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Abstract. Hakim L, Widyorini R, Nugroho WD, Prayitno TA. 2021. Radial variability of fibrovascular bundle properties of salacca
(Salacca zalacca) fronds cultivated on Turi Agrotourism in Yogyakarta, Indonesia. Biodiversitas 22: 3594-3603. Fibrovascular bundles
have properties variability not only based on species and varieties but also parts of species. This study, therefore, aims to characterize
the FVB fundamental properties (anatomical, chemical, physical and mechanical) of Salacca zalacca (Gaertn.) Voss fronds, based on
radial direction. The salacca fronds were divided into three parts, outer, middle as well as inner positions. Then the FVB's anatomical
and physical properties were observed by light microscope and gravimetry analysis, respectively. Meanwhile, the variability of chemical
and mechanical properties was investigated based on the ASTM standard. According to the results, the outer position has a higher
variability of diameter, density, cellulose, lignin, and mechanical properties than the inner position, but has a lower hemicellulose value
than the middle and inner position. Furthermore, the relationships between the anatomical, physical, chemical, and mechanical
properties were discovered to form a pattern where increasing the mechanical properties is influenced by density and ratio vascular
tissue area to total transverse area. Based on the results, the fibrovascular bundle of S. zalacca frond was concluded to possess
anatomical, physical, chemical, and mechanical properties variability on the radial direction. There was a correlation between
anatomical properties and mechanical properties.

Keywords: Fibrovascular bundles, frond, radial variability, salacca

Abbreviations: ASTM: American Society for Testing and Material, FA: Fiber Area, FVB: Fibro-Vascular Bundle, TA: Total Area, VA:
Vascular Area

INTRODUCTION

In Indonesia, Salacca is an indigenous tree, with high
species diversity, namely Salacca acehensis Mogea &
Zumaidar (Zumaidar et al. 2014), S. sumatrana (Becc)
(Pareek and Sharma 2009), S. zalacca (Gaert.) Voss (Uji
2007), S. ramosiana Mogea (Mogea 1986), S. edulis
Reinw, S. magnifica Mogea, S. sarawakensis Mogea, S.
flabellata Furtado, and S. dransfieldiana Mogea (Mogea
1986). In addition, the tree also has been reported to
possess high genetic diversity, as investigated by RAPD-
PCR (Random Amplified Polymorphic DNA- Polymerase
Chain Reaction) (Budiyanti et al. 2015; Herawati et al.
2018; Elly et al. 2018), and based on morphological as well
as phylogenetic relationships (Suskendriyati et al. 2000),
and also variant diversity (Sumantra et al. 2014; Indah et al.
2019). Furthermore, salacca interacts with other organisms
such as insects and fungi (Atmowidi et al. 2021; Rai et al.
2019; Siregar et al. 2021). Furthermore, the salacca fruit is
edible with a sweet taste and contains a diversity of
pharmacological properties (Saleh et al. 2018; Cepkova et
al. 2021).

Salacca zalacca is a palms tree with an anatomical
structure called a fibrovascular bundle (FVB), comprising
sclerenchyma fiber, vascular, and parenchyma tissues
functioning as reinforcement, water and nutrients
circulation, as well as storage systems, respectively (Zhai et
al. 2013; Syahirah et al. 2016; Hakim et al. 2019). A study
by Zhai et al. (2013) disclosed FVB from monocot plants
have characteristic variability on unique vascular tissues, in
terms of type and shape. The vascular tissues, in turn, have
relationships with other fundamental characteristics,
including FVB diameter, density, and mechanical
properties (Zhai et al. 2012: Hakim et al. 2019). However,
information about the frond of the Salacca zalacca tree has
not been widely reported.

The frond is one of the salacca tree’s parts with an
abundant FVB content. Hakim et al. (2019) reported the
FVB of S. sumatrana and S. zalacca fronds to have diverse
fundamental  characteristics, including  anatomical,
chemical, physical and mechanical properties, and this
variability is influenced by the differences in both species.
Several other palm trees also exhibit this variability, for
instance, FVB from bamboo (Darwis and Iswanto, 2018),
leave sheet and anatomy of 18 palm species (Zhai et al.
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2013), anatomy of the coconut tree (Ahuja et al. 2014),
windmill palm (Trachycarpus fortune) (Zhai et al. 2012),
and Nypa fruticans (Tamunaidu and Saka 2011).

Numerous studies on FVB Properties variability based
on species differences have been reported, but no studies
have been reported based on species parts. Interestingly, S.
zalacca is the largest population cultivated in Indonesia
compared to other species (BPS, 2018). This study,
therefore, investigates this variability based on frond radial
orientation, in a bid to characterize the fundamental
properties  (anatomical, chemical, physical, and
mechanical), based on the radial variability of salacca
(Salacca zalacca (Gaertn.) VVoss) frond.

MATERIALS AND METHODS

The major materials used in this study were fronds and
fibrovascular bundles of Salacca zalacca Gaertn. (V0ss),
obtained from Turi agrotourism, Sleman district, Province
of Yogyakarta, Indonesia. These fronds were harvested
from the main stem at 10 cm from the bottom and divided
into three positions, outer, middle, and inner positions
(Figure 1), then soaked in water for 2 months to separate
the FVBs.

Anatomical and physical properties

The specimens were cut at a thickness of 10-15 um,
and the FVB’s cross-sectional areas were highlighted using
safranin. Subsequently, a light microscope (Olympus BX
51, Tokyo, Japan) equipped with a digital camera
(Olympus DP 70, Tokyo, Japan) was used to observe the
anatomical properties with 10x magnification, while the
imaging analysis software (ImageJ; v.1.46r) was then used
to characterize FVB area. The analyzed areas were total
area/TA (comprising sclerenchyma fibers and vascular
tissues), fiber area/FA (comprising sclerenchyma fibers),
and vascular area/VVA (comprising vascular tissues). Figure
2 shows an illustration of the characterized FVB area.
Several parameters were also measured to discover the
relationship between the anatomical and mechanical
properties. These are the ratio of the vascular area (VA) to
the total area (TA), and the ratio of the fiber area (FA) to
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the total area (TA). Meanwhile, the FVBs’ densities were
measured using the method proposed by Munawar et al.
(2007), and the diameter of each FVVBs was evaluated using
a handheld digital microscope (Dino-Lite edge 3.0
AM73915MZTL, New Taipei City, Taiwan) and analyzed
using Dino-Lite software V.2.0.

Chemical properties

These were measured following the ASTM standard for
measuring holocellulose content (ASTM D1104-56)
cellulose and hemicellulose content (ASTM D1103-60),
lignin content (ASTM D110-84), ash content (ASTM
D1102-84), extractive solubility in hot water (ASTM
D1110-84), extractive solubility in cold water (ASTM
D1110-56), extractive solubility in ethanol-toluene (ASTM
D1107-96) as well as extractive solubility in 1% NaOH.

Mechanical properties

The mechanical properties measured were maximum
load, tensile strength, Young’s modulus, specific tensile
strength, specific Young’s modulus, actual tensile strength,
break, % strain, and maximum stress. Based on the ASTM
D-3379-75 (1989) test, the FVBs were discovered to have a
moisture content of 8 to 12 %wt. The percentage of
moisture content is determined by the following equation:

% MC - “=x100%

Where: % MC is a moisture content of single FVB, Wa
is initial weight (g) and Wb is final weight (g). The FVB’s
were then cut to a length of about 90 mm + 0.1 mm and
fixed on a 30mm long paper frame using epoxy adhesive
(ALF Epoxy adhesive, P.T Alfaglos, Semarang, Indonesia).
The measurements were conducted in 100 replicates of
single FVB for each position (outer, middle, and inner
position). Figure 3 illustrates the mechanical properties
testing using a universal testing machine (UTM Tensilon
RTF 1350. Tokyo. Japan), with a 1 mm/min crosshead
speed. Before the test, the supporting paper’s middle part
was cut out, and then test mounting was carried according
to the proposed by Hakim et al. (2019).

Figure 1. A. The radial section of a salacca frond. B. An illustration of the frond observed. C. Fibrovascular bundle were obtained from

(a) outer (b) middle and (c) inner position
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Figure 2. Illustration of characterized FVB area. Classification of (A) total areas/TA (includes fiber area and vascular area) and (B) a.

fiber area/FA and b. vascular area/ VA
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Figure 3. A. An illustration of the sample mounting on paper. B. sample before the test. C. sample after the test

Statistical analysis

Regression lines were used to analyze relationships
between anatomical, physical (diameter, density, and ratio
VA:TA) as well as mechanical properties (tensile strength
and Young’s modulus), while a Statistical analysis was
performed using R-Studio software Version 4.0.0.

RESULTS AND DISCUSSION

The variability of anatomical and physical properties
Figure 4 shows the anatomical variability of S. salacca
frond, where about 1-4 FVBs were discovered in every 4
mm? of the sample. Generally, the outer frond had a greater
density than the inner frond due to the number and density
of FVB. The high population number and high density of
FVB in the outer part can be assumed that the frond also
has a high-density value. The fibrovascular bundles are
larger and denser in the outer position (periphery), but
reduce in size and density towards the middle and inner
positions (Table 1). This pattern is similar to coconut (Fathi
et al. 2014) and oil palm trunks (Darwis et al. 2013), where
the number of vascular bundles decreases from the outside

to the inside, but differs from bamboo trunks, where the
inner FVB is larger, compared to the outer counterparts
(Darwis and Iswanto 2018; Santhoshkumar and Baht 2014;
Siam et al. 2019).

In addition, the outer vascular tissues were tighter,
compared to the middle and inner counterparts. The
vascular tissue functions as a transport system for water
and nutrients within high porosity materials. Previous
studies by Baley (2002) and Munawar et al. (2007)
reported higher porosity on the FVB tissue implies reduced
density. Meanwhile, Choowang (2018) reported the outer
position of oil palm trunks (Elaeis guineensis Jacg.) has a
higher density than the inner position. The density
variability of FVB from S. salacca frond similar is similar
to the coconut tree (Fathi et al. 2014; Srivaro et al. 2020) as
well as oil palm trunk (Ramle et al. 2012; Abe et al. 2013;
Srivaro et al. 2018a), and this density is influenced by
percentage vascular area and fiber area. Srivaro et al.
(2018b) stated anatomical variability in a palm tree
depends on the size of the vascular bundle. This, in turn,
depends on the number or size of fiber tissue, vessel,
phloem, and parenchyma tissue comprising the FVB.
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Figure 4. The anatomical variability on the radial direction of S. salacca frond. A. Outer position, B. Middle position, C. Inner position

Table 1. The variability of anatomical and physical properties of FVB S. zalacca frond

Radial sections

Anatomical and physical properties of FVB

Quter position

Middle position Inner position

Diameter (um) 43.96 +2.07 39.18 +2.80 32.25 +5.09
Density (g/cmd) 0.44 £0.06 0.38+£0.05 0.37 £0.06
Number of FVB (2 x 2 mm?) 2-3 2 1
Areas:
Total area of FVB/TA (mm?) 0.55+0.03 0.49 +0.04 0.41+0.06
Vascular area of FVB/VA (mm?) 0.06 +0.02 0.08 +0.01 0.11+0.01
Fiber area /FA (mm?) 0.49 +0.02 0.41+0.03 0.34 +0.06
Ratio of VA:TA (%) 11.74 + 2.67 15.92 +1.76 27.44 + 3.83
Ratio of FA:TA (%) 88.26 + 2.67 84.08 + 1.76 72.56 + 3.83

Table 2. The variability of frond and FVB chemical content

QOuter position

Middle position

Inner position

Chemistry content of FVB

Frond FVB Frond FVB Frond FVB
Cellulose 39.3 42.3 395 41.5 38.7 39.1
Hemicellulose 28.3 333 27.5 34.9 31.3 36.2
Lignin 23.0 29.6 22.7 29.2 21.6 28.4
Hot water solubility 14.7 3.1 14.5 3.0 14.8 3.0
Coldwater solubility 12.2 29 12.4 2.8 12.8 2.8
1% NaOH solubility 215 4.7 22.4 5.2 24.2 5.7
Ethanol-toluene solubility 7.8 15.4 8.3 14.7 9.4 14.6
Ash content 2.3 1.3 2.4 14 2.7 14
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Figure 5. The relationship between VA:TA ratio and density of
FVB S. zalacca frond

The VA:TA ratio was lower in the outer position, but
increased towards the middle and inner positions.
Conversely, the FA:TA ratio was higher in the outer

position but decreased towards the middle and inner
positions. Furthermore, a relationship was discovered
between the VA:TA ratio and FVB density, where one
value decreases with an increase in the other. This is
because vascular tissues contain transport cells (vessels)
due to high porosity and decreasing fiber density, while a
high content of non-vascular tissue indicates high density
(Baley 2002; Munawar et al. 2007). Figure 5 shows the
relationship between FVB density and VA:TA ratio. Based
on the diagram, the large content of vascular tissue in the
transverse section causes an increase in the FVB density,
and the presence of fiber tissue significantly positively
influences this density contributes, but negatively
influenced by the presence of vessels, vascular tissue, and
parenchyma (Charquist 2012). Also, vascular tissues are
one of the factors causing increased porosity, and
consequently, reduced density in FVB (Zhai et al. 2013).
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The variability of chemistry properties

The cellulose and lignin contents in the frond and FVB
tended to decrease from the outer to the inner position
(Table 2). This is probably because cellulose and lignin are
the most prevalent FVB fiber tissues. However, in some
cases, the number and non-vascular area of FVVB decreased
from the inner to the outer position, meaning the cellulose
and lignin components were also reduced. Meanwhile, the
extractive solubility and the hemicellulose and ash contents
tended to increase towards the inner position. The
extractive content is dominated by easily dissoluble
substances contained in the parenchyma tissue.

Previous studies contained a little discussion of
variations in chemical properties based on the radial
position in the palm frond, however, several studies have
reported differences in characteristics based on plant parts.
Dungani et al. (2016) reported that the whole oil palm
frond has an a-cellulose content of 54.5%. The other
palms, Tamunaidu and Saka (2011) as well as Astuti et al.
(2020), reported variations in chemical properties within
various parts of the Nypa fruticans, where the highest
cellulose, hemicellulose, and lignin contents were found in
the frond, compared to the coir and fruit shell. Similarly,
Saadaoui et al. (2013) discovered variations between the
chemical properties of oil palm fronds, fruit stalk, and
leaves. This study successfully discovered the cellulose
contents of the sheath (50.6%), fruit stalk (39.8%), frond
(34.0%), and leaves (29.7%). In addition, the highest
hemicellulose and lignin contents were discovered in the
leaves, and sheath, respectively, while the cellulose content
was found to increase from the outer to the inner position.

The variability of mechanical properties

Table 3 shows the variability of the mechanical
properties of FVB from S. zalacca frond based on the
radial direction. According to the table, the maximum load,
tensile strength, and modulus of elasticity are higher in the
outer position than the middle and inner counterparts. The
outer position had higher tensile strength (223.96 MPa),
compared to the middle (198.17 MPa) and inner (185.84
MPa) counterparts, respectively. Also, the external
modulus of elasticity (2.02 GPa) was higher, compared to
the middle (1.64 MPa) and inner (1.62 MPa) counterparts,
respectively. Darwis et al. (2013) disclosed that the oil
palm trunk has stronger vascular bundles on the outer

Table 3. The variability of Mechanical properties of FVB

position than the inner counterparts. Meanwhile, salacca
FVB has lower tensile strength and modulus of elasticity,
compared to natural fibers (Zhu et al. 2019), and these
values are higher, compared to non-wood natural fibers
(Srivaro et al. 2018b) and some fibrovascular bundles of
several other palms investigated by Zhai et al. (2013). The
fibrovascular bundle has vascular tissue that plays a role in
reducing strength, which is why the mechanical properties
of FVB are lower than those of natural fibers, while natural
fibers are composed purely of sclerenchyma fibers.

The stress-strain (S-S) curves of the FVB from the
inner, outer, and middle positions of S. zalacca frond had
values of 5.97%; 5.57%; and 4.37%, respectively (Figure
6), and all straight-line S-S curves are truly elastic (Duval
et al. 2011). A downward trend in variation was also
observed from the outer to the inner position. These results
are similar to Zhai et al. (2012) report, where the greater
strain was observed in the outer part of FVB from windmill
palm (Trachycarpus fortunei). The greater strain is in the
outer part because the fiber area is larger than the vascular
area (Table 1). The fiber area is composed of sclerenchyma
fibers that function as a reinforcement of FVB.

The variability of the relationship between diameter
and mechanical properties

Figure 7 shows the variations in the relationship
between diameter and mechanical properties of FVB S.
zalacca. These variations indicate there is no uniformity
within the regression pattern in the relationship between
diameter and mechanical properties. The outer position of
the frond shows an increase in FVB diameter is bound to
reduce the mechanical properties, while the middle and
inner positions show an increase in the diameter improves
the mechanical properties. Interestingly, several other
factors influence the mechanical properties, such as density
and ratio of vascular tissue area and fiber tissue area).
Statistically, the R-square percentage is also minute,
indicating a weak correlation between diameter and
mechanical properties. Meanwhile, a high statistical
significance is shown in 3 regression equations. These are
the relationship between diameter and tensile strength of
the outer and the middle positions and the relationship
between the middle position’s diameter and Young's
modulus.

Mechanical properties Outer position

Middle position

Inner position

Maximum load (kgf) 12.8+1.75
Maximum stress (Mpa) 71.18

Strain (%) 5.97

Tensile strength (MPa) 223.96 + 33.38
Young’s modulus (GPa) 2.02+0.44
Specific tensile strength (MPa) 506.10 + 50.37
Specific Young’s modulus (GPa) 4.53+0.72
Actual tensile strength (MPa) 253.10 + 32.60

10.00 + 2.07 7.76 +2.53
61.28 51.12

5.57 4.37

198.17 + 33.27 185.84 + 49.19
1.64+0.33 1.62+0.33
516.41 £ 49.07 496.73 + 84.62
4.25+0.44 4.37+0.54
234.74 + 36.41 253.40 + 56.78
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Zhai et al. (2012) disclosed the cell wall thickness of
sclerenchyma fibers plays a major role in the mechanical
properties of FVB from windmill palm (Trachycarpus
fortune). However, the vascular tissues in the FVB tend to
reduce mechanical properties. Therefore, the radial area of
the fibrovascular bundle comprising vascular and non-
vascular (sclerenchyma fibers) tissues, is a key factor in the
mechanical properties’ effect on the FVB. This means the
ratio of vascular to non-vascular tissue is a determinant
factor in the mechanical properties and diameter.

The variability of the relationship between density and
mechanical properties

Figure 8 shows the variations in the relationship
between density and mechanical properties of FVB from S.
zalacca frond. According to the diagram, there was a
similar pattern of regression trend for each position in the
frond, where a rise in density is bound to improve the
mechanical properties of FVB. Li and Shen (2011) and
Hakim et al. (2019) reported a similar variation in the
relationship between the two variables. The same trend was
observed in FVBs from coconut (Fathi and Frihwald 2014),
oil palm (Darwis et al. (2013), and bamboo (Santhoshkumar
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and Bath, 2014). Interestingly, all previous studies stated higher
density in the outer position is possibly associated with a
higher number of vascular bundles and a higher proportion
of fiber tissue (Zhai et al. 2013; Hakim et al. 2019). Thus,
there is a higher density distribution on the outer position
than the inner counterpart, leading to an increase in
mechanical properties from the inside to the outside.
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Figure 6. The variability of stress-strain (S-S) curve of FVB S.
zalacca frond
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Figure 8. The relationship variability between the density and mechanical properties of FVB from S. salacca frond. A. Outer position.

B. Middle Position. C. Inner position.

The same trend of high R-square values (above 50%)
was observed in the outer, middle, and inner positions of
the FVB from S. zalacca frond, indicating a high statistical
significance for all three positions. Therefore, density
significantly influences the mechanical properties of the
FVB, and the two variables are strongly correlated. This is
probably because the density of FVB is influenced by
sclerenchyma fibers with thick cell walls dominated by
cellulose.

The variability of the relationship between VA:TA ratio
and mechanical properties

Figure 9 shows the variation in the relationship between
the VA:TA ratio and mechanical properties of FVB fronds
from S. zalacca. The regression pattern shows an increase
in the VA:TA ratio leads to a reduction in mechanical
properties (tensile strength and Young’s modulus),
indicating the ratio of vascular to non-vascular tissue has a
role in influencing the mechanical properties. As reported
in previous studies, there is a decrease in the percentage of
fiber tissue from the outer to the inner position (Zhai et al.
2013; Santhoshkumar and Bath 2014). Based on the

regression pattern, the FVB’s density was influenced by the
VA:TA ratio, and this, in turn, implies FVB’s mechanical
properties. An increase in this ratio indicates a rise in
porosity, due to the high and low percentages of vascular
tissue and sclerenchyma, respectively.

Statistically, the R-square values for all FVB positions
were above 50%, indicating the VA:TA ratio is a factor
influencing the strong mechanical properties of FVB. The
high statistical significance also supports this for all
VA:TA ratio regression equations for all three positions.

In conclusion, the variability of anatomical, physical,
chemical, and mechanical properties is influenced by the
position of the frond’s radial direction. The anatomical and
physical variability properties consisted of the number,
size, and density of fibrovascular bundle (FVB). The outer
part of FVB has higher density compared to the inner part.
Furthermore, the physical and anatomical properties
(diameter, density, and VA:TA ratio) in FVB influence the
mechanical properties (tensile strength and Young's
modulus). The density and VA:TA ratios strongly influence
the mechanical properties, while diameter has a weak
influence.
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