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Abstract : We aimed to determine the orientation for developing the method to estimate leaf area of sago
palm (Metroxylon sagu Rottb.) by extracting characteristics that might be related to estimating leaf area from
characteristics of leaves. Plants of around two years after trunk formation at a sago palm farm in Sarawak,
Malaysia were used for the investigation. In a plant with eleven living leaves, the length of the unfolded leaf blade
ranged from 6.0 to 7.2 m; the length of a petiole ranged from 1.8 to 3.1 m. The number of leaflets on the left side
of a leaf viewing adaxial leaf surface with the tip upward was larger than that on the right side by 1-5 leaflets in
all leaves. The lowest leaflet of a leaf was on the left side in all leaves. The relative position of the lowest leaflet on
the rachis was related to the way a leaf was folded in a plant. The length, width and area of the right and the left
leaflets were compared on the basis of their position on a rachis. They had approximately the same dimensions.
This fact implied that those characteristics were almost symmetric with respect to the rachis; therefore, the
position of a leaflet on a rachis was considered to be an important characteristic for analyzing leaf area. We drew
a leaf diagram based on the measured data and examined a method of estimating leaf area using the leaf outline,
but the method was not suitable. We decided to examine a method to integrate the leaflet areas for accurate

estimation of the leaf area.
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Sago palm (Metroxylon sagu Rottb.) accumulates a
large quantity of starch in its trunk. It is an important
starch crop in Southeast Asia. It has been cultivated
traditionally and utilized in the southern regions of
Thailand, Malaysia, Indonesia and Papua New Guinea
(Flach, 1977; Nagato and Shimoda, 1979; Nishikawa
et al,, 1979). It is the only starch crop to grow in peat
soil with extremely low pH in tropical swamps. Sago
palm proliferates by suckers emerged from the base
of the plant. It is possible to develop a canopy that
consists of trunks of various ages if suckers are properly
controlled. In such a canopy, continuous cultivation
can be achieved sustaining an adequate stand without
planting suckers after harvesting.

Large-scale sago palm plantations are continuously
expanded in Malaysia and Indonesia (Hassan, 2001;
Jong, 2001). For continuous harvesting in these
plantations, optimum plant density with proper sucker
control needs to be sustained. It is necessary to know
the leaf area of each plant and obtain the leaf area
index (LAI) of a canopy to calculate and evaluate
the optimum plant density. However, the current
estimation method for leaf area, which uses the length,

width of the largest leaflet and the number of leaflets
on one side of the rachis (Flach and Schuiling, 1989),
is illogical and offers only low accuracy. Therefore,
we need to develop a method of estimating leaf area
simply and more accurately.

The sago palm leaf is a pinnate compound leaf with
many leaflets (Fahn, 1990; Bell, 1998). It has 130-160
leaflets; the leaf length is around 8 m at the trunk
formation stage (Yamamoto, 1998). A method of
estimating leaf area can be established by scrutinizing
areas of many leaves, but such an investigation will
require much work and time in the case of the large
sago palm leaves. Thus, we adopted a procedure to
evolve a method of estimating leaf area by a detailed
investigation of leaf morphology at various ages, from
the beginning of unfolding to the onset of withering
in selected plants. We prepared an estimation method
logically based on that morphology and validated
the method by inspecting many plants. To begin
with, the objectives of this study were investigation of
many characteristics of the leaf to form the basis of
estimating the leaf area, extraction of characteristics
related to leaf area, estimation from them, and
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Abbreviations : ebLn, the n th (counted from the top basipetally) emerged leaf; L, the left side of the rachis with the tip of the leaf
upward and facing the front surface of the leaf; LAI, leaf area index; Ln, the n th (counted from the base acropetaly) leaflet on the
left side of the leaf; R, the right side of the rachis viewing the adaxial surface of the leaf with the tip upward; Rn, the n th (counted
from the base acropetally) leaflet on the right side of the leaf; uLn, the n th (counted from the base acropetally) unemerged leaf.
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Fig. 1. Cross section illustration of the petiole viewed from
above. Right (R) and left (L) were determined viewing the
adaxial surface of the leaf (petiole) with the tip upward. 1,
ebL1 (the spear leaf); 29, ebL2 - ebL9. ebLn represents the
n th (counted from the top basipetally) emerged leaf.

determination of the orientation for development.

Materials and Methods

We studied a plant with eleven living leaves around
two years after trunk formation at a sago palm farm in
Sarawak, Malaysia. The plant had an average thickness
of trunk and plant height of the plants of the same
age at the farm. Another especially large plant just
after trunk formation (with nine living leaves) was also
investigated for comparison.

The youngest emerged leaf, namely the top leaf
called a spear leaf (Jones, 1995) was named ebLl,
and sequentially lower leaves ebl.2,ebl.3 and so on
basipetally (Fig. 1). Unemerged leaves, e.g., the
next leaf inside the spear leaf was named ul.l; and
sequentially higher leaves ulL.2, ul.3, and so on.

We measured the lengths of leaf blade, rachis,
petiole and the number of leaflets in each leaf (Fig.2).
The basal part of the petiole that extends from the
trunk to the first leaflet is the leaf sheath (Jones,
1995), but the length of leaf sheath was included in

Leaflet

Rachis

Base

Fig. 3. Illustration of leaflets on the rachis. 8 shows the angle
between the leaflet and the rachis.

the length of petiole (Fig.2). The right (R) and the
left side (L) of the leaf were determined viewing the
adaxial surface of the leaf with the tip upward. The
lowest (basal) leaflet on the right side of the rachis was
named R1, and sequentially higher leaflets, R2, R3 and
so on. The leaflets on the left side of the rachis were
also named L1, L2, L3, and so on in the same way.

The position of each leaflet on the rachis, the length
(leaflet length), the maximum width (leaflet width)
and the angle of a leaflet to the rachis (angle, 0)
were measured as shown in Fig.3. The leaflet area was
measured with a portable leaf area meter (Laser Area
Meter CI-203; CID, Inc.). The size of the leaflet that
was lost or broken before measurement was presumed
from that of the two adjacent leaflets on each side of
the rachis.

Results and Discussion

1. Leaf size

Fig. 4 shows the leaf length of the ul5 to ebL1l on
a logarithmic scale. The increase in leaf length from
ul5 to ul.3 and from ul.3 to uLl showed two different
exponential curves. The increase from ulLl to ebL1l
appears to be gentle in the graph, but uL.1 was 3.7 m
and ebL.1 6.8 m, indicating the rapid elongation at
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Fig. 2. Illustration of a sago palm leaf. Petiole length includes leaf sheath length. R1 and L1 are

the first leaflets on the right side (R) and left side (L) of the leaf, respectively. The right and

left of leaves were defined as shown in Fig. 1.
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Fig. 5. Length of leaf blade and petiole of ebL2 to ebL11.

Fig. 4. Leaf length of uL5 to ebL11. ebLn represents the n th
ebLn represents the n th leaf as shown in Fig. 1.

leaf as shown in Fig. 1. uLn represents the n th (counted
from the base acropetally) unemerged leaf.
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Fig. 7. Length (a), width (b) and area (c¢) of each leaflet

Fig. 6. The tips of leaflets in ebL2. Each leaflet tip was in ebL3 plotted against the leaflet position. The lowest
connected with the next leaflet tip. ebL.2 represents the leaflets on the right and the left were named R1 and L1,
2nd leaf from the top leaf (ebL.1) as shown in Fig. 1. respectively. The right side (R) and left side (L) of the leaf

were defined as shown in Fig. 1.

Table 1. Number of leaflets in ebL.2 to ebL11.
ebL2* ebL3 ebL4 ebL5 ebL6 ebL7 ebL8 ebL9 ebL10 ebLl1l
L 73 72 70 69 70 68 69 70 70 70
R 72 67 65 65 66 65 64 67 66 67

Total 145 139 135 134 136 133 133 137 136 137
*: ebLn represents the n th leaf as shown in Fig. 1. The left side (L) and right side (R) of the leaf
were defined as shown in Fig. 1.
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Fig. 8. Comparison of the positions of the right (R) and left
(L) leaflets with the same leaflet number on the rachis.
A shows the position of R1 and L1. @ shows the leaflet
position of every 10th designated leaflet. Figures represent
the leaflet position. ebLn represents the n th leaf as shown
in Fig. 1.
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Fig. 10. Leaf area on the right side (R) and left side (L), and
total area of each leaf. ebLn represents the n th leaf as
shown in Fig. 1.

this stage. ebL2 that was in the process of expanding
leaflets seemed to have finished elongation.

Fig. 5 shows the length of leaf blades and petioles of
ebL2 to ebL11. The length of each leaf blade ranged
from 6.0 m (ebL6) to 7.2 m (ebL11); the length of
each petiole ranged from 1.8 m (ebL3) to 3.1 m
(ebL10). The petiole length was shortest in ebL3, and
had a tendency to be shorter in upper leaves. At the
time of investigation, the trunk was about 1.7 m in
height. There may be a relationship between trunk
formation and the length of petiole, but more data are
required to identify this relationship.

Tablel shows the numbers of leaflets in ebL.2 to
ebL11. The number of left leaflets was larger than that
of right leaflets in all leaves, the difference ranged
from one to five leaflets.

The largest leaf in another large plant was the ebL2.
It was 12.4 m in length, 7.8 m in leaf blade, and had 69
and 66 leaflets on the left and right side, respectively
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Fig. 9. Length (a), width (b) and area (c) of leaflets in ebL3
plotted against the distance from the lowest leaflet (L1).
The right side (R) and left side (L) of the leaf were defined
as shown in Fig. 1.
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Fig. 11. Average angles between leaflets and the rachis

excluding 10 leaflets at the top and the base of the leaf.
ebLn represents the n th leaf as shown in Fig.1. Angles were
measured as shown in Fig.3. The right side (R) and left side
(L) of the leaf were defined as shown in Fig. 1.

(Nakamura et al., 2000).

2. Characteristics of leaflets

Fig. 6 shows the features of the tips of the leaflets
in ebL2. In the leaf that had just expanded, the tip of
the leaflet was thin and filiform. It was connected to
the next ones at the edge of the leaf. This part breaks
when the leaf unfolds becoming threadlike and drops
off, or is torn apart. Some remnants will be left on the
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Fig. 12. Diagram of the leaf shape of ebL2 to ebL10. Each leaflet is shown by a segment. ebLn

represents the n th leaf as shown in Fig. 1.

tip of the leaflet. This part, like a needle left on the
tip of a leaflet, varies in length. In addition, this part
does not affect the leaf area. Therefore, the thin and
spinous part at the tip of a leaflet was not included in
the leaflet length.

Fig. 7 shows the length, width and area of each
leaflet in ebL3. This leaf had no loss or damage of
leaflets; all the leaflets were measured completely.
All dimensions were the largest in the leaflets near
the middle positions. On the left side of the leaf, the
maximum length was observed at 1.34 and L35 (153
cm), and the maximum width and area in L38 (8.1 cm
width, 924 ¢cm” area). On the right side, the maximum
length was recorded in R24 through R28 (151 cm),
and the maximum width and area in R35 (8.5 cm
width, 946 cm® area). All dimensions were larger on
the left side than on the right side at apical leaflet
positions.

Positions of the right and left leaflets on the rachis
were compared in Fig. 8. The position of the first
left leaflet (L1) was always lower than that of the first
right leaflet (R1) on the rachis. In order to elucidate
this point, the way a leaf was folded in this plant was
examined. We found that leaves were attached in a
counterclockwise direction when viewed from the
top of the plant. In addition, the left side of a leaf was
located at the outer right side of the leaf just above
itself (the leaf inside itself) (Fig. 1). In other words,

the left side of a leaf was located at the outer side of
the next leaf, and the right side of a leaf was at the
inner side of the previous leaf. From this relationship
between the way a leaf was folded and the position of
the lowest leaflet, the logical conclusion is that the
lowest leaflet was outside of the next leaf in this plant
with leaves attached in a counterclockwise direction.
‘Ten other plants at the sago palm farm were observed
for confirming this relationship. They showed
essentially the same pattern as this plant. Namely, it was
clear that the lowest leaflet was on the left side of a leaf
in a plant with leaves attached in a counterclockwise
direction, while it was on the right side of a leaf in a
plant with leaves attached in a clockwise direction.

When the positions of the right and left leaflets were
compared at the same leaflet position, the left leaflets
were almost always lower than the right leaflets (Fig.
8). The distance between the adjacent two leaflets on
the rachis tended to be wider at lower positions of the
rachis, and narrower at higher positions.

In Fig. 9, the length, width, and area of each leaflet
in ebL.3 were plotted against the distance between
the lowest leaflet and each leaflet on the rachis.
Comparison between left and right leaflets on the basis
of attaching position on the rachis proved that these
characteristics were almost symmetric with respect to
the rachis. Therefore, the attachment position of a
leaflet on the rachis was inferred to be an important
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characteristic for leaf area analysis.

Fig.10 shows the leaf area of ebL3 to ebL10
calculated by integration of the areas of each leaflet.
The largest leaf area was 8.57 m® of ebL10, the smallest
was 7.64 m® of ebL8. The left side of the leaf was always
larger than the right side in all leaves. One of the
possible reasons for the difference between the leaf
areas of left and right sides is the number of leaflets
because it was larger on the left side than on the right
side as mentioned in Table 1. In another large plant
investigated (with the leaf area of 12.1 m?), also the left
side of a leaf had a larger number of leaflets and larger
leaf area than the right side.

Fig. 11 shows the average angles of leaflets,
excluding ten leaflets each at the top and the base. In
ebL2 that had just expanded, the angle was small (L
: 14.5°, R : 16.8°), but the angle of ebL3 that was well
expanded was large (L : 31.2°, R : 31.6°). The largest
angle was seen in ebL7, 39.4° on the left and 41.7° on
the right leaflets. On the other hand, the leaflets of the
lower leaves ebL9 through ebL11 had angles around
30°, which were smaller than in ebL7. Thus, the leaflet
angle was larger in leaves at middle positions among
the expanded ten leaves. There is the possibility that
the angle for each leaf to be unfolded in a plant might
have affected it.

3. Leaf shape

Fig. 12 shows a diagram of the leaf shape of each leat
(ebL2 to ebL.10) based on the measured data. In this
figure leaflets are shown by segments. ebL2 was in the
process of expanding, but ebL3 had almost finished
expanding. The correct leaf area cannot be obtained
using the outline of a leaf drawn by connecting the
leaflet tips because the leaflet angles were out of order
at some positions : for instance, at the left side of ebL.6
and the right side of ebL7. Moreover, the correct area
cannot be calculated from photos taken with a camera
because overlapping of some leaflets. Consequently,
we concluded that we needed to examine a method
of estimating leaf area by integrating leaflet areas,
not from the apparent leaf shape as a whole, in order
to estimate the leaf area with high accuracy. Omori
et al., (2000) suggested that the leaflet area could
be estimated using a coefficient (a value). A simple
method of estimating leaflet area is to be reported in

the near future.
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