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ABSTRACT Leaf physiological and morphological
responses were studied in seedlings of seven
dipterocarp species planted in three degraded
forest environments: grassland, logged remnant
forest and secondary forest. Dryobalanops beccarii,
Parashorea macrophylla, Shorea macrophylla, S.
ovata, S. parvifolia, S. seminis and S. virescens
were used as study species. The leaf photosynthetic
rate at light saturation (Am«), the dark respiration
rate (Rd), light compensation point (I.), leaf mass
per area (LMA) and SPAD value were measured
during the 38 months after planting. Water loss
by detached leaves was also determined at 13
months after planting. In the grassland, LMA and
Amax increased from three months after planting
in all species except S. ovata. The time by which
50% of total leaf water content had been lost from
detached leaves was positively correlated with LMA,
suggesting that species with high LMA (D. beccarii,
S. ovata and S. parvifolia) have high tolerance
to desiccation in the grassland. The positive
correlation found between LMA and A indicates
that LMA accelerated the photosynthetic rate,
although those species with higher Amx/LMA (P.
macrophylla, S. macrophylla and S. seminis) had
low tolerance of desiccation in the grassland. The
seedlings planted in the remnant forest had lower
leaf R« and higher SPAD values than in the other
environments. Large increase in SPAD value and
decrease of I. in P macrophylla and S. virescens
suggest that both species have acclimation ability to
the remnant forest. The lowest mortality and I. in
the remnant forest was in S. seminis and suggests
high shade tolerance in this species. In contrast,

S. ovata, which maintained the highest I. over the
measurement period, may suffer greatest mortality
in the remnant forest. In the secondary forest, the
leaf Awsx, LMA and SPAD value were intermediate
in value between the other two environments.
We conclude that leaf ecophysiological traits in
dipterocarp seedlings differ significantly between
species. This is information needed for enrichment
planting in degraded tropical rainforest areas in
Southeast Asia.
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INTRODUCTION

Deforestation rates in the lowland rainforest of Southeast
Asia have increased significantly, especially over the
last 50 years (Hansen and DeFries, 2004; Wright, 2005).
In particular, the dominant Dipterocarpaceae family
in the lowland rainforest of Southeast Asia is often
heavily logged for commercial timber (Whitmore, 1998).
Following disturbance, various types of degraded forest
remain in this area, because of differences in the type of
disturbance, environmental conditions, time elapsed since
the disturbance, and the original vegetation type. These
degraded forests can be broadly divided into three types
of degraded vegetation, namely grassland after burning,
remnant forest after logging, and secondary forest.
Appropriate rehabilitation or reforestation techniques are
required in each case. Enrichment planting in degraded
forest promises to be highly effective in rehabilitating
or reforesting degraded forest, especially using
Dipterocarpaceae and other endemic late-successional
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tree species; these provide benefits such as timber, food
and medical products (Schulze et al. 1994; Kuusipalo et al.
1996; Alias et al. 1998; Kobayashi, 2004; Lamb et al. 2005).
Growth and survival of the planted seedlings in degraded
forest may differ among species, however (Suzuki
and Jacalne, 1986; Maruyama et al. 1997a). A better
understanding of environmental responses in possible
planting species would greatly enhance enrichment
planting in forest environments (Appanah & Weinland,
1993; Krishnapillay, 2002). Leaf ecophysiological
traits should provide valuable information, since leaf
photosynthesis and water use are essential to carbon
assimilation and link directly to plant growth, survival and
environmental acclimation. However, we know little about
the leaf environmental responses of late—successional
tree species to degraded forest conditions.

Leaf ecophysiological properties related to
photosynthesis and water use generally depend on
both leaf physiological and morphological traits, and
are strongly related to the light environment (Kramer,
1983; Lee et al. 1996; Lambers et al. 1998; Larcher, 2003;
Shimizu et al. 2005). Leaves in strong light and drought
conditions (sun leaves) have greater leaf mass per area
(LMA), corresponding to a higher photosynthetic rate
and higher dehydration tolerance, than leaves in limited
light conditions (shade leaves). Shade leaves have
higher leaf chlorophyll content and are thinner, so as to
maintain the dark respiration rate and light compensation
point; these are lower than in sun leaves (Koike et al.
2001; Lambers et al. 1998). Shade leaves also suffer
excessive leaf water loss when shade-adapted seedlings
are transplanted into strong light conditions (Maruyama
et al. 1997b). However, these responses of leaves to the
environment differ significantly between species even in
the same taxonomic group, especially under strong light
conditions as in the forest canopy (Kenzo et al. 2004)
and may influence differences in seedling performance
after planting (Maruyama et al. 2005). For instance,
under degraded conditions, growth and survival of the
planted seedlings may be strongly related to the light
environment (Adjers et al. 1995; McNamara et al. 2006).
Grassland after forest burning usually experiences very
high light intensity, and some planted late-successional
tree seedlings, including dipterocarp species, had lower
growth and survival rate (Norisada et al. 2005; Yoneda
et al. 2005). On the other hand, seedling survival and
growth rate in some late-successional tree species
under very dark conditions, as in late-successional and
logged over closed remnant forest, was also significantly
suppressed, especially when growth light conditions

were less than 3% of the relative light intensity (Suzuki
and Jacalne, 1986; Ashton et al. 2006). Therefore we can
assume that leaf physiological and morphological traits
of the planted seedlings differ greatly between the three
vegetations, and strongly influence the adaptability of the
planted seedlings to the conditions.

In this study we measured leaf morphological and
physiological properties before and after planting, in
order to demonstrate interspecific acclimation ability in
the three types of typical degraded forest (logged over
remnant forest, secondary forest and grassland after
burning) in seven endemic dipterocarp species. All seven
species are popular enrichment planting species in east
Malaysia.

MATERIALS AND METHODS

Study site

Our study was carried out in the Niah Forest Reserve,
Sarawak, Malaysia (3°39’N, 113°42’E). The area has a
humid tropical climate, with weak seasonal changes in
rainfall and temperature (Kato et al. 1995). Annual rainfall
and average temperature are about 2800 mm and 27°C
(Hattori et al. 2005). The original vegetation was lowland
mixed dipterocarp forest. The soil at the study site mainly
comprised moderately soft gray mud stones and shales
(Baillie, 1972). It was classified into Typic Kandihumults,
and showed a light clay (LiC) texture (Irino et al. 2004,
2005; Hattori et al. 2005). There were no large differences
in total nitrogen and carbon, cation exchange capacity,
particle distribution between the three vegetation types,
although soil exchangeable bases and pH tended to be
higher in the grassland because of shifting cultivation
practice (Hattori et al. 2005).

The planting area (about 70ha) consists of the three
kinds of degraded forest vegetation specified above
(see Hattori et al. 2005). The first is grassland, which
established itself after sifting cultivation. The vegetation
is a few years old, since the last burning, and is covered
by tall grasses of height 1-2 m, and young pioneer trees
such as genus Trema. The relative light intensity (RLI)
was approximately 77%. The second type of degraded
vegetation is remnant forest, which formed after selective
logging from mixed dipterocarp rainforest. The forest
was logged selectively in the 1980s, but the forest
canopy is now almost closed, and the forest floor is as
dark as in natural rainforest. The RLI of the forest was
approximately 4%, similar to late-successional tropical
rain forest (Whitmore, 1998). Tree species in this forest
are diverse, and include many dipterocarp species such
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as genus Dryobalanops and Shorea. The stand density
and basal area (diameter at the breast height > 3 cm) in
the forest were approximately 1990 trees ha™ and 21m*
ha™ (according to our preliminary survey). Some large
trees were 40 m high. The last habitat is secondary
forest, also established after sifting cultivation. This forest
most recently experienced fire about 15 years ago. Trees
are mainly pioneer species such as genus Macaranga,
Artocarpus and Ficus. Tree height varies from 15 to 25
m. The forest floor is less dark, and sunflecks commonly
penetrate. The RLI was approximately 8% in the forest.
These post-fired forests are widely distributed around
tropical Asia, particularly in Borneo Island (Dennis et al.
2001), and the forest under study is a typical post fired
secondary forest in its species composition (Whitmore,
1998; Mori, 2000). These three vegetation patterns are
distributed patchily throughout the study area.

Plant materials and planting methods

The planted species were Dryobalanops beccarii Dyer,
Parashorea macrophylla Wyatt -Sm. ex P. S. Ashton, Shorea
macrophylla (de Vriese) P. S. Ashton, S. ovata Dyer ex
Brandis, S. parvifolia Dyer, S. seminis (de Vriese) Slooten
and S. virescens Parijs. All are Dipterocarpaceae, and
usually grow in the lowland dipterocarp forest in Sarawak
(Ashton, 2004). Dipterocarpaceae dominate in the tropical
rainforest in Southeast Asia, and often make up the upper
canopy layer (Whitmore, 1998; Symington, 2004). This
family also includes many important commercial timber
species (Ashton, 2004). The tree species chosen in this
study are canopy tree species that produce useful timber.
Seeds of S. macrophylla also contain a high-fat oil and are
exported commercially. These trees are therefore good
species for enrichment planting and forest rehabilitation
in the region (Kendawang, 1992).

The planted seedlings were fostered in a nursery
for three months to one year after germination at about
40% RLI (before planting). In May 2000 the seedlings
were planted in remnant forest, in secondary forest and
in grassland. An island corridor planting system was
used for the planting (Ninomiya et al. 2000). The planting
density in the system was approximately 370 trees per
hectare.

Measurement of leaf gas exchange rate and leaf
characteristics

To measure the leaf gas exchange rate, we used a
portable photosynthesis meter (LI-6400, Li-Cor, Lincoln,
NE). To avoid the midday photosynthesis depression,
measurements were made from 0800 to 1100 in the

morning (Hiromi et al. 1999; Kenzo et al. 2003). The
relation between photon flux density and carbon
assimilation rate was determined for fully expanded
leaves of five individuals in each plot. The measured light
intensity varied from 0 to 1800 pmol photon m™ s, and
the temperature was about 30°C (Kenzo et al. 2004, 2006).
The CO: concentration, vapor pressure deficits (VPD)
and air humidity in the chamber were approximately
370 ppm, 1.7 to 2.0 kPa and 60%. The photosynthetic rate
at light saturation (Am), light compensation point (Ic)
and the dark respiration rate (R:) were calculated from
the measurements (Kenzo et al. 2003, 2006). Stomatal
conductance at Amx (gsmax) Was also recorded, and the
water use efficiency (WUE), which is the ratio of Amx to
gsmax (Amax/gsmax), was calculated. After the gas exchange
measurements, the leaf mass per unit area (LMA)
and SPAD value were measured. The SPAD value was
determined using a SPAD-502 (Konica Minolta Holdings
Co. Ltd., Tokyo, Japan). This value is an index for the
chlorophyll content in the leaf (Ichie et al. 2002). The
measurements were carried out at the nursery before
planting, and then at 3, 13, 25 and 38 months after
planting. We used fully expanded and apparently non-
senescing leaves. To mitigate the effects of variable leaf
age, the age of the leaves was estimated from the position
on the branch, leaf texture, and particularly the leaf color
(Sobrado and Medina, 1980; Kenzo et al. 2006). Leaf color
was measured by the SPAD-502.

Measurement of water loss by detached leaves
Water loss by detached leaves was determined by
gravimetric methods at 13 months after planting (Kaul
and Kramer, 1965; Slavik, 1974). Mature leaves of five
individuals of each species were detached from freshly
collected shoots, and were placed with the petiole in water
for one night in a saturated atmosphere to allow them to
become fully saturated (Peace and Macdonald, 1981). The
water loss from a leaf was measured periodically for about
12 hours at approximately 35°C and 40% relative humidity.
The leaf water loss generally decreases exponentially
with time (Hygen, 1951; Slavik, 1974). We calculated the
‘half life’ after which 50% of the total leaf water content
was left (Hygen, 1951).

Statistical analysis

We performed two-way analysis of variance (ANOVA)
on the leaf physiological and morphological properties
from transplantation to 38 months after planting (Socal
and Rohlf, 1995). The significance of the difference was
determined using Tukey's test (P < 0.05).
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Scatter plots of LMA with leaf physiological
properties were analyzed by linear regression.

Differences in leaf properties between species were
tested by analysis of covariance (ANCOVA), with species
as main factor and LMA as covariable (Socal and Rohlf,
1995). All statistical analyses were conducted using SPSS
ver. 11.5 for Windows (SPSS Japan Inc., Tokyo, Japan).
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RESULTS

Changes in leaf properties after planting

The photosynthetic rate at light saturation (Amax)
increased after planting in grassland in all species except
S. ovata, and the rates varied by a factor of two between
species (Fig. 1). S. macrophylla exhibited the highest
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Fig. 1. Changes in photosynthetic rate at light saturation (A,.) after planting. Different letters indicate a
significant difference across the measurement period (P < 0.05, ANOVA). Bars indicate the standard
error (n=5 for each species).
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Amx at 38 months after planting in the grassland, of 15
pmol CO:- m” s . In contrast, Am in the remnant forest
maintained a stable value for 38 months in all species.
In the secondary forest, Amx was intermediate between
values in remnant and grassland (Fig. 1). The dark
respiration rate (Rs) in the grassland increased in all
species after planting (Fig. 2). In particular, R at three

months after planting was 2-3 times higher than at other
measurement times. In the remnant forest, Rs continued
to decline throughout the 38 months after planting in all
species. The rate at 38 months after planting was 1/2-
1/3 of the rate before the seedlings were planted (Fig. 2).

Leaf mass per area (LMA) increased after planting
in the grassland in all species except S. ovata (Fig. 3). S.
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Fig. 2. Changes in dark respiration rate (R,) after planting. Different letters indicate a significant difference

across the measurement period (P < 0.05, ANOVA). Bars indicate the standard error (n=5 for each
species).
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ovata maintained almost the same LMA throughout the
measurement period. In contrast, the LMA in the remnant
forest decreased after planting in all species. The SPAD
value, which indicates the chlorophyll content in the leaf,
increased at three months after planting in all species in
the remnant and secondary forest (Fig. 4). Thereafter,
the value rose gently until 38 months after planting. The
SPAD value in the grassland also increased slightly,
but the value in some species, such as S. macrophylla,
dropped at three months after planting.

The light compensation point () at 36 months after
planting in the remnant forest was lower than in the
nursery for all species (Fig. 5). The pattern of the changes
after planting was different between the species, however.
S. ovata maintained a higher I, value than the other
species after planting (P < 0.05, ANOVA). In contrast,
S. seminis had the lowest I. value (P < 0.05, ANOVA).
Parashorea macrophylla and S. virescens had relatively
high I. value in the nursery, but the value dropped at
three months after planting. We calculated the degree of
variance of the SPAD and I, values from nursery to three
months after planting in the remnant forest. A negative
relation was observed between both degrees of variance
in the remnant forest (Fig. 6). SPAD and I, values of
S. ovata showed little change from nursery to three
months after planting. In contrast, the SPAD value of P
macrophylla and S. virescens approximately doubled, and
the I, value fell by more than 20 to 30% from the nursery
to three months after planting.

Relation between leaf photosynthetic rate (4,,,) and
LMA

The leaf photosynthetic rate (Am) is positively correlated
with LMA in all species (P < 0.05; Fig. 7). Differences
were found between species by statistical analysis
(ANCOVA; P < 0.05). The analysis divided the studied
species into three groups. For instance, P macrophylla
and S. seminis had higher photosynthetic rates at lower
LMA. D. beccarii, S. macrophylla, S. parvifolia and S.
virescens belonged to the same group. The regression
slope, which refers to the photosynthetic rate per LMA
(Ama/LMA; mol CO: s’ g), was significantly smaller in
S. ovata than in other species.

Leaf desiccation traits and water use efficiency
(WUE)

The time after which half of the total leaf water had left
the detached leaf (50% water loss time) was also positively
correlated with LMA in grassland (P < 0.05; Fig. 8).
Parashorea macrophylla, S. macrophylla and S. seminis,

which had lower LMA, had shorter 50% water loss times
than higher LMA species such as D. beccarii, S. parvifolia
and S. ovata in the grassland. In contrast, there was no
significant correlation between the 50% water loss time
and LMA in the secondary and remnant forest.

Water loss time in the grassland was also in negative
relation to the photosynthetic rate per LMA (Awx/LMA,;
Fig. 9). Some species, which had longer water loss time
(D. beccarii, S. parvifolia and S. ovata), showed lower
Ana/LMA than shorter species such as P macrophylla
and S. macrophylla.

Changes of water use efficiency (WUE) differed
significantly between species in the grassland (Fig. 10).
The highest WUE over the measurement period was in
D. beccarii (P < 0.05, ANOVA). Although S. parvifolia
had low WUE in nursery conditions, WUE in this species
increased after planting and showed relatively higher
WUE compared with other species. In contrast, S.
macrophylla had high WUE in nursery conditions, but
the value decreased after planting and showed the lowest
WUE over the measurement period (P < (0.05, ANOVA).

DISCUSSION

Leaf acclimation to the grassland environment

Most of the dipterocarp seedlings studied acclimated
to the grassland condition, which experiences strong
sunlight and drought, by changing their LMA. However,
their acclimation abilities to the grassland differed
significantly between species.

Leaf light acclimation to the grassland appeared in
LMA and A~ in most of these species from just after
planting. Tree seedlings transplanted to strong light
conditions display a higher rate of photosynthesis and
LMA than in low light conditions (Bazzaz, 1979; Givnish,
1988; Ashton and Berlyn, 1992). The high Aw«x values of
the species studied here, apart from S. ovata, show that
they have relatively rapid acclimation ability to grassland
conditions. In particular, P macrophylla, S. macrophylla
and S. seminis, which showed high photosynthetic rate
per LMA (A~/LMA, Fig. 7), may have high plasticity
on the Awx to the different light condition by changing
LMA. However, the disproportionately large increase in
dark respiration rate just after planting, contrasted with
the increase in A in all species (Figs. 1, 2), reflect the
high cost of maintaining the photosynthetic apparatus,
and the cost of increased investment in photo-protective
mechanisms in grassland conditions (Demming-Adams
and Adams, 1992; Clearwater et al. 1999). The increased
respiration rate also reduces the benefits of high



Leaf responses of dipterocarp seedlings to degraded forest

150 T D. beccarii 150 T P. macrophylla 1501 S. macrophylla
= 100 a & 00t E 100
o 100 5 100 = 00 a
< q < <
b q a
= = a 3 b
50 [ 50 (M b 50 |
0 ' ' ’ ' 0 : : ' 0 ' ' ’ '
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Months after planting Months after planting Months after planting
150T 150 T 150 T
S. ovata S. parvifolia S. seminis
g 100 2 =100] & g100f
o ab g o
< b < ¢ b < a
- - 2
50 [ 50 [ c 50 b
b
0 : ' ’ ' 0 ! ' ' ' 0 ' ' ’ '
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Months after planting Months after planting Months after planting
150 T
S. virescens
E 100 | a
o
: :
— 50
-©-Grassland
-O- Secondary forest
-@- Remnant forest
0

0 10 20 30 40
Months after planting

Fig. 3. Changes in leaf mass per area (LMA) after planting. Different letters indicate a significant difference
across the measurement period (P < 0.05, ANOVA). Bars indicate the standard error (n=5 for each

species).



8 Tanaka Kenzo, Tomoaki IcHIE, Tomoko Ozawa, Seiichi KasHIMURA, Daisuke HaTTORI, Kazuo O. IriNo, Joseph Jawa KENDAWANG, Katsutoshi SAKURAI and Tkuo NINOMIYA

nor D. beccarii [ P. macrophylla 071 S. macrophylla
60 60 [ 60 [ b
e 50 [ : ¢ 50 [ a g507 c
i < < [
é 40 . é 10 | b é 40
c
5 306 130T 307
27 20 ¢ 27
10T 10F 10t
0 : ’ ' ' 0 ' ' ' ' 0 : ’ ’ '
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Months after planting Months after planting Months after planting
nor S. ovata 071 S. parvifolia 07 S. seminis
601 60 | 60 [ .
a a b
o 50 b g 0f b 50T
< b = =
> 40 Z 40 c ~A40f .
5 ¢ 2 " S
& 30 7 30 @ 30@
27T 2T 20T
10 107 10|
0 . . . ) 0 . , . , 0 X . . )
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Months after planting Months after planting Months after planting
or S. virescens
60 [ a
§ 50T a
5 40 [ b
£ 30 ]
% -©-Grassland
20 -O-Secondary forest
10t -@- Remnant forest
0 . . . ,
0 10 20 30 40

Months after planting

Fig. 4. Changes in SPAD value after planting. Different letters indicate a significant difference across the
measurement period (P < 0.05, ANOVA). Bars indicate the standard error (n=5 for each species).



Leaf responses of dipterocarp seedlings to degraded forest 9

@® DB ab
o OPM b
g
§ A SS bc
=}
< ASM b
= XSO a
=
~ H SPAb
ISV b

O 1 1 1 ]
0 10 20 30 40

Months after planting

Fig. 5. Changes in light compensation point () in the remnant forest after planting. Different letters indicate
a significant difference across the measurement period (P < 0.05, ANOVA). Bars indicate the
standard error (n=5 for each species).

Percentage of variance of SPAD value (%)

0 40 80 120 160
O T T T 1
—_ @ DB
< =052
g I = 0. PM

= -l0 P<0.05 ©
S A SS
g
'g % A SM
>
= | x50
s W SPA
o sV
[a W

30 T

40

Fig. 6. Relation between degree of variance of SPAD and I, value from nursery to 3 months after planting in
the remnant Bars indicate the standard error (n=5 for each species).



10 Tanaka Kenzo, Tomoaki IcHIE, Tomoko Ozawa, Seiichi KasumMura, Daisuke Hartori, Kazuo O. IRINO, Joseph Jawa KENDAWANG, Katsutoshi SAKURAT and Tkuo NINOMIYA

20

15
W
£
o

9 10
=}
g
<
é
<

5

0

Fig. 7.

P

"2 (DB, $M, SPA, SV)

®DB
OPM
ASM
XS0
ESPA
ASS
asv

0 40 80 120 160

LMA (g m?)

Relationships between LMA and photosynthetic
rate at light saturation (4,,.,) for three vegetations.
Values are means for each measurement period
across all replicate individuals (n=5 for each
species). The numbers and ellipses (dotted lines)
in the figure indicate three groups for the relation
between LMA and A.,,.., distinguished by ANCOVA
analysis (P < 0.05).

The regression lines are: D. beccarii, y = -1.26+
0.10x; ¥ = 0.81, P < 0.001. P. macrophylla,
y = -4.64 + 0.24x; r* = 0.84, P < 0.001. S.
macrophylla, y = -15.87 + 0.32x; ¥’ = 0.75, P <
0.001. S. ovata,y = -1.59 + 0.04x; r* = 0.37, P <
0.05. S. parvifolia, y = -2.19 + 0.12x; r* = 0.90,
P < 0.001. S. seminis, y = -1.41 + 0.16x; r* =
81, P < 0.001. S. virescens,y = -7.13 + 0.19x;

0.
r=0.76, P < 0.001.

1000

750

500

50% water loss time (min)

Do
a1
[«

1000

750

500

50% water loss time (min)

250

1000

750

500

50% water loss time (min)

Do
a1
(e

Fig. 8.

r Grassland
I eDB
=078 OPM
| P<0.05 AsM
XSO
HSPA
ASS
& asv
0 40 80 120 160
LMA (g m)
[ Secondary forest
® DB
OPM
I A SM
+ 7=0.23 XSO
"é" ns B SpPA
- ASS
asv
0 40 80 120 160
LMA (g m)
[ Remnant forest
® DB
OPM
L ASM
+ X SO
f£= 0.12 .ISIH%
I v ns Ass
Oosv
0 40 80 120 160
LMA (g m?)
Relationships between LMA and the

time when 50% of total leaf water was
lost from detached leaves (50% water
loss time) in the three vegetations Bars
indicate the standard error (n=5 for
each species).



Leaf responses of dipterocarp seedlings to degraded forest 11

1000

= 750

g

L

k= @ DB

2

S 500 | O PM

Q

S A SS

S A SM

250 F X SO
H SPA
1SV
O 1 1 1 ]
0.0 0.1 0.2 0.3 0.4

A_ /LMA (umol CO, m?s g

Fig. 9. Relationships between A,,./LMA and the time when 50% of total leaf water was lost from detached
leaves (50% water loss time) in the grassland. Bars indicate the standard error (n=5 for each species).

100

80 @DB 2

~ OPM b

é 60 \ ASS b

§ ;‘ ASM be

< L %SO b
N 40

Il SPA ab

CJSV b

2 T

O 1 1 1
0 10 20 30 40

Months after planting

Fig. 10. Changes in water use efficiency (WUEFE; A..../gS...) after planting in the grassland. Different letters
indicate a significant difference across the measurement period (P < 0.05, ANOVA). Bars indicate
the standard error (n=5 for each species).



12 Tanaka Kenzo, Tomoaki IcHiE, Tomoko Ozawa, Seiichi Kasmvura, Daisuke Hartori, Kazuo O. IRINO, Joseph Jawa KENDAWANG, Katsutoshi SAKURAT and Tkuo NINOMIYA

photosynthetic capacity in grassland when the leaf carbon
gain is calculated on a total day basis. This negative effect
may be large in D. beccarii, S. macrophylla, S. parvifolia
and S. seminis, because these species had higher
increment ratio of Ra after planting than in the other
species. In addition, the SPAD value of S. macrophylla
dropped just after planting (Fig. 4), so that this species
may be weaker at chlorophyll synthesis (Tange et al.
1998) than the other species under strong sunlight
conditions. A long hardening period before planting may
therefore be needed for this species.

High LMA also contributes to tolerance of
desiccation in grassland after planting (Fig. 8), though
there was a trade-off between desiccation tolerance and
photosynthetic efficiency per unit leaf mass (Amx/LMA,;
Fig. 9). Species having low tolerance of desiccation, such
as P macrophylla, S. macrophylla and S. seminis, tended
to have higher photosynthetic efficiency and lower
LMA than in other species such as D. beccarii, S. ovata
and S. parvifolia. In addition, interspecific differences
in desiccation tolerance in the leaf, as indicated by the
relation between LMA and 50% water loss time (Fig.
8) may be related to the original growth habitat of the
species. Species with high tolerance to leaf desiccation,
such as D. beccarii, S. ovata and S. parvifolia, usually
grow at well-drained places such as narrow ridges and
in sandy soil (Ashton, 2004). In contrast, species having
low tolerance of desiccation, such as P macrophylla, S.
macrophylla and S. seminis, grow in wetter areas such
as river banks and flood plains (Ashton, 2004). Species
with low tolerance cannot adjust their LMA adequately
in dryer habitats. Leaf water use efficiency (WUE) after
planting also indicates drought tolerance (Maruyama et
al. 1997a), and showed similar trends to the desiccation
tolerance of the leaf in the grassland. The lowest WUE,
in S. macrophylla which is also of low tolerance to leaf
desiccation, indicates that this species requires large
amounts of water to maintain a high carbon assimilation
rate in grassland. Thus, this species may be weakest
under drought conditions. In contrast, high WUE species
such as D. beccarii and S. parvifolia, which are also
high tolerance species in regard to leaf desiccation,
are able to avoid excessive water loss by their leaf
photosynthetic activity under drought conditions. These
species maximize water conservation in high water stress
conditions as in the grassland.

Leaf light acclimation to the remnant forest
environment
Leaves of the species studied acclimated to the remnant

forest by changing their SPAD and I, values (Fig. 4 &
5), which contribute to efficient seedling growth and
survival under shade conditions. Although there were
no large differences in soil nutrient content between the
three vegetation environments studied (Hattori et al.
2005), the highest leaf SPAD value indicated that a large
chlorophyll content (Ichie et al. 2002) was observed
in the remnant forest. A large leaf chlorophyll content
helps to maintain low I, at low light availability (Lee et al.
2000; Koike et al. 2001; Larcher, 2003). Initial acclimation
ability to the shade condition, as indicated by the relation
between the extent of changes in the SPAD value and I,
from the nursery to three months after planting (Fig. 6),
reflects interspecific shade tolerance. Species with only
small changes in SPAD value and I, such as S. ovata
and S. parvifolia, are categorized as weak acclimatizers
to shade conditions. This weak acclimation is a cause
of the higher mortality in the remnant forest in these
species, which was approximately 60% in S. parvifolia to
80% in S. ovata at 36 months after planting (Kenzo et al.
2005b). In contrast, the large increase in SPAD value and
decrease of I. in P macrophylla and S. virescens indicate
that these species have strong acclimation ability to the
shade condition. Mortality of these species was relatively
low, at approximately 40% in S. virescens and 50% in P
macrophylla at 36 months after planting (Kenzo et al.
2005b). Although the SPAD value for S. macrophylla did
not change greatly after planting, a 25% decrease of I,
occurred, and mortality was also low (approximately 25%
at 36 months after planting). Changes of I, across the
measurement period (Fig. 5) also explain the seedling
mortality in the remnant forest. The lowest I. across the
measurement period was found in S. seminis and the
mortality of this species was the lowest of these species
(approximately 20% at 36 months after planting, Kenzo
et al. 2005b). In contrast, S. ovata, which maintained the
highest I, across the measurement period, suffered the
highest mortality in the remnant forest.

Leaf acclimation to the secondary forest
environment

Most leaf morphological and physiological traits in the
secondary forest were intermediate in value between the
other two vegetation environments. Some researchers
have found that seedlings of late—successional species,
including dipterocarp trees, grow successfully and survive
under other tree canopies in stressful environments
such as severely degraded open land and semiarid land
(Ashton et al. 1997; Otsamo, 1998; Tewksbury and Lloyd,
2001; Kenzo et al. 2005a). This is because the other trees
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provide shade from strong sunlight, leading to only
moderate light intensity, temperature and vapor pressure
deficits (VPD; Norisada et al. 2005). In fact, optimal
growth rate of many dipterocarp seedlings occurs under
partially shaded conditions (Nicholson, 1960; Sasaki and
Mori, 1981; Okauchi et al. 2000). We also found that the
dark respiration rate was lower in the secondary forest
than in grassland conditions in all species, suggesting
that the cost of maintaining the photosynthetic apparatus
and photo-protective mechanisms is reduced by the
canopy covering. In contrast, the photosynthetic
capacity (Am) increased from the nursery, except S.
ovata (Fig. 1). These findings suggest that naturally
regenerated secondary forest trees can be used as
nurse trees for dipterocarp seedlings under degraded
vegetation conditions. In addition, Am clearly increased
after planting from the nursery, though light conditions
decreased after planting. This combination may cause a
shortage of nutrients such as nitrogen in potted soil in the
nursery; the total nitrogen content in the potted soil fell
from 0.14% to 0.05% with growth of dipterocarp seedlings,
and this nitrogen level was significantly lower than in the
soils of planted sites (Irino et al. 2004, 2005; Hattori et
al. 2005). The increase in SPAD value in the grassland is
also related to nutrient shortage of the potted soil in the
nursery.

CONCLUSIONS

The responses of leaf morphological and physiological
traits in seven dipterocarp seedlings differed significantly
between species in three distinct degraded forest
environments. Based on our results, we suggest points to
consider for each species when conducting enrichment
planting: (1) drought intolerant species (P macrophylia,
S. macrophylla and S. seminis) should be planted in
high soil moisture and/or clay rich soil condition to
avoid serious drought; (2) species intolerant to strong
sunlight just after planting (S. macrophylla) may need
a long hardening period or planting under the crown of
nurse trees; (3) shade intolerant species (S. parvifolia
and S. ovata) should be planted in relatively high light
conditions, perhaps created by partial removal of the
crown of forest trees, to enhance the growth and survival
of these seedlings. This information allows improved
techniques for enrichment planting in degraded tropical
rainforests.
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