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Abstract  Acacia mangium is a fast growing tropical tree species with significant economic and ecological val-
ues. The diurnal variations of photosynthesis and daily-integrated photosynthetic CO, assimilation over whole
photoperiods of A. mangium phyllode were investigated. The results showed that the photosynthetic CO, up-
take of A. mangium phyllode exhibited a 14.5% decrease during midday. The PSII of the A. mangium
phyllode was tolerant to high Photosynthetic photon flux density (PPFD) levels and high temperatures. The in-
tegrated daily carbon gain and nocturnal carbon loss of A. mangiwn phyllode was 502 mmol CO,* m~2-day !
and 54 mmol CO,*m~2+-day ™!, respectively. All of these physiological traits allow A. mangium to take ad-
vantage of the high PPFD environment in the tropics and help this plant to realize rapid growth.
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In natural environments, plants are exposed to fluc-
tuations in air temperature, light and water availability,
and atmospheric humidity during the course of a day.
These interacting factors have important effects on plant
physiological processes, and thus the growth of the plants
(Zotz & Winter, 1996). The diumal courses of gaseous
€O, and water vapor exchange provided fundamental infor-
mation on plant responses and adaptations to their natural
growth environments. In addition, measurements of diur-
nal (24 h) CO, exchange is the most direct method to de-
termine the primary photosynthetic productivity of leaves
in the field (Zotz & Winter, 1996), which is essential
for the analysis of carbon allocation and plant growth.

Diurnal changes of photosynthetic CO, assimilation
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rate have been studied in plants growing in the temperate,
Mediterranean, and subtropical climates, and a typical
midday depression in the photosynthetic CO, uptake rate
of these plant species was also reported (Lange et al.,
1982; Tenhunen et al., 1984; Raschke & Resemann,
1986; Roy & Slalager, 1992; Faria et al., 1996; Ishida
et al., 1999; 2001a). Several physiological responses
have been used to explain the probable cause of a midday
depression in photosynthetic CO, uptake. For instance,
the decrease in stomatal conductance could result in a
midday depression of net photosynthesis (Tenhunen et
al., 1984; Raschke & Resemann, 1986; Knapp &
Smith, 1989). Another reason for the reduction of photo-
synthetic CO, uptake rate during midday could be the
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feedback inhibition of photosynthesis by carbohydrate ac-
cumulation (Foyer, 1988) . It has also been reported that
long periods of high PPFD ( Photosynthetic photon flux
density) could lead to the midday depression of photosyn-
thetic CO, rates (Kuppers et al ., 1986). Recently, the
combination of chlorophyll fluorescence measurements and
gas exchange determinations in the diurnal variations of
leaf photosynthesis has provided valuable insights on the
regulatory mechanisms of the photosynthetic machinery
under natural field conditions (Schreiber et al., 1994;
Faria et al ., 1996; Xu & Shen, 1997).

Acacia mangium is a tropical pioneer species, wide-
ly used in reforestation programs and pulp wood planta-
tions in the humid tropics (Sim, 1986; Mok et al.,
2000) . Juvenile plants of A. mangium have true com-
pound leaves, made up of minute leaflets, which are re-
placed by phyllodes [ expanded petioles that form simple,
photosynthezing laminae (Esau, 1965) ] in older plants.
The objective of the present work was to describe and ana-
lyze in situ diumal CO, and H,O exchange pattern and
the integrated daily carbon gain and nocturnal carbon loss
of A. mangium phyllodes, in order to assess the respons-
es of A. mangium phyllode photosynthesis to diurmnal
variations in environmental conditions and to advance the
understanding of the ecophysiological mechanism by which
A. mangium copes with the combination of high PPFD
levels and high temperatures during midday in the humid
tropics.

1 Materials and methods

Seeds of A. mangium were pretreated and germinat-
ed according to Yu and Ong (2000), and seedlings were
grown in pots (33 ¢m diameter, 26 cm depth) in an ex-
posed open site in the Teaching Garden of Department of
Biological Sciences, National University of Singapore.

Twenty-four hours (8:00 —8:00) CO, and H,0 ex-
change of mature A. mangium phyllodes (250 days after
sowing) were recorded at 2 h intervals with a CIRAS-1
portable differential CO,/H,0O infrared gas analyzer (PP
systems, Hitchin, UK) . Measurements were made in the
field on three consecutive days [ (27 August to 29 Au-
gust, 1999) and April (24 April to April 26, 2000) ],
which were bright and clear with no cloud and with similar
radiation and environmental conditions. Under natural
day/night conditions, gas exchange rates of phyllode were
determined at an airflow rate of 200 cm®*min ™" with ca.
365 pmol* mol ! CO, in the cuvette, and a phyllode area
of 2.5 cm® was enclosed in the cuvette. Day and night

environmental conditions inside the cuveite were nearly i-

dentical to those plants would experience in a natural en-
vironment. Environmental variables (PPFD level, air
temperatures) and physiological parameters ( net photo-
synthetic rate, transpiration rate, stomatal conductance,
intercellular CO, concentration, and phyllode tempera-
ture) were measured throughout the day with a CIRAS-1
infrared gas analyzer. The integrated daily carbon gain per
unit phyllode area of an A. mangium phyllode was esti-
mated by integrating the areas beneath the diurnal photo-
synthetic CO, assimilation curves.

The photochemical efficiency of PSIl (F,/F,) of
A. mangium plants was determined in parallel with the
diurnal gas exchange measurements on separate phyllodes
from 8:00 to 18:00 at 2 h intervals. In the field, intact
phyllodes attached to the A. mangium plant were dark-
adapted for 30 min (covered with aluminum foil, and pre-
liminary experimentation showed that 30 min dark-adapta-
tion was enough for F,, to reach maximal value). These
dark-adapted phyllodes were excised with a sharp razor
blade. With the cut-end wrapped in moist cotton, each
phyllode was immediately brought back to the lab for mea-
surement with a pulse amplitude modulation fluorometer
(PAM 101-103, Waltz, Effeltrich, Germany) . Minimal
fluorescence, F,, was determined at a light level lower
than 0.01 pmol*m™2+s'. After F, was recorded, a
600-ms saturating light pulse (5 000 pmol-m~2-s7")
was given and F,, maximal fluorescence, was deter-
mined. Saturating light was supplied by a Schott flash
lamp (KL 1500, Schott, Mainz, Germany) . The photo-
chemical efficiency of PS Il , F,/F,, was calculated
from F,, and F,, F, = F,, — F, (Schreiber et al.,
1994) .

The experiments were repeated two times in August
1999 and April 2000, respectively. The values for envi-
ronmental variables ( PPFD level, air temperatures) and
physiological parameters ( net photosynthetic rate, transpi-
ration rate, stomatal conductance, intercellular CO, con-
centration, and phyllode temperature) were averaged over
six days of measurement, as the environmental conditions
were similar for these days. Each result is represented as
the mean + standard error (SE).

2 Results

2.1 Environmental conditions

The daily changes in PPFD level on a sunny day in
the experimental site are shown in Fig. 1(A). The sun
rose around 7 : 00 local time and the radiation increased
quickly, so that by 10: 00 the PPFD incident on the
canopy of unshaded plants exceeded 1 500 pmol * m2-
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Fig.1 Diumal courses of variation in photosynthetic photon flux

density (PPFD) (A), and A. mangium phyllode temperature
and air temperature (B)
Measurements were made on clear sunny days. The vertical bars indicate

standard errors of means

The air temperature ranged from 27 C to 38 C,
and daytime temperature on an average was 6 “C higher
than the nighttime temperature. With the exception of
midday (12:00 to 14:00), the phyllode temperature was
similar or slightly lower than the air temperature. During
12:00 to 14:00, the phyliode temperature was 0.54 —
0.70 °C higher than the air temperature (Fig.1B).

2.2 Photosynthesis

The 24 h CO, exchange pattern of A. mangium
phyllodes is shown in Fig. 2. Generally, the rate of pho-
tosynthetic CO, uptake ( P,) was parallel to the changes
in PPFD levels throughout the day as it responded primar-
ily to changes in PPFD levels (Fig. 1A, Fig. 2). The
highest P, of A. mangium phyllodes was observed at
10:00 (19.74 panol CO;, + m 2.5 1), and it remained
high during the day. However, a slight depression (14.
5%) in the P, was observed between 12:00 - 16:00,
with respect to the highest value observed at 10:00 (Fig.
2). Integrated over the whole 24 h period, the daily net
CO, uptake was 502 mmol CO,*m~%+day~", and the net
CO, loss during nighttime was 54 mmol CO,*m ™%+ day~".
2.3 Stomatal conductance, transpiration rate and inter-
cellular CO, concentrations

During the times when the PPFD levels were high
(from 10:00 to 16:00), the transpiration rate and stom-
atal conductance of A. mangium phyllodes were also high
(Fig. 3A.B). Midday depressions of transpiration rate

Fig.2 Diumal changes in the rate of photosynthetic CO, exchange
of A. mangium phyllode

Measurements and the vertical bars see Fig.

and stomatal conductance were observed (Fig. 3A, B).
Intercellular CO, concentration ( C;) peaked at 2 : 00,
thereafter decreased, and remained constant from 10:00
to 16 : 00, After sunset (18:00), it increased again
(Fig.3C).
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Fig.3 Diurnal changes in transpiration rate (A), stomatal conductance
(B), and intercellular CO, concentration (C) of A. mangium phyllodes

Measurements and the vertical bars see Fig. 1

2.4 Chlorophyll fluorescence

The daily changes in the F,/F, ratio of A.
mangium phyllodes on a sunny day are shown in Fig.4.
It was highest at 8:00 (0.85), and it decreased to 0.77
at midday. Then it increased, and by 18:00, it reached
to 0.83 (Fig.4) .
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Fig.4 The daily changes in photochemical efficiency of PSIl ( ¥,/ F,)
of A. mangium phyllodes

Measurements and the vertical bars see Fig. 1

3 Discussion

The rate of photosynthetic CO, uptake ( P,) was
positively related to the PPFD value (R*= 0.96), indi-
cating that PPFD was the main factor affecting P, of A.
mangium phyllode. The same relationship between P,
and PPFD was also reported in Pinus pumila (Ishida et
al., 2001la). The highest P, of A. mangium phyllodes
was about 20 pmol CO,*m~2+s~!, and it was observed at
10: 00 when PPFD level was 1 600 pmol photon*m ™2
s~'. These results resemble those of Eucalyptus rossii, as
a similarly high P, of this tropical tree species (24.4
pmol CO, *m™2+57!) was observed at about the same
time of the day (Roden & Ball, 1996).

Under optimum conditions ( temperature of 29 C
and PPFD level of 1 400 ymol'm_z's’]), a maximal P,
of 22.46 pmol CO,*m~%+s™'in A. mangiun phyllode
was documented in the laboratory (Yu & Ong, 2000).
The daily average rate of photosynthetic CO, assimilation
of A. mangium phyllode under natural conditions on
clear sunny day was 80% of this maximal value observed
in the laboratory. The extent to which the daily average
rates of photosynthetic CO, assimilation fall below their
potential maximal levels would provide quantitative infor-
mation on the adaptation of plants to their natural habitats
(Schulze, 1982). Thus, the higher P, in A. mangium
phyllode reported here shows that this plant species is well
adapted to the tropical high PPFD and high temperature
environment .

Midday depression in photosynthesis in tropical pio-
neer species has been observed (Zotz & Winter, 1993;
1996; Zotz et al., 1995). For instance, during the dry
season ( January), the P, of Ficus insipida in Panama
decreased from 30 pmol CO,*m™2+s~ ! at 9:45 to 1 pmol
CO*m ?+s7" at 11:20, stayed this low for two hours
(Zotz et al., 1995). A midday depression in P, for
Mediterranean tree species was also widely reported ( Ten-

hunen et al., 1984; Faria ef al ., 1996) . For example,

Quercus suber underwent a 75% reduction in P, during
midday in the summer, and this midday depression in P,
was strongly correlated with the severe decline in stomatal
conductance (Faria et al., 1996). The simultaneous
midday decrease in P, and stomatal conductance has also
been observed in Pinus halepensis, Quercus coccifera ,
Juniperus phoenicea (Martinez-Ferri et al ., 2000), and
Ficus insipida (Zotz & Winter, 1995). The results ob-
tained in this study showed that the midday depression of
Pn in A. mangium phyllodes was small, as it only re-
duced by 14.5% at midday. In addition, the stomatal
conductance of A. mangium phyllodes was high through-
out the day. The lowest value of 287 mmol H,0*m™2+
s~ ! observed at 14:00 was still higher than that of the
highest stomatal conductance of Quercus suber (Faria e
al., 1996) and Quercus coccifera ( Martinez-Ferri et
al., 2000). The average daytime stomatal conductance
(476 mmol HyO*m™2+s™ ') of A. mangium phyllodes
was about 20 times of the stomatal conductance (25 mmol
H,0-m~2+s7!) of an understory plant, Peperomia ob-
tusifolia (Woermner & Martin, 1999). The highest stom-
atal conductance (630 mmol Hy0 *m~%-s7!) of A.
mangium phyllodes was observed at 16 : 00. To our
knowledge, only the stomatal conductances of two tropical
Eucalyptus species were higher than this value. E.
macrorhyncha , has a stomatal conductances of 650 mmol
H,0+m 2+s™!(Roden & Ball, 1996); and E. tetrodon-
ta, has a stomatal conductances of 703 mmol H,0*m™2-
s !'(Berryman et al., 1994). Since a larger stomatal
conductance increase CO, diffusion into leaf, the high
stomatal conductance in A. mangium phyllode would fa-
vor carbon fixation and light utilization, although it is
costly in terms of water usage. Therefore, the ability of
A. mangium to maintain high P, at midday is correlated
with its high stomatal conductance.

In tropical environmenis, the combination of high
temperature and PPFD level during midday might damage
the apparatus of PS II. The high stomatal conductance of
A. mangium may lower the phyllode temperature, which
allows the phyllodes to maintain favorable temperatures for
photosynthetic CO; assimilation, therefore providing a dis-
tinctive advantage in a tropical hot environment. In A.
mangium, the high transpiration rates associated with
high stomatal conductance are sufficient to prevent the
phyllodes from becoming hotter than the ambient air dur-
ing periods of high PPFD. Between 10:00 - 16:00, the
transpiration rates of A. mangium ranged from 6.14 to
10.07 mmol H,0*m~2+s ™! and the phyllode temperature
(35 -36 °C) was lower or slightly higher (0.41 C, from
12:00 to 14:00) than the air temperature of 36 — 38 C.
In comparison, the study on the diumal gas exchange of
two other tropical pioneer species ( Shorea leprosula and
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Marcaranga gigantean ) in Malaysia showed that the
highest transpiration rates were 5 — 5.5 mmol Hy0-m™2-
57!, and the leaf temperature (34 — 37 °C) was higher
than the air temperature of 30 — 34.5 °C during 9:00 to
16:00 (Ishida et al., 1999). Therefore, it can be con-
cluded that by maintaining phyllode temperatures close to
air temperatures, A. mangium can sustain constant and
relatively high assimilation rates throughout the photoperi-
od. This adaptive trait probably results in a greater net
carbon gain for A. mangiuwm than other species, which
undergo a severe depression in photosynthetic CO, uptake
rates during midday.

The intercellular CO, concentration ( C;) is an im-
portant factor in the regulation of photosynthetic CO, up-
take rate (Mohotti & Lawlor, 2002). In this study, the
stomatal conductance was large and the rate of photosyn-
thetic CO, uptake of A. mangium phyllode was low, at
8:00, thus C; was high in the early morning. During
10:00 to 16:00, the C; was low, and this could be due
to the decreased stomatal conductance during this time pe-
riod. Furthermore, this decreased C; would have restrict-
ed the rate of photosynthetic CO, uptake, and this persist-
ed from 10:00 to 16:00.

Under natural conditions, the imbalance between en-
ergy input and energy utilization as a result of high PPFD
level at midday, might lead to a decrease in the photo-
chemical efficiency of PSIl (Long e al ., 1994; Faria et
al., 1996). Simultaneous depression of PS I[ photo-
chemical efficiency and P, under natural conditions has
been reported in Quercus petraea (Epron et al., 1992)
and Quercus ilex, Olea europaea, and Eucalyptus glob-
ules (Faria et al., 1998). In this study, in addition to
the 14.5% reduction in P, of A. mangium phyllodes
during midday, a slight decrease (8% ) in the photo-
chemical efficiency of PSIl ( F,/F,,) between 12:00 —
14:00 was observed. Compared with other tropical tree
species, the magnitude of this decrease in F,/F,, of A.
mangium was smaller. For example, it was reported that
F,/F, decreased by 28% in Eucalyptus macrorhyncha
(Roden & Ball, 1996) and Planchonella obovata (Ishida
et al., 2001b) during midday. In Ariscema heterophyl-
lum, F,/F, decreased by 50% during midday ( Muraoka
et al., 2000). Thus, a high F,/F, of phyllode
throughout the day suggests that A. mangium maintains a
relatively high photochemical efficiency of PSII , and this
can contribute directly to the higher total carbon gain of
these plants and fast growth of this species. In addition,
the PSIl of A. mangium phyllodes is relatively tolerant
to high PPFD levels and high temperatures, as indicated
by high F,/F, (0.77 - 0.83) during 10:00 - 14: 00
with PPFD of 1 500 pmol-m ™~ 2+s™! and temperatures of
35-36 C.

To determine the primary photosynthetic productivity
of leaves in the field, 24 h measurement of CO, exchange
is the most direct method (Zotz & Winter, 1996). The
integrated daily carbon gain and nocturnal loss of A.
mangium phyllodes was 502 mmol CO,*m 2+ day”' and
54 mmol CO,*m™2+day ™!, respectively. Compared with
other tree species, the integrated daily carbon gain of A.
mangium phyllode is high. For example, the integrated
daily carbon gain of Ficus aurea and Ficus nymphaeifolia
was 202.5 mmol CO,*m~2+day™" and 214 mmol CO,*
m~2+day ', respectively (Ting et al ., 1987). The noc-
turnal carbon loss in A. mangium was about 10 % of the
integrated daily carbon gain; this is in agreement with the
study on the 24 h courses of CO, exchange of leaves of
eight species of tropical rain-forest plants on Barro Col-
orado Island, Panama (Zotz & Winter, 1993; 1996).

Furthermore, a linear relationship between the light-
saturated rate of photosynthetic CO, uptake and the inte-
grated daily carbon gain of the plant species was observed
from the studies on the diurnal in situ gas exchange of
eight rain-forest species (Zotz & Winter, 1993), a tropi-
cal hemi-epiphyte ( Clusia wvitana ) (Zotz & Winter,
1994), and Ficus insipida (Zotz et al., 1995) from
Barro Colorado Island, Panama, and this linear relation-
ship could be expressed by an equation (daily carbon gain
= 21.2 x the light-saturated photosynthetic CO, uptake
rate—2.1) (R?>= 0.95). In addition, Zotz et al.
(1995) concluded that this linear relationship was quite
common among plants, and it can be used in a wide range
of species through extrapolating from point measurements
of light-saturated rates of photosynthetic CO, uptake to in-
tegrated daily leal carbon gain. However, daily carbon
gain and light-saturated rates of photosynthetic CO, uptake
might not be very closely correlated in plant species that
display midday depression of photosynthesis, as the de-
creased midday photosynthesis might cause decreased total
daily carbon gain (Zotz et al., 1995). For example, in
Ficus insipida , diurnal carbon gain was about 20% lower
than that predicted by this regression method because of a
strong midday depression during the dry season (January)
in Panama (Zotz et al ., 1995). As only 14.5% midday
depression of P, was observed in A. mangium , this re-
gression method could also be used to extrapolate the daily
phyllode carbon gain of A. mangium from the light-satu-
rated photosynthetic CO, uptake rate, and tropical pioneer
species with high photosynthetic capacity like A.
mangium would be expected to have a high daily carbon
gain in tropical regions characterized by high radiation and
high temperature.

In conclusion, A. mangium has high stomatal con-
ductance, high capacities for carbon assimilation, and
high light use efficiency in a tropical environment. The
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PSTl of A. mangium phyllodes is tolerant to high PPFD
levels and high temperatures. The integrated total daily
carbon gain in A. mangium is higher than other tropical
pioneer species. All these physiological traits allow A.
mangium lo take advantage in tropical high PPFD envi-
ronments and assist this plant in realizing fast growth.
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