini, 2012). Teak also has a high potential for carbon storage and biomass production
(Kraenzel et al., 2003; Dié et al., 2012). Previous studies have investigated the seasonal change in wood
formation (Rao and Rajput, 1999; Priya and Bhat, 1999), and both above and belowground biomass (Singh
and Srivastava, 1985; Srivastava et al., 1986; Purwanto and Oohata, 2002) in teak plantations. However,
few studies have investigated the transpiration seasonality in teak plantations (Yoshifuji et al., 2006, 2011,
2014; Tanaka et al., 2011; Igarashi, 2013), and there were no studies focusing on the individual tree and

plot scale.



In this study, we used the thermal dissipation method (TDM; Granier, 1987) to measure sap flow. The
TDM has mainly been applied to coniferous species to estimate water use at both tree and plot scales
(Kumagai et al., 2005; Tsuruta et al., 2010; Kume et al., 2011). This method uses Graneir-type sap flow
sensors, and is both inexpensive and relatively simple to use, making it a useful tool for measuring sap flow
in a large number of trees. However, no previous studies have applied the TDM to teak, a ring-porous
species growing in tropical climates. For such species in temperate climates, whole-tree water use has
traditionally been underestimated compared to actual water use (Taneda and Sperry, 2008; Bush et al.,
2010). This is because the water transport function of large-diameter earlywood vessels is restricted to the
outermost annual ring, and these vessels lose their water transport function after 2 years (Umebayashi et
al., 2008; Sato et al., 2010). However, the sap flow distribution in teak trunk is not revealed. The information
about sap flow distribution in teak trunk is important to apply the sap flow measurement. Moreover there
are no studies to estimate whole-tree and plot scale water use in teak using the sap flow measurement

established mainly for coniferous species.

1.4 Objectives
The objective of this study was to determine the transpiration seasonality in teak plantation stands in
northern Thailand based on sap flow measurements.

Objective in Chapter 2 is to provide an outline of the two study sites; Japanese cedar and Japanese
cypress plantation in Kanagawa prefecture, Japan, and teak plantation in northern Thailand. Sap flow
measurements were conducted in each study site. In Japanese cedar and Japanese cypress plantation, sap
flow measurements were conducted on the steep slope. In teak plantation, meteorological, soil water content,
and leaf amount measurements were also conducted. In teak plantation, the sap flow measurements were
conducted in two plots at the study site. The differences in soil moisture condition seasonality and leaf
penology between the plots is described based on the measurements of soil moisture content and leaf
amount at each plot.

Objective in Chapter 3 is to show the adaptation of the TDM for Japanese cedar and Japanese cypress.
Japanese cedar and Japanese cypress are coniferous trees which have tracheid, and previous studies have
applied the TDM to such species. However, no previous studies have used the TDM to measure sap flow
in teak. Thus, we first confirmed that the TDM can be used for Japanese cedar and Japanese cypress, after
which we applied the TDM to teak, a ring-porous deciduous species that grows in tropical climates. A lot
of previous studies adopted the TDM for coniferous species to estimate whole-tree water use. However,

few previous studies indicated that the circumferential variation of sap flow in the tree trunk affected to
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estimate whole-tree water use (Tateishi et al., 2008; Tsuruta et al., 2010). According to this background, the
circumferential variation in sap flow in Japanese cedar and cypress was revealed using sap flow
measurements. And the effect of the circumferential variation of sap flow on estimating while-tree water
use was discussed.

Objective in Chapter 4 is to discuss the radial distribution of sap flow and the testing the applicability
of sap flow measurement to teaks using dye perfusion experiments, absorption experiments, and sap flow
measurements in mature teaks. The effects of sap flow distribution in the trunks of teak on the sap flow
measurements are also discussed.

Objective in Chapter 5 is to describe difference in the transpiration seasonality in the teak plantation
in the leaf-fall period estimated from both sap flow measurements and the eddy covariance method. A
comparison of the transpiration seasonality obtained using the two methods revealed that sap flow
measurements provide a useful tool for examining the transpiration seasonality in teak plantations.

Objective in Chapter 6 is to discuss the sap flow seasonality in individual teak trees. Sap flow
measurements were conducted in two plots that differ in the seasonality of the soil moisture content to
observe the effects of the soil moisture content seasonality on the sap flow seasonality in individual teak
trees.

This study is concluded in chapter 7.
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Chapter 2

This chapter cannot be opened because the content, figures and tables in this chapter will be submitted to

the scientific journal within 5 years.
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Chapter 3

This chapter was based on the article “Circumferential sap flow variation in the trunks of Japanese cedar
and cypress trees growing on a steep slope” which was published in Hydrological Research Letters (6, 104-

108 [2012]).

Circumferential sap flow variation in the trunks of
Japanese cedar and cypress trees growing on a steep

slope

3.1 Introduction

Sap flow measurements are useful for investigating transpiration from forests. However, spatial variation
(radial or circumferential) in sap flow in the tree trunk may cause significant errors to estimate whole-tree
water use. Many studies have described radial variation in sap flow and suggest that sap flow consistently
decreases with sapwood depth in some tree species (Phillips et al., 1996; James et al., 2002; Delzon et al.,
2004; Kumagai et al., 2005). However, few studies have investigated circumferential variation in sap flow.
Tateishi et al. (2008) and Tsuruta et al. (2010) demonstrated circumferential variation using sap flow
techniques, and suggested that a sap flow measurement from only one directional aspect generates an error
in the estimation of tree transpiration.

Cryptomeria japonica (Japanese cedar) and Chamaecyparis obtusa (Japanese cypress) are common
plantation tree species in Japan. Most of them grow on steep slopes in mountainous regions. Previous
studies have demonstrated that trees growing on slopes tend to exhibit a tree crown that extends toward the
lower slope in search of optimum light conditions (Umeki, 1995). Other studies have demonstrated that
circumferential variation depends on the direction of sunlight (Granier, 1987) and the location of branches
(Lopez-Bernal et al., 2010). Therefore, it is possible that the circumferential variation in sap flow is large

in trees growing on a steep slope, and reflects the shape of the tree crown. In this case, information about
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circumferential variation in sap flow is very important when considering appropriate sampling design for
estimating whole tree transpiration using sap flow measurements.

The objective in this chapter, I showed the adaptation of the TDM for Japanese cedar and Japanese
cypress standing in the Tanzawa Mountain. Japanese cedar and Japanese cypress is well known coniferous
species, and there are some previous studies to apply the TDM to estimate the whole-tree water use.
However, according to above background, the information about the circumferential variation of sap flow
in the tree trunk is needed to estimate the whole-tree water use. Thus, sap flow measurements were
conducted for upper and lower slope aspects and in four directions (north, east, south, and west), and
measured the width of the tree crown to examine the effect of sunlight. The goal of this chapter was to
examine circumferential variation in sap flow in Japanese cedar and cypress, and to provide an appropriate

sap flow sampling design for estimating whole tree transpiration.

3.2 Materials and methods

3.2.1 Study site

This study was conducted in the Oborasawa Watershed, located in the eastern part of the Tanzawa
mountains, and the western part of Kanagawa Prefecture, Japan (latitude: 35" 28' N, longitude: 139" 12'E,
altitude: 432—878 m). A description of the study site is provided in Chapter 2. Sap flow measurements were
conducted in Japanese cedar and Japanese cypress stands located on adjoining northwest-facing and

southeast-facing slopes: slope angles were 30° and 25°, respectively.

3.2.2 The width of tree crown

We measured the tree crown widths of nine Japanese cedar trees and nine Japanese cypress trees on the
northwest-facing slope, and three Japanese cedar trees on the southeast-facing slope. The width of the tree
crown was measured as the horizontal distance from the center of the tree trunk to the edge of the tree
crown. We measured the horizontal distance in eight directions (north, northeast, east, southeast, south,

southwest, west, and northwest).

3.2.3 Sap flow measurement

Sap flow velocity (Fz; cm h'') was measured by the TDM. The detail of the TDM was shown in chapter 2.
To determine the circumferential variation in F,, sensors were installed to measure sap flow for the

upper and lower slope aspects and in four directions (north, south, east, and west). Table 3.1 lists tree

numbers, diameter at breast height (DBH), tree height, sapwood depth, slope aspect, and location of sensors.
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The region of the trunk where the sensors were installed was fully insulated using aluminum foil, avoiding
any effects from direct radiation and natural thermal gradients along the trunk. Measurements were
conducted on trees on the northwest-facing slope from 25 June to 19 December, 2010, and on trees on the
southeast-facing slope from 20 September to 19 December, 2010. For analysis, we selected the data for the
northwest-facing slope from 21 August to 13 September, 2010, and for the southeast-facing slope from 26
September to 18 October. We excluded all data collected on rainy days and interpolated any lost data based

on a linear relationship with F; measured in each direction.
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Table 3.1 Characteristics of the study trees and position of the sensors. Upper: upper slope aspect, Lower:

lower slope aspect.

Diameter at  Tree Sapwood depth

No. Species breast height height (N, ) Slope Location of sensors
(cm) (m) (cm)
1008 C. japonica 17.3 16.0 3.3,3.7 NW N, S
1018 18.0 15.3 3.2.4.7 NW N, S, Upper, Lower
1024 27.3 18.1 44,47 NW N, S, Upper, Lower
1023 C. obtusa 18.9 16.3 3.8,29 NW N.E.S, W
1032 19.6 16.1 24,26 NW N,E, S, W
1031 19.4 15.9 2.4,3.0 NW N,E, S, W
2001 C. japonica 659 327 4.1,24 SE N, S, Lower, Upper
2002 474 273 3.5,3.1 SE N, S, Lower, Upper
2003 53.7 30.5 46,38 SE N, S, Lower, Upper
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3.2.4 Relationship between the number of circumferential measurements and the difference
in average F, estimates

To examine the effect of circumferential variation, we examined the relationship between the number of
circumferential measurements (7) and the difference in average F estimates (Tsuruta et al., 2010; Kume et
al., 2011). We changed n from 1 to 4. For each n, we selected F; from all possible combinations of the four
measurement directions and estimated the average F,. For example, when n = 2, six possible combinations
of the measurement aspect exist (i.e., (1) north and east, (2) north and south, (3) north and west, (4) east
and south, (5) east and west, and (6) south and west in Japanese cypress). We assumed that an accurate Fy
was found when n = 4. The difference in average F,; estimate (%) was calculated as the difference between

the accurate F,; and the average F,; estimated from all possible combinations for each 7.

3.3 Results and Discussion

3.3.1 The relationship between slope and width of the tree crown

Figure 3.1 shows the horizontal length from the center of the tree trunk to the tree crown edge for the
northwest-facing slope and southeast-facing slope. On the northwest-facing slope, tree crowns were widest
in the west, northwest, north, and northeasterly directions; on the southeast-facing slope, tree crowns were
widest in the east, southeast, south, and southwesterly directions. Based on these results, Japanese cedar
and Japanese cypress trees at this study site appear to be influenced by light conditions, and to extend tree

crown growth toward the lower slope.

33



[ETN] 5]

41091+ &0~
7 500 T
A ] | _
= ﬂ T — L - 4040~ T
o = = L] L]
o o0 ! |_|J"-| -7 * - '
i o rT_ !'.'I * | I | . T m A
= i)
% Sl
=z — 100
— £ a
B = MOWE B OSE & Sww oMW A WE E SE B OSMOW MW
S D00
t - . [ty
T J—
o Dapd Vi
L : 4 - AT
Eul-:-\.l : ; -[ - D % mithdl:
L |:-| j*| Lt
1040 = - — min
i
WWE L 'S0 & 5W W NW

Figure 3.1 Horizontal width of the tree crown. (a): Japanese cedar growing on the northwest-facing slope
(n=29), (b): Japanese cypress growing on the northwest-facing slope (n = 9), (¢): Japanese cedar growing

on the southeast-facing slope (n = 3).
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3.3.2 Circumferential variations in sap flow

Figure 3.2 shows the diurnal time course of solar radiation, vapor pressure deficit (VPD), and F,; at 0-20
mm depth for the four aspects in tree Nos. 1024, 1023, and 2001 on a sunny day. Considerable
circumferential variation was observed in Fy measured around noon. Figure 3.3 shows the relationship
between daily F for the northerly aspect and one other aspect in tree Nos. 1024, 1023, and 2001 during all
measurement periods. Daily F; for the northerly aspect and one other aspect had a strong linear relationship.

This trend was displayed by all sample trees, and did not change during the measurement period.
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Figure 3.2 Diurnal patterns in solar radiation, vapor pressure deficit (VPD), and F,; for each measurement
aspects at 0-20 mm depth. Upper: upper slope aspect, Lower: lower slope aspect. (a): Northwest-facing
slope. Data were obtained on August 24, 2010. (b): Southeast-facing slope. Data were obtained on October
6, 2010. (a-1) and (b-1) represent solar radiation (solid line) and VPD (dotted line), respectively. (a-2), (a-
3), and (b-2) are F; values for four directions in tree Nos. 1024, 1023, and 2001 respectively. In (a-2) and
(b-2) (Japanese cedar), Fy was measured for the north, south, upper, and lower aspects; in (a-3) (Japanese
cypress), Fy was measured for the north, east, south, and west aspects. Results are shown in 10-minute

increments (solid line) and symbols represent 30-minitue increments.

36



(v
L
T

- 20 . . 50 . . . >
o4 #1024 e #2001 Vs
4 s s
@ 151 g 15 7 -
& - s
- z 7

7 7

810+ / 10 A -
= o e
S
5 7 &

o 5 "5 Vs I
= y
o v
- 0 T T T 0 T T T
=} 0 5 10 15 20 0 5 10 15 20
= . ‘ s

20

foa #1023 Y.

‘ /
=
= 15 o OO // r «:East &:South
1) » West
P’

S 107 /e r “:Upper ¥ :Lower

R,
=
‘@

O

(=]

0 5 10 15 20
Daily Fa (cm h™') for northerly aspect
Figure 3.3 The relationship between daily F, to the north and the other aspects for all trees. Daily F,; were
averaged value of Fi; from 10:00 to 15:00. Upper: upper slope aspect, Lower: lower slope aspect. Solid lines
are regression lines and broken lines are 1:1 lines. Tree No. 1024 was a Japanese cedar standing on the
northwest-facing slope. Daily F, was measured for north, south, upper, and lower aspects (#* = 0.92, 0.92,
0.86). Tree No. 1023 was a Japanese cypress standing on the northwest-facing slope. Daily F,; was measured
for north, east, south, and west aspects (+* = 0.79, 0.92, 0.74). Tree No. 2001 was a Japanese cedar standing
on the southeast-facing slope. Daily F; was measured for north, south, upper, and lower aspects (+* = 0.85,

0.98, 0.66).
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Figure 3.4 shows the distribution of daily F,; values and the coefficients of variation (CV) for all sample
trees. The daily F; was the measured F; averaged from 10:00 to 15:00. Individual trees exhibited
circumferential variation in Fy, but variations in sap flow in the tree trunk did not appear to be dependent
on direction or upper or lower slope aspects. The variation of daily F; in Japanese cedar and Japanese
cypress was 5 to 7 cm h'! and 5 to 15 cm h!, respectively. For Japanese cedar standing on the northwest-
facing slope, the maximum daily F; was 1.92 times as large as the minimum for tree No. 1018. In the same
stand, the CV ranged from 20.9 % to 28.4 %. For Japanese cypress standing on the northwest-facing slope,
the daily Fy exceeded 10 cm h! locally, and the daily F, in each tree varied considerably. The maximum
daily Fi; was 3.80 times as large as the minimum for tree No. 1031. In the same stand, the CV ranged from
49.2 % to 58.9 %. For Japanese cedar standing on the southeast-facing slope, the maximum daily F,; was
1.60 times as large as the minimum for tree No. 2002. In the same stand, the CV ranged from 15.3 % to
19.3 %. Compared with Japanese cedar, Japanese cypress varied greatly in F,, and large local values of F,
were recorded in tree trunks. Daily Fy values in this study are same range to those reported in previous
studies that applied the TDM to these species (Kumagai, et al., 2005; Kume et al., 2010; Tsuruta et al.,
2010). Previous studies have reported circumferential variation in F; in some tree species, with coniferous
trees having a larger degree of circumferential variation in F; than broad-leaved trees. In coniferous trees
(Kominami and Suzuki, 1993; Tsuruta et al., 2010), the maximum F, tends to be about 3 times as large as
the minimum and the CV ranges from 30 % to 50 %. In broad-leaved trees (Lu et al., 2000; Tateishi et al.,
2008; Kume et al., 2011), the maximum F; tends to be about 2 to 3 times the minimum and the CV ranges
from 15 % to 30 %. The circumferential variation in Fy in the Japanese cypress observed in this study was
within, or slightly higher than, the ranges reported in previous studies. In contrast, the Japanese cedar
observed in this study had smaller circumferential variation in F,; than previous reported in coniferous trees.
Morikawa (1974) conducted sap flow measurements in Japanese cypress standing on flat ground and
isolated from other trees and found similar Fy values measured in all directions. These results suggest that
Japanese cypress standing on flat ground have a symmetrical crown, experience uniform sunlight conditions,

and thus have less circumferential variation in F, than in the present or previous studies.
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Figure 3.4 Distribution of daily F; values and the coefficient of variation (CV) for each sample tree. Upper:
upper slope aspect, Lower: lower slope aspect. Solid lines are the average of the daily F,; obtained for each
site and species: (a) is a Japanese cedar; (b) is a Japanese cypress standing on the northwest-facing slope;

(c) is a Japanese cedar standing on the southeast-facing slope; (a-1) to (c-1) show the CV and (a-2) to (c-2)

show daily Fg.
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In our study, Japanese cedar and Japanese cypress trees were growing on a steep slope and extended
their tree crowns toward the lower slope. However, we did not find a relationship between circumferential
variation in Fy and the shape of the tree crown. Rudinsky and Vite (1959) conducted dye perfusion
experiments with 31 conifer trees to examine patterns of water transport in tree trunks. Kozlowski and
Winget (1963 ) also conducted dye perfusion experiments in three conifer trees and seven broad-leaved trees.
They found some patterns in water transport in each species and suggested that turning water transport is
more common than vertical water transport. Morikawa (1974) performed a dye perfusion experiment on
Japanese cypress and confirmed this finding: the path of ascent in the tree trunk was turning, not straight.
Takizawa et al. (1996) conducted a dye perfusion experiment and suggested that sap flow in tracheids can
move more easily in the circumferential direction than in the radial direction. These previous studies
suggested that Japanese cedar and Japanese cypress exhibit turning water transport, and thus circumferential
variation in F; would not correspond with the shape of the tree crown or the direction of the tree trunk.

Figure 3.5 shows the relationship between the number of circumferential measurements and the
difference in average F, estimates. In Japanese cedar and Japanese cypress, the difference was about 20 %
and 40 %, respectively. When the number of circumferential measurements decreased, the difference in
Japanese cypress increased sharply compared with Japanese cedar. These results suggest that, by ignoring
circumferential variation in Fz, we create large errors in estimates of whole tree transpiration in both species,
and that Japanese cypress shows larger circumferential variation in F; than Japanese cedar. Therefore, when
estimating whole tree transpiration using the sap flow technique, we need to use sensors to capture the
circumferential variation in Fy. When we conduct sap flow measurements on a steep slope, we can insert

the sensors randomly and need not consider the shape of the tree crown or the direction of the tree trunk.
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Figure 3.5 Relationship between the number of circumferential measurements and the difference in average
F, estimates. Each symbol shows the average of the difference at each number of circumferential
measurements. Error bars indicate standard deviations. For Japanese cedar standing on the northwest-facing
slope (NW), average value was calculated from two sample trees. For Japanese cypress standing on the
northwest-facing slope and Japanese cedar standing on the southeast-facing slope (SE), average values were

calculated from three sample trees.
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Previous studies have examined the spatial and tree-to-tree variation in Fy, and suggested that the
effect of the spatial variation was a minor source of error to estimate stand- and catchment-scale
evapotranspiration compared with tree-to-tree variation (Ford et al., 2007; Kume et al., 2011). In this study,
we only discussed circumferential variation in ;. We need to conduct additional sap flow measurements
to investigate circumferential, radial, and tree-to-tree variation in Japanese cedar and Japanese cypress trees

growing on steep slopes.

3.4 Conclusion

Sap flow measurements were conducted for upper and lower slope aspects and in four directions on a steep
slope. The daily F, in Japanese cedar and Japanese cypress in this study was almost same value compared
with previous studies applied the TDM to Japanese cedar and Japanese cypress. This study found that
individual trees displayed circumferential variations in F,. Japanese cypress had large F,; values, and these
values varied more than in Japanese cedar. However, variations in F; values did not appear to be dependent
on direction or slope aspect. These results suggest that when circumferential variation in F; is ignored, large
errors are produced during the estimation of whole tree transpiration. Therefore, we need to use sensors to
capture the circumferential variation in F,. Sensors can be inserted randomly without the need to consider
the shape of the tree crown or the direction of the tree trunk. At our site, more sap flow sensors need to be

used with Japanese cypress to capture circumferential variation in F; compared with Japanese cedar.
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Chapter 4

This chapter was based on the article “Applicability of thermal dissipation method (TDM) for sap flow

measurement of teak tree” in Bulletin of the university of Tokyo forests (submitted).

Applicability of thermal dissipation method (TDM) for

sap flow measurement of teak tree

4.1 Introduction
In order to access forest water uptake on a stand scale, it is necessary to quantify water uptake by individual
trees and to scale them up to a stand scale. Measurements of tree-to-tree variations in sap flow and within-
tree spatial variations (both circumferential and radial) are essential for this procedure (Philips et al., 1996;
James et al., 2002; Delzon et al., 2004; Kumagai et al., 2005; Tateishi et al., 2008; Tsuruta et al., 2010;
Kume et al., 2011). Estimations of two levels of variability in an actual forest stand require several sap flow
sensors. The thermal dissipation method (TDM; Granier, 1987), which uses Granier-type sap flow sensors,
is both inexpensive and relatively simple to operate. In fact, in recent years, circumferential, radial and tree-
to-tree distributions of sap flow were investigated using several Granier-type sap flow sensors (Kumagai et
al., 2005; Kume et al., 2010b, 2011). Ease of calculation is an additional advantage provided by the TDM:
sap flow averaged over a sensor cross-section is readily obtainable from an empirical equation with only
two coefficients that are applicable to various tree species (Granier, 1987). Thus some previous studies used
the TDM to estimate whole-tree and stand scale water use (e.g., Delzon et al., 2004; Kumagai et al., 2005).
Nevertheless, other studies have reported substantial errors when the TDM was applied to broader range of
tree species (Goulden and Field, 1994; Clearwater et al., 1999). Especially, sap flow is greatly
underestimated by the TDM when it is used with ring-porous species (Taneda and Sperry, 2008; Bush et
al., 2010).

The cause of such underestimation was considered by the large sap flow distribution in the tree trunk

of ring-porous species (Clearwater et al., 1999; Bush et al., 2010). Sap flow distribution in the trunk of ring-
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porous tree species may be much greater than variation in the trunks of coniferous and diffuse-porous
species (Umebayashi et al., 2008). Thus, the existence of radial variation in sap flow indicates that wide-
scale application of the TDM to ring-porous species will require a full exploration of the sap flow
distribution in tree trunks. Most of the previous studies testing the applicability of the TDM to ring-porous
tree species have been performed in the laboratory on field-collected branch and stem segments (Taneda
and Sperry, 2008; Bush et al., 2010). Although it is considered that water transport pattern in the sample
segments was quite different from natural condition (Renninger and Schifer, 2012), few studies have
examined the applicability of the TDM to ring-porous trees growing in natural settings (Granier et al., 1994).
Furthermore, no study has tested the applicability of this method to ring-porous forest canopy trees that are
mature and have large diameters.

Teak (Tectona grandis Linn. f.) is a well-known ring-porous tree species (Coder, 2011) that is widely
planted in tropical regions, including Southeast Asia, the Indian subcontinent, Central America and Africa,
because of its considerable commercial value (Krishnapillay, 2000; Kollert and Cherubini, 2012). However
most studies of sap flow distribution in ring-porous species and the applicability of the TDM have been
conducted in the north-temperate climate (Umebayashi et al., 2008; Sato et al., 2010).

The objective in this chapter is to investigate radial distribution of sap flow for teaks and to test the
applicability of TDM for this species. Toward this goal, the following field procedure on mature plantation
teaks: dye perfusion experiments to investigate the radial distribution of sap flow in tree trunks, and
simultaneous measurements of tree water uptake and sap flow using the TDM to compare with the actual
water uptake and estimated water uptake by the TDM.

In Chapter 3, we showed that circumferential variation in Fy is important for whole-tree estimates of
water use based on the TDM. Thus, in this chapter we considered the circumferential variation in F; in teak
trunks and applied the original coefficient of Granier (1987) to produce estimates of whole-tree water use

using the TDM.

4.2 Materials and methods
4.2.1 Plant materials
Experiments on teak were conducted in the Mea Mo teak plantation, which is located in Lampang Province,
Thailand (18 25 N, 99" 43" E; 380 m above sea level). The details of the study site was shown in chapter
2.

Teak is a deciduous broadleaved tree classified as ring-porous by its vessel distribution in the xylem

(Coder, 2011). It has large earlywood vessels that are 200-300 pum in diameter arrayed along annual rings,
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and small latewood vessels with diameters of <100um (Saeki, 1982).

4.2.2 Dye perfusion experiment

To determine the radial distribution of sap flow in the trunks, dye perfusion experiments were conducted
for individuals listed in Table 4.1. Three sample trees differing in DBH were selected and named D1, D2
and D3. The dye perfusion experiments were conducted on the following dates: 2009/11/17, 2012/10/25,
and 2012/10/26.

A1 % acid fuchsin solution was used as the perfusion liquid. The movement of this solution matches
that of sap flow, because the dye molecules do not adhere to the vessel walls and move together with the
sap through the vessels (lida et al., 1992; Sano et al., 2005). Thus, it is supposed that the flow of the acid
fuchsin solution matched sap flow movement in the vessels.

The bottles used for injecting the dye solution were attached to tree trunks 90 cm above ground level
(Figure 4.1(a)). On each tree, a hole, the diameter and depth were 10 and 50 mm, was made through the
bark and into the trunk xylem 80 cm above ground level using an electric drill. To avoid xylem vessel
cavitation, a simple water reservoir was attached to the tree trunk and the hole was made under water. After
made the hole, the dye solution was injected into each hole for a set period of time (Table 4.1). To avoid
leakage of the dye solution, the hole and the bottle outlet were connected with a silicone cap, after which
the water reservoir was detached (Figure 4.1(a)). Before starting the dye solution injection, the hole on the
bottle was made using a gimlet. Following dye injection, the experimental trees were felled and all branches
were immediately cut free to prevent further ascent of the dye solution. Sample disks were cut out of the
trunks at intervals of 10-100 c¢m, until the dyed section on the disks surface became ambiguous.

To distinguish the dyed and non-dyed section on the surface of each sample disk, the dyed section was
shaved using a chisel and immediately marked out the borders using a ball-point pen. According to examine
the surface of disks, radial thicknesses of the bark, sapwood, heartwood and dyed section were measured,
and the annual rings of the sapwood, heartwood and dyed area were counted.

The dye ascent velocity (Ds; cm h™!) was calculated as:

D, = h/Tx60 (4.1)

where % (cm) is the height above the injection hole and 7 (min) is the duration of dye solution injection.

4.2.3 Absorption experiment

Details of the trees used in the absorption experiment are provided in Table 4.2. Three sample trees differing
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in DBH were selected and named Al, A2 and A3. The absorption experiments were conducted on the
following dates: 2010/10/23-25, 2011/10/14-17 and 2012/10/27-29.

A water holding collar was attached to each experimental tree 80 cm above ground and sealed with
silicon caulk to prevent water leakage (Figure 4.1(b)). On the day of the experiment, we used an electric
drill and a chisel to cut a groove about 40 mm depth and 20 mm width through the bark and xylem around
the circumference of the trunk 90 cm above ground level (See Figure 4.1(b)). The groove was deep enough
to reach the heartwood. To reduce the effects of xylem cavitation, this operation was performed predawn
under the premise that sap does not flow. After visible sawdust on the water holding collar was removed as
possible as clearly, the water holding collar was filled with water. Bubbles were removed manually from
the surface of the groove cut in the trunk.

The water absorbed by the sapwood was supplied from a measuring cylinder and the amount of

supplied water was recorded. The actual absorbed water (Q ., kg h') was calculated as follow;

O 4t = Q/ITx60 (4.2)

where Q (kg) was the amount of supplied water during interval and IT (minute) was interval times of water

supply. To compare with sap flow measurements, Q . was made at 30 min interval by interpolation.

4.2.4 Sap flow measurements

Sap flow velocity (Fy) on the teaks using the TDM were measured during the course of the absorption
experiments. Details of the sap flow measurement on each experimental tree are provided in Table 4.2. To
determine the spatial (circumferential and radial) variation in tree trunk, sap flow sensors were installed to
measure sap flow at a depth of 0-1 cm on 2-4 trunk directions (north, east, south, and west), and at a depth
of 1-2 cm depth on a north direction. The detail of the TDM was shown in chapter 2.

The estimated absorbed water using the TDM (Q ca; cm® h!) was calculated as follows:

O ca=Faq0.1%As 0.1 + Fa 12%As 12+ Fa 2.3%As 23 4.3)

where Fy o.1, Fu 1.2 and Fy .3 are Fy values measured at a depth of 0-1, 1-2 and 2-3 cm, respectively, and
Ay 0.1, As 12 and Ay 2.3 are the sapwood areas (cm?) occupied at each depth by the sap flow sensor. To
consider the circumferential variation in Fy ¢.1, Q ca Was calculated using averaged Fy o.; values for two or
four directions, and F values for just one direction. Each of the calculated Q cui, Fu ;-2 and Fy ».3 value was

used for northerly direction.

48



To compare the diurnal pattern of F; in experimental and non-experimental trees, sap flow
measurements were conducted to other teak trees standing in the plantation simultaneously. The relative Fy

values measured on the non-experimental trees were indicated in Figure 4.3 (gray dashed lines).
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Figure 4.1 Schematics of the dye perfusion (a) and water uptake (b) experiments. The diameter and depth
of the drilled dye injection hole were about 10 mm and 50 mm, respectively. The hole on the bottle was
made using a gimlet. The depth and width of the circumferential groove were about 40 mm and 20 mm,
respectively. In the dye perfusion experiment, the bottle and dye injection hole were connected through a
silicone cap. In the absorption experiment, water absorbed from the sapwood was supplied with a measuring

cylinder. Sap flow sensors were installed 1.3 m above ground level and two or four directions.
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Table 4.1 Information on experimental teak specimens and details of the dye perfusion experiments.

Date of Tree height Dlameter. at Sa.pwood Sapwo.od Aspect of Duration O.f .exp.erln?ent
. breast height thickness  annual rings (total dye injection time
experiment (m) hole .
(cm) (cm) (total) min)
1.4 11 N 09:30 - 10:30 (60)
Dl 2009/11/17 20.0 16.0 1.5 11 33) SE 09:50 - 10:30 (40)
1.2 10 SW 10:10- 10:30 (20)
1.6 15 N
D2 2012/10/25 18.0 17.6 1.9 13 (32 SE 11:00 - 11:30 (30)
1.1 8 SW
2.1 10 N
D3 2012/10/26 23.3 28.2 2.0 11 (35) SE 10:30 - 11:00 (30)
1.5 13 SW

Table 4.2 Information on experimental teak specimens and details of the procedures for the absorption

experiments and sap flow measurements.

Diameter at Sapwood  Sapwood

. . . Positions of sensors
breast height thickness annual rings

aspect, Depth (cm)

. Tree height
Date of experiment gh

(cm) (cm) (total)

2.5 8 N 0-1,1-2,2-3

1.2 9 E 0-1
Al 2010/10/23-25 21.9 27.0 31

1.9 9 S 0-1

2.8 9 W 0-1

1. 1 N -1, 1-2
A2 2011/10/14-17 21.2 16.0 8 > (26) 0-1,

1.6 15 S 0-1

1.6 12 N 0-1,1-2
A3 2012/10/27-29 22.8 229 21 1 (36) E 0-1

2.1 10 S 0-1

1.8 12 W 0-1
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4.3 Results

4.3.1 Dye perfusion experiment

The maximum dye ascent heights, maximum D; values, and numbers of dyed annual rings on sample disks
at breast height and maximum dye accent height are summarized in Table 4.3. Figure 4.2 presents the image
of the surface of dyed disks cut at 0.4 m (i.e. at breast height) and 8.7 m above the dye injection point on
the north side of D3. The circumferential variation in the maximum dye ascent heights for D1 (Table 4.3)
may be attributed to differences in the total dye injection time on each of the trunk sides (Table 4.1): the
highest and lowest dye ascent heights were observed for directions with the longest (northerly direction)
and shortest (southwesterly direction) dye injection times (Table 4.1), respectively. For D2 and D3, the
maximum dye ascent heights differed considerably by directions (Table 4.3) even though the total dye
injection time was consistent (30 min) in the two individuals (Table 4.1), indicating large circumferential
variation in sap flow in the trees.

The number of dyed annual rings on sample disks cut out at breast height (0.4 m above the dye
injection height) varied from five to seven. At the maximum height of dye ascent, the number varied from
three to five, except among those taken from the SW direction on D3, which had only one dyed annual ring
(Table 4.3 and Figure 4.2). The maximum D; varied from 440 to 2840 cm h™! at each injection point. Thus,
some vessel conduits may be functional for at least 5 years. However during our visual observations, we
were unable to find any relationship between functionality and the anatomical features of the vessels (i.e.,

between the vessels in earlywood and latewood).
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Table 4.3 Numbers of sapwood annual rings, maximum dye ascent speed (Dy) and dyed annual rings 0.4 m

above the dye injection point and at the maximum height to which the dye ascended (for three trunk

geographical aspects).

max dye ascent height number of dyed annual rings

... fromthe dye injection .Dyc.: Maximum dye ascent (total rings in sapwood)

Direction . mjection B

point (m) time (min) speed (cmh™) "0.4 mabove dye Maximum
injection point dye height

DI N 8.7 60 870 5(11) 4(13)

SE 42 40 630 6 (10) 3(12)

SW 27 20 810 5(11) 4(14)

D2 N 22 30 440 6(15) 3(16)

SE 32 30 640 6 (13) 3 (14)

SW 7.2 30 1440 6(8) 4(12)

D3 N 14.2 30 2840 7 (10) 50

SE 9.2 30 1840 7(11) 5(10)

SW 72 30 1440 7(13) 1(8)

“breast height (1.3 m above ground)

Figure 4.2 Surfaces of dyed disks cut 0.4 m (a) and 8.7 m (b) above the dye injection point on the north
side of D3. The bark sides are uppermost and pith sides are lowermost in these images. The light brown
and dark brown sectors are sapwood and heartwood, respectively. The peripheries of the marked areas in

each figure enclose dyed sections visible to the unaided eye.

53



4.3.2 Sap flow based on the TDM
Figure 4-3 shows the diurnal patterns in Fy (for the three individuals listed in Table 4.2), in relation to the
above-canopy solar radiation (Ss) and atmospheric vapor pressure deficit (VPD). The bold horizontal solid
lines indicate the periods of water supply to the water holding collar. Before removing xylem, the diurnal
pattern of Fy corresponded well with Sy in all individuals examined (Figure 4.3). On the other hand, the
diurnal pattern of F,; after removing xylem was depressed in comparison with the relative F, particularly
in A3 (gray dashed line in each panel of Figure 4.3). The changes in the diurnal pattern of F; were more
obvious at a depth of 0-1 cm than at depths of 1-2 and 2-3 cm, except in A3 (central and row of panels in
Figure 4.3). F; declines might be attributed to vessel clogging by minute dust particles in the water holding
collar, although most visible dust had been removed, the effect of cavitation while removing the xylem, and
the formation of traumatic tylose because of having injured the xylem. Anyhow the illustrated diurnal
patterns of F after the xylem removals in Figure 4.3 should be taken as those different from relative F.
However, for the purpose of comparing with Q .. and QO .., the obtained F, data could be used.

On days 24 (A1), 16 (A2), and 28 (A3), circumferential variation in F; was detected, particularly in
Al. The average daily value of Fy p-; (10:00-15:00) in Al was 13.26, 16.42, 18.83, and 21.08 in the
northerly, easterly, southerly, and westerly directions, respectively. The maximum circumferential variation

in Fy o.; was about 1.6 times that in the northerly and westerly directions.
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Figure 4.3 Diurnal patterns in solar radiation (Sq), atmospheric vapor pressure deficit (VPD) and sap flow

velocity (Fy). Al was measured from October 23-25, 2010. A2 was measured from October 14-17, 2011.

A3 was measured from October 27-29, 2012. The upper box showed the Sd and VPD, the middle box

showed the circumferential variation of F,; and the lower box showed the radial variation in F,. A gray

dashed line was the relative Fy measured from another teaks standing in Mae Mo plantation simultaneously.

A horizontal solid line indicates the period of supplying water to the water holding collar.
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4.3.3 Comparison of Q . and Q cu
Figure 4.4 compares the diurnal patterns in Q .r and Q . for the three teak tree listed in Table 4.2. In
general, O o underestimated Q 4 in all individuals, even when circumferential variation in Fy .; was taken
into consideration (see the dashed lines in Figure 4.4); the underestimations were more pronounced for Al
than for A2 and A3. Table 4.4 lists details for the amount of Q 4 and Q .« calculated from 07:00 on the
first experimental day through 07:00 on the next. The amount of O . for A1 was 14.64 kg (i.e., 14.5 % of
the amount of O 4«/). The amount of Q .. for A2 and A3 were 44.1 % and 62.4 % of the corresponding Q ucs,
respectively (Table 4.4). Despite our consideration of the circumferential variation in Fg o.;, O cwr Was
underestimated compared to Q 4.

Figure 4.5 shows the relationship between Q .. and Q .4 for all individuals. The broken lines represent
1:1 ratios, and the gray solid lines are fitted regression lines. The regressions show that the hourly O .o was
lower than the hourly Q ... The points in the regressions plots were scattered in an approximately elliptical
pattern, especially in the graph for A3. For periods when the sap flow was increasing, Q .« relatively
underestimated Q 4, but when the sap flow was decreasing, Q .. relatively overestimate Q ... The hourly

O 4 and Q . were positively correlated except in the case of A3 (Al; »=0.99, A2; r=0.89, A3; r=0.54).
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Figure 4.4 Diurnal patterns of hourly Q . and Q cu. O a 1s represented by thick solid lines; Q cus is

represented by thin lines. Thin dashed lines represent estimated water uptake calculated as sap flow velocity

(Fy) in each direction.

Table 4.4 Comparisons between the amount of Q s and Q ca. The amount of Q .. and Q .. calculated from

07:00 on the first experimental day through 07:00 on the next.

experimental trees Al A2 A3
0 ac (kg) 101.15 13.42 13.72
14.64 5.92 8.56
O ca (kg) max: 18.46 (E) max: 6.00 (S) max: 10.18 (N)
min: 10.17 (N)  min: 5.85 (N)  min: 7.52 (S)
ratio 6.91 2.27 1.60

57



Ml Al A

e ' ' ' ' ' ' ' ' '
-~ ! e -~
-~ -~
s -
% d 4- . 4- 4 !
- - -
- - - - - -
-~ E -~ B -~
=11 -~ = i -~ = % -~
_-E' .-_.-" ;E. .-_.-" ; .-_.-"
= -~ = -~ = -~
o -~ oy - - . - I8
b 4 w 4 = s
- - -
L L r-__.-' .
T - - -
1 - 1 ~ = L ] ol
i e ‘9-""; - .!‘.. . *
e e -
- s T — " .
2 - y y v o : v nde e v
) d L] s i qr L 1 ! 4 4 8] il L 4 ] -l o]
i, ||-|_'||': i, .||-|_'||':- o[kl "

Figure 4.5 Relationship between hourly Q ..: and O cu. Broken lines represent ratios of 1:1; gray solid lines
are fitted regression line. The correlation coefficients () for A1,A2 and A3 are 0.99, 0.89 and 0.54,

respectively.
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4.4 Discussion
Dye perfusion experiment visualized the sap flow distribution in teak trunks. At the maximum height of
dye ascent, the number of dyed annual rings varied from one to five (Table 4.3 and Figure 4.2). However,
we were unable to discern the distribution of dyed section in the annual ring by visual observation. The
velocity of water in a channel is proportional to the fourth power of its internal radius (Hagen-Poiseuille
Low). Since the vessel diameter is large, the sap flow velocity must also be large (Tyree and Zimmermann,
2002). In teak trees, the diameter of the vessels in earlywood ranges from 200 to 300 pum, but in latewood
it is <100 pum (Saeki, 1982). Thus, the sap flow velocity in earlywood should exceed that in latewood. Our
experiment was conducted during the rainy season; thus, the outermost annual ring retained a water
transport function. Moreover, our results indicate that the dyed section spanned more than one annual ring
(Figure 4.2b). Thus, large diameter earlywood vessels have water transport functions across more than one
annual ring in teak trunk. Dye perfusion experiments on ring-porous species growing in cool temperate
climates (Taneda and Sperry, 2008; Umebayashi et al., 2008; Bush et al., 2010; Sato et al., 2010) have
demonstrated a restricted water transport function in large diameter earlywood vessels occurring in the
outermost annual ring. The freezing cavitation of large diameter earlywood vessels during winter is likely
responsible for destruction of the transport function in older vessels (Tyree and Zimmermann, 2002). In
contrast, we showed that tropical teaks, which are never exposed to freezing, are able to maintain their
water transport function across more than one annual ring. The cavitation of large-diameter vessels occurred
due to water stress in the trunk because of soil drought. However Lianas, which are common vine species
in tropical climates, have large diameter vessels which the size was same range to the ring-porous species,
the large diameter vessels retain their water transport function for many years despite enduring a dry season
(Frank et al., 1997). The water transport function of these large diameter vessels is thought to be maintained
as a result of refilling due to root pressure (Frank et al., 1997). It is thought that the same phenomenon
occurs in teak.

We measured Q 4 in mature teaks in a plantation and compared them with O cu. O cwr underestimated
O 4 1n our experimental trees. The ratio of underestimation varied between approximately one half and
one sixth (Table 4.4). An elliptical form in the scatter relationship between hourly O 4 and Q .« indicates
a hysteresis, especially A3 (Figure 4.5). This result indicates that the ratio of underestimation differed
between periods of increasing and decreasing sap flow. However, the relationship between hourly Q .. and
O ca was linear in cases other than A3 (Figure 4.5); hysteresis between Q 4 and Q . was less obvious in
Al and A2. Thus, a linear fit regression was inappropriate for A3.

Several earlier studies calibrated the TDM in diverse woody species. Some reported satisfactory TDM

performance for a variety of trees, including gymnosperms with tracheid (Granier, 1987; Cermak et al.,
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1992; Catovsky et al., 2002), tropical tree species (Lu and Chacko, 1998; Lu et al., 2002; Clearwater et al.,
1999; McCulloh et al., 2007), diffuse-porous species (Braun and Schmid, 1999; Clearwater et al., 1999;
Catovsky et al., 2002; Taneda and Sperry, 2008; Bush et al., 2010) and ring-porous species (Catovsky et al.,
2002; Granier et al., 1994). However, other reports indicated that TDM calculated sap flow substantially
underestimated actual sap flow in diffuse porous species (Taneda and Sperry, 2008; Hultine et al., 2010;
Steppe et al., 2010), ring-porous species (Taneda and Sperry, 2008; Bush et al., 2010) and bamboo (Kume
et al., 2010a). Bush et al. (2010) calibrated the TDM in four ring-porous (Elaeagnus angustifolia, Gleditsia
triacanthos, Qercus gambelii and Sophora japonica) and two diffuse-porous (Populus fremontii and Tilia
cordata) species, demonstrating that the TDM severely underestimates actual sap flow in only ring-porous
species. Taneda and Sperry (2008) also conducted a TDM calibration using the ring-porous species Q.
gambelii and the diffuse-porous species Acer grandidentatum; they found that the underestimation was
more serious for Q. gambelii. Likewise, Montague and Kjelgren (2006) compared the actual water uptake
of containerized diffuse-porous (Pyrus calleryana, Populus detoides and Liquidambar styraciflua) and
ring-porous (Q. rubur x Q. bicolor) species with TDM-based estimates and found the most serious
underestimations by the TDM in the ring-porous tree. These comparative studies indicate that TDM
measurement of sap flow produces a greater error for ring-porous than for diffuse-porous tree species. The
current study shows that, also in ring-porous teak, TDM underestimates actual sap flow indeed.

O cu Was estimated considering the circumferential variation in Fy in teak trunks. In A1, the maximum
circumferential variation in Fy¢; was about 1.6 times. In the analyses reported in Chapter 3, the
circumferential variation in Fy ., was about 1.92 and 3.80 times that in Japanese cedar and Japanese cypress,
respectively. Compared to Japanese cedar and Japanese cypress, the circumferential variation in Fy in Al
was nearly equal or a bit smaller. However, Q .., as calculated using equation (4.3) was underestimated
compared to O ger.

The high velocity sap flows in ring-porous species may provide partial explanations for these
underestimations. In the TDM, heat generated by the sensor is transferred to the sap and transported by the
flow. However the large sap flow velocities in large diameter earlywood vessels prevent temperature
equilibration between the sensor and sap. Anfodillo et al. (1993) inserted a heater into tree trunks to observe
heat transfer by thermographic procedures and found no thermal loading in the outermost annual rings of
the ring-porous species (Fraxinus excelsior). According to this result, he indicated that the heat could not
move to the sap sufficiently because of large sap flow velocity. In our results, however, the relationship
between Q . and Q s Was not a saturation relationship; the relations in our data were either linear or
hysteretic (Figure 4.5). So, other explanations are required to account for TDM underestimations in teak

trees.
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TDM underestimation in ring-porous species may also be explained by a non-uniform sap flow distribution
over the sap flow sensors. Clearwater et al. (1999) showed that when there was a large sap flow gradient
over the sensor, the sap flow estimated by the average AT at the sensor underestimated the actual sap flow
because of the nonlinear relationship between sap flow and AT (Equation 2.4). A large sap flow gradient
over the sensor is more likely to occur when part of the sensor is inserted into heartwood with no water
transport function, and when the water transport function is limited in the outermost annual ring, which is
the case in ring-porous species. Clearwater et al. (1999) showed that the degree of underestimation
increased in proportion to the area of non-conducting tissue in the trunk, and they proposed a correction
procedure for modifying the original Granier calibration by taking into account the proportions of
conducting and non-conducting tissues sampled by the sap flow sensor. In our comparison of Q 4 and Q cas,
the ratio of underestimation for A1 was larger than for A2 and A3 (Table 4.4). Interestingly, A1 had wider
annual rings (i.e. a lower ring density) in its sapwood than the other two teaks (Table 4.2). The wood density
of ring-porous species is so high that the density of the annual rings becomes greatly reduced and the width
of the earlywood does not vary across annual rings. In contrast, the width of latewood, which comprises
small-diameter vessels and non-conducting tissue, varies across annual rings (Shimaji et al., 1985). Even
teak, a ring-porous species found in tropical climates, exhibits this tendency (Priya and Bhat, 1999).
Therefore, the sap flow sensor inserted into A1 was exposed to a larger area of latewood than the sensors
inserted into A2 and A3. The results of our dye perfusion experiment indicate that the sap flow gradient
between earlywood and latewood in a single annual ring is large, and that this trend is repeated across
several annual rings, producing a wave-like pattern in the sap flow profile. Accordingly, we believe that the
sap flow sensor inserted into Al encountered fewer waves in the sap flow profile than the sensors inserted
into A2 and A3; thus, the conducting area on the sap flow sensor inserted into A1 was smaller than the
conducting areas in A2 and A3. Although our experiment examined only three individuals, the evidence
suggests that the conducting area on the sap flow sensor change with the number of annual rings functioning

in water transport. Hence, the degree of underestimation will vary among individuals.

4.5 Conclusion

To test the applicability of the TDM to mature plantation teak trees, dye perfusion experiments and
simultaneous measurement of water uptake and sap flow using the TDM were conducted. The teak trees
exhibited water transport across more than one annual ring. Based on the vessel distribution in the annual
rings of ring-porous species, and the relationship between vessel diameter and sap flow velocity, we propose

that large diameter earlywood vessels have water transport functions across more than one annual ring. We
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compared the actual water uptake with the uptake estimated by the TDM. Q . estimated using the
coefficient proposed by Granier (1987) was underestimated compared to Q ., even when circumferential
variation was considered. Moreover, the ratio of underestimation varied at each individual. Thus, estimates
of sap flow velocity by the TDM are strongly affected by the unique sap flow distribution in teak tree trunks;
the number of functional annual rings is an important determinant of sap flow underestimation measured
by the TDM. However we found a linear relationship between hourly O 4 and Q ... This result indicated
that the TDM was useful tool to examined the diurnal and seasonal change of sap flow in teak using the

relative value.
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Chapter 5

Differences in the seasonality of transpiration
estimated using sap flow measurements and the eddy

covariance method

This chapter cannot be opened because the content, figures and tables in this chapter will be submitted to

the scientific journal within 5 years.
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Chapter 6

The influence of soil moisture conditions on sap flow

seasonality in individual teak trees

This chapter cannot be opened because the content, figures and tables in this chapter will be submitted to

the scientific journal within 5 years.
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Chapter 7

Summary and conclusion

This study examined the seasonal variation in transpiration in individual teak trees growing in northern
Thailand using sap flow measurements. The sap flow distribution in the trunk of each teak tree was also
determined using the thermal dissipation method (TDM). There are no studies applying the TDM in teak,
a ring-porous species found in tropical climates. Thus, this study also examined the sap flow distribution in
Japanese cedar and Japanese cypress, located in the Oborasawa Watershed (Kanagawa prefecture, Japan).
Japanese cedar and Japanese cypress is coniferous species and there are some previous studies applying the
TDM in Japanese cedar and Japanese cypress.

Chapter 1 described the importance of, and problems associated with, the study of energy, water, and
carbon exchanges between the vegetation and atmosphere in tropical forests, especially tropical deciduous
forests. In addition, the usefulness of sap flow measurements in examining the water cycle in tropical
deciduous forests was described. Tropical forests have a strong influence on both regional and global
climates. In particular, tropical deciduous forests in Southeast Asia are affected by the Asian monsoon; the
leaves in the canopy are retained during the wet season and fall during the dry season. Inter-annual variation
in the duration of the canopy and transpiration period is affected by inter-annual variation in rainfall to a
greater extent in tropical deciduous forests than in boreal and temperate deciduous forests. On the other
hand, the leaf phenology in tropical deciduous species varies widely not only between but also within
species. Transpiration seasonality also varies with variation in leaf phenology, even if the forest is
composed of uniform species. Canopy duration time is strongly affected by the transpiration period. Thus,
it is necessary to focus on transpiration seasonality at the individual tree scale in tropical deciduous forests.
Sap flow measurements can be used to examine the transpiration in a forest at the individual tree level using
a diurnal or seasonal time scale. Therefore, sap flow measurements can be used to examine transpiration
seasonality in tropical deciduous forests. In this study, sap flow measurements were conducted at a teak
plantation to examine the seasonality in transpiration for individual trees. The simple species component
and forest structure of the plantation facilitated the evaluation of transpiration seasonality according to

changes in canopy structure. Teak is a popular tree species in tropical regions. The information about
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seasonal variation in transpiration gained in this study will enable appropriate water resource management
at teak plantations. Sap flow measurements were also conducted for Japanese cedar and Japanese cypress.
Japanese cedar and Japanese cypress are popular species for planting in Japan, and sap flow measurements
have been widely used to examine water use by these species at the whole-tree and stand scales. However,
circumferential variation in sap flow in the trunk of Japanese cedar or Japanese cypress is poorly understood,
especially for trees on a steep slope. Thus, the effect of circumferential sap flow variation in Japanese cedar
and Japanese cypress on estimates of whole-tree water use was discussed.

Chapter 2 described the study sites where the sap flow measurements were made for Japanese cedar
and Japanese cypress in Kanagawa prefecture, Japan (35°28'N, 139° 12'E, altitude 432-878 m; Oborasawa
Watershed), and for teak at the Mae Mo plantation in northern Thailand (18° 25’ N, 99° 43'E, altitude
380m; Mae Mo plantation). An outline of the sap flow measurements made using the TDM was also
presented in Chapter 2. Meteorological measurements were conducted in an open space on a ridge at the
Oborasawa Watershed. Sap flow measurements were conducted in Japanese cedar and Japanese cypress
stands located on adjoining northwest- and southeast-facing slopes; the slope angles were 30° and 25°,
respectively. Sap flow measurements were made from 21 August, 2010, to 26 September, 2010. At the Mae
Mo plantation, meteorological measurements and measurements of gas exchange by the eddy covariance
method were conducted at a scaffold tower (height, 40 m). Sap flow measurements were made in two
different plots at the Mae Mo plantation (plots A and B) from March, 2010, to March, 2013. The soil water
content at depths of 10, 20, 40, and 60 cm, and the downward solar radiation under the canopy (S») were
also measured in plots A and B. The downward solar radiation above the canopy (Ss) was measured from
the scaffold tower. In each plot, the relative extractable water, ®o.¢o, was calculated from the soil water
content at each depth, and the negative logarithmic values of the ratio (NLR), which is an index of leaf area,
was calculated from Sy and S. A handy dynamic corn penetrometer was used in plots A and B to examine
the soil depth. Plots A and B were located approximately 400 m apart (to the east and west). Plot B, which
was located at the foot of a mountain, had a gentle slope, while the topography in plot A was flat. The soil
depths in plots A and B were 150-400 cm and 50-150 cm, respectively. During the transition from the dry
to the wet season, the timing of the increase in ®¢.so and NLR was almost synchronized following heavy
rainfall in each plot. On the other hand, during the transition from the wet to the dry season, the progress
of decreasing ®.¢o was earlier in plot B than in plot A; similarly, the NLR value in plot B began to decrease
earlier than in plot A.

In Chapter 3, circumferential sap flow variation in the trunks of Japanese cedar or Japanese cypress
trees growing on a steep slope was described, and the effect of circumferential sap flow variation on

estimates of whole-tree water use was discussed. Japanese cedar and Japanese cypress growing on a steep
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slope extended their crowns toward the lower slope. The circumferential distribution of sap flow in Japanese
cedar and Japanese cypress was confirmed; however, no relationship between circumferential sap flow
variation and tree crown shape was detected. The potential error in our estimates of whole-tree water use
for Japanese cedar and Japanese cypress using the general method was at most 20 and 40%, respectively,
when circumferential sap flow variation in the trunk was ignored.

Chapter 4 described the sap flow distribution in teak trunk based on dye perfusion experiments. In
addition, the amount of water absorbed from the cut xylem surface, Q 4 (kg h'!), and the estimated amount
of water absorbed using the TDM, Q . (kg h!), were compared. Dye perfusion experiments were
conducted using three teaks located in plot A. The dye ascent speed varied from 440 to 2840 cm h™!. At the
maximum height of dye ascent, the number of dyed annual rings varied from one to five. However, it was
impossible to determine the relationship between the functionality and anatomical features of the vessels
(i.e., between the vessels in earlywood and latewood) based on a visual observation of the dyed disks. The
relationship between sap flow velocity and vessel diameter indicates that the sap flow distribution in annual
rings will be skewed toward earlywood. Moreover, the results of the dye perfusion experiment indicated
the existence of more than one functional annual ring, suggesting that the radial sap flow distribution in
teak trunk has a wave-like pattern. Absorption experiments and sap flow measurements were conducted
simultaneously in three teak trees located in plot A. Q s was underestimated compared with Q ., and the
ratio of underestimation varied from 1.5 to 6.0 times at each individual. In Chapter 3, we demonstrated that
circumferential variation in sap flow within the trunk is important for whole-tree water use estimates.
However, when Q . was estimated considering circumferential variation in Fy ¢.; in teak trunks, O .. was
underestimated compared with Q ... Moreover, the ratio of underestimation varied among individuals. The
extent of underestimation was greatest in the teak tree with the lowest annual ring density. According to the
radial sap flow distribution in teak trunk shown by the dye perfusion experiments, the conducting area on
the sap flow sensor will change according to the number of annual rings that are active in water transport,
and the degree of underestimation will therefore vary among individuals.

Chapter 5 described the difference in transpiration seasonality at a teak plantation estimated using sap
flow measurements and the eddy covariance method. The mean stand sap flow velocity, J; (cm h™'), was
calculated using the TDM for five teaks located in plot A. The stand sapwood area, SWA sqna (cm?), in plot
A was estimated from extracted xylem cores. The estimated transpiration rate based on sap flow
measurements, E ;,, (mm day!), was calculated by multiplying the values of J; and SWA una. The latent
heat flux, LE (W m), measured using the eddy covariance method, is composed of transpiration from the
canopy, LE. (W m), and soil evaporation, LE; (W m2). Thus, the value of LE, was estimated by subtracting

LE from LE;. LE. was converted to the height of water, E ¢4y (mm day™), for comparison with the £ s
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The relationship between E 4, and E cqqy was examined between October 19 and 30, 2011; the effect of LE;
was ignored because of crown closure. A linear relationship was detected between E o and E cuqy (R? =
0.72), and the E 4, value was about one-tenth the £ .44 value. Subsequently, the E s, value modified by
that relationship was compared with the E .44, value from October 2011 to March 2012. The relative E s
and E .4y values exhibited a linear relationship (R? = 0.72). Thus, the transpiration estimated from TDM
was useful for examining transpiration seasonality in the teak canopy. From December to January, the
relative E 4, was greater than the relative £ c4q. The objective spatial scale of sap flow measurements is
narrower than that using the eddy covariance method. Thus, the estimated value of £, based on our sap
flow measurements reflected the transpiration characteristics of the teak trees standing in plot A.

Chapter 6 described the sap flow seasonality for individual teak trees using the sap flow measurements
from plots A and B, as well as the effect of soil water content on sap flow seasonality. The relative sap flow
velocity, SF, was used to compare the sap flow seasonality for each individual. The TDM was used in plot
A, while the heat pulse method (HPM) was used in plot B. Granier-type and heat pulse sensors were inserted
into the two teaks standing in plot A, and sap flow measurements were made simultaneously. According to
this result, the relative values obtained with the TDM and HPM could be used to compare the seasonal sap
flow in each individual. In plot A, the seasonality of the relative SF" for each individual was revealed using
sap flow measurements collected from March, 2010, to March, 2013. The seasonality of the relative SF
during the leaf flush period was largely synchronized in each plot according to the increases in @g.¢o and
relative NLR. On the other hand, the seasonality of the relative SF’ during the leaf fall period varied for each
individual about every 30 days. The seasonality of the relative SF'in plots A and B, which had different soil
water contents, was compared from March, 2010, to March, 2011. The timing of the increase in relative SF'
was nearly identical between the plots, the value of ®g.¢o when the relative SF' exceeded 0.2 was about 0.2
m® m in both plots. On the other hand, during the leaf fall period, the relative SF in plot B began to decrease
earlier than in plot A. Moreover, the relative SF in plot B stopped earlier than in plot A. The value of ®.eo
when the relative SF was below 0.8 was about 0.1 m® m™ in both plots, and the day that the value of g
reached 0.1 in plot B was earlier in plot A. Thus, the seasonal variation in sap flow from teak standing in
plot A and plot B corresponded with the soil water content.

Sap flow measurements using the TDM is a useful technique to estimate whole-tree or plot scale water
use in mainly coniferous spices. This study determined the circumferential variation in sap flow in Japanese
cedar and Japanese cypress using the TDM, and the effect of that variation on estimates of whole-tree water
use was discussed. There are no previous studies applying the TDM to teak. Thus, it was necessary to
examine the sap flow distribution in teak in order to take sap flow measurements using the TDM.

The sap flow velocity in teak trunks was greater than that in the coniferous and diffuse-porous species,

113



and the large sap flow velocity occurred in more than one annual ring. The estimated whole-tree water use
based on the TDM was underestimated compared with the actual water use, and the ratio of underestimation
varied among individuals. This indicates that the large sap flow velocity and annual ring width in sapwood
resulted from non-uniform heat distribution across the Granier-type sap flow sensor. Transpiration from
the teak canopy was estimated using both the TDM and eddy covariance method, and the results were
compared. Although the sap flow measurement was about one-tenth the value produced using the eddy
covariance method, the two methods showed a linear relationship. Our results indicate that the relative
value obtained using the TDM in teak can be used to examine transpiration seasonality.

The seasonal variation in sap flow in individual teak trees was determined by making sap flow
measurements in two plots with different soil water contents and different leaf phenology. The seasonal
variation in sap flow strongly affected the soil water content at the stand and plot scales. Thus, the seasonal
variation in sap flow in teak varied in response to the soil water content, even for trees in the same plantation.

Previous studies of the energy balance and water and carbon cycles at teak plantations utilized the
eddy covariance method and were conducted on the stand or catchment scale. The present study
demonstrated that the individual tree scale is important for examining the transpiration characteristics of
teak plantations. The variation in sap flow among individual teak trees shown in this study was equal to the
inter-annual variation in transpiration shown in previous studies. Thus, the variation in sap flow in each
individual teak tree will have a large influence on the energy balance and water and carbon cycles in teak

plantations.
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