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Abstract We analyzed the partition of nocturnal sap flow
into refilling of internal water storage and transpiration in
Acacia mangium. Sap flow of trees was monitored
continuously with Granier’s sensors for estimating the
whole-tree transpiration. Possible night transpiration and
stomatal conductance at the leaf level in the canopy were
measured with a LI-6400 photosynthesis measuring
system. For nocturnal leaf transpiration and stomatal
conductance were weak, nocturnal sap flow of mature 4.
mangium trees was mainly associated with water recharge
in the trunk. No significant change in night water recharge
of the trunk was found at both seasonal and inter-annual
scales. Morphological features of trees including diameter
at the breast height (DBH), tree height, and canopy size
could explain variances of night water recharge. Further-
more, although the contribution of nocturnal sap flow to
the total transpiration varied among seasons and DBH
classes, the error caused by night water recharge on whole-
tree transpiration was negligible.

Keywords Acacia mangium, Granier’s thermal dissipa-
tion probe method, nocturnal sap flow, nocturnal transpira-
tion

1 Introduction

Water use of trees is essential to study functions and
process of forest ecosystem. Long time ago, the whole-tree
and stand water use were estimated by scaling up from the
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leaf and wattle transpiration measurement, which differed
greatly with the true value and had great difficulty in
practical use (Wang and Ma, 2002). The trunk sap flow
measurement system, which has advantages of high
accuracy and reliability, non-damage and long-term con-
tinuity, can directly estimate the whole-tree transpiration
(Ma et al., 2005a; Zhao et al., 2005, 2006a). Owing to its
high accuracy and reliability, Granier’s thermal dissipation
probe method has nowadays become popular in estimating
whole tree transpiration and can even accurately measure
the slight sap flow, such as nocturnal sap flow (Zhao et al.,
2006a). However, little attention was paid to the nocturnal
sap flow. Nocturnal sap flow has the following physiolo-
gical benefits for plants: 1) nighttime sap flow delivers
available and mobile N to the roots and transports it rapidly
upwards, thus partially compensating for declines in plant
N content under CO, enrichment that may be attributable
to some extent to associated decreases in stomatal
conductance and transpiration during the day (McDonald
et al., 2002); 2) it can refill the depleted stem and provide
the oxygen transfer mechanism for the plant organ
respiration (Daley and Phillips, 2006). According to
Daley’s conclusion, the nocturnal sap flow in Betula
papyrifera, Quercus rubra, Acer rubrumwas attributed
mainly to refill the depleted water recharge compartment,
and nocturnal transpiration of B. papyrifera might act as
the oxygen transfer mechanism in the deeper sapwood
(Daley and Phillips, 2006); Lopushinsky (1986) and
Caspari et al. (1993) also ascribed the nocturnal sap flow
to refill the depleted parts. The research mentioned above
noticed the nocturnal sap flow phenomenon, but they did
not partition it into nocturnal transpiration and nocturnal
water recharge which limited their understanding of the
effect of this partition to the total transpiration.

With the help of Granier’s thermal dissipation probe
method, our primary objectives of this study are: 1) to
analyze the partition of the nocturnal sap flow; 2) to discuss
nocturnal stem water recharge phenomenon and its
possible affecting factors, as well as the inter-annual
change; 3) to improve the precision of estimating canopy
transpiration and canopy stomatal conductance; and 4) to
provide basis for further understanding of the time lag
between stem sap flow and canopy transpiration.



192 Front. For. China 2009, 4(2): 191-200

2 Materials and methods
2.1 Site description and sample trees

This study was conducted at the Heshan Hilly Land
Interdisciplinary Experimental Station, Chinese Academy
of Sciences (22°40'N, 112°54'E), Guangdong Province,
China. The soil is laterite. The mean annual precipitation is
1700 mm, which is distributed unevenly throughout the
year. There is a moderate drought period from November
to January in the next year. The mean annual temperature is
21.7°C with the minimum in January and the maximum in
July. The mean annual radiation is 4.35x10°cm 2. The
annual cumulative hour of sunshine is 1797.8 h (Zhao et
al., 1990, 2005; Ma et al., 2005a).

The experimental plot was located in a mature Acacia
mangium plantation on a slope facing east at an elevation
of about 80 m above sea level. The plant-to-row spacing is
3m x 3m. A. mangium which belongs to diffuse porous
species with a medium-quality wood of low density is a
fast-growing tree species introduced from Australia.
Individual trees aged 22 years. The 4. mangium plantation
where the experiment was conducted show a declining
trend of growth. Slight defoliation occurs from December
to February in the following year. Twelve healthy A.
mangium in the similar habitats were selected for
sampling, which interfered each other somewhat.

2.2 Sap flow

Xylem sap flux density (J;, gH,O-m™2-s™), expressed on a
sapwood-area basis, was measured with Granier-type sap
flux sensors installed on the trunk at a height of 1.3 m
(Granier, 1987; Zhao et al., 2006a). Owing to its high
accuracy and reliability and long-term continuity, the data
collected is systemic (Granier, 1987). We selected 12 A.
mangium (number code: 1-12) with DBH ranging from
0.13 to 0.38 m (Ma et al., 2005b; Zhao et al., 2006b). The
sap-flow sensor includes two probes, each of them
containing a copper-constantan thermocouple. The probes
were inserted radially into the trunk with one probe about
10-15 cm above the other. The upper probe was heated by
providing a constant direct current of 0.12 mA and the
lower one was left unheated. Every four probes were
inserted in the east, south, west and north directions in the
tree number 1-4. Two probes were inserted in the south
and north directions in the tree number 5, others were
inserted in the north direction (Zhao et al., 2005). The
sapwood depth of samples was usually 1.5-3.0 cm, most of
which were 2.0 cm. Therefore, we used the sap flux density
in the probe length to represent the sap flux density in the
whole sapwood depth (Zhao et al., 2006b; Ma et al., 2007).
Plastic cover was used to prevent the probes from
mechanical damage. Sun film which was used to mediate
the interferences of heat radiation and rain was packed over

the plastic cover (Zhao et al., 2005). The operating
principle, installation and programming referred to Ma et
al. (2005a) and Zhao et al. (2005, 2006a). The probes used
were self-made by Dr. Zhao based on the Granier’s theory
at the Duke university in the USA. The temperature
difference between the two probes was automatically read
by Delta-T data logger (Delta-T, UK) every 30s and
averaged and stored every 10 min. Sap flux density which
was assumed to be averaged over this distal was derived
from the temperature difference of the two probes based on
an empirical relat-ionship (Granier, 1987). It was directly
calculated using the following equation:

J, =119 x 10~ ®-[(AT,,— AT)/AT]"*!

where J; is the instantaneous sap flux density, AT, is the
temperature difference between the heated and the
unheated probe when xylem sap flow is zero, and AT is
the temperature difference between the probes when xylem
sap is flowing (Granier, 1987). This equation is applicable
to all species. With the aid of the software Baseliner 3.0,
designed by Dr. Yavor Parashkevov from Duke University,
the original voltage data collected from the logger can be
converted to the continuous sap flow density (Zhao et al.,
2006a).

2.3 Environment monitoring

Soil water content (SWC) was measured with three soil
moisture probes (ML2x, Delta-T, Device) within 30 cm
depth under soil surface on the study site. Photosynth-
etically active radiation (PAR), air temperature (7,) and
relative humidity (RH) were monitored in a weather
station located 200 m from the study site. 7, and RH
were documented using an HMP35E sensor (HMP35E,
Vailsal, Finland). PAR was measured with a LI-COR
quantum sensor (LI-COR, Lincoln, NE). The meteorolo-
gical data were sampled at 30 s intervals and averaged and
recorded at 10 min intervals so as to match sap flow
measurement frequency. The wind speed (v) was provided
by the Heshan Hilly Land Interdisciplinary Experimental
Station (22°40'N, 112°54'E).

2.4 Estimation of the sapwood cross-sectional area

The sapwood area is a key parameter to calculate the
whole-tree transpiration. To avoid the influence on sap
flow measurement caused by damaging the samples,
twenty-four representative 4. mangium trees in the sur-
rounding area outside the sap flow-monitoring plot were
randomly chosen. The standards for choosing included the
identical habitat, good growth status and little reciprocal
disturbance. By analyzing the DBH distribution fre-
quency and its corresponding total sapwood area, the
trees in the study plot were divided into five classes:
DBH <0.15m, 0.15m<DBH<0.20m, 0.20m <
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DBH<0.25m, 0.25m<DBH<0.30m and 0.30m<
DBH. The diameter and the bark thickness were measured.
Then, the bark at DBH was removed and cores of 5 mm
diameter, the depth of 1/2 diameter were drilled out with
an accretion borer. Since the sapwood is easily distin-
guished from the heartwood, the sapwood thickness in the
chosen trees was determined using a ruler on the fresh
wood cores (Zhao et al., 2005; Ma et al., 2007). We
concluded the relationship between sapwood area and
DBH as follows:

Ay = m(DBH)"

where m and n are coefficients by non-linear regression
(0.1930 and 0.1844). The established formula was used to
calculate the sapwood cross-sectional area of sample trees
for the sap flow measurements.

2.5 Calculation of nocturnal stem water storage

Nocturnal stem water storage was obtained as follows:

W= Js-Ast

where W, is the nocturnal stem water storage, 2.J; is the
accumulation of sap flux density when PAR is close to
zero (gH,O-m2-s7"), A, is the sapwood cross-sectional
area (m?), ¢ is 600 s (each J; is averaged and recorded at
10 min intervals).

2.6 Measurement of the leaf conductance and the
transpiration rate

To judge the relationship between sap flow and nocturnal
transpiration according to the measurement of the leaf
conductance and the transpiration rate, every three mature
and fully expanded leaves from three trees with good
growth status and proper position were randomly sampled.
The twigs were pulled down to a certain height so that the
leaves on the twigs could be conveniently accessed and
measured with the LI-6400 (LI-6400, Li-Cor, USA). The
measurements were taken on an hourly basis from 19:00 to
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7:00 and a half-hourly basis from 17:00 to 19:00 in the
clear night of July 18-19, 2006.

2.7 Statistical analyses

Statistical analysis was carried out using SPSS11.5. The
inter-annual differences of nocturnal stem water storage
were estimated by One-way ANOVA. Regression relation-
ship between nocturnal stem water recharge and tree form
characteristics were determined by curve estimation.
Correlations between nocturnal stem water storage,
contribution of nocturnal sap flux density and nocturnal
water recharge and environmental factors were determined
by both partial correlations and regression analysis.

3 Results

3.1 Diurnal pattern of sap flux density

The average sap flux density of all samples, the sap flow
densities of the highest and the lowest DBH classes in July,
2004 are shown in Fig. 1. No matter how high the DBH
class is, the nocturnal sap flow was observed. Compared
with the daytime sap flow, the nocturnal sap flow was
much lower and varied less.

3.2 Nocturnal sap flow and canopy transpiration

3.2.1 Nocturnal sap flow and its dependence on VPD and v
both in the dry and wet seasons

It has previously been suggested that environmental
factors, such as VPD and v significantly affect canopy
transpiration. Therefore, the relationship between the
nocturnal sap flow and VPD, v can be used to judge
whether nocturnal sap flow is mainly attributed to
transpiration. If the relationship is significant, adding that
the explanation capacity is adequate, the nocturnal sap
flow is used for the nocturnal transpiration. If the
relationship is not significant, or even significant but that
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Fig. 1 The diurnal course of the average sap flux density of all samples (a), the sap flow densities of the highest DBH class (b, DBH =
32.9 cm) and the lowest (¢, DBH =16.9 cm) DBH class in July, 2004
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the explanation capacity is not adequate, the nocturnal sap
flow is used for refilling the depleted stem water storage
(Daley and Phillips, 2006; Benyon, 1999).

Correlations between nocturnal sap flux density of A.
mangium and VPD and v in the dry and wet season of 2005
are shown in Table 1. The positive correlations between
nocturnal sap flux density and VPD, v were significant
both in the dry season and the wet season, indicating that
sap flow contributed partly to nocturnal transpiration. The
curve parameter estimation between nocturnal sap flux
density and VPD and v are shown in Table 2. Although the
significant effect of VPD on nocturnal sap flow of 4.
mangium was observed in this study, VPD did not
adequately explain the variation in nocturnal sap flow.
The insignificant effect of v on nocturnal sap flow of 4.
mangium was observed in this study and v did not
adequately explain the variation in nocturnal sap flow both
in the dry and wet season. All in all, environmental factors

such as the VPD and v can affect the amount and the
duration of transpiration, but cannot adequately explain the
variation in nocturnal sap flow.

3.2.2 Temporal dynamics of nocturnal water use

To illuminate the nocturnal sap flow function of A.
mangium, the temporal dynamics of nocturnal transpira-
tion rate was measured by LI-6400 on 18-19, July, 2006.
At the same time, sap flow data was collected. The results
are shown in Figs. 2 and 3. As shown in Fig. 2, nocturnal
sap flow gradually decreased as PAR was nearly zero and
the stomas were gradually closed during the time period of
17:00-19:00. From 19:00 to 6:00 of the next morning, the
stomatal conductance approached zero and the nocturnal
sap flow was very low, both of which changed steadily.
According to Fig. 3, there existed good correlations
between the nighttime sap flow density measured by the

Table 1 Correlations between nocturnal sap flux density of 4. mangium and vapor pressure deficit, wind speed in the dry and wet season of 2005

nocturnalsap flux density/(gH,O- m 2 sfl)

vapor pressure deficit/kPa wind speed/(m~sfl)

dry season Pearson correlation 0.237** 0.118%%*
Sig. (2-tailed) 0 0
N 2015 1961
wet season Pearson correlation 0.236** 0.101**
Sig. (2-tailed) 0 0
N 2196 1300
** Correlation is significant at the 0.01 level (2-tailed).
Table 2 Curve parameter estimation between nocturnal sap flux density and vapor pressure deficit, wind speed
dependent independent model fit equation R? p
nocturnal sap flux density/(gH,O-m 25 I) VPD at night in February/kPa y=0.3769+0.1119x 0.156 0
wind speed at night in February/(m-sfl) y=0.7628-0.0293x 0.005 0.191
VPD at night in August/kPa y=3.4119+0.5615x 0.061 0.001
wind speed at night in August/(m~sfl) y=3.9267+0.1567x 0.001 0.699
R explanatory degree; VPD: vapor pressure deficit
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Fig. 2 Variations of leaf stomatal conductance and transpiration rate in A. mangium during the nighttime
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Fig. 3 Regression relationship between the nighttime sap flow
density measured by the thermal dissipation probe (TDP) method
and nighttime transpiration rate measured by gas exchange
method. The unit of nocturnal transpiration rate measured by gas
exchange method is mmol H,O-m 2.5 For comparison, the unit
of transpiration rate (mmol HZO-m72~sfl) measured by gas
exchange method (LI-6400) is converted into the unit of sap
flow density measured by TDP (g H20~m72~sfl).

thermal dissipation probe (TDP) method and nighttime
transpiration rate measured by gas exchange method
(R*=0.577, p=0.002), implying that nocturnal sap flow
properly explains the slight transpiration rate measured by
Li-6400.
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Although the nocturnal transpiration was very little, the
temporal dynamics of nocturnal sap flow density measured
by the thermal dissipation probe method and nocturnal
transpiration rate measured by gas exchange method was
presented in the straight-line graph to provide the basis for
the stem water storage estimation (Fig. 4). Nocturnal sap
flow density measured by the thermal dissipation probe
method was much higher than the nocturnal transpiration
rate measured by the gas exchange method during most
times of night. Considering that the nocturnal transpiration
was little, we can reach a conclusion that the nocturnal sap
flow we observed was mainly used for refilling the
depleted parts, because the high daytime transpiration in
July in the wet season could easily cause the depleted stem
water storage which needs to be recharged at night.

3.3 Nocturnal stem water recharge and its affecting factors

3.3.1 Inter-annual change of nocturnal stem water recharge
One-way ANOVA on monthly nocturnal water recharge in
A. mangium trees is presented in Table 3. There were no
significant differences among the monthly nocturnal
water storages (2004, p =0.036 < 0.05). Furthermore, the
variance of means was homogenous (2005, p=
0.275 > 0.05), implying that the environmental factors
may have little effect on the nocturnal water recharge.
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Fig. 4 Temporal dynamics of nocturnal sap flow density measured by the thermal dissipation probe method and nocturnal transpiration

rate measured by the gas exchange method

Table 3 One-way ANOVA on monthly nocturnal water recharge in 4. mangium trees

year nocturnal water recharge/(kg- dfl) sum of squares df mean square F sig.
2004 between groups 54.171 11 4.925 1.961 0.036
within groups 361.540 144 2.511 - -
total 415.711 155 - - -
2005 between groups 40.520 11 3.684 1.228 0.275
within groups 396.054 132 3.000 - -
total 436.574 143 - - -
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3.3.2 Correlations between nocturnal stem water recharge
and the environmental factors

According to Tables 4 and 5, there existed significant
correlations between the nocturnal water recharge and
SWC, T, in 2004. Cubic regression fits show a strong
correlation between nocturnal Jg and T, but they did not
adequately explain the variation in nocturnal J; (R*=0.211;
R*=0.053). In other words, although SWC and T, changed
similarly with the nocturnal water recharge, they were not
the important factors deciding the nocturnal water
recharge. In 2005, there existed significant correlations
between the nocturnal water recharge and 7,. Cubic
regression fits showing a strong correlation between
nocturnal J; and 7, but they also did not adequately
explain the variation in nocturnal Js (R>= 0.064), implying
that T, was not the important factors deciding the nocturnal
water recharge in the climatic conditions of study plot.

3.3.3 Correlates between nocturnal stem water recharge and
tree form features

As the above-mentioned nocturnal water storage did not
correspond closely with SWC, precipitation, 7,, VPD
(p > 0.05, at study site), we speculated that nocturnal water
recharge was affected mainly by tree characteristics. We
chose the curve estimation analysis to depict the regression
relationship between the nocturnal stem water recharge and
tree form features. The results are shown in Figs. 5-7.
The linear regression is in good agreement with the

nocturnal water recharge and DBH (R*> = 0.8251,
p <0.0001) (Fig. 5), while the exponential regression in
good agreement with the nocturnal water recharge and tree
height (R* = 0.2350, p < 0.1455) (Fig. 6). The exponential
regression fits the nocturnal water recharge and canopy
size (R*> = 0.6088, p<0.0017) (Fig. 7). Therefore, the
DBH, tree height and the canopy size can explain the
phenomenon that there is insignificant change among inter-
annual change of nocturnal stem water recharge.

5

R*=0.8251
4r y=-1.1546+0.1243x

nocturnal water recharge/(kg-d by

10 15 20 25 30 35 40
DBH/cm

Fig. 5 Regression relationship between nocturnal water recharge
amount and DBH

3.4 Annual change of nocturnal stem water recharge

According to Fig. 8, there existed insignificant difference
between the nocturnal water recharge in 2004 and 2005

Table 4 Correlations between nocturnal water recharge in 4. mangium and environmental factors
year nocturnal water recharge/(kg-dfl) soil moisture/(m3-m73) air humidity/% air temperature/°C  vapor pressure deficit/kPa
2004 Pearson correlation 0.459** 0.230** —0.055
sig. (2-tailed) 0.000 0.000 0.056 0.388
N 252 252 252 252
2005 Pearson correlation —0.004 0.089 0.253** —0.041
sig. (2-tailed) 0.956 0.221 0.000 0.594
N 188 191 191 168
Table 5 Curve estimation between nocturnal water recharge in 4. mangium and environmental factors
year dependent independent R df F p
2004 nocturnal water recharge/(kg- dﬁl) soil moisture/(m3 m? ) 0.211 250 66.85 0
air humidity/% 0.053 250 13.97 0
air temperature/°C 0.015 250 3.69 0.056
vapor pressure deficit/kPa 0.003 250 0.75 0.338
2005 nocturnal water recharge/(kg-d ") soil moisture/(m>-m ) 0 186 3.1E-03 0.956
air humidity/% 0.008 189 1.51 0.221
air temperature/°C 0.064 189 12.89 0
vapor pressure deficit/kPa 0.002 166 0.29 0.594

R%: explanatory degree
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(sig.=0.223 > 0.05). The above results indicated that the
change of the nocturnal water recharge was mainly
affected by the tree form characteristics. We also
analyzed the environmental change at the study plot in
2004 and 2005 (Fig. 8). The environmental change in
2004 was similar to that in 2005, so they could not cause
the difference among annual nocturnal stem water
recharge.

3.5 Effect of the nocturnal sap flow on the whole-tree
transpiration

3.5.1 Seasonal changes in the ratio of nocturnal water
recharge to total transpiration at different breast heights

The ratio of nocturnal water recharge to total transpiration
of A. mangium in the dry season is higher than in the wet
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season, which could be attributed to that the total
transpiration amount was less in the dry season than in
the wet season, while the nocturnal water recharge was
more or less the same in the two seasons (Fig. 9).
Compared with trees of higher DBH classes, the ratio of
nocturnal water recharge to total transpiration of trees of
lower DBH classes was a little higher, implying that the
nocturnal water recharge was mainly decided by the tree
form, while the physiological activities and nutrient status
possibly affected it.
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Fig. 9 Seasonal changes in the ratio of nighttime water recharge
to total transpiration of 4. mangium at different breast heights of
different DBH classes

3.5.2 The error caused by night water recharge on
whole-tree transpiration

It is generally accepted that sap flow measured by the
Granier’s thermal dissipation probe method can be used to
represent the canopy transpiration, which can be calculated
and scaled up to the whole-tree and the stand water use
(Zhao et al., 2006a). Although the nocturnal sap flow was
very low when compared with daytime transpiration,
whether it will cause the error in estimation the total trans-
piration is still uncertain. The total transpiration and the

daytime transpiration (the total transpiration minus the no-
cturnal transpiration) in 2005 are shown in Fig. 10. Table 7
presents independent samples test between the total sap
flow and the sap flow eliminating nighttime sap flow of 4.
mangium, which indicated that the error caused by night
water recharge on whole-tree transpiration was negligible.
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Fig. 10 Inter-annual changes of total transpiration and daily
transpiration of A. mangium

4 Discussion

4.1 The partition of the nocturnal sap flow

In the previous sap flow studies by thermal dissipation
probe method, the nocturnal sap flow was seldom
partitioned into the nocturnal transpiration and the water
recharge, or it is commonly assumed that transpiration
does not occur at night because leaf stomata are closed in
the dark. However, there is considerable evidence that the
stomata of some species do not completely close during the
night, which would allow for nighttime transpiration if
there were sufficient environmental driving forces (Daley
and Phillips, 2006). Snyder’s study revealed that nocturnal
stomatal conductance and transpiration in 11 of studied 17
species in North America were observed across life history,

Table 6 Independent samples test on nocturnal water recharge of A. mangium in 2004 and 2005
equal variances Levene’s test for equality of variances t-test for equality of means
F sig. t sig.
nocturnal water recharge/(kg-d’l) equal variances assumed 0.112 0.741 1.255 -
equal variances not assumed - - 1.255 0.233

Table 7 Independent samples test between the total sap flow and the sap flow eliminating nighttime sap flow of 4. mangium
equal variances Levene’s test for equality of variances t-test for equality of means
F sig. t sig.
the total sap flow vs the sap flow equal variances assumed 0 0.997 0.020 0.984
eliminating nighttime sap flow equal variances not assumed 0.020 0.984
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photosynthesis pathway and habitats (Snyder et al., 2003).
In our study, there existed slight nocturnal transpiration
and stoma conductance of 4. mangium and both were
maintained at a steady level. Environmental factors such as
VPD and v could affect the amount of the nocturnal
transpiration, which can explain the sap flow variation of
Eucalyptus grandis, Malus sylvestris, Actinidia deliciosa
and birch, for the nocturnal sap flow of these species was
mainly used for the nocturnal transpiration (Green et al.,
1989; Benyon, 1999; Daley and Phillips, 2006). Contrary
to the above results, Daley and Phillips found that VPD
could not explain the nocturnal sap flow variation of red
oak and red maple, implying that the sap flow was mainly
used for refilling the depleted stem water storage. Our
findings revealed that VPD and v cannot explain the sap
flow variation adequately, implying that there was
significant water flow into or out of tissue storage
compartments.

Although both the leaf transpiration and the stem water
recharge were observed, whether the leaf transpiration
partly came from the stem water recharge was not clear,
which needs the sap flow measurement on branches and
further analysis.

4.2 Nocturnal water recharge

There has been much work on the relationship between the
sap flow and the tree form (Zhao et al., 2006a). Researches
on the water use of Anacardium excelsum, Cordia
alliodora, Ficus insipida, Schefflera morototoni indicated
that total daily water use increases sharply with tree size
ranging from 46 kg/d in the 0.34 m diameter individual of
Cordia alliodora to 750kg/d in the 0.98 m diameter
individual of Anacardium excelsum (Meinzer et al., 2003).
Researches on sap flow of three evergreen species and two
deciduous species (Anacardium excelsum, Cecropia long-
ipes, Ficus insipida, Spondias mombi and Luehea
seemanni) revealed that the diurnal storage capacity and
basal sapwood area, tree height were positively correlated
(Goldstein et al., 1998). However, limited information on
nocturnal water recharge was available in Goldstein’s
study. In our study, the nocturnal water recharge of A.
mangium did not differ significantly among months and
between years. Our analysis on the relationship showed
that the environmental factors can affect the nocturnal
water storage, but cannot adequately explain it. Therefore,
we speculated that tree form features could explain the
nocturnal water recharge reasonably, which is consistent
with our findings.

4.3 The implication of the nocturnal water recharge
Water stored in plant tissues has long been recognized as

an important factor in plant-water relations. Estimates of
the contribution of stored water to daily transpiration vary

widely, ranging from 10 to 20% (Lostau et al., 1996;
Tanaka and Kobayashi, 2001; Phillips et al., 2003), and to
as much as 30%—-50% (Waring et al., 1979; Holbrook,
2004). However, little information was available for
tropical trees (Goldstein et al., 1998). The contribution of
the internal water storage to daily transpiration was related
to environmental factors. For example, the amount of
water stored in the trunk of Pinus pinaster accounted for
12% of the daily transpiration when soil water was
abundant, but increased to 25% of the daily transpiration at
the end of summer following a period of drought (Lostau
et al., 1996). Consistent with the results above, the
contribution of nocturnal stem water storage to the total
daily transpiration of A. mangium in the dry season was
larger than in the wet season and affected by the
environmental factors, indicating that it could reflect the
contribution of the nocturnal water recharge to the daily
transpiration.

It is assumed that the nocturnal water loss was zero or its
estimate was included into the total transpiration when
making use of the sap flow measurement system. The error
caused by night water recharge on whole-tree transpiration
of 4. mangium was negligible, but the error may become
large if it was scaled up to stand level.

5 Conclusions

By means of the Granier’s thermal dissipation probe
method, adding the canopy leaf transpiration rate measured
by Li6400 gas exchange method, our measurements and
analyses suggest a greater allocation of nocturnal sap flow
to the refilling of depleted water storage and that it did not
cause obvious error on the whole-tree transpiration
amount. Nocturnal water recharge was more strongly
affected by tree features than by environmental factors. For
the lack of sap flow measurement of the branch end, there
still existed localization in the partition mechanism. For 4.
mangium, a tropical pioneer species, the partition mechan-
ism and the ecological meaning deserves further investiga-
tion.

Acknowledgments This study was supported by National Natural Science
Foundation of China (Grant No. 30428022, 30270239), Nature Science
Foundation of Guangdong Province (031265) and Knowledge Innovative
Program of Chinese Academy of Sciences (No. KSCX2-SW-133).

References

Benyon R G (1999). Nighttime water use in an irrigated Eucalyptus
grandis plantation. Tree Physiol, 19: 853-859

Caspari HW, Green S R, Edwards W R N (1993). Transpiration of well-
watered and water-stressed Asian pear trees as determined by
lysimetry, heat-pulse, and estimated by a Penman-Monteith model.
Agr For Meteorol, 67 (1-2): 13-27



200 Front. For. China 2009, 4(2): 191-200

Daley M, Phillips N G (2006). Interspecific variation in nighttime
transpiration and stomatal conductance in a mixed new England
deciduous forest. Tree Physiol, 26, 411419

Goldstein G, Andrade J L, Meinzer F C, Holbrook M N, Cavelier J C,
Jackson P, Celis A (1998). Stem water storage and diurnal patterns of
water use in tropical forest canopy trees. Plant Cell Environ, 21:
397-406

Granier A (1987). Evaluation of transpiration in a Douglas-fir stand by
means of sap flow measurements. Tree Physiol, 3: 309-320

Green S R, McNaughton K G, Clothier B E (1989). Observations of
nighttime water use in kiwifruit vines and apple trees. Agr For
Meteorol, 48(3—4): 251-261

Holbrook N M (2004). Stem water storage. In: Gartner B L ed. Plant
Stems: Physiology and Functional Morphology. San Diego, CA,
USA: Academic Press, 151-174

Lopushinsky W (1986). Seasonal and diurnal trends of heat pulse
velocity in Douglas-fir and ponderosa pine. Can J For Res, 16:
814-821

Lostau D, Berbiger P, Roumagnac P, Arruda-Pacheco C, David J S,
Ferreira M I, Pereira J S, Tavares R (1996). Transpiration of a 64-
year-old maritime pine stand in Portugal 1. Seasonal course of water
flux through maritime pine. Oecologia, 107, 3342

Ma L, Rao X O, Zhao P, Cai X A, Zeng X P, Lu P (2007). Diurnal and
seasonal changes in whole-tree transpiration of Acacia mangium. J
Beijing For Univ, 29: 67-73 (in Chinese)

MaL, Zhao P, Rao X O, Cai X A, Zeng X P (2005a). Main determination
methods of tree transpiration. Chin J Ecol, 24(1): 88-96 (in Chinese)

Ma L, Zhao P, Rao X O, Cai X A, Zeng X P, Lu P (2005b). Effects of
environmental factors on sap flow in Acacia mangium. Acta Ecol Sin,
25:2145-2151 (in Chinese)

McDonald E P, Erickson J E, Kruger E L (2002). Can decreased

transpiration limit plant nitrogen acquisition in elevated CO,?
Function Plant Biol, 29, 1115-1120

Meinzer F C, James S A, Goldstein G, Woodruff D (2003). Whole-tree
water transport scales with sapwood capacitance in tropical forest
canopy trees. Plant Cell Environ, 26: 1147-1155

Phillips N G, Ryan M G, Bond B J, McDowell N G, Hinckley T M,
Cermak J (2003). Reliance of stored water increases with tree size in
three species in the Pacific Northwest. Tree Physiol, 23: 237-245

Snyder K A, Richards J H, Donovan L A (2003). Night-time
conductance in C3 and C4 species: do plants lose water at night? J
Exp Bot, 2003, 54: 861-865

Tanaka T, Kobayashi Y (2001). Water flow and hydraulic characteristics
of Japanese red pine and oak trees. Hydrol Proc, 15: 1731-1750

Wang H T, Ma L Y (2002). Measurement of whole tree’s water
consumption with thermal dissipation sap flow probe (TDP). Acta
Phytoecol Sin, 26: 661-667 (in Chinese)

Waring R H, Whitehead D, Jarvis P G (1979). The contribution of stored
water to transpiration in Scots pine. Plant Cell Environ, 2: 309-317

Zhao P, Rao X O, Ma L, Cai X A, Zeng X P (2005). Application of
Granier’s sap flow system in water use of Acacia mangium forest. J
Trop Subtrop Bot, 13: 457-468 (in Chinese)

Zhao P, Rao X O, Ma L, Cai X A, Zeng X P (2006a). Sap flow—scaled
stand transpiration and canopy stomatal conductance in an Acacia
mangium forest. J Plant Ecol, 30: 655-665 (in Chinese)

Zhao P, Rao X O, Ma L, Cai X A, Zeng X P (2006b). The variations of
sap flux density and whole—tree transpiration across individuals of
Acacia mangium. Acta Ecol Sin, 26: 4050—4058 (in Chinese)

Zhao P, Yu Z 'Y, Zeng X P (1990). Water loss by transpiration through
leaves of three species of Acacia mangium on hilly land in Heshan,
Guangdong Province. Trop Subtrop For Ecosys, 7: 12-16 (in
Chinese)



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


