N

N

Diurnal, daily, seasonal and annual patterns of
sap-flux-scaled transpiration from an Acacia mangium
plantation in South China
Ling Ma, Ping Lu, Ping Zhao, Xing-Quan Rao, Xi-An Cai, Xiao-Ping Zeng

» To cite this version:

Ling Ma, Ping Lu, Ping Zhao, Xing-Quan Rao, Xi-An Cai, et al.. Diurnal, daily, seasonal and annual
patterns of sap-flux-scaled transpiration from an Acacia mangium plantation in South China. Annals
of Forest Science, 2008, 65 (4), pp.1. hal-00883394

HAL Id: hal-00883394
https://hal.science/hal-00883394

Submitted on 11 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00883394
https://hal.archives-ouvertes.fr

Available online at:
www.afs-journal.org

Ann. For. Sci. 65 (2008) 402
© INRA, EDP Sciences, 2008
DOI: 10.1051/forest:2008013 . .

Original article

Diurnal, daily, seasonal and annual patterns of sap-flux-scaled
transpiration from an Acacia mangium plantation in South China

Ling MA!, Ping LU?, Ping ZHAO'*, Xing-quan RAO!, Xi-an CAI', Xiao-ping ZENG'

' South China Institute of Botany, Chinese Academy of Sciences, Guangzhou 510650, P.R. China
2 EWL Sciences, PO Box 39443, Winnellie, NT 0821, Australia

(Received 11 September 2007; accepted 31 January 2008)

Abstract —

o In this study of a 19-year-old Acacia mangium plantation with a basal area of 26.6 m”> ha™! in subtropical South China, whole tree sap flow was
measured continuously over a two-year period and the dependence of stand sap flow (Ef) on environmental factors was investigated at diurnal (hourly),
daily, seasonal and annual scales.

e Daytime hourly mean Et was linearly correlated to photosynthetically active radiation (Q) and vapor pressure deficit (D) in each season during the
whole study period (R? > 0.57, P < 0.001), whereas daily daytime mean Ef was less tightly coupled to Q and D (R* < 0.50).

e Pronounced hysteresis was observed between Ef and Q as well as D and the extent of the hysteresis varied seasonally.

o Total annual stand transpiration was higher in the first year (244.5 mm) than in the second year (185.8 mm) although rainfall was lower in the first
year (1 122.4 mm) than in the second year (1 342.5 mm), from which it can be concluded that annual stand transpiration did not simply increase with
increased annual rainfall.

Acacia mangium [ sap flow / stand transpiration / environmental factor / hysteresis

Résumé — Patterns diurnes, journaliers, saisonniers et annuels de transpiration estimée d’apres le flux de séve dans une plantation d’Acacia
mangium du Sud de la Chine.

o Le flux de séve a été suivi dans une plantation d’Acacia mangium Agée de 19 ans avec une surface terriere de 26,6 m?> ha™! dans le Sud subtropical
de la Chine. Les mesures ont ét€ menées en continu pendant deux ans et la dépendance de la transpiration du peuplement (Et) par rapport aux facteurs
environnementaux a été étudiée a des échelles diurnes (échelle horaire), journalieres, saisonnieres et annuelles.

e Pendant la journée, la moyenne horaire de Et était linéairement corrélée au Rayonnement photosynthétiquement actif (Q) et au déficit de pression de
vageur d’eau (D) pendant toute la période d’étude (R?> > 0,57, P < 0,001) alors que la moyenne journaliére de Ef était moins bien couplée & Q et D
(R* < 0,50).

e Une hystérésis marquée entre E7 et Q en méme temps que D a été observé ; son amplitude variait avec la saison.

e La transpiration annuelle totale du peuplement a été plus €levée la premiere année (244,5 mm) que la deuxieme année (185,8 mm) bien que les
précipitations étaient plus faibles la premiére (1 122,4 mm) que la seconde année (1342,5 mm). Nous en concluons que la transpiration annuelle du

peuplement ne s’accroit pas simplement avec 1’augmentation des précipitations annuelles.

Acacia mangium [ flux de séve / transpiration du peuplement / facteurs environnementaux / hystérésis

1. INTRODUCTION

Acacia mangium is one of the most important plantation
tree species in tropical and subtropical regions. It has been suc-
cessfully used for large-scale ecological restoration projects in
subtropical South China. However, there are increasing con-
cerns about the sustainability of these fast-growing plantations
in this region, especially with regard to their perceived high
water use and potential impacts on the regional water balance
(Shen et al., 1999; Yan et al., 2002). In contrast to its eco-
nomic and ecological importance, there is only one published
paper on A. mangium stand water use and this was derived
from short-term studies on young plantations (Cienciala et al.,
2000). Seasonal and annual patterns of transpiration and their
dependence on environmental factors for mature A. mangium
stands are still unreported.

* Corresponding author: zhaoping @scib.ac.cn

In order to develop a realistic, mechanistic understanding
of patterns of tree water use, it is important to understand the
response of tree water use not only at different spatial scales
(azimuth or compass point, individual and stand) but also at
different temporal scales (hourly, daily, seasonal and interan-
nual) (Zeppel et al., 2006).

Environmental control of tree and stand transpiration has
been well characterized during the last two decades (Arneth
et al., 1996; Kelliher et al., 1992; Lu et al., 1995; Meinzer
etal., 1997; Oren et al., 1999; Wullschleger et al., 2000). How-
ever, there is limited information on seasonal variation in tran-
spiration as a response to environmental factors; information
which is necessary for the evaluation and modeling of the eco-
physiological processes coupled to transpiration.

The present study evaluated hourly, daily, seasonal and
annual variation in stand transpiration of a mature Acacia
mangium plantation and its dependence on environmental
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Figure 1. Monthly mean value of: (a) air temperature (7a, open triangles) and range of daily mean 7a (gray area), (b) photosynthetically active
radiation (Q, open circles) and air vapor pressure deficit (D, close circles), (c) actual rainfall (bars) and long-term monthly mean rainfall (line)
at the study site and relative soil water content (RSWC, dash line, average of three depths) in the plot, (d) LA of the plot, and (e) monthly total

stand transpiration (Es, gray bars).

factors. The main objectives of this study were to: (1) provide
spatially scaled estimates of stand transpiration from long term
sap flux density measurement; (2) quantify the diurnal, daily,
seasonal and annual patterns of transpiration of the plantation;
and (3) examine the influence of vapor pressure deficit, pho-
tosynthetically active radiation, air temperature, rainfall, leaf
area index and soil water deficit on stand transpiration at each
temporal scale.

2. MATERIALS AND METHODS
2.1. Study site and plant materials

The study was conducted at Heshan experimental station
(112° 54" E, 22° 41’ N) of the Chinese Academy of Sciences in
Guangdong Province, China. The study site is located in a subtropical
monsoonal climate zone with the wet season occurring from March to
August and the dry season from September to February. Average an-
nual rainfall over the last 10 years for the Heshan station is 1400 mm,
with approximately 78% of this occurring in wet season (Fig. 1c).

The study area was in an Acacia mangium plantation that had been
established 19 years prior to the beginning of the experiment (2003).
A study plot, 17.5 m x 36.6 m (640.5 m?) was randomly selected from
within the stand, the plot had 47 trees with a mean height of 15.5 m.
Plot and sample tree characteristics are summarized in Table I. The

understorey vegetation was very sparse and its contribution to stand
transpiration was considered to be negligible for the purposes of this
study. The soil at the site was an oxisol developed from sandstone (Li
et al., 2005) with surface soil to a depth of 10 cm and subsoil for a
further 50 cm.

2.2. Sapwood areas

Sapwood area (As) for all trees in the plot was calculated based on
an exponential regression between As and diameter at breast height
(DBH, Fig. 2), established from measurements taken from ten trees
outside the plot. Three to five cores were taken from each tree using
an increment core borer, and sapwood depth was measured by a
caliper because sapwood was visually distinct from heartwood.

2.3. Sap flow of individual trees

Fourteen sample trees in the plot were selected with considera-
tion of the DBH distribution to install the Granier-type sensors for
sap flow measurement (Granier, 1987; Lu et al., 2004). Sensors were
made according to Oren et al. (1999). Each sensor consisted of two
20-mm-long probes which contained a copper-constantan thermocou-
ple. The two probes were installed in the xylem 10 cm vertically apart
at breast height. Sap flux density (F;, gH,O m~2 sapwood s™!) was
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Table I. Characteristics of the plot and sample trees (As: sapwood area: DBH: diameter at breast height in cm).

Total Class 1 Class 2 Class 3
DBH < 20 cm 20 cm < DBH < 30 cm DBH > 30 cm
Plot (640.5 m?)
Number of trees 47 31 13 3
(734 stems ha™!)
Basal area (m?) 1.704 0.682 0.719 0.303
(26.6 m? ha™")
As (m?) 0.504 0.227 0.202 0.075
(7.87 m? ha™")
Sample trees
Number of trees 14 8 4 2
Basal area (m?) 0.616 0.213 0.208 0.195
As (m?) 0.178 0.069 0.060 0.049
300 Our previous study showed that the variation in F, at different
S 950 compass points was random for the studied trees (Ma e_t al., 2007).
E F; at the north side was thus assumed to be representative of F, of
= 200 r individual trees. For Trees 1-4, F, was calculated as the mean of the
It values from four compass points, while for Trees 5-14, F, was the
© 150 value measured from north side.
=l
§ 100
5 50 - 2.4. Stand sap flow and transpiration
w2
0

5 10 15 20 25 30 35
DBH (cm)

Figure 2. Relationship between sapwood area and diameter at breast
height (DBH).

calculated according to Granier (1985). The signals were scanned ev-
ery 30 s, and 10-min averages were recorded to a data logger (Delta-T
Devices, Ltd., Cambridge, UK).

For Trees 1-4, F,; was measured with sensors installed on east,
south, west and north sides of the trunk while for Trees 5-14, sen-
sors were only installed on the north side. Sensors were covered with
a hard plastic box to avoid physical damage and then shielded with
aluminum foil to minimize thermal interference caused by direct sun-
light and wind. To ensure good measurements, new sets of sensors
were reinstalled in positions 2-5 cm from the original holes at both
the beginning and end of the dry season.

Whole-tree sap flow (F, g s™")was calculated from F,; and sap-
wood area (As) as:

F = F,; X As. 1

The radial variation in F; was considered to be negligible in this
study because sapwood depth was close to 2 cm and A. mangium
is a diffuse-porous species for which the radial variation in F, is con-
sidered to be small (Phillips et al., 1996; Lambs et al., 2006; Lu et al.,
2000). Whilst this has the potential to under- or over-estimate actual
values of transpiration, this is only to a small extent for trees with
sapwood thickness close to 2 cm (Clearwater et al., 1999; Lu et al.,
2004; Liittschwager et al. 2007).

All the 47 trees in the plot were classified into 3 groups by DBH
(Tab. 1) using hierarchical cluster analysis (graph not shown). Sap
flow measurements performed on sample trees were scaled to stand
level using the equation:

Et=% (Fdi X AS,‘) (2)

where Et is stand sap flow (g s7!), F; is the average sap flux density
of class i, As; is total sapwood area in class i. Hourly Ef (kg h™!) was
sum of the ten-min measurements. F,; was calculated as:

Fi :Z(ASSjXFde)/ZAsSj (3)

where As,; is sapwood area of sample tree j, Fy,; is sap flux density
of sample tree ;.

Stand transpiration (Es, mm d~' or mm) was calculated from Et
per ground area over the respective period of time.

2.5. Leaf area index

Leaf area index (LAI) measurements were made monthly using
a CID Plant Canopy Analyzer (CID-110, CID COR., USA) under
diffuse light conditions on cloudy days or at dusk.

2.6. Weather conditions

Air temperature (7a), air relative humidity, photosynthetically ac-

tive radiation (Q), and rainfall were measured at the weather station
of Chinese Ecosystem Research Network, 50 m from the studied plot
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at the same altitude. Air relative humidity and temperature were mea-
sured at 1.5 m height (Vaisala HMP 45A/D, Vaisala, Finland), vapor
pressure deficit (D, kPa) was calculated from 7'a and air relative hu-
midity (Campbell et al., 1998). Q (umol m~2 s~!) was measured at
1 m height with a LI 190SA sensor (Li-Cor, Lincoln, US). Signals
were scanned and recorded to a data logger synchronized to the log-
ger for sap flow measurement.

2.7. Soil water content

A. mangium has a shallow root system with most roots distributed
within the top 30 cm soil. Three volumetric soil water content sensors
(ML2x, Delta-T Devices, UK) were randomly located at 20-30 cm
depth in the plot. In order to show the soil water content relative to
field capacity (RSWC), soil bulk density (g cm™) and field capacity
were measured by sampling subsoil (at ca. 20 cm depth) at ten ran-
dom positions in the plot. RSWC was calculated as:

RSWC =W, x p/(S 4% Wy) 4)

where W, is actual volumetric soil water content (cm® cm™) mea-
sured with ML2x sensors, p is the density of water (presumed to be
1 g cm™), S, is soil bulk density (g cm™>) and W is soil water con-
tent at field capacity (g g”'). It was considered that mild soil water
deficit occurred when RSWC was less than 0.7 and sever soil water
deficit occurred when RSWC was less than 0.6.

2.8. Data analysis

This study reports the results of sap flow and weather mea-
surements made over two periods, namely Year 2003-2004 (from
September 2003 to August 2004) and Year 2004-2005 (from Septem-
ber 2004 to August 2005), respectively.

All statistical analyses were performed with the SPSS soft-
ware package (SPSS 13.0, SPSS, Inc., USA). Sigmaplot software
(Sigmaplot 9.0, Systat Software Inc, USA) was used to make graphs.

3. RESULTS
3.1. Weather conditions

The Year 20032004, rainfall (Fig. 1c) generally matched
the long-term pattern except that June and July rainfall was
significantly below the long-term average. In Year 2004-2005,
the rainfall pattern was very irregular with a much drier dry
season (79 mm vs. 272 mm in year 2003-2004) and wetter wet
season, June was excessively wet. Annual rainfall was lower in
Year 2003-2004 compared with Year 2004—2005 (1 122.4 mm
vs. 1342.5 mm). In June 2005, excessive rainfall and a num-
ber of cloudy days caused substantial reduction in Q and D in
comparison with Year 2003-2004 (Figs. 1b, 1c).

Monthly mean Q followed closely the rainfall pattern.
Q was high from May to December except in June 2005.
Monthly mean D didn’t show obvious seasonality (Fig. 1b)
but showed a particularly high value in November 2004.

Annual mean RSWC in Year 2003—-2004 was close to that in
Year 2004-2005 (0.77 vs. 0.72, Fig. 1c¢), but the dry season in

L. Maet al.

Year 2004-2005 (mean RS WC = 0.61) was significantly drier
than that in Year 2003-2004 (mean RS WC = 0.73). In Year
2004-2005, severe soil water deficit (RSWC < 0.6) lasted
for 4 months. In contrast, in Year 2003-2004, mild deficit oc-
curred only in one month (RSWC slightly below 0.7).

3.2. Leaf area index

Annual mean LAl was higher in Year 2003-2004 than in
Year 2004-2005 (2.23 vs. 1.79). In the first half of the Year
2003-2004, LAI was significantly higher than the rest of study
period (P > 0.05, Fig. 1d).

3.3. Diurnal patterns of sap flux density and stand sap
flow in each season

Typical examples of diurnal patterns of F; for each DBH
class, Q, D and Et on a clear day in each of the four seasons
of Year 2003-2004 (18 October, 24 January, 8 March, 1 July,
respectively) are shown in Figure 3. Stand sap flow was the
highest in summer, followed by autumn, then spring and win-
ter. There were significant differences in the magnitude of F,
for three classes (P < 0.05), 1.e., F; for class 3 was the highest
while F; for class 1 was the lowest, but they all followed the
same diurnal trend (Figs. 3b1-3b4).

In the autumn, F,; started immediately after sunrise, peak-
ing when Q peaked and maintaining a high value for about 3 h
before decreasing in step with D (Fig. 3bl). In the winter, F,
started almost 1.5 h later than sunrise and peaked between the
peaks of Q and D, then declined in step with D after 17:00
(Fig. 3b2). In the spring, F, started 1 h later than sunrise and
peaked between the peak of Q and D after which a gradual
decline was observed (Fig. 3b3). In the summer, F,; started
immediately after sunrise and showed a mid-day depression
between peaks of Q and D (Fig. 3b4)

3.4. Daily patterns of stand sap flow in winter and
summer

Figure 4 shows the pattern of daily mean daytime value
of Et and environmental factors in a typical winter (Febru-
ary) and summer (July) month in Year 2003-2004 and Year
2004-2005 respectively. Over the two years, monthly mean Et
in July was always significantly higher than that in February.
Et in February and July in Year 2003-2004 was significantly
higher than the corresponding month in Year 2004-2005. In
February 2004, rainfall occurred at the beginning of the month,
and RSWC was higher than 0.7 throughout the month indicat-
ing non-deficit soil water conditions. In February 2005, almost
no rainfall occurred at the beginning of the month and RSWC
was mostly below 0.6 indicating severe soil water deficit. In
addition, Q and D were both higher in February 2004 than in
February 2005.

In July 2004, rainfall was distributed intermittently
throughout the month and no soil water deficit occurred. In
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Figure 3. Diurnal patterns of: (a) photosynthetically active radiation (Q, solid line) and air vapor pressure deficit (D, dashed line), (b) mean sap
flux density (F;) of DBH class 1 (solid line), class 2 (dotted line) and class 3 (dashed line), and (c) stand sap flow (Ef) on a clear day of each
season. All data were the means over 10 min periods.
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Figure 4. Daily patterns of: (a) mean daytime photosynthetically active radiation (Q, solid line) and air vapor pressure deficit (D, dotted line),
(b) relative soil water content (RSWC, line) and rainfall (bars), and (c) daily mean daytime stand sap flow (E7) in a typical month of winter and
summer in Year 2003-2004 and Year 2004-2005 respectively.
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Table II. Summary of the interannual changes in rainfall and transpiration.

Year 2003-2004

Year 2004-2005

Rainfall (mm)
Maximum daily transpiration (mm d')

Annual stand transpiration (mm)

1122.4 1342.5
1.64 0.92
244.5 185.8

Table III. The level of stand sap flow (£7) dependence on photosynthetically active radiation (Q) and vapor pressure deficit (D) in each season

during the two years.

Year 2003-2004

Year 2004-2005

Regression Season
R? P R? P
Autumn 0.767 < 0.001 0.740 < 0.001
Etvs. O Winter 0.285 < 0.001 0.344 < 0.001
Spring 0.570 < 0.001 0.713 < 0.001
Summer 0.707 < 0.001 0.714 < 0.001
Autumn 0.584 < 0.001 0.774 < 0.001
Efvs. D Winter 0.744 < 0.001 0.869 < 0.001
Spring 0.666 < 0.001 0.687 < 0.001
Summer 0.581 < 0.001 0.677 < 0.001
Autumn 0.924 < 0.001 0.958 < 0.001
Etvs.Q+D Winter 0.784 < 0.001 0.880 < 0.001
Spring 0.843 < 0.001 0.892 < 0.001
Summer 0.892 < 0.001 0.919 < 0.001

July 2005, evaporative demand as represented by Q and D was
high and RSWC fell below 0.6 over prolonged period indicat-
ing severe short-term drought.

3.5. Annual patterns of stand transpiration

The annual patterns of monthly mean E's followed closely
the variation in Q (Figs. 1b, le) with low Es over the pe-
riod from November to April and high Es during the sum-
mer. Es in Year 2003-2004 (244.5 mm) was higher than that
in Year 2004-2005 (185.8 mm). Maximum daily stand tran-
spiration was 1.64 mm in Year 2003—2004 which was almost
80% higher than that in Year 20042005 (Tab. II).

3.6. Dependence of Et on environmental factors

To avoid the influence of a wet canopy on the energy
budget, relationships between transpiration and environmental
factors were analyzed using daytime hourly values excluding
the data from rainy days and the day following rain. In this
study, dependence of Et on environmental factors was evalu-
ated both with and without taking consideration of hysteresis
between hourly sap flux and Q and D.

The correlations of daytime hourly mean Et with Q and D
in each season, without taking consideration of hysteresis, are
shown in Figure 5 and the levels of the dependence are shown
in Table III. There was a marked seasonal response in hourly

Etto Q and D. Generally for a given Q or D, Et was higher dur-
ing the wet season than during the dry season. Q or D alone
explained 57.0%—-86.9% (P < 0.001) of the variation in Ef in
most seasons except for winter. During winter, stand sap flow
was highly dependent on vapor pressure deficit but very little
on radiation. With a combination of Q and D, 78.4%-95.8%
(P < 0.001) of the variation in hourly Et was explained, indi-
cating strong coupling of Et to the drivers of transpiration at
the diurnal scale. The slopes for the regressions of Et depen-
dent on Q or D were higher in Year 2003-2004 than in Year
2004-2005.

In fact, the hysteresis between hourly sap flux and Q and
D within a day influenced the coupling of Er with the drivers
of transpiration (here represented by Q and D). Since the di-
urnal trends of different tree sizes were similar in each season
(Figs. 3b1-3b4), the difference in hysteresis between individ-
ual trees was ignored. The hysteresis between Ef and Q and D
was evaluated by shifting diurnal time series (10-min value) to
obtain the best fit. Hysteresis for either Q or D in each season
is shown in Tab. I'V.

Taking into consideration of the hysteresis substantially in-
creased the percentage of the variation in Ef explained by Q or
D alone: 75.8%-99.1% by Q alone, and 82%—-98% by D alone
during whole study period (data not shown).

When Et dependence on Q and D was evaluated using daily
mean daytime values rather than diurnal daytime hourly val-
ues, the percentage of the variation in Et explained by Q or D
alone was much reduced: less than 50% of the variation in E?
was explained by Q or D alone in most seasons and 50.7%-—
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Figure 5. Hourly mean daytime values of stand sap flow (E?) in relation to photosynthetically active radiation (Q) and air vapor pressure deficit
(D) in autumn (=), winter (a), spring (o) and summer (X) during Year 2003-2004 (a, c), and Year 2004-2005 (b, d) respectively. Regression
lines were also shown: short dash lines, solid lines, dash dot lines and long dash lines represent the relationships in autumn, winter, spring and
summer, respectively. Data were retrieved from 5 clear days in each season.

80.1% was explained by a combination of Q with D during the
whole study period.

4. DISCUSSION
4.1. Dependence of Ef on Q and D

In this study, daytime hourly Er was mostly linearly corre-
lated to Q or D in each season (Fig. 5), but substantial hystere-
sis in the relationships between Et and Q and D was observed
(Tab. III). Taking hysteresis into consideration markedly de-
creased uncertainty in the variation in Ez. The reduced slopes
of the above regressions in Year 2004—2005 were most likely
caused by extended periods of soil water deficit in the dry sea-
son and intermittent drought during the wet season. In fact,
on the selected 5 clear days in each season in Year 2003—
2004 the sample trees did not experience any soil water deficit,
but in Year 2004-2005, the trees were exposed to severe soil
water deficit (RS WC < 0.6) in all seasons except spring. In-
deed, the slope of the regression in spring 2004—2005 was only
marginally lower than that of 2003-2004.

Cienciala et al. (2000) also reported tight coupling of tran-
spiration to environmental factors for a young A. mangium
stand (R* = 0.79 and 0.85 for Q and D, respectively), but in

Table IV. Hysteresis in the relationships between Et and Q and D
in each season. Data were the mean values of 5 clear days in each
season.

Hysteresis (min)

Season

Etvs. Q Etvs. D
Autumn 60 60
Winter 120 20
Spring 70 50
Summer 50 70

their study, no significant hysteresis was observed. The dif-
ference between our results and theirs might be caused by
(1) difference in climatic conditions between the study sites,
and (2) A. mangium might have established different water
use strategies in response to the local climate. When Q and
D were combined 78.4%-95.8% of the variation in hourly
Et was explained, even when hysteresis was not taken into
consideration. This clearly indicates a tight coupling of E? to
the drivers of transpiration at diurnal scales in each season.

Meinzer et al. (1997) suggested that the extent of diur-
nal hysteresis in the relationships between Ef and Q and D
was determined by the manner in which Q and D co-varied
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throughout the day because the variation of Q and D was out
of phase on clear days. This explanation might be valid for
their study, but does not adequately explain the seasonality of
hysteresis observed in the present study. The extent of hys-
teresis between Ef and Q was larger in cold than in hot sea-
sons whereas the opposite result was observed for D (Tab. IV).
Short-term severe soil water deficit in July 2005 did not signif-
icantly influence hysteresis (data not shown). We suggest that
the seasonal variation in 7a could have played an important
role in seasonal variation of hysteresis. However, more mea-
surements are needed to verify this.

Daily mean daytime Et increased with increasing Q and D
in most seasons of the study period. But daily mean daytime
Et was less tightly coupled to either Q or D in each season
in comparison with daytime hourly mean Et in this study, this
might be caused by the daily changes in RSWC and reduced
range of the variation of the values.

4.2. Daily stand transpiration (Es)

Annual mean daily Es in our study was 0.59 mm during the
whole study period. There is only one other published sap flow
study from a young (9.5 years old) A. mangium plantation in
Borneo, Malaysia (Cienciala et al., 2000). Results from their
plot 1 are arguably the only ones comparable to ours. In the
present study, the highest daily Es was 1.64 mm d~', which
was 61% of the maximum daily Et measured by Cienciala
et al. (2000). A comparison of stand transpiration between dif-
ferent plantations is difficult, especially when the stands are
geologically distant and no potential evapotranspiration infor-
mation is available. Taking into consideration: the absence of
values for sapwood area per ha and LAl in Cienciala et al.
(2000); that basal area was larger at our site (26.6 m?> ha™!
vs. 18.6 m ha™!); and sapwood areas for a typical tree of DBH
of 25 cm were comparable (160 cm? in Cienciala et al., 2000
vs. 155 cm? in ours); the main cause of the low stand transpi-
ration was probably the increasing age of our stand of trees.
A decrease in Es due to aging was reported by Delzon et al.
(2005). Differences in drivers of transpiration between the two
sites could have also contributed to the difference in Es be-
cause the high values reported by Cienciala et al. (2000) were
obtained in August when drivers of transpiration were usually
high and no soil water deficit was observed.

The decoupling coefficient (0 < Q < 1) introduced by
Jarvis and McNaughton (1986) was largely used to evaluate
the stomatal control on canopy transpiration. One implica-
tion of Q approaching 0 is that the aerodynamic conductance
was particularly high relative to stomatal conductance and vice
versa. In this study, Q was < 0.2 (unpublished data) indicating
relatively low stomatal conductance. Cienciala et al. (2000)
suggested that Q should be high for their stand, this implied
relatively high stomatal conductance. From the above discus-
sion we suggest that beside the differences in climatic condi-
tions and planting density between the two sites, aging effect
could have contributed to the decline in tree transpiration in
the present study.
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4.3. Seasonal change in stand transpiration (Es)

Strong seasonality in Es was observed throughout this study
(Figs. 3c, 4c, and 5) with Et (Es) being larger in the summer
than in the winter. Such seasonality in tree water use is gen-
erally observed in temperate and tropical systems because of
large changes in Ta, Q, D and soil water content (Morris et al.,
1999; Zeppel et al., 2006). Several reasons can explain this.
First, drivers of transpiration (mainly Q and D) were always
greater in summer than in winter. Second, in subtropical South
China, summer is a wet season while winter is a dry season,
soil water deficit occurring in autumn and winter inevitably re-
duces Es. The influence of Q, D, Ta and soil water content on
tree transpiration is well documented (O’Grady et al., 2000;
Oren et al., 1999; Wullschleger et al., 2001). In this study,
in autumn, although the evapotranspiration drivers (Q and D)
were still high, rainfall rarely occurred and RSWC was usually
low. Contrarily, in spring, frequently rainfall improved the soil
water content but Q, D and 7a were relatively low, so the mag-
nitude of Es in autumn and spring were between that in winter
and summer.

4.4. Interannual change in stand transpiration (Es)

Total annual Es in Year 2003-2004 was 32% higher than
in Year 2004-2005 despite a 16% reduction in rainfall in
Year 2003-2004. Whilst a reduction in LAl appears to be the
main factor, because monthly averaged LAl was reduced by
20% from Year 2003-2004 to Year 2004-2005 while Es re-
duced by 24%; considering that Es only contributed very little
(14.3%) to the annual total Es during the months with high LA/
(November and December 2003 and January 2004), reduction
in LA is unlikely to be the main cause.

Deviation from the long term average rainfall pattern in
most months in Year 2004—2005 seems to be the key factor. In
Year 2004-2005 severe soil water deficit developed and lasted
for four months during the dry season, and excessive rainfall
and severe short-term drought occurred during the wet season.
For instance, Es in June of Year 2003—-2004 contributed 14.7%
to total annual Es while Es in June of Year 2004—2005 only
contributed 9.8% because of the excessive and frequent rain-
falls. Excessive rainfall tends to be lost by drainage or runoff
(Lane et al., 2004) and frequent rainfalls attenuate transpira-
tion (Krauss et al., 2007). Thus, we concur with the obser-
vation that annual stand transpiration did not simply increase
with rainfall. On the contrary, excess rainfall with large num-
ber of overcast and rainy days can significantly reduce annual
transpiration.

The 19-year-old stand of A. mangium used in this study was
considered to be in decline, with an annual transpiration of
186225 mm, which was only about 14-20% of the annual
rainfall (1122-1343 mm) at the study site. Such low stand tran-
spiration is unlikely to impact on the regional water balance.
However, it is evident that a younger, flourishing plantation
would have much higher transpiration.

Even taking the largely overestimated annual transpiration
of 986 mm (Cienciala et al., 2000) from a stand with a higher
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density (1020 stems ha™!), at its flourishing stage (9-year-old),
and in a region with much higher annual rainfall (3280 mm),
as an indicator of the potential transpiration of a young stand
in our region; this overestimated transpiration would still fall
below the average rainfall in our region. Therefore, it is ex-
pected that planting A. mangium at a density similar to that
found in the present study would be unlikely to cause major
concern for the regional water balance.

5. CONCLUSION

1. Annual mean daily stand transpiration was 0.59 mm d~!
and maximum daily transpiration was 1.64 mm d~'.

2. Hourly mean stand sap flow was highly coupled to pho-
tosynthetically active radiation and vapor pressure deficit
in each season but its dependence on these factors varied
seasonally. During the winter, stand sap flow was highly
dependent on vapor pressure deficit but very little on radi-
ation.

3. Marked hysteresis in the relationships between stand sap
flow and photosynthetically active radiation and vapor
pressure deficit was observed and the extent of the hys-
teresis varied seasonally.

4. Annual stand transpiration did not simply increase with in-
creased annual rainfall. On the contrary, excess rainfall in
the wet season as well as short term drought in the dry
season can significantly reduce annual stand transpiration.
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