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Summary Canopy water storage capacity (Sc) is a key parameter for estimations of rain-
fall interception using a big-leaf model (BLM). This study proposes a simple method for
estimating Sc. The crucial factor in this method is the canopy drying time (or wet canopy
duration) after rainfall. The time can be estimated from sap flow measurements in accor-
dance with an earlier study of ours in a Bornean tropical rainforest. By using the estimated
canopy drying time to calibrate a BLM for rainfall interception, we derived Sc. This
method could also provide aerodynamic resistance (Ra). To validate our estimations,
the derived parameters Sc and Ra were compared to Sc and Ra determined independently
by a method based on net rainfall measurements on an event basis and on wind profile
measurements, respectively. The parameters in our method (Sc = 0.7 mm, Ra = 14 s m�1)
were shown to correspond well to the values determined by independent methods. Fur-
thermore, the method proposed in this study is applicable to tropical forests where short
canopy drying times can be expected after rainfall; that is, if the cloudy weather after
rainfall becomes sunny within 250 min.
ª 2008 Elsevier B.V. All rights reserved.
8 Elsevier B.V. All rights reserved

2 948 3101; fax: +81 92 948

shu-u.ac.jp (T. Kume).
Introduction

In tropical forests in Southeast Asia, where relative defores-
tation rates are among the world’s highest (Houghton and
Hackler, 1999), predicting the consequences of land-use
changes for water cycling is a critical issue. For this, single
.
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layer biosphere-atmospheric models such as big-leaf models
(BLM) are promising tools for understanding how forest
water cycling responds to possible shifts in land-use (Lands-
berg and Gower, 1997). In tropical forest ecosystems, rain-
fall interception, which accounts for 10–40% of the total
amount of annual rainfall (Kuraji and Tanaka, 2003), is a
major hydrologic component in determining the water bud-
get of forest areas. To predict rainfall interception in trop-
ical forests using BLM, a prerequisite is the determination of
the canopy water storage capacity (Sc) of forest stands, a
key parameter in BLM (e.g., Rutter et al., 1975).

Sc depends on the stand characteristics such as species
composition and the surface area index, and has been re-
ported to range between 0.6 and 1.3 mm in tropical rainfor-
ests (e.g., Lloyd et al., 1988; Schellekens et al., 2000). To
estimate Sc, three conventional methods are commonly
used: net rainfall measurements on an event basis (Klaassen
et al., 1998), scaling-up (Liu, 1998; Llorens and Gallart,
2000), and remote sensing (Bouten et al., 1996). Because
of its simplicity, the net rainfall method based on event
measurements of rainfall, throughfall and stemflow is often
used to estimate Sc. However, it has been reported that this
method is difficult to apply in regions with high spatial var-
iability of throughfall, such as in tropical forests (Lloyd
et al., 1988; Manfroi et al., 2006). In the scaling-up method,
Sc can be scaled up from surface area indices and the corre-
sponding specific water storage capacity of each part of the
trees. However, this method is destructive. Remote sensing
methods such as those based on gamma-rays and micro-
waves allow for continuous monitoring of canopy wetness,
but involve complex calibrations and are expensive to
implement.

This study proposes a simple method for estimating Sc in
tropical forests using sap flow measurements, a robust tech-
nique that can be conducted cheaply and interfaced readily
through data loggers for long-term monitoring. With this
method, the crucial factor is the estimation of canopy dry-
ing time (or wet canopy duration) after rainfall. Here, can-
opy drying time after rainfall was estimated using sap flow
measurements taken from our earlier study conducted in a
Bornean tropical rainforest (Kume et al., 2006). By using
the estimated canopy drying time to calibrate a BLM for
rainfall interception, we could derive Sc in this study. Aero-
dynamic resistance (Ra) could also be derived with this
method. To validate our estimations of Sc and Ra, those
were compared to Sc and Ra determined independently by
conventional methods based on net rainfall and wind profile
measurements in a Bornean tropical rainforest. We also dis-
cuss practical limitations of the simple method we propose
in this study.

Theory

Definition of canopy drying time

Transpiration decreases during canopy wetting (e.g., Rutter
et al., 1975; Watanabe and Mizutani, 1996) and can be mon-
itored continuously by sap flow measurements (Bosveld and
Bouten, 2003; Takanashi et al., 2003). Therefore, in our ear-
lier study sap flow velocities were used to detect the inte-
grated canopy wetness condition (Kume et al., 2006). At
this site, when sap flow velocity after rainfall becomes
equal to the value of the sap flow velocity assumed for
bright days, it can be thought that the effect of leaf wetness
on transpiration has been removed and that the canopy is
completely dry. Sap flow velocity measured at the same
time on bright days can have almost the same value
throughout the year at this a seasonal site; thus, the lower
sap flow velocity after rainfall than that expected on a
bright day is thought to be due to the canopy wetness at this
site where cloudy weather after rainfall tends to abruptly
change to sunny (Kume et al., 2006).

In our earlier study, we estimated canopy drying time by
sap flow velocities (CDTobs) (a more complete background
and definition of the CDTobs is available in Fig. 3 in Kume
et al. (2006)). In our studies, CDTobs is defined as the period
from the time rain ceased (A) to a specific time S in each
rain event (see Fig. 4a and e). Here, S is the time when
sap flow velocity after rainfall exceeds the average minus
the standard deviation of the sap flow velocity averaged
over 20 bright days. This study assumes that a wet canopy
has dried out at the time S. We also confirmed that almost
the same results were found using other definitions of S
(Kume et al., 2006). Twenty bright days were selected for
the measurement period as representing no-rain and cloud-
less days; however, the ‘20 days’ was an arbitrary number.

In this study, we used three criteria to select target rain
events to derive CDTobs: (1) rainfall ceased in the daytime
from 06:00 to 17:00. (2) The period of no rainfall between
each rain event exceeded 2 h. (3) Total rainfall for each rain
event exceeded a threshold of 1.5 mm. There are two rea-
sons for the three criteria; one is that sap flow velocity var-
ies markedly during the daytime. The other is that it was
essential to deal with rain events in which the canopy is fully
wet at the time rainfall ceased. The threshold of 1.5 mm
was enough rainwater to guarantee a fully wet canopy at
the time rainfall ceased (e.g., Lloyd et al., 1988; Schelle-
kens et al., 2000). To include as many rain events as possi-
ble and still guarantee a fully wet canopy at the time
rainfall ceased, we considered canopy drying during a short
no-rain period as insignificant. In our study, we included rain
events with no-rain periods of 2 h or less, which is shorter
than the no-rain periods used in other studies on tropical
rainforests (e.g., Lloyd et al., 1988; Schellekens et al.,
2000; Manfroi et al., 2004). Furthermore, we confirmed that
sap flow velocities remained nearly zero during our target
rain events. This suggests that almost all leaf surfaces are
wetted during rain events, and that canopy drying during
the short no-rain periods has little impact on the wet canopy
conditions at the time rain ceases. As a result, we could de-
rive CDTobs from 22 rain events in the period between June
2001 and March 2002.

Determining optimal parameters of Sc and Ra

Canopy drying time after rainfall is the period needed to
evaporate water storage on leaves after rainfall. When we
assume that evaporative energy is completely consumed
to evaporate water storage on leaves during the period of
canopy drying time after rainfall and that transpiration is
negligible during that period, canopy drying time after rain-
fall can be expressed as follows:
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CDTcalc ¼ Sc

Ei
; ð1Þ

in which

Ei ¼ DðRn� GÞ þ q � Cp � VPD=Ra
ðDþ cÞk ; ð2Þ

where CDTcalc is the calculated canopy drying time after
rainfall (min), Sc is the canopy water storage at the time
rainfall ceases (mm), and Ei is the mean evaporation rate
from a wet canopy after rainfall (mm/min), D is the slope
of the saturation vapor pressure function (hPa K�1), Rn is
the mean net radiation during the canopy drying period
(W m�2), G is the soil heat flux (W m�2), q is the air density
(kg m�3), Cp is the specific heat of air (J kg�1 K�1), VPD is
the mean vapor pressure deficit of the air during the canopy
drying period (hPa), Ra is the aerodynamic resistance for
heat and water from vegetation (s m�1), c is the psychrom-
eter constant (hPa K�1), and k is the latent heat of water
vaporization (J g�1). G was negligible at this study site (Sato
et al., 2004). Sc is equivalent to the canopy water storage
capacity (i.e., the maximum possible water storage after
quick drainage has stopped) in an upper canopy tree in this
study, because the rain events in this study were selected so
that the canopy would be fully wet at the time rainfall
ceased within the three criteria.

To determine the unknown parameters of Sc and Ra in-
cluded in Eqs. (1) and (2), parameter determinations were
performed to minimize estimation errors of the CDTcalc,
i.e., to minimize

errors ðSc;RaÞ ¼ 1

n

Xn

i¼1

jCDTcalcðSc;RaÞ � CDTobsj
CDTobs

; ð3Þ

where n is the total number of events from which CDTobs,
the estimated canopy drying time by sap flow measure-
ments, could be derived (n = 22). The input of Rn, VPD were
the mean Rn and VPD in the period from time A to time S.

Although this study treated Ra as a constant, in some
studies (e.g., Schellekens et al., 2000), Ra is expressed as
follows:

Ra ¼ ½lnfðz� dÞ=z0g�2

k2uðzÞ
; ð4Þ

where d is the zero plane displacement, z0 is the roughness
length, k is the von Karman’s constant and u(z) is the wind
speed at level z. As shown in Eq. (4), we can occasionally
optimize d and z0 by the method proposed in this study
when wind speed measurements are available. However,
this study considered the estimation of Sc as a more critical
issue than that of Ra, and so treated Ra as a constant be-
cause Ra has less impact on the reproducibility of numerical
models for rainfall interception than Sc, as shown in earlier
studies conducted in tropical forests (Hall et al., 1996;
Manfroi, 2006).

Materials and methods

Site

This study was carried out in a lowland tropical rainforest in
the Lambir Hills National Park, Sarawak, Malaysia (4�20 0N,
113�50 0E), situated 200 m above mean sea level, about
30 km southwest of Miri, Sarawak. The Park has an area of
6949 ha, 85% of which is covered by lowland mixed-diptero-
carp forest that is common to Borneo (Itoh et al., 1997),
with a continuous canopy height of approximately 50 m.
The leaf area index (LAI) measured with pair of plant canopy
analyzers (LAI2000, Li-Cor, Lincoln, NE) every 5 m on a
30 m · 30 m subplot was approximately 6.2 m2 m�2 with a
small seasonal fluctuation (Kumagai et al., 2004), and basal
area was approximately 41.7 m2 ha�1 (Manfroi et al., 2004).
The park has a 49.5 m tree tower and a 93 m tall crane facil-
ity for long-term hydro-ecological studies (Nakashizuka
et al., 2001).

Sap flow measurements

Sap flow measurements were conducted using the thermal
heat pulse method (Swanson andWhitfield, 1981) in an upper
canopy tree, Dipterocarpus pachyphyllus, of about 48 m
with a 113.1 cm diameter at 1.3 m from the ground (DBH)
adjacent to the 49.5 m tall tree tower. The target tree had
foliage above a height of 31.2 m from the ground. We used
a heat pulse sensor (HP-1, Hayasi Denko, Tokyo, Japan) that
contains a heater probe and two thermistor probes (2.0 mm
in diameter, 50 mm in length). The heater probe was in-
serted radially into a main branch with a diameter of
30 cm in the target tree at about 35 m above ground level.
The two thermistor probes were vertically aligned asymmet-
rically around the heater probe. The upper and lower probes
were spaced 10 and 7 mm, respectively, from the heater
probe. The sensors were installed in holes drilled with a
gauge guide into the outer xylem to a depth of 20 mm; a
depth at which sap flow velocity peaked in the radial pro-
files. Prior to the measurements, we determined this point
in the radial profiles using two sets of sensors according to
Ueda and Shibata (2002). We measured radial profiles of
sap flow velocity using a set of a fixed sensor and a second
set of a moving sensor to a depth of 5.0 cm at 0.5 cm inter-
vals. A heat pulse tracer was released for 1.5 s every 20 min,
and the heat pulse velocity was stored in a data logger
(CR10X, Campbell Scientific, Longan, USA). Continuous mea-
surements were conducted June 2001–March 2002 and Sep-
tember 2003–October 2003. To account for the influence of
sap flow interruption around an implanted sensor, the heat
pulse velocity was adjusted to the sap flow velocity using
Swanson’s method (Swanson and Whitfield, 1981). To con-
firm the spatial representativeness of the diurnal trend of
sap flow velocities measured in D. pachyphyllus, we made
temporary measurements of sap flow velocities in the stem
above the buttresses of other upper canopy trees, Dryoba-
lanops aromatica and Shorea beccariana. These trees were
located about 540 m northeast of the tree tower, and were
trees about 53 m tall with a DBH of 142.7 cm and about
51 m tall with a DBH of 97.5 cm, respectively. Foliage in
the D. aromatica and S. beccariana trees were found above
the heights of 34.9 m and 38.6 m, respectively, from the
ground. Sensors were also installed to a depth at which the
sap flow velocity peaked in the radial profiles. In our sam-
ples, the peaks in the radial profiles were measured at a
depth of around 2.0 cm. Continuous measurements in these
above mentioned trees were conducted September 2003–
October 2003.
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Figure 1 Contour lines of errors computed by Eq. (3) with Sc
on the abscissa and Ra on the ordinate. Gray dot represents the
point with computed minimum error. 10 and 30 s m�1 indicated
by the vertical arrows represent the range of Ra most
frequently measured (see Fig. 2).
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Meteorological measurements

Monitoring equipment was installed at the top of the 49.5 m
tree tower. Air temperature and relative humidity were
measured using a thermohygrograph (HMP45A, Vaisala, Hel-
sinki, Finland). Net radiation (Rn) was calculated using
downward and upward short-and long-wave radiation mea-
sured using solarimeters (MS402, EKO, Tokyo, Japan) and
infrared radiometers (MS202F, EKO), respectively. Wind
speed was measured using a three-cup anemometer
(AC750, Makino, Tokyo, Japan). Rainfall was measured using
a tipping-bucket rain gauge (20 cm in diameter and 0.5 mm
in tip resolution; Ohta Keiki, Tokyo, Japan).

Determination of Sc and Ra by conventional
methods

To confirm the accuracy of our estimations, we compared
our estimations with Sc and Ra determined by two conven-
tional methods. Canopy water storage capacity (Sc) was
determined by a mean method (e.g., Klaassen et al.,
1998). In this site, throughfall and stemflow measurements
for the mean method were conducted in the area surround-
ing the crane, being a 4 ha study plot divided into 400 sub-
plots of 10 m · 10 m. In a fixed subplot of the 400 subplots,
stemflow generated by all trees (78 trees) with DBH > 1 cm
and throughfall at 20 points were continuously observed
on a daily basis for 3 years. As well, daily measurements
of throughfall at another 22 subplots, periodically relocated
in the 4 ha plot, were conducted for the same 3-year study
period using a set of 20 throughfall collectors. From these
measurements, we estimated throughfall and stemflow at
the 4 ha study plot on an event basis; a value of
Sc = 0.65 mm was derived from the relationship between
net rainfall (throughfall + stemflow) and rainfall (Manfroi
et al., 2006). A more complete description of the intensive
measurements of throughfall and stemflow at the 4 ha plot
is available in Manfroi et al. (2004, 2006).

Aerodynamic parameters, zero plane displacement (d)
and roughness length (z0) for Ra (see Eq. (4)) were deter-
mined independently by wind profile analysis using a stan-
dard least-squares approach (e.g., Lafleur, 1992). At the
93 m tall crane located about 540 m northeast of the tree
tower, wind speed profiles were measured at 10-min inter-
vals using three-cup anemometer (AC750, Makino) mounted
at respectively 60, 76, and 93 m above ground level (10, 26,
43 m, respectively, above the canopy). The bulk Richardson
number (RiB) was used to select wind speed profiles for
near-adiabatic conditions (0.0 < RiB < 0.1) according to
Komatsu et al. (2005); values of d = 37.8 m and z0 = 1.73 m
were computed. In this study, Ra was calculated from Eq.
(4) using the derived aerodynamic parameters and the mean
wind speed during the period of CDTobs, which was mea-
sured at the top of the tree tower.

Results and discussion

Estimation of Sc and Ra

To determine the optimal parameter set of Sc and Ra by
trial and error, contour lines of errors computed by
Eq. (3) as shown in Fig. 1, were used. The parameters Sc
and Ra were examined in the ranges of Ra and Sc that have
been reported in broad-leaves forests in tropical and tem-
perate regions (Lloyd et al., 1988; Klaassen et al., 1998;
Schellekens et al., 2000). Errors were sensitive to changes
in Sc, while they were insensitive to Ra. Errors were minimal
when 7 6 Ra 6 60 s m�1, 0.5 6 Sc 6 0.9 mm. The minimum
error was derived when the parameter set (Ra, Sc) was
(14, 0.7).

The value, Sc = 0.7 mm, estimated in this study corre-
sponded well to the value of 0.65 mm determined by the
independent method conducted at the 4 ha study plot.
The estimated Ra with minimum error (=14 s m�1) was with-
in the range of the most frequently calculated values based
on wind profile measurements using the 93-m tall crane
facility at the 4 ha study plot, which was observed to be
in a range between 10 and 30 s m�1 (Fig. 2). The range of
estimated Ra with errors 6 0.4 (i.e., 7 6 Ra 6 60 s m�1;
Fig. 1) also corresponded well to the range of observed
Ra, which was between 0 and 50 s m�1(Fig. 2). These results
showed that Sc and a general value of Ra produced by our
method using CDTobs corresponded well to the values de-
rived at a 4 ha study plot-scale at this site.

Spatial representativeness of an upper canopy tree

The estimated parameters Sc and Ra based on CDTobs
seemed to be spatially representative at a stand-scale
(i.e., a 4 ha study plot-scale), although CDTobs was derived
from the sap flow velocities measured in a main branch
about 35 m above ground level. In this study, cross correla-
tion analysis showed high correlations among the sap flow
velocities measured in the three upper canopy trees (mean
r = 0.96 at zero time lags). That is, the diurnal courses of
the sap flow velocities measured in the branch exhibited a
remarkable concordance with those in the stem above the
buttresses of other upper canopy trees that stood apart.
Also, cross correlation analysis was performed for sap flow
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velocities measured in the three upper canopy trees in re-
spect to the stand-scale transpiration, calculated by the
Penman–Monteith transpiration model, calibrated and vali-
dated by water vapor fluxes measurements conducted using
the 93-m tall crane facility (Kumagai et al., 2004). Conse-
quently, maximum correlations were derived at a time lag
of zero with mean r = 0.93 (Kume et al., accepted for pub-
lication). As well, transpiration from upper canopy trees is
thought to contribute most of the total stand-scale transpi-
ration at this site (Kumagai et al., 2006). This means that
the diurnal trend of sap flow velocities in an upper canopy
tree can be regarded as representing the diurnal trend of
stand-scale transpiration. Furthermore, CDTobs derived
from sap flow velocities measured in D. aromatica and S.
beccariana corresponded well to that of the main branch
in D. pachphyllus. We found strong linear relationships be-
tween CDTobs in D. aromatica (CDTa), S. beccariana
(CDTb), and D. pachphyllus (CDTp) (CDTa = 1.01 · CDTp,
R2 = 0.97, n = 7, p < 0.001; CDTb = 0.97 · CDTp, R2 = 0.97,
n = 7, p < 0.001). Therefore, CDTobs derived from the diur-
nal trend of sap flow velocities in an upper canopy tree can
represent the whole canopy drying time, and Sc and Ra esti-
mated from CDTobs agree with Sc and Ra determined inde-
pendently at a stand-scale.

In our sample trees, surprisingly, time lags between sap
flow and transpiration were insignificant, and the diurnal
trend of sap flow velocities measured in stems corresponded
well to that of canopy-scale transpiration without consider-
ing the time lags, despite being 50-m tall emergent trees
(Kume et al., accepted for publication). This implies that
internal water storage was insignificant due to the shallow
sap wood in our sample trees. Actually, for the radial pro-
files of sap flow velocities in our sample trees, we measured
peaks in the radial profiles at a depth of around 2.0 cm,
while there was nearly zero sap flow at a depth of 5.0 cm.
On the other hand, James et al. (2002) found active sap flow
even at the depth of 25 cm in the radial profiles of some
emergent trees in a neo-tropical rainforest, where remark-
able time lags between sap flow and transpiration ranging
1–2 h were reported (Goldstein et al., 1998). The differ-
ence of the time lags between different species can affect
the representativeness of the estimated canopy drying
times. Thus, when the method proposed in this study is ap-
plied to other forest sites, time lags between sap flow and
transpiration and the spatial representativeness of the diur-
nal trend of sap flow velocity need to be carefully examined
before any application of our method.

Practical limitations of our simple method

Fig. 3 shows the relationships between CDTobs and CDTcalc
using the optimal parameter set of (Sc = 0.7 mm,
Ra = 14 s m�1) and Eq. (1). Samples mostly approach the
1:1 line and 15 among the 22 samples differed by <1 h
(Fig. 3). However, three samples had significantly shorter
CDTcalc than CDTobs when CDTobs were larger than
250 min. Two reasons might have caused such a discrepancy.

First, it can be thought that CDTobs were sometimes
overestimated with CDTobs > 250 min. This study assumed
that the lower sap flow velocities after rainfall than those
that could be expected on bright days were due to canopy
wetness. While, in the rain events with CDTobs > 250 min,
net radiation and VPD increased slowly after rainfall due
to cloud cover (Fig. 4b–d). In this case, using the differ-
ences in diurnal variations in sap flow velocities on a rainy
day vs. bright days, it is difficult to detect the effects of
canopy wetness on transpiration since the decrease in
sap flow velocities after rainfall can be caused by low solar
radiation and VPD rather than just canopy wetness. This
problem may be overcome by comparing the sap flow
velocity measured on a rainy day with that modeled on
the basis of solar radiation and VPD (e.g., Komatsu
et al., 2006).
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Second, this study assumed that evaporative energy was
completely consumed to evaporate water storage on leaves
during the canopy drying period and that transpiration
would be negligible during that period. However, there is
a transitional period when interception and transpiration
occur simultaneously on a canopy as the canopy is drying
gradually after rainfall, starting from the top and transpira-
tion starts on the dry portion of canopy (Watanabe and
Mizutani, 1996; Takanashi et al., 2003). When transpiration
occurs significantly during the canopy drying period, signif-
icant evaporative energy is also consumed for transpiration
(e.g., Rutter et al., 1975; Bosveld and Bouten, 2003). There-
fore, the assumption in this study results in an underestima-
tion of CDTcalc as transpiration is not actually negligible;
thus the assumption cannot be applied in events where
sap flows significantly occur over a long time during CDTobs
(Fig. 4b). Furthermore, this method cannot be applied to
tropical rainforests where rainfall interception is controlled
by multiple processes that are under maritime influences,
since the Penman–Monteith evaporation model has been
shown as failing to predict the observed rainfall intercep-
tion in such a forest (Schellekens et al., 2000).
On the other hand, Fig. 4f shows typical diurnal courses
of sap flow velocity for an event that showed the greater
predictability of CDTcalc than did other events at this site.
Fig. 4e–h shows that sap flow velocity after rainfall in-
creased as abruptly as Rn and VPD, and that the period when
sap flows significantly occurred during CDTobs was less than
1 h. The practical limitations of this method can therefore
be overcome in events where cloudy weather after rainfall
abruptly becomes sunny. Such abrupt weather changes of-
ten occur in tropical regions because rainfall with small spa-
tial and temporal scales occurs more frequently in tropical
than other climatic regions (e.g., Houze et al., 1981). Thus
we conclude our simple method for estimating Sc in this
study is applicable in tropical regions with these specific
rainfall characteristics.

However, it is remains unknown whether our method,
which we continue to develop and refine, can at this point
be applied to other forests. Sap flow measurements have
been conducted in intact tropical and man-made forests in
Southeast Asia, Amazon, and Central American regions
(e.g., Granier et al., 1996; Cienciala et al., 2000; Goldstein
et al., 1998; Kume et al., 2007a). By re-analyzing sap flow



294 T. Kume et al.
data from these forests, the validity of our method could be
tested and strengthened.
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