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Abstract: Rain tree (Samanea saman) is a dominant species commonly planted as a shade tree in urban
landscapes in the tropics, including in Indonesia. This species is also targeted for routine inspection
and monitoring within tree management systems. Management should particularly focus on tree
health through assessment of tree growth conditions as well as tree stability. However, baseline infor-
mation on the relationships of many key characteristics for the rain tree (e.g., growth, morphometrics,
and biomechanics) is lacking. Therefore, an investigation was carried out to determine the relation-
ship of morphometric parameters to tree growth, which included use of an acoustic tool to assess the
elasticity of the tree stem. Fifty rain trees were selected for data collection and evaluated using stress
wave velocity tools and visual morphometrics assessment. The results demonstrated that, in general,
the trees had good vigor and stability. Statistical analysis showed a strong relationship between
tree growth parameters and selected morphometric characteristics. The use of a nondestructive
acoustic-based instrument enabled determining the modulus of elasticity, which provided equivalent
results with the elasticity value obtained through a common method for determining tree stability.
Only live crown ratio and tree slenderness parameters had a relationship with the dynamic modulus
of elasticity. These results offer a means of measurement that is simpler, less expensive, and faster
than current methods, although further testing is needed for different tree species and growth sites.

Keywords: tree stability; modulus of elasticity; tree inspection; biomechanics; stress wave velocity

1. Introduction

Rain tree (Samanea saman Jacq. Merr), a species of the Fabaceae family, is easily
recognized by its characteristic umbrella-shaped crown with a typically broad and domed
form. The horizontal crown spread is greater than the height when the tree is grown in
spacious and open settings. Commonly planted as an ornamental tree in public places, rain
trees are intolerant of shade and require abundant light to grow well.

The trees can reach 15–25 m tall with a broad crown (typically 30 m in diameter) and
can live for about 80–100 years [1]. The rain tree is adapted to waterlogged environmental
conditions, and it tolerates soils with low nutrients. It is considered a fast-growing tree
in suboptimal conditions. The trees can grow in paved areas, into foundations, or on
shallow bedrock, despite restricted root growth. The extreme conditions make the species
vulnerable to being windthrown given the shallow root system [1]. In addition, the roots
can emerge above the soil level as the tree matures.

Indonesia, similar to neighboring countries such as Singapore and Malaysia, cultivates
rain trees as tropical urban trees [2]. The trees have become an important species for
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roadsides and are very well known as shade trees because of their excellent canopy structure
that accords with site requirements in urban landscapes. However, various external
stress factors pose potential risks to the trees’ health and vitality, especially as a result of
infrastructure, drainage, and increased road widening. Tree failure could occur due to stem
failure or to the whole tree overturning [3]. Brüchert et al. [4] reported that tree stability
depends on morphological characteristics such as trunk condition, canopy or crown, tree
architecture, and root architecture, and these parameters are especially important in built
environments [5].

Due to the importance of trees in the urban environment landscape, investigating tree
characteristics is critical to enable ecosystem services based on adequate planning for the
canopy size and the direction of growth of a given tree [6]. Tree growth and morphometric
studies are essential for knowing the dynamics of tree shape and behavior [7]. Bobrowski
and Biondi [8] affirmed that morphometric indices act as tools that help in afforestation
planning and management of trees by providing useful knowledge on the characteristics
of each species. For example, tree architecture, as one parameter of tree morphometry, is
determined by the genotypic factors underlying the development of the buds and branches
of each species. The trees in the urban environment can be phenotypically influenced by
the anthropic environment and may develop differently from those under open cultivation
conditions or in forest areas. Pruning activities, people and vehicle movement, and the
construction of buildings and roads may place pressure on trees [9]. This pressure is related
to the ability of trees to have a functional trade-off in balancing the crown size and shape
with wind resistance [10]. Above all else, tree management must consider the safety of
people and the protection of infrastructure, especially given the proximity of the trees
to roads.

Tree stability is an important aspect to be considered for susceptibility to wind damage
and a tree’s capacity to withstand its own weight. Consequently, the mechanical stability
of the trees constitutes one of the fundamental factors in management. Some variables that
must be taken into account for tree stability are wind characteristics (e.g., speed, duration,
and gustiness), crown characteristics (e.g., crown size, density, and mass), tree height, tip
displacement, stem characteristics (e.g., wood strength and stem elasticity), soil and root
characteristics (e.g., root-soil weight, soil type, soil shear strength, and root strength), and
topography of the site [11]. Many methods can be used to evaluate mechanisms of tree
stability, such as the tree pulling test, tree swaying, and wind tunnel [11–13]. In particular,
the pulling test is a static test that examines tree loading and trunk fraction resistance
related to root strength. Previous research by [13,14] using the pulling test on rain trees
showed that the depth of root plates and structural soil conditions were significant factors in
tree failure through uprooting without any stem fracture. Soil characteristics also influence
the growth performance of the rain tree [2], with compact structural soil leading to better
growth performance in the urban environment compared with pavement and grass areas.

Trees grow in response to their local environment in ways that cannot be easily mod-
elled or fully understood without in-depth examination. The challenges are particularly
associated with trees being susceptible to dramatic changes in abiotic and biotic conditions
such as rainfall and epiphyte load. Trees respond to static (self-weight) and dynamic (wind)
loadings. Niklas [15] reported that tree growth patterns can compensate for increased load,
which is especially relevant for tropical trees because they tend to have greater epiphyte
loads than trees growing in most other ecosystem types. Stem elasticity is another impor-
tant parameter in studying tree stability. Niklas [16] noted that the mechanical properties
of elastic modulus (E) indicate the ability of the tree to resist bending. Meanwhile, flexural
stiffness (EI) of the stem reflects a material characteristic as a function of elasticity (E) and
stem geometry (second moment of area, I). Further information on the E value of trees
is important because understanding of the mechanical properties of fresh wood in terms
of the mechanical design of trees is still limited [16]. A previous study by [17] and [18]
demonstrated a pulling test on standing trees to calculate living stem elasticity based on
the structural Young’s modulus. The pulling testing needs complementary tools such as a
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strain gauge and LVDT (Linear Variable Differential Transformer) transducer to measure
displacement due to the loading condition caused by pulling. Our study measured E of the
stem of live trees, using a simple acoustic tool based on stress wave velocity as reported
by [19–22]. Therefore, a study on tree stability and failure is necessary, particularly in terms
of the tree morphometric and biomechanical characteristics, which have been little studied
for this particular species. The objectives of our study were i) to analyze morphometric
parameters and tree growth, ii) to evaluate the elasticity of tree stems based on the acoustic
tool, and iii) to find out how morphometric parameters and tree growth are related to tree
stem elasticity.

2. Methodology

Fifty rain trees (Samanea saman Jacq. Merr), a species that grows across IPB University
Darmaga Campus, were purposively selected for this study (Figure 1). The Darmaga
Campus has an area of 256.97 ha and is located at around latitude 6◦33′566′′ S to longitude
106◦43′877′′ E. The soil type in the area is Latosol with clay [23,24]. Since there was no
specific information with respect to tree age and history of crown pruning treatments, the
main criterion for selecting trees for the study was based on diameter at breast height (dbh)
exceeding 30 cm (Figure 2).
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Figure 1. The location of rain tree samples. Figure 1. The location of rain tree samples.

The tree morphometric characteristics were analyzed based on parameters recom-
mended by [6,25–28]. The stem dbh (1.3 m—dbh (d)) was measured with a girth tape.
Tree height (h) and crown length (hcr) were measured using a Haga hypsometer. Crown
length (hcr) was determined from tree height (h) minus the height of the first living branch.
Live crown ratio (LCR) was calculated by dividing the crown length by the tree height
(LCR = hcr/h). The parameter of slenderness (S) was calculated as the ratio of tree height
to dbh (S = h/d). Mean crown diameter (DCR) was calculated as the average of the longest
and shortest crown diameters measured in eight sub-cardinal directions referring to [6].
The horizontal projection of the crown (PCR) or crown projection area was determined by
the formula PCR =

(
DCR2x π

)
/4.
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Figure 2. Example of a grove rain trees (Samanea saman) in the study location.

Dynamic elasticity was determined from sound velocity. Sound velocity was the stress
wave velocity (SWV) measured in the longitudinal direction on north and west sides of the
trunk, using the stress wave timer tool of Fakopp Microsecond Timer (Fakopp Bt, Sopron,
Hungary). The measurement was carried out in an area of the tree stem without visible
defects, and sensors were placed into the wood, penetrating the bark. The height of the
first sensor of the tool, the receiver, was mounted to the stem at 60 cm above the ground
and another sensor, the transmitter, was mounted 100 cm above the receiver [19]. Sound
was generated by hitting the transmitter sensor with a hammer (Figure 3). The sound
propagation time was recorded in a reading device, and the sound velocity was calculated
as the ratio of the space between the two sensors divided by the propagation time. SWV on
standing trees can be used to determine the dynamic modulus of elasticity (Ed) of the wood,
which has a satisfactory correlation with timber quality [19,29–31]. The Ed was determined
as follows:

Ed (GPa) = SWV2 æ
g

where Ed is in GPa, SWV in m·s−1, ρ is wood density (g·cm−3), and g is a gravitational
constant (9.81 m·s−2). Wood density and moisture content were determined based on the
ratio of mass to volume and a gravimetry method, respectively, from a small core sample
obtained about 5 cm deep from the bark with a diameter of about 1 cm and a length of
2 cm that was extracted from each study tree using an increment core tool.
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The correlation between the morphometric parameters were analyzed using the canon-
ical correlation. Canonical correlation is a statistical tool to see the correlation between two
datasets, i.e., tree growth parameters of d, h and the selected tree morphometric parameters
of hcr, LCR, slenderness, DCR, and PCR. The Pearson’s analysis was developed to deter-
mine the linear relationship between SWV and Ed and all the morphometrics parameters.
Basic statistical analysis (e.g., maximum and minimum values, means, standard deviation)
and Pearson’s analysis were performed with Microsoft Office Excel for Microsoft, while
canonical correlation was analyzed using IBM SPSS® Statistics 25.

3. Results and Discussion
3.1. Morphometric Characteristics

The mean growth and morphometric characteristics of the rain trees are shown in
Table 1. Diameter and height of rain trees in our study were 61.40 cm and 18.80 m,
respectively. Live crown ratio (LCR) is the percentage of the total height of the tree that is
represented by the live green crown, which is related to the crown length (hcr). The LCR
of individual trees is associated with growth and biomass character [32–34]. LCR is an
indicator for the tolerance of the species for site modifications affecting competition for
light, and it serves as an indicator of tree vigor [35–37]. The LCR of rain trees in our study
was 66.24% (± 8.97) on average. It points out that, in general, the rain trees have high vigor.

In terms of tree health assessment, this variable is important. The crown of a tree
consists of the mass of foliage and branches growing outward from the trunk of the tree.
The live crown refers to the part of the crown that has live foliage. LCR is considered an
indirect measure of a tree’s photosynthetic capacity, and it serves as an indicator of a tree’s
competitive status in the stand. A tree with an LCR of 1.0 (or 100%) has the maximum
possible leaf surface area and biomass, whereas an LCR value closer to zero indicates that a
tree’s growth is inhibited because of limited leaf surface area [38]. An LCR of 0.33 or higher
is optimal for the best growth [39]. Nandika et al. [40] reported classes of LCR that relate to
tree vigor: high (>50%), moderate (30–50%), and low (<30%).



Forests 2021, 12, 1711 6 of 11

Table 1. Summary of the growth and morphometric characteristic of the rain trees at Darmaga Campus (n = 50 trees).

Tree Growth and Morphometric
Characteristics Unit Min Max Average SD CV

Diameter at breast height-dbh (d) cm 35.70 116.00 61.50 18.54 0.30
Tree height (h) m 11.50 30.00 18.80 4.09 0.22

Crown length (hcr) m 7.00 24.00 12.60 3.65 0.29
Live crown ratio (LCR) % 40.00 82.22 66.24 8.97 0.14

Slenderness (S) - 18.97 50.42 32.07 7.74 0.24
Mean crown diameter (DCR) m 12.18 27.97 19.86 4.42 0.22

Horizontal projection of the crown (PCR) m 116.36 613.90 324.72 143.82 0.44

Wind has been found to be significant in determining how the thickness of the tree
trunk is fundamental to tree stability [41]. The most promising approaches for determining
tree and stand stability to windthrow are those that incorporate tree stability character-
istics (e.g., the slenderness coefficient) with local stand (e.g., average tree height), site,
topography, and windiness features [42,43]. Wang et al. [44] stated that tree susceptibility
to wind damage is principally influenced by the slenderness coefficient or taper of the
tree. Our study found an average slenderness ratio of 32.07 (Table 1). Onilude and Ades-
oye [41], Kaźmierczak et al. [45], and Ige [46] indicated that the slenderness coefficient (S)
values can be classified into three categories. Specifically, a low slenderness coefficient
value (< 70) indicates high resistance to wind damage (good stand stability); a moderate
value (70 < S < 99) indicates resistance to high wind velocity, although slight or partial
damage may occur; and a high slenderness coefficient (>99) indicates low resistance to
windthrow, which can cause damage to trees. For forest trees, a slenderness coefficient
below 80 indicates excellent stability [47,48], but for trees in urban areas, lower slenderness
ratios of 50:1 have been proposed by [49]. A low slenderness coefficient typically indicates
a larger crown, a lower center of gravity, and a better developed root system. Trees with
higher slenderness coefficient values (slender trees) are much more susceptible to wind
damage. In addition to the tree dimension factor, a study by Ow et al. [13] on rain trees also
found that structural soil treatment at a site determines the mechanical stability of trees.

Tree crown size and shape are key variables in the context of the growth space that
a tree occupies and the physiological tree functions of the branch dimension and the
adaptability to light distribution [6]. The crown widths of woody plant species growing
in urban areas are of considerable importance as an overall indicator of health and also
serve as an important factor for assessing leaf area and associated ecosystem services,
such as carbon sequestration, air pollution removal, air temperature cooling, and rainfall
interception [50]. The mean crown diameter (DCR) of rain trees is about 19.86 (±4.42) m,
and the horizontal projection crown (PCR) or crown projection area ranges from 116.36 to
613.90 m2, with a mean of 324.72 (±143.82) m2. Staples and Elevitch [1] reported that the
rain tree has a broad crown diameter that can reach 30 m. The PCR is related to the area
covered by the crown of a tree and it can exceed a few hundred square meters [27], which
reflects the area occupied by that tree [6]. The higher values of PCR are presumably not
only due to the age of the tree, but also seem to be related to the opening area. In terms of a
managed area, the opening area provides good light and contributes to greater projection.

3.2. Relationships between Tree Groth and Morphometric Characteristics

Table 2 demonstrates the relationships between two data sets of tree growth of tree
diameter (d) and height (h) and the morphometric characteristic of tree crown length (hcr),
LCR, slenderness, DCR, PCR. The table also explained the correlations of the measurement
variables to the canonical correlation. There were two dimensions were used in this corre-
lation based on the minimal number of trees charateristics in a data set for the calculation
of canonical correlation. The first canonical correlation was 0.9936. The tree height (h)
variable had the largest correlation to the first canonical variable, meaning that h gave the
largest influence to tree growth, meanwhile the hcr variable had the largest correlation to
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the first canonical correlation of the morphometrics characteristics. A positive correlation
was found in those correlations, meaning that if the h increases, the hcr also increases.

Table 2. The canonical correlation between the tree growth and morphometric characteristics, and
the correlations of the variables to the canonical correlation (n = 50).

Dim ^
ρ

Tree Growth
Characteristics Morphometrics Characteristics

d h hcr LCR Slenderness DCR PCR

1 0.9936 0.4618 0.9928 0.8915 0.2372 0.3557 0.5002 0.4888
2 0.9629 0.8869 0.1197 0.0321 −0.094 −0.9199 0.5675 0.5727

Notes: Dim = dimension in canonical relationship; ρ̂ = canonical correlation; d = diameter at breast height,
1.3 m; h = tree height; hcr = crown length; LCR = live crown ratio; DCR = mean crown length, Pcr = horizontal
projection crown.

The second canonical correlation was 0.9629. The diameter (d) had a highest affected
with positive correlation at the second canonical component of tree growth, meanwhile the
slenderness had a negative correlation to the second canonical component of morphometric
characteristics. Those relationships meant that if the d increases, the slenderness decreases.

Our study in rain trees demonstrated a positive strong relationship between tree length
(h) and crown length (hcr). Meanwhile, a strong negative relationship was found between
tree diameter (d) and slenderness. Crown size and shape are key factors in assessing tree
growth, and they relate to the physiological function mechanism in terms of the amount
of solar radiation intercepted by a tree [6,51]. Troxel et al. [52] reported that shade trees,
which are common in urban forests, had a stronger relationship between tree diameter at
dbh and crown diameter (DCR) than ornamental trees which were also found in many
various tree species [27,53–55]. Several studies [55–57] mentioned that the linear model
demonstrates the best correlation between dbh and crown diameter and height in many
tree species in both plantation and urban forests.

3.3. Dynamic Elasticity of Standing Rain Trees

The current study found that the wood density of rain trees is about 0.78 (± 0.06) g·cm−3,
with a moisture content of 82.80% to 370.59%. The average acoustic-stress wave velocity
and Ed are 2503.12 m.s−1 and 6.62 GPa, respectively, as shown in Table 3. A study by [18]
reported the elasticity modulus, Estructure, in the living stem of a rain tree subjected to
static bending moment for evaluating tree stability by the pulling test was 6.14 GPa. The
average wood density was 0.55 g·cm−3 and the moisture content of core samples was
about 75%. Although the approaches for determining the mechanical stiffness properties of
standing trees differed between studies, the results obtained were quite close. Tree-pulling
experiments allow for an understanding of the relationship between root strength and
tree stability. The test is known to overestimate the force required to uproot trees in a
consistent manner, and its calculation requires the value of the flexural stiffness of the tree
trunk [13,17]. Meanwhile, the acoustic-based test in the longitudinal direction is related
to the estimation of tree trunk stiffness and is commonly used to evaluate the mechanical
properties of wood for use as a biomaterial [19,21,22]. Our research demonstrates that the
acoustic-based tool for measuring stress wave velocity can be an alternative for determining
the elasticity modulus of a living stem, a parameter that is usually assessed through pulling
tests [14,17].
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Table 3. Average values of wood density, moisture content, stress wave velocity, and dynamic modulus of elasticity (MOE)
of standing rain trees (n = 50).

Stem Characteristics (n = 50) Unit Min Max Average SD CV

Wood density (ρ) g·cm−3 0.60 0.88 0.78 0.06 0.08
Moisture content (MC ) % 82.80 370.59 136.55 66.75 0.49

Stress wave velocity (SWV ) m·s−1 1787.72 3334.53 2503.12 378.74 0.15
Dynamic modulus of elasticity (Ed) GPa 3.30 11.49 6.62 1.99 0.30

A correlation analysis of variables measurement was used to explore the linear re-
lationship between the standing tree acoustic velocity and selected tree morphometric
parameters. The obtained results are displayed in Table 4. No relationship was found
between acoustic velocity and Ed and most morphometric characteristics, and no such
correlation was found for tree LCR and slenderness. Both tree LCR and slenderness were
weakly correlated with SWV and Ed (r = ±0.20). In their study, Kranjc et al. [58] found that
acoustic velocity was related to tree slenderness (r = 0.42) for 490 wood samples of Douglas
fir, Norway, and Sitka spruce. Meanwhile, Lindström et al. [59], Searles [60], and Pretzsch
and Rais [61] reported that tree slenderness, defined as the ratio of tree height to dbh, is a
relatively good predictor of tree stiffness. Our study also demonstrated high multicollinear-
ity in predicting morphometric characteristics in conjunction with acoustic velocity and
dynamic Ed as reported by [61]. However, the prediction of Ed based on acoustic wave
velocity for rain trees can be potentially used as variables for tree stability analysis.

Table 4. Perason’s correlation for regression analysis of dynamic modulus elasticity and tree morphometric parameter
(n = 50).

d h hcr LCR Slenderness DCR PCR SWV Ed

d 1
h 0.565 1
hcr 0.436 0.883 1
LCR 0.029 0.223 0.645 1
Slenderness −0.622 0.245 0.240 0.070 1
DCR 0.714 0.559 0.443 0.050 −0.347 1
PCR 0.713 0.548 0.420 0.020 −0.341 0.995 1
SWV −0.071 0.088 −0.054 −0.231 0.231 −0.067 −0.070 1
Ed −0.081 0.082 −0.056 −0.229 0.234 −0.068 −0.071 0.997 1

4. Conclusions

The study was conducted on rain trees that did not undergo intensive maintenance,
grew in favorable locations. The tree growth performance showed good vigor and stabil-
ity based on selected tree morphometry. Statistical analysis showed a strongest positive
relationship was found between tree growth parameters of height and crown length; mean-
while, the tree growth of diameter had a strongest negative correlation with tree slenderness.
Determining the elastic modulus of living stems is necessary as an important parameter
for calculating tree stability that could be done with a simple, handy, and nondestructive
tool based on stress wave velocity for practical application by tree manager. The tool has
been proven to give satisfactory results equivalent to a common pulling test. The modulus
of elasticity of living stems has no relationship with morphometric parameters, except a
weak correlation does exist with LCR and tree slenderness. Multicollinearity is found in the
relationship between tree morphometry and the mechanical properties of trees assessed
with the acoustic-based tool. Further studies are needed to ensure the accuracy of tree
responses to different site conditions and species.
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