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ABSTRACT
In deciduous forests, leaf-out and leaf-fall determine the durations of canopy transpiration and photosynthesis and affect
interannual variations in energy, water, and carbon exchanges. Despite numerous studies on the interannual variation in
vegetation phenology and its modelling for boreal and temperate deciduous forests, few studies have examined these topics for
tropical deciduous forests. We quantified the extent of interannual variation in the transpiration onset dates in a teak plantation
in northern Thailand, one of the major deciduous forests in Thailand, on the basis of 8 years of sap-flow measurements and
developed an empirical model to predict their interannual variation through correlation analysis with environmental variables.
Interannual variation in the transpiration onset date at this site spanned 41 days over the 8-year observation period. The
transpiration onset date corresponded to the date when the leaf area index reached 0Ð2–0Ð4. Interannual variation in the
transpiration onset date was reproduced by the date when relative extractable water in the soil layer of 0–0Ð6 m depth became
greater than 0Ð2 with a root mean square error of 10 days. The interannual variation in the transpiration onset dates for the
studied tropical deciduous forest site was greater than that of deciduous forests in temperate and boreal regions, implying
the considerable potential effect on annual energy, water, and carbon exchanges between vegetation and the atmosphere. Our
results also suggest that the use of soil moisture would allow predictions of interannual variations in the transpiration onset
and the leaf-out for deciduous forests in tropical regions. Copyright  2011 John Wiley & Sons, Ltd.
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INTRODUCTION
Examinations of energy, water, and carbon exchanges
between vegetation and the atmosphere are considered
critical in various research fields such as meteorology,
ecology, and hydrology (Granier et al., 1999; Pitman,
2003; Komatsu et al., 2008). In deciduous forests, vegetation phenology such as leaf-out and leaf-fall dates
determine durations of canopy transpiration and photosynthesis and affect interannual variations in energy,
water, and carbon exchanges (White et al., 1999; Black
et al., 2000; Aubinet et al., 2002; Carrara et al., 2003;
Barr et al., 2004; Saigusa et al., 2005). For example,
Aubinet et al. (2002) suggests that one day earlier leaf
initiation could induce a 3–5 g Cm2 day1 increase in
carbon sequestration in the spring by the beech in a mixed
forest in Belgium.
Among various terrestrial ecosystems, tropical forests
account for a large portion of terrestrial net carbon
* Correspondence to: Hikaru Komatsu, School of Forestry and Resource
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sequestration (Malhi and Grace, 2000) and are an
important latent energy source of the global and regional
climate (Lean and Warrilow, 1989; Kanae et al., 2001).
As deciduous and dry forests account for 43% of the total
tropical forest area (Food and Agriculture Organization,
2001), it is important to clarify the interannual variation in leaf-out and leaf-fall in tropical deciduous forests
in examining the interannual variation in the water and
carbon exchange of tropical forests.
Numerous studies have examined interannual variations in leaf-out and leaf-fall and resulting changes in
water and carbon exchanges in temperate and boreal
deciduous forests (Black et al., 2000; Wilson and Baldocchi, 2000; Barr et al., 2006). Prediction models of
the interannual variation in leaf-out and the consequent
onset of carbon assimilation have also been developed
for temperate and boreal forests (Baldocchi et al., 2005;
Linkosalo et al., 2006). However, only a few studies have
investigated these topics for tropical deciduous forests.
Despite several studies examining the leaf phenology of
tropical deciduous tree species at an individual tree scale
(Reich and Borchert, 1982; Borchert, 1994; Elliot et al.,
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2006), studies at stand or larger scales based on long-term
observation data are still rare.
Our previous study (Yoshifuji et al., 2006) examined
interannual variations in onset and cessation of tree
transpiration in a tropical deciduous forest in northern
Thailand, based on 3-year sap-flow data. We reported
that both the onset and cessation of tree transpiration
varied more than 30 days and that rainfall and soil water
content varied markedly among the 3 years, implying that
these factors correspond to the onset and cessation dates
of tree transpiration. Our previous study was seminal in
reporting interannual variations in onset and cessation
dates of transpiration for a tropical deciduous forest.
However, the study was preliminary, because it was based
on only a 3-year record and, therefore, did not develop
a model to predict dates of the onset and cessation of
transpiration because of the insufficient length of the data
period (i.e. 3 years).
In this study, we focus on the date of transpiration
onset. After quantifying its interannual variation based
on 8-year sap-flow records, we examine whether soil
water content is an indicator of the transpiration onset
employing correlation analysis. We also examine the
relationship between transpiration onset and leaf-out. The
results show the validity of using soil water content as a
key controlling factor in phenology models for tropical
deciduous forests.

MATERIALS AND METHODS
Site and measurements
Measurements were conducted in an even-aged teak
(Tectona grandis Linn. f.) stand planted in 1968 in Mae
Moh plantation, Lampang province, northern Thailand
(18° 250 N, 99° 430 E, 380 m above sea level). Teak occurs
naturally on the Indochina peninsula and in India and
is now planted widely throughout the tropics because of
its commercial value (Pandey and Brown, 2000; Tanaka
et al., 2008). Teak plantations are prevalent in Thailand
(Krishnapillay, 2000), especially in northern areas and are
completely leafless in the late dry season. The soils in the
Mae Moh plantation were classified as Loamy Paleustults
(Thai classification).
There was a 26-m tall research tower at the study
site and a new 40-m tall scaffold tower was constructed
approximately 100 m from it in June 2004. Meteorological variables above the canopy were measured on the
26-m tall tower from June 2000 to March 2006 and
on the new scaffold tower from July 2005. Details of
sensor installation and measurements of meteorological
variables on the 26-m tall tower were described in Yoshifuji et al. (2006).
The details of the measurements on the new scaffold
tower are as follows. The incident solar radiation above
the canopy (S0 ) was measured with a pyranometer
(CMP21, Kipp & Zonen, Delft, The Netherlands) at
a height of 41 m. Air temperature (Ta ) and relative
humidity (h) above the canopy were measured with
Copyright  2011 John Wiley & Sons, Ltd.

a naturally ventilated psychrometer (HMP45A, Vaisala,
Helsinki, Finland) at a height of 39 m. S0 , Ta , and
h were measured every 5 s and their 10-min averages
were recorded with data loggers (CR23X and CR1000,
Campbell Scientific, Logan, UT, USA). Rainfall was
measured at an open site approximately 500 m from the
tower as detailed in Yoshifuji et al. (2006). Volumetric
soil water content (; m3 m3 ) was measured about 5 m
from the 26-m tall tower at depths of 0Ð1, 0Ð2, 0Ð4, and
0Ð6 m with time domain reflectometers (TDR; CS-615,
Campbell Scientific) at 60-min and 10-min intervals from
2000 to July 2005 and from August 2005 to present,
respectively. Data were recorded with a data logger
(CR10X or CR1000, Campbell Scientific).
Solar radiation below the canopy (Sb ) was measured on
the forest floor at a height of approximately 0Ð5 m, 30 m
from the 26-m tall tower, with a pyranometer (MS401,
EKO, Tokyo, Japan, September 2000–August 2008;
CMP21, Kipp & Zonen, August 2008–present), referred
to as the main pyranometer hereafter. To examine the
spatial variation in Sb , six additional pyranometers (IKS37, Koito, Kanagawa, Japan; self-made solar radiation
sensors with photodiodes) were installed in August 2005
on the forest floor at a height of approximately 1Ð0 m
in a 200 ð 130 m2 plot located about 350 m from both
towers. The 200 ð 130 m2 plot was divided into four
subplots (100 ð 65 m2 each), and one or two sensors
were installed around the centre of each subplot. All these
data were collected every 5 s and the average 10-min
value was recorded with a data logger (CR10X).
Sap flow measurements were performed for five T.
grandis trees within 10 m of the 26-m tall tower. They
were selected among trees for which the height and
diameter at breast height (DBH) were representative
of the dominant classes at the site. Tree density, tree
height, and DBH at the site were measured in two
50 ð 30 m2 plots, one of which includes the 26-m tall
tower and the other the new scaffold tower. The mean
tree density of both plots, including some tree species
other than T. grandis, was 343 trees ha1 . The mean
tree height and DBH of T. grandis in 2006 were 21Ð2 m
and 23Ð1 cm, respectively. The minimum and maximum
heights of sampled trees in 2006 were 18Ð1 and 19Ð9 m,
respectively, and the minimum and maximum DBHs
were 19Ð1 and 22Ð9 cm, respectively.
For the five trees, the heat pulse velocity (HPV;
cm h1 ) was measured using heat pulse sensors (HP-1,
Hayashi Denko, Tokyo, Japan). Six sensors were installed
into the outer xylem of tree stems at a height of 1Ð3
to 1Ð5 m. Details of sensors and their installation were
in Yoshifuji et al. (2006). Three sensors were installed
on two sample trees in May 2000, and the other three
sensors were installed on the remaining three trees in
November 2001. Sensors were reinstalled several times
during the measurement period. Data were recorded every
20 min on a data logger (CR10X). The calculation of
HPV follows Closs (1958). HPV tends to underestimate
actual sap flux when sap flux is large (Swanson and
Whitfield, 1981). This means that HPV does not always
Ecohydrol. 4, 225–235 (2011)
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correlate linearly with transpiration; nevertheless, HPV
can show the relative variation in transpiration.
Leaf litter was collected by four litter-fall traps with
a diameter of 80 cm set 5–15 m from the pyranometer (CMP21) every 2 weeks from September 2000 to
September 2005, and the dry weight was measured. Collecting litter with small traps may result in considerable
error in the litter-fall amount per area because leaves of
teak trees were quite large, often as large as 35 ð 50 cm2 .
We thus compared the dry weight of litter-fall per area
measured using litter traps with 80 cm diameter and that
measured using litter traps with 150 cm diameter at the
site. The latter was 80% of the former, indicating the
overestimation of the dry weight of litter-fall per area
when using the litter traps with 80 cm diameter. Thus,
the dry weights obtained using litter traps with 80 cm
diameter were corrected by multiplying by 0Ð8.

clear diurnal variation was observed and increased in
magnitude after the onset date. The date of transpiration
onset was determined for each sensor and their averaged
date of transpiration onset was calculated.
The daytime (06 : 00–18 : 00 h local time) mean HPV
(Vd ) was calculated for each sensor as an index for the
seasonal variation in transpiration. In long-term continuous measurements, HPV tends to decrease gradually
because of a decline in water transport ability around the
implanted sensors, which might be caused by the deposition of resin in the xylem vessels around the sensors or
cavitation (Smith and Allen, 1996) and/or by changes
in the insertion depth because of circumferential tree
growth. To remove the influence of this phenomenon,
we calculated the relative mean daytime HPV (V) as

Methods of analysis

where Vd min is the minimum Vd over the entire observation period and Vd max is the maximum Vd during each
phenological year; i.e. from the day of Vd min to that day
the next year.
There are several popular methods for in situ measurement of the LAI: using a plant canopy analyzer (e.g. LAI2000, LI-COR, Nebraska, USA), fish-eye image analysis,
litter-fall collection, and visual checking. However, manual measurement employing these methods provides only
sporadic data. Continuous monitoring of radiative transmittance (Rt D Sb /S0 ) is often used to determine the temporal variation in LAI (Maass et al., 1995; Holst et al.,
2004; Wang et al., 2004). We thus produced continuous
LAI data from the continuous monitoring of Rt and periodic LAI data derived from litter-fall collection data.
According to Beer’s Law, Rt relates to LAI as (Holst
et al., 2004)

We first quantified interannual variations of the date of
transpiration onset on the basis of sap-flow data. We also
examined the relationship between transpiration onset
and leaf area index (LAI). Here, the time series of
the LAI was based on continuous data of above- and
below-canopy solar radiation and the periodic LAI data
derived from litter-fall measurement. We then investigated whether soil water content could be an indicator
to predict the transpiration onset dates using the correlation coefficient (R) and root mean square errors (RMSE)
determined from the differences between the observed
transpiration onset dates and the estimates based on the
soil water content.
The date of transpiration onset was defined as the
day when the daytime (06 : 00–18 : 00 h local time)
mean HPV became greater than the maximum nighttime
(00 : 00–05 : 40 h local time) HPV. Thus, the date of
transpiration onset was the day when the diurnal trend in
HPV was first observed. Figure 1 shows the time series
of HPV measured by one of six sensors in the beginning
of the rainy season in 2007 [from day of year (DOY)
125 to 139] as an example to illustrate the validity of
this definition. The onset date for this sensor in 2007
was determined to be DOY 128. While the HPV did not
have diurnal variations before the onset date determined,

Figure 1. Time series of the HPV measured by one of the six sensors
(solid line) from DOY 125 to 139 (May 5–19) in 2007. The vertical
arrow shows the date of transpiration onset determined by the sensor.
Copyright  2011 John Wiley & Sons, Ltd.
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Vd  Vd min
Vd max  Vd min
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PAI D LAI C b D  lnRt 
k

1

2

where PAI is the plant area index, b is an empirical
constant representing the contribution of stem and twigs
to radiation extinction, and k is the extinction coefficient.
k varies with the zenith angle and cloudiness (Baldocchi
et al., 1984; Holst et al., 2004). To reduce this effect,
we took the 15-day moving average of daily Rt Rtd ave ,
which was calculated by averaging Rt values measured
during the period with the zenith angle being greater than
75° , as an input into Equation (2). On the other hand, the
periodic LAI data were calculated for dates on which
litter-fall measurements were made during the period
from the day of the maximum Rt in the dry season to
the day of the minimum Rt in the previous rainy season.
The teak canopy was completely dormant (i.e. LAI D
0) on the day of the maximum Rt . Thus, the LAI for
each day on which litter-fall measurements were made
was calculated by multiplying the total dry weight of
the litter lost from the teak canopy during the period
between this day and the day of the maximum Rt with
the specific leaf area. Here, the specific leaf area was
determined as 121Ð3 cm2 g1 from measurements of 40
Ecohydrol. 4, 225– 235 (2011)
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sample leaves obtained at the site. [Note that previous
studies reported a vertical profile in specific leaf area
within the forest canopy (Kenzo et al., 2006) but that we
did not consider this profile in calculating LAI.] k and b
were then determined as 0Ð37 and 1Ð43, respectively, from
linear regression of the relationship between  lnRtd ave 
and the LAI (Figure 2).
We used Rtd ave data recorded with the main pyranometer installed on the forest floor as the input into
Equation (2). Rtd ave values were also derived using the

other six pyranometers. We confirmed that the change
in Rtd ave due to leaf appearance calculated using the
main pyranometer synchronized with changes determined using the other six pyranometers (see Discussion
Section).
Soil water content of the stand was represented by the
relative extractable water in the 0–0Ð6 m soil layer ()
following Kumagai et al. (2004):
D

0 – 60  0 – 60 min
0 – 60 max  0 – 60 min

3

where 0 – 60 , 0 – 60 max , and 0 – 60 min are the weighted
averages of  in the 0–0Ð6 m soil layer and the maximum
and minimum values over the entire observation period,
respectively.  ranges from 0 (corresponding to the driest
soil conditions during the entire observation period) to 1
(corresponding to the wettest soil conditions). We found
many fine roots in the 0–0Ð4 m soil layer but less around
the 0Ð6 m soil layer when we installed the soil moisture
sensors, implying that our soil moisture measurement
covers the soil layer in which most fine roots exist.

RESULTS
Figure 2. Comparison between  lnRtd ave  and the LAI calculated from
the litter collection data in the leaf-fall season from 2000– 2001 to
2004– 2005. The regression line, determined using the least-squares
method, is written as LAI C 1Ð43 D 1/0Ð37 ð  lnRtd ave . The linear
regression line and equation, correlation coefficient (R), and p-value are
also shown.

General climate
The mean annual rainfall and air temperature of the study
site from 2001 to 2007 were 1389 mm and 25Ð5 ° C,
respectively. Rainfall has clear seasonality because of
the influence of the Asian monsoon (Figure 3a). The dry

Figure 3. (a) Mean monthly rainfall (mm), (b) 5-day mean solar radiation (MJ day1 ), (c) 5-day mean air temperature (° C), and (d) 5-day mean
vapour pressure deficit (hPa) from June 2000 to July 2008 at the Mae Moh plantation. Vertical bars show the standard deviation.
Copyright  2011 John Wiley & Sons, Ltd.
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Figure 4. Seasonal variations in the relative mean daytime HPV averaged over all sample trees (Vave ; open circles) and the LAI (solid lines) from
2000 to 2008. There is a considerable lack of data for Vave in the periods of 14 July 2001– 31 July 2001, 6 January 2002– 1 March 2002, and 12
August 2005– 8 October 2005, and for the LAI in the period 28 November 2006– 9 March 2007.

season was generally from October to March, during
which time the mean monthly rainfall was less than
100 mm; however, the timings of the beginning and end
of the rainy season differed from year to year. S0 , Ta ,
and vapour pressure deficit (D) also had clear seasonal
variation (Figure 3b–d). D increased gradually at the
beginning of the dry season and was highest during the
late dry season, before declining at the beginning of the
rainy season, throughout which it remained low.

beginning of leaf-out, and the timings of transpiration
onset and leaf-out varied synchronously from year to
year. The timings of the decline in Vave and the LAI also
differed among the years, indicating that the timings of
the cessation of transpiration and the leaf-fall also varied.
The earlier decline in Vave than in the LAI suggests that
transpiration declined and stopped prior to the completion
of leaf-fall.
Figure 5 shows the date of transpiration onset averaged
over all sample trees during the period 2001–2008. The

Interannual variation in transpiration onset and leaf-out
Figure 4 shows seasonal variations in Vs averaged over
all sample trees (Vave ) and the LAI for the entire
observation period. Both Vave and the LAI were large
in the rainy season but were around 0 in the late dry
season, indicating that T. grandis had a leafy canopy and
a high level of transpiration in the rainy season but that
T. grandis was leafless and the transpiration had stopped
in the late dry season. The beginning of the increase in
the LAI corresponded to the beginning of the increase in
Vave each year, although their timings differed from year
to year; i.e. the onset of transpiration accompanied the
Copyright  2011 John Wiley & Sons, Ltd.

Figure 5. The date of transpiration onset averaged over all sample trees
(solid line with open circles) with standard deviation (vertical bars) during
the period 2001– 2008.
Ecohydrol. 4, 225– 235 (2011)
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Figure 6. Relationship of the dates of transpiration onset averaged over all sample trees with the dates when LAI became greater than the threshold;
(a) 0Ð1, (b) 0Ð2, (c) 0Ð3, (d) 0Ð4, (e) 0Ð5, and (f) 0Ð6. Regression lines (solid lines) were determined using the least-squares method. Correlation
coefficients (R) and p-values are also shown. Broken lines indicate a 1 : 1 relationship.

earliest and the latest mean onset dates were DOY 88 and
129 for 2001 and 2007, respectively. Thus, the maximum
interannual variation was 41 days. The mean date of the
transpiration onset over 8 years was DOY 112, and the
standard deviation was 14 days.
Figure 6 shows the relationship between the date of
transpiration onset averaged over all sample trees and
the initial date of the longest period in which the LAI
was greater than 0Ð1, 0Ð2, 0Ð3, 0Ð4, 0Ð5, and 0Ð6 in each
year. R and RMSE were higher and lower, respectively,
when the threshold for the LAI was 0Ð2–0Ð4. Their
values were 0Ð97–0Ð98 (p < 0Ð0001) and 2Ð9–4Ð7 days,
respectively. This means that the transpiration onset
always corresponded to the beginning of leaf-out, and
that the beginning of leaf-out also varied among the years
in synchronization with the transpiration onset.
Relationship between the transpiration onset and soil
moisture
Figure 7 shows time series of  and cumulative rainfall
since January 1 for the period from March to July
in the years 2001–2008. Dates of transpiration onset
averaged over all sample trees are also shown. The
timings and courses of the increases in  and cumulative
rainfall differed among the years. The transpiration onset
dates also varied among the years, and the interannual
variation seemed to correspond to that of . In 2001, 
increased markedly in the beginning of March owing to
unexpectedly heavy rainfall events in the late dry season.
The increase in  was followed, with a time lag, by
an earlier transpiration onset than in other years. The
transpiration onset was early in 2008, 2005, and 2006
next to in 2001, accompanying the distinct increase in
 observed in April. In 2002, 2003, and 2004,  and
cumulative rainfall increased gradually, and transpiration
Copyright  2011 John Wiley & Sons, Ltd.

onset was observed at the beginning of their increases.
In 2007,  was low until the end of April because
there was almost no rainfall, and then increased abruptly.
The transpiration onset in 2007 followed this abrupt
 increase with a time lag and was the latest among
the 8 years. These results suggest that the interannual
variation in the date of transpiration onset corresponded
to interannual variation in the timing of the increase in
 due to variations in the interannual rainfall.
Figure 8 shows the transpiration onset dates averaged
over all sample trees and the initial dates when  became
greater than 0Ð1, 0Ð2, 0Ð3, and 0Ð4. The data were plotted
close to the 1 : 1 line when the  threshold was set at 0Ð2,
and R and RMSE were highest and lowest, respectively.
R and RMSE are examined for a  threshold from 0Ð1
to 0Ð5 in Figure 9. It is again shown that the threshold
set at 0Ð2 results in the highest R and lowest RMSE
values. R was 0Ð94 (p D 0Ð0016) and RMSE was 10 days
when the threshold was set at 0Ð2, indicating that the use
of this threshold enabled prediction of the transpiration
onset date with a 10-day error. A similar prediction is
possible on the basis of rainfall data. The use of the date
preceding 20-day cumulative rainfall exceeding 60 mm
was found to allow prediction of the date of transpiration
onset with R D 0Ð98 (p D 0Ð00 019) and an RMSE of
8 days, after examining various lengths of cumulative
rainfall and thresholds (data not shown).

DISCUSSION
Spatial representativeness of Rtd ave calculated using the
main pyranometer
In this study, we used Rtd ave calculated from Sb data of
the main pyranometer for the LAI estimates. Figure 10
shows seasonal variations in Rtd ave values calculated
Ecohydrol. 4, 225–235 (2011)
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Figure 7. Time series of cumulative rainfall (thin broken line, left axis) and relative extractable water (, thick solid line, right axis) from March to
July in the period 2001– 2008. Cumulative rainfall was calculated from 1st January for each year. Triangles show the dates of transpiration onset
averaged over all sample trees for each year.

from Sb data of the main pyranometer and six additional
radiation sensors. The vertical axis is reversed because
Rtd ave is inversely related to the LAI, Equation (2). The
timings of the initial decrease in Rtd ave (rise of the lines
in the figure) in the leaf-out season were similar, although
the absolute Rtd ave values for leafless seasons differed.
Hence, the timings of the initial increase in LAI in the
leaf-out season are quite synchronous at the study site.
Indeed, our results presented in Figure 6 did not change
when using the mean Rtd ave values for the seven sensors
(data not shown).
Availability of meteorological variables as a predictive
indicator of the transpiration onset
We found that a  threshold of 0Ð2 works well as an
indicator for predicting transpiration onset dates even
though it is a simple indicator (Figure 9). This result is
reasonable in that transpiration onset occurs during the
transitional period from dry to rainy seasons. In addition to , other meteorological variables (S0 , Ta , and D)
also change in the transitional period (Figure 3). Thus, it
might be possible that these variables are indicators of the
date of transpiration onset. This possibility is examined
here.
The following presents the results of investigating D,
which best predicts the date of the transpiration onset
among meteorological variables (S0 , Ta , and D). We
tested two indices: (i) the initial date when the mean daily
Copyright  2011 John Wiley & Sons, Ltd.

D of the previous 15 days (Dave ) became smaller than the
threshold after it reached the maximum in that year following the cessation of transpiration and (ii) the initial
date when the accumulation of consecutive decreases in
Dave reached the threshold after Dave reached the maximum in that year following the cessation of transpiration.
We changed the threshold value and calculated R and
RMSE for the relationship between the transpiration onset
date and the date selected by the indices (Figure 11).
The highest R of 0Ð78 (p D 0Ð022) was obtained when
using the latter index with the threshold of Dave decrement being 4Ð0 hPa, and the RMSE was 27Ð5 days. Still,
the model predictability (evaluated with R and RMSE)
obtained here was lower than that observed when using
. Similarly, when using S0 or Ta as an indicator, we
observed lower predictability of the transpiration onset
date than when using . Here, we did not use LAI data
for predicting the date of transpiration onset, because the
ultimate goal of modelling phenology is to predict it using
environmental data, not vegetation data (Baldocchi et al.,
2005).
Comparison with other studies
The date of transpiration onset at the study site based on
8-year observation data varied a maximum of 41 days,
with a standard deviation of 14 days. The extent of this
interannual variation was larger than variations in the
Ecohydrol. 4, 225– 235 (2011)
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Figure 8. Relationships between the date of transpiration onset averaged over all sample trees and the initial date when daily mean relative extractable
water () became greater than (a) 0Ð1, (b) 0Ð2, (c) 0Ð3, and (d) 0Ð4. Regression lines (solid lines) were determined using the least-squares method.
Correlation coefficients (R) and p-values are also shown. Broken lines indicate a 1 : 1 relationship.

Figure 9. Relationships of the threshold of relative extractable water ()
with (a) the correlation coefficients and (b) the RMSE in estimating
transpiration onset dates.

date of leaf-out and the onset of carbon uptake reported
previously for deciduous forests in boreal and temperate
regions (Table I). This greater variation suggests greater
potential effects on interannual variations in annual
energy, water, and carbon exchanges between deciduous
forests and the atmosphere in tropical regions than in
Copyright  2011 John Wiley & Sons, Ltd.

temperate and boreal regions. Evaluating this effect may
be critical because tropical forests play a significant
role in global and regional climate formation (Lean and
Warrilow, 1989; Kanae et al., 2001) and in the global
carbon budget (Mellilo et al., 1993; Malhi and Grace,
2000).
Our previous study (Yoshifuji et al., 2006), which was
based on 3-year data, has already noted that the extent
of the interannual variation in the transpiration onset
date is greater for the tropical deciduous forest than for
temperate deciduous forests. The present study further
confirms this observation on the basis of 8-year data.
The present study also provides the new insight that the
interannual variation in the transpiration onset date can
be reproduced using an index representing the soil water
content or antecedent rainfall.
This insight contrasts with the scheme of phenology
models developed for temperate and boreal regions. The
key controlling variables in these models are air and/or
soil temperature, with there being additional effects of
light and rainfall in some cases (White et al., 1997;
Baldocchi et al., 2005; Linkosalo et al., 2006; Piao
et al., 2006). Our results are consistent with the results
for more sparse vegetation in the dry tropics obtained
by Jolly and Running (2004). They reported that the
timing of leaf flush in the Kalahari could be predicted
by rainfall and potential evapotranspiration, suggesting
that soil moisture and plant water relations determined
the timing of leaf flush. Do et al. (2005) conducted
regression-prediction analysis of the canopy fullness and
environmental variables based on 5-year observation
Ecohydrol. 4, 225–235 (2011)
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Figure 10. Time series of the 15-day moving average of daily radiative transmittance (Rtd ave ) calculated from the data of the main pyranometer
(thick line) and the six additional radiation sensors (thin lines). The vertical axis is reversed because Rtd ave is inversely related to LAI.

Figure 11. Correlation coefficients (a and c) and RMSEs (days; b and d) between the transpiration onset dates and the dates when the mean daily
vapour pressure deficit of the previous 15 days (Dave , hPa) became smaller than the threshold after it reached the maximum in that year following
the cessation of transpiration (a and b), and the initial date when the accumulation of consecutive decreases in Dave reached the threshold after Dave
reached the maximum in that year following the cessation of transpiration (c and d), plotted against the thresholds.

data in a sparse woody community in the grazing land
ecosystem in the northern Sahelian zone, and reported
that the course of canopy fullness in the leaf-out season
and the timings of the leaf-flush peak were predicted
well by the vapour pressure deficit or global radiation,
but not by rainfall or upper-soil moisture. The results
of Do et al. (2005) are inconsistent with our results
that the interannual variation in transpiration onset and
the beginning of leaf-out can be estimated by the soil
moisture. Differences in tree species and/or deep soil
water availability might be a reason for this inconsistency
because a considerable increase in canopy fullness was
observed by Do et al. (2005) before the first rains while
the peak of the increase in the LAI was after the rain at
our study site.

CONCLUSIONS
We quantified the range of the interannual variation in
the transpiration onset dates in a teak plantation in northern Thailand on the basis of 8-year observation data.
The beginning of leaf-out varied among the years synchronously with the transpiration onset, as demonstrated
by the transpiration onset date corresponding to the date
Copyright  2011 John Wiley & Sons, Ltd.

at which the LAI exceeded 0.2–0.4. The long-term observation data enabled us to examine the predicting indicators of the interannual variation in transpiration onset
through correlation analysis. We revealed that the simple soil water index, the date when  became greater
than 0Ð2, or an index representing antecedent rainfall can
predict the transpiration onset.
The strong correlations between the transpiration onset
date and the indices do not always reflect a processbased relationship; however, the correlations clearly show
the usefulness of the indices in predicting the transpiration onset date empirically. The use of these indices
will allow examination of changes in the transpiration
onset date with the change in precipitation due to climate change. In addition, if we include this sub-model
into the vegetation schemes of climate models, we can
evaluate the extent of interannual variations in water and
carbon exchanges in tropical deciduous forests due to
climate change through phenological fluctuation. Globalscale phenology models often adopt water availability
as a controlling variable for tropical forests employing
soil moisture and/or D (e.g., Botta et al., 2000; Jolly
et al., 2005). Our results support the scheme of such
models. However, there are still few investigations of
interannual variations in the transpiration onset for tropical deciduous forests. This makes it difficult to evaluate
the accuracy of the prediction of the interannual variation
Ecohydrol. 4, 225– 235 (2011)
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Table I. Maximum differences in the dates of leaf-out or onset of carbon uptake in deciduous forests in boreal and temperate regions.
Site

Species

Boreal deciduous forest
Saskatchewan, Canada
Aspen, hazelnut
Tomakomai, Japan
Larch
Temperate deciduous forest
Manitoba, Canada
Black spruce
Oak Ridge, USA
Hesse, France

Oak, maple,
hickory
Beech

Soro, Denmark

Beech

Takayama, Japan

Birch, oak

Phenological
event
Leaf emergence
Leaf-out

4 weeks (9)
2 weeks (3)

Leaf emergence, onset
of carbon uptake
Leaf emergence
Onset of carbon
uptake
Onset of carbon
uptake
Leaf-out

in phenology and consequent changes in water and carbon exchanges in tropical deciduous forests derived by
these global-scale phenology models and climate models.
Thus, we recommend similar studies to ours be carried
out for various types of tropical deciduous forests.
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