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Evaluation of the effect of vegetation roots on the stability of rocky coastal cliffs is necessary to understand
geomorphological, environmental and ecological changes in coastlines caused by sea-level rise (SLR). To better
understand these topics, coastal cliffs with and without vegetation were investigated. Study cliffs were selected
on Taketomi-jima Island and Kuro-shima Island, both in Okinawa, southwestern Japan, because their environ-
mental settings are similar except for the vegetation cover: the islands are only 10 km away from each other and
comprise uplifted coral limestone, with an elevation below 5 m. Pandanus odoratissimus (PO) covers the seaward
edge of the top surface of the coastal cliffs in Taketomi-jima but is absent in Kuro-shima. Field investigations
were conducted on both islands to map the distribution of blocks with the dimension of one side exceeding 1 m to
obtain the parameters required for stability analysis. The results indicate that the actual coastal cliff elevation is
higher in Taketomi-jima than that in Kuro-shima by approximately 1 m, which results in the presence of PO on
the seaward edge of the coastal cliffs in Taketomi-jima and its absence in Kuro-shima. The PO root system likely
reinforces the cliffs in Taketomi-jima because the stability analysis results revealed that these cliffs are unstable
in terms of their dimensions. Therefore, the possible disappearance of PO in Taketomi-jima caused by an SLR of
1 m in the following several decades or hundred years can increase the apparent frequency of cliff collapses by

approximately tenfold.

1. Introduction

Sea-level rise (SLR) caused by global warming has steadily pro-
ceeded, accelerating from 1.2 £+ 0.2 mm/yr from 1901 to 1990 to 3.0 +
0.7 mm/yr from 1993 to 2010 (Hay et al., 2015). SLR is accompanied by
coastal erosion, especially along sandy beaches (e.g. Bruun, 1962;
Leatherman et al., 2000; Zhang et al., 2004; Luijendijk et al., 2018). In
addition to sandy beaches, rocky coasts constitute a major component of
global coastlines because rocky coasts and sandy beaches occupy
approximately 52% (Young and Carilli, 2019) and 31% (Luijendijk
et al., 2018), respectively, of global coastlines. Sandy beach erosion
related to SLR will increase in the future, as estimated in many studies.
However, little is known regarding possible changes in the frequency of
rocky coast erosion. This might occur because rocky coasts are recog-
nized to remain almost stable because of the hardness of rocks.

Rocky coast erosion is, in many cases, achieved by cliff recession,
which is a consequence of individual cliff collapse. Coastal cliff collapses
are classified into four types: flows, topples, slides and falls (Sunamura,
1992). Basal erosion caused by waves typically forms a notch, and this
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mechanism is common among all collapse types except for flows. In
regard to topples (e.g. Davies et al., 1991; Williams et al., 1993; Mat-
sukura, 2001; Kogure et al., 2006), slides (e.g. Hutchinson, 1972) and
falls (e.g. Letortu et al., 2019). Kogure et al. (2006) determined that the
critical notch depth to realize toppling failure of the limestone cliffs on
the Ryukyu Islands, Japan, ranged from several meters to approximately
ten meters. Hutchinson (1972) studied failure of a chalk cliff in Joss Bay,
England, and reported that slides occurred when the notch depth
reached 50 cm. Letortu et al. (2019) reported that a notch depth of 2.28
m at the cliff foot resulted in chalk cliff instability in Normandy, France.
These collapses produced falling blocks or sliding masses with di-
mensions, such as the height, length and breadth, of approximately 10 m
or more. Therefore, a rocky cliff collapse yields a major coastline change
over the gradual change due to sandy beach erosion, although the rocky
cliff collapse frequency is relatively low.

Artificial structures such as breakwaters and concrete tetrapods are
implemented to protect coastlines from erosion. Coastal vegetation,
which is tolerant to a high salinity, also effectively protects against
erosion (e.g. Mazda et al., 1997; Kathiresan and Rajendran, 2005;
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Tanaka et al., 2007; Alongi, 2008). For example, mangrove forests and
Pandanus species in the tropics and subtropics are considered natural
barriers against coastal erosion. They can dissipate wave energy and
retain sediments on beaches even during tsunamis (Kathiresan and
Rajendran, 2005; Tanaka et al., 2007; Alongi, 2008). Vegetation can also
contribute to slope stability increase through their root systems because
the maximum tensile strength of the roots of various vegetation types
reaches several hundred megapascals (e.g. De Baets et al., 2008; Genet
etal., 2008; Abdi et al., 2010; Burylo et al., 2011; Ji et al., 2012; Vergani
et al., 2012; Leung et al., 2015). Therefore, coastal cliffs covered with
vegetation can also be reinforced by vegetation roots.

Although coastal vegetation is highly salt and wind tolerant, it may
experience moderate to severe salt and wind damage during severe
storms and hurricanes (Bezona et al., 2001). These extreme events often
result in the death of coastal vegetation and even halophytes such as
mangrove species both in the short and long term (e.g. Paling et al.,
2008). Considering that SLR will likely contribute to an increased fre-
quency and intensity of the storm surge risk (Walsh et al., 2016), SLR
will also result in the disappearance of coastal vegetation along coast-
lines. Consequently, the disappearance of coastal vegetation will lead to
sandy beach erosion and cliff stability reduction.

Evaluation of the effect of vegetation roots on the stability of rocky
coastal cliffs is therefore important to understand geomorphological,
environmental and ecological changes in coastlines caused by SLR. To
better understand these topics, coastal cliffs with and without vegetation
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2. Study sites

The study sites include Taketomi-jima Island and Kuro-shima Island
in the southwestern part of the Ryukyu Islands, Okinawa, Japan (Fig. 1).
The processes of coastal cliff collapse were investigated in detail through
mechanical analysis in Kuro-shima (Kogure and Matsukura, 2010a;
2010b; 2012), whereas a similar analysis was not conducted in
Taketomi-jima. Detailed characteristics of the study sites are given
below.

2.1. Geomorphological and geological settings.

Taketomi-jima (Fig. 1b) and Kuro-shima (Fig. 1c) are low-lying
islands comprising uplifted coral limestone surrounded by fringing
reefs located in Sekisei Lagoon (Fig. 2). The Pleistocene coral limestone
is referred to as Ryukyu limestone. The top surface of the cliffs on both
islands is covered with vegetation, most of which includes Pandanus
odoratissimus (PO, recently referred to as Pandanus odorifer (Callmander
et al.,, 2021)), a dominant coastal vegetation mainly from South Asia
through Polynesia (Fig. 3).

Taketomi-jima is located 4 km away from the southwestern part of
Ishigaki-jima (Fig. la), with a maximum elevation below 20 m and
north—south and east-west widths of 3 and 2 km, respectively (Fig. 1b).
The strike and dip of the fault running through the central part of
Taketomi-jima is N70°E75°S. Coastal cliffs composed of Ryukyu lime-
stone occur along the island coastline except for the northern part,
where sandy beaches dominate. The cliffs exhibit a flat top surface and a
particular notch at their base (Fig. 4a). Vertical joints fully transect the
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Fig. 1. Locations of the study sites: (a) the southwestern part of the Ryukyu Islands; (b) Taketomi-jima; (c) Kuro-shima.
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Taketomi-jima

Fig. 3. Distribution map of Pandanus odoratissimus worldwide. The data sources include Discover Life (2021) regarding the PO distribution and Geospatial Infor-

mation Authority of Japan (2021) regarding the global elevation.

cliff and reef flat in front of the cliff (Fig. 4b). The top surface is fully
covered with PO (Fig. 4c). The aerial roots of PO with a diameter of ca. 5
cm extend even inside the cliff body to stabilize the top surface, while
some roots likely induce cliff collapses by enlarging surface cracks
(Fig. 4d).

Kuro-shima is located 10 km away from Taketomi-jima, with a

maximum elevation below 15 m and north-south and east-west widths
of 3.5 and 3 km, respectively (Fig. 1c). A low-lying notched cliff with a
height ranging from 3 to 4 m occurs along the island coastline from the
northeastern part through the south toward the northwestern part
(Fig. 1c and 5a). Vertical joints with a crack width between ten and
several tens of centimeters are present in coastal cliffs or reef flats
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Fig. 4. Coastal cliffs and blocks in Taketomi-jima: (a) top surface of a cliff covered with vegetation; (b) a vertical joint visible on a cliff and reef flats; (c) roots on a

cliff surface; (d) a vertical failure surface with roots.

(Fig. 5b). These joints are systematically rather than randomly devel-
oped, so they likely originate from geological processes (Kogure and
Matsukura, 2011). Vegetation partly covers the flat top surface (Fig. 5a),
while no vegetation nor vegetation roots appear on other surfaces, such
as notched and failure surfaces (Fig. 5c and 5d, respectively). In contrast
to Taketomi-jima, PO does not cover the seaward edge of the top cliff
surface in Kuro-shima. PO grows in more inland areas in Kuro-shima, e.
g., ca. 50 m from the front face of cliffs (Fig. 6).

Kogure (2009) reported that Ryukyu limestone on both islands ex-
hibits almost the same values of its physical and mechanical properties,
such as density, p, uniaxial compressive strength, UCS, and tensile
strength, S, (Table 1).

2.2. Cliff collapses

Ryukyu limestone cliff collapses reveal a vertical failure surface
(Kogure et al., 2006; Kogure and Matsukura, 2012) or a horizontal
failure surface (Kogure and Matsukura, 2010a) (Fig. 7). Kogure et al.
(2006) and Kogure and Matsukura (2012) theoretically demonstrated
that collapses with a vertical failure surface are induced by the devel-
opment of tension cracks in the cliff top surface resulting from desta-
bilization by a deepened notch at the cliff base. Kogure and Matsukura
(2010a) also theoretically explained the mechanisms of collapses with a
horizontal failure surface. The failure body in these cliff collapses is
bounded by vertical joints, and therefore, the collapsed cliff is separated
from adjacent cliffs by vertical joints before the collapse (Fig. 7). Notch
development destabilizes cliffs bounded by vertical joints and finally
results in a collapse with a horizontal failure surface, where the failure
body collapses into the sea (reef flats). Kogure and Matsukura (2010a)
found that the shape of the horizontal failure surface is quadrangular or

triangular, which were denoted as Hq- or Hi-type collapses, respectively
(Fig. 7). The shape of the horizontal failure surface changes with the
number of vertical joints along coastlines and the intersectional angle
between the coastlines and joints (Kogure and Matsukura, 2011). Col-
lapses with a vertical failure surface are referred to as V-type collapses in
the present study (Fig. 7).

In addition to Kuro-shima, blocks comprising Ryukyu limestone are
found along the Taketomi-jima coastline (Fig. 4). Stability analysis of the
blocks occurring in Kuro-shima revealed that many of these blocks were
produced by gravity-induced collapses (Kogure and Matsukura, 2010a;
Kogure and Matsukura, 2012) or wave-induced collapses of coastal cliffs
(Kogure and Matsukura, 2010b; Kogure and Matsukura, 2012). This
suggests that the blocks in Taketomi-jima were also likely produced by
cliff collapses. Therefore, stability analysis should also be conducted in
Taketomi-jima to determine the cliff collapse risk.

3. Methods
3.1. Stability analysis model

Cliffs at risk for Hg- or Hi-type collapses can be identified in advance
based on the observation of vertical joints, and instability depends on
the development of a notch. In particular, the maximum notch depth is
equal to the distance from the front face to the joint surface parallel to
the coastline for Hy-type collapse and to the intersection of conjugated
joints for Hi-type collapse (L in Fig. 7), whereas the notch depth con-
tinues to increase until a collapse occurs for V-type collapse. This allows
us to evaluate the stability of Hg- and Hi-type collapses by comparing the
critical notch depth calculated with a mechanical equation and the
present notch depth observed through field investigation.
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Joint =5

Failure surface

Fig. 5. Coastal cliffs and blocks in Kuro-shima: (a) top surfaces of cliffs covered with less vegetation; (b) vertical joint visible in coastal cliffs and reef flats (modified
after Fig. 4a in Kogure and Matsukura (2010a)); (c) notched surface without roots; (d) vertical failure surface without roots.

Fig. 6. Difference in vegetation on the top surface of coastal cliffs between Taketomi-jima and Kuro-shima.

The relationship between the stresses acting on a horizontal failure

2
surface and the forces resisting Hy- and Hi-type collapses can be Lpg3{2(H +3h)—pB(H+2h)} =pg(H+h)+S, 2)
described as follows (Kogure and Matsukura, 2010a): (1-5)
> where H and h denote the height of the notched roof (from the retreat
Bpg(H + 3h) =pg(H+h)+S, M point) and the vertical height of the cliff face, respectively, f is the ratio

2
=5 of the notch depth to the block length, L (0 < < 1) (Fig. 7) and g is the
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Physical and mechanical properties of the Ryukyu limestone in Taketomi-jima and Kuro-shima (Kogure, 2009).

Sampling locations Specimen shape Size Number of specimens Bulk density, Mg/m> UCS or S;, MPa

Range Mean SD* Range Mean SD*
Uniaxial compressive strength (UCS)
Taketomi-jima Cylinder Diameter, 35 mm Height, 70 mm 12 2.25-2.36 2.30 0.03 10.6-26.1 21.2 4.3
Kuro-shima Cylinder Diameter, 35 mm Height, 70 mm 12 2.23-2.44 2.35 0.06 5.4-37.9 22.1 9.1
Tensile strength (S,
Taketomi-jima Cylinder Diameter, 35 mm Height, 35 mm 11 2.14-2.38 2.26 0.08 2.1-7.3 4.2 1.6
Kuro-shima Cylinder Diameter, 35 mm Height, 35 mm 12 2.29-2.44 2.37 0.05 3.0-7.3 5.4 1.4

@ Standard deviation.

V-type
(Kogure et al., 2006; Kogure and
Matsukura, 2012a)

| I—
—/
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(Kogure and Matsukura, 2010a)
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(Kogure and Matsukura, 2010a)

Failure surface
Joint surface
Joint

Fig. 7. Types of cliff collapses at the study sites.

gravitational acceleration. The tensile strength, S,, is given as a function
of the length of the potential failure surface by the following equation
(Kogure and Matsukura, 2010a):

5, = 1000 [5.6{100(1 AR +0.6} 3)

The critical value of § for H-type collapses, i.e., f,,.4, can be obtained

by substituting Eq. (3) into Eq. (1):

pred>

B pg(H + 3h)

4)
(1-p?

= pg(H + 1) + 1000 [5.6{100(1 —pL} 0 +0.6]

3.2. Field investigation

Field investigations were conducted on both islands to map the dis-
tribution of blocks with the dimension of one side exceeding 1 m to
determine the parameters required for stability analysis. The block and
coastal cliff dimensions (Fig. 7) were measured with a laser range finder
and a measuring tape, respectively.

4. Results
4.1. Block and coastal cliff dimensions

Fig. 8 shows vertical profiles of the coastal cliffs on both islands (K2
and K3 were retrieved from Kogure and Matsukura (2012)). The cliff
height corresponding to the height from the retreat point of a notch to
the top surface, H + h, is similar on both islands. However, the elevation
of the notch retreat point ranged from 1.87 to 2.53 m in Taketomi-jima
and from 0.76 to 1.29 m in Kuro-shima. In addition, the elevation of the

top surface ranged from 3.63 to 4.18 m in Taketomi-jima and from 2.75
to 3.31 m in Kuro-shima. These data indicate that the coastal cliff
elevation is approximately 1 m higher in Taketomi-jima than that in
Kuro-shima.

Table 2 lists the number of blocks found along the coastline on both
islands. The list also includes the number of blocks with a source cliff. In
Taketomi-jima, the number of blocks was 13 in total: 5 blocks were
identified as being at risk for V-type collapses, and the other blocks were
amorphous. Two blocks (B1 and B2, Fig. 1b) out of the five blocks
contained a surface corresponding to a failure surface in the cliffs just
behind the blocks (Fig. 4d). Consequently, these two blocks were iden-
tified as blocks with source cliffs. The original shapes of the amorphous
blocks were likely altered through transportation across reef flats caused
by large waves during typhoons or severe storms.

In Kuro-shima, 156 blocks were found along the 7.8-km coastline
among the coastal cliffs: 24 V-type blocks, 44 Hy-type blocks, 27 H-type
blocks and 61 amorphous blocks. The number of V-type blocks with a
source cliff was 14 (Kogure and Matsukura, 2012) and 35 and 19 for the
Hg-and Hi-type blocks, respectively (Kogure and Matsukura, 2010a).

Blocks and remnants of cliff collapses classified as Hy- and Hi-type
collapses were not found in Taketomi-jima in the field investigation.
However, a few cliffs are at risk for Hg-type collapses because they
contain a particular notch at their base and vertical joints aligned for Hg-
type collapses (T2, T3 and T5 in Fig. 1b and 9). The top surface of these
cliffs is covered with vegetation. In particular, PO dominates T2 and T3.
In addition to the observed vertical joints, a horizontal crack is devel-
oped at the same elevation as that of the notch retreat point at T3
(Fig. 9b). The crack does not reach the seaward part but branches from
vertical joints in the inland part of the cliff, suggesting that the cliff is
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Fig. 8. Vertical profiles of the coastal cliffs in Taketomi-jima and Kuro-shima. MHWOST denotes the mean high water at ordinary spring tide.
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Table 2
Number of fallen blocks in Taketomi-jima and Kuro-shima.
Type of Total Number Number Frequency Frequency of
fallen block  length of fallen of fallen of fallen fallen blocks
of rocky  blocks blocks blocks with source
coasts with (/km) cliff (/km)
(km) source
cliff
Taketomi-jima
\4 - 5 2 1.9 0.8
Hy - 0 0 0.0 0.0
H; - 0 0 0.0 0.0
Amorphous - 8 0 3.1 0.0
Total 2.6 13 2 5.0 0.8
Kuro-shima
\% - 24 14% 3.1 1.8
Hq - 44 35" 5.6 4.5
H, - 27 19" 3.5 2.4
Amorphous - 61 0 7.8 0.0
Total 7.8 156 68 20.0 8.7

# Kogure and Matsukura (2012a).
b Kogure and Matsukura (2010a).

likely destabilized by notch development and occurs at risk for collapse
toward the sea. Therefore, the crack is likely a tension crack generated in
the horizontal failure surface. Table 3 lists the results of the measure-
ments at T2, T3 and T5 and B1-B2 in Taketomi-jima. The dimensions of
T2, T3 and T5 are as follows:L = 1.3-5.9 m; L = 0.9-4.3 m (§ =
0.72-0.81); b = 2.4-2.5 m; H = 0.9-2.3 m; and h = 0.6-0.7 m. The
length of the horizontal tension crack at T3 is 0.8 m, which corresponds
to 50% of the length of the potential failure surface.

4.2. Stability analysis

The f,.q value was calculated for T2, T3 and TS by substituting their
corresponding parameters into Eq. (4). The results indicated that the
current notch depth at T2, T3 and T5 equals that required for collapse
because f,,.,;» Which is the § value measured in the field investigation,
was 0.81 for T2, 0.73 for T3 and 0.72 for T5, while .4 was 0.81, 0.79
and 0.79, respectively (Table 3).

Through investigations in Kuro-shima, Kogure and Matsukura
(2010a) compared the f,,.,, and f,., values for Hy-type collapses to
determine whether the notch depth at collapse was large enough to
facilitate gravity-induced collapse. Based on their results, as shown in
Fig. 10, they claimed that the data plotted along the f,c,; = fyeq line are
surely derived from gravitational collapse. The errors between f,,.,. and
Pored Were below 0.1 for 65% of the blocks. However, these errors widely
ranged from 0 to 0.66 (Kogure and Matsukura, 2010a). Kogure and
Matsukura (2010a) recognized that their equations generate the correct
Pprea Value with an error of not more than 20% because the data plotted
above the f,., = fyreq line satisfy fr/Boea < 1.2, as shown with a
shaded area in Fig. 10. Kogure and Matsukura (2010b) confirmed that
almost all the blocks plotted outside the shaded area are not produced by
gravitational collapses but by wave-induced collapses through stability
analysis considering the wave pressure. Therefore, the lower limit of the
shaded area likely indicates the border between gravity- and wave-
induced collapses. This supports the correctness of the model pro-
posed by Kogure and Matsukura (2010a).

The Bie.s and B4 values at T2, T3 and T5 are shown in Fig. 10
together with data obtained from Kogure and Matsukura (2010a). All of
the data pertaining to T2, T3 and T5 are close to f,ca = Bpreq line, sug-
gesting that the cliffs are ready to collapse at any moment. Considering
that T3 contains a horizontal tension crack with a length that is half of
that of the potential failure surface, the cliff stability has likely been
greatly reduced. Therefore, the appearance of a stable cliff, i.e., T3, may
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Fig. 9. Photos showing the dimensions of the coastal cliffs in Taketomi-jima
considered in stability analysis: (a) T2; (b) T3; (c) T5.

Table 3

Dimensions of coastal cliffs and fallen blocks in Taketomi-jima.
No. Type L ﬂL ﬂmeas b H h ﬁpl‘ecla

m m m m m

Cliff
T2 Hy 3.2 2.6 0.81 2.4 1.5 0.6 0.8
T3 Hy 5.9 4.3 0.73 2.5 2.3 0.6 0.8
T5 Hy 1.3 0.9 0.72 2.5 0.9 0.7 0.8
Fallen block
Bl v 1.8 - - 3.0 0.7 0.8 -
B2 v 3.1 - - 2.7 1.1 0.7 -

@ The value was calculated by Equation (4).
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QO Fallen block in Kuro-shima (Kogure and Matsukura, 2010a)
@ Stable cliff in Taketomi-jima (Present study)
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Fig. 10. Results of stability analysis. The open circles plotted outside of the
shaded area indicate the cliffs collapsed by extreme waves such as tsunamis
(Kogure and Matsukura, 2010b).

be attributed to reinforcement by PO roots. This situation is consistent
with the fact that no horizontal tension cracks occur in the notched face
of the cliffs in Kuro-shima where no PO grows on the top surface of the
cliffs just above the notches (Fig. 5).

5. Discussions

The difference in vegetation occurrence between the coastal cliffs in
Taketomi-jima and Kuro-shima and the stability analysis results indicate
that the cliffs in Taketomi-jima are reinforced by the PO root system. The
feasibility of reinforcement is discussed below in addition to the factors
differentiating the occurrence of vegetation on the cliffs and prospects of
future changes in the cliff collapse frequency caused by SLR.

5.1. Reinforcement of coastal cliffs by tree root systems

The stability analysis results indicate that the PO root system likely
reinforces T2, T3 and T5 because these cliffs are unstable in terms of
their dimensions (Fig. 10). PO develops a complex aerial root structure
that provides additional stiffness and increases the drag coefficient
against tsunami flow (e.g. Tanaka et al., 2007). However, to the author’s
knowledge, no reports have demonstrated or examined the root tensile
strength (RTS) of PO. RTS measurement of PO may be difficult because
the maximum root diameter is too large to conduct mechanical tests: the
maximum root diameter is larger than 35 mm in males and 45 mm in
females (Adkar and Bhaskar, 2014). Therefore, no data or equations are
currently available to calculate the RTS of PO.

The mechanical properties of roots, including the RTS, have been
reported for various kinds of shrubs and trees, although no data are
available for PO. For example, the RTS of cedar has been measured in
many studies to evaluate the effects of tree roots on slope stability (e.g.
Genet et al., 2008). Genet et al. (2008) measured the RTS of 30-year-old
cedar trees with a diameter ranging from 0.30 — 4.30 mm under a
deformation rate of 10 mm/min and reported a mean strength of 31.7
MPa. Leung et al. (2015) measured the RTS of four types of native shrubs
and trees in Hong Kong with diameters of 0.4-15.8 mm and reported
that the RTS values, ranging from 3.3 to 345.1 MPa, were on the same
order as the RTS values reported by Abdi et al. (2010), Burylo et al.
(2011), De Baets et al. (2008), Ji et al. (2012) and Vergani et al. (2012)
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for shrub and tree species in the Mediterranean, Iran, Alps of France,
China and Italian Alps, respectively. These measurements demonstrate
that the tensile strength of these shrub and tree roots is, at most, two
orders of magnitude larger than that of Ryukyu limestone reported by
Kogure (2009) (Table 1). Assuming that the RTS of PO is on the same
order as that of the other shrub and tree species mentioned above, the
PO roots densely growing on the cliff surface in Taketomi-jima can
significantly increase the cliff stability.

5.2. Differentiating factors for the occurrence of vegetation on the cliffs

Although PO is a plant that is highly salt and wind tolerant, it may
experience moderate to severe salt and wind damage during severe
storms and hurricanes (Bezona et al., 2001). Similar extreme climatic
events also occur in the Ryukyu Islands. The Ryukyu Islands are located
in a subtropical area, and in summer and autumn, typhoons often pass
across the islands. These events give rise to bores attributed to extreme
waves in the Ryukyu Islands. Severe damage to the coastal environment
due to bores has been reported since the late 1980 s (e.g. Nakaza et al.,
1988). As shown in Fig. 11, a large amount of upward spray with a
higher elevation than that of the cliff (4-5 m) occurs as a result of wave
compaction at a cliff face. Consequently, the coastal cliffs in Taketomi-
jima and Kuro-shima, with heights that are similar to those of the
cliffs introduced in Nakaza et al. (1988), can also suffer from extreme
waves during strong typhoons (Kogure and Matsukura, 2010b), which
can result in severe damage to PO.

Fig. 11 suggests that the relationship between the wave height and
cliff height can control the spray amount, which transports salt to PO
growing on the top surface of the cliffs. Therefore, the occurrence of PO
on the coastal cliffs in Taketomi-jima and Kuro-shima may also be
controlled by the difference in cliff elevation between these islands.
Kawana (1987) reported that the sea level around both islands remained
constant for ca. 3000 years from ca. 4000 to 1000 years ago and that the
island elevation increased due to seismic activity over the last 1000
years. The occurrence of relative uplift is evidenced by the higher alti-
tude of the retreat point of the notches on the islands than the mean sea
level (Fig. 8) because the notch retreat point is usually formed at the
mean sea level (Focke, 1978). Therefore, it is plausible that the differ-
ence in uplift amount between these islands, which is estimated as ca. 1
m (Fig. 8), has occurred over the last 1000 years, although the cause of
the difference remains unclear.

A substantial amount of sea spray reaches the cliff top surface just
above a given notch upon wave impact during a severe storm or typhoon
(Fig. 11). This is more likely to occur in Kuro-shima, where the cliff top
surface elevation is ca. 1 m lower (Fig. 8). Therefore, it is clear that wave
impact-related sea spray occurs more abundantly on the cliff top sur-
faces in Kuro-shima than in Taketomi-jima, which can result in the
disappearance of PO through the supply of salt.

5.3. Possible increase in cliff collapses caused by future SLR

The apparent frequency of fallen blocks with source cliffs in
Taketomi-jima is approximately one tenth of that in Kuro-shima
currently (Table 2). The difference in apparent frequency between
these islands indicates that many coastal cliffs in Taketomi-jima can be
protected by PO growing on the top surfaces, such as T2, T3 and T5.
Protection by PO is likely to be achieved by the higher elevation in
Taketomi-jima than that in Kuro-shima by ca. 1 m as discussed above.
Horton et al. (2020) reported global SLR projections with two uncer-
tainty ranges and a median estimate under the two temperature sce-
narios of Representative Concentration Pathways (RCPs) 2.6 (which
limits warming to 1 °C by 2100 and 1.2 °C by 2300 relative to
1986-2005) and 8.5 (which limits warming to 4.5 °C by 2100 and
12.6 °C in 2300 relative to 1986-2005), as defined in the Intergovern-
mental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5).
Under RCP2.6, the results suggest a likely SLR range (17th to 83rd
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Fig. 11. Photographs of surging bores (Nakaza et al., 1988). Surging bores with
a height ranging from 4 to 5 m and a period ranging from 10 to 15 min when a
strong typhoon passes near the Ryukyu Islands.

Table 4
Ranges of global mean sea-level rise for 2100 and 2300 (modified after Table 1
in Horton et al. (2020)).

Year Scenario Likely range (m) Median (m) Very likely range
(m)
(17th to 83rd (50th (5th to 95th
percentiles) percentile) percentiles)
2100  Lower (RCP 0.30-0.65 0.45 0.21-0.82
2.6)
Upper (RCP 0.63-1.32 0.93 0.45-1.65
8.5)
2300  Lower (RCP 0.54-2.15 1.18 0.24-3.11
2.6)
Upper (RCP 1.67-5.61 3.29 0.88-7.83
8.5)
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percentiles) of 0.54-2.15 m, a very likely SLR range (5th to 95th per-
centiles) of 0.24-3.11 m, and a median of 1.18 m by 2300 (Table 4).
Under RCP8.5, the likely SLR range is 0.63-1.32 m, the very likely SLR
range is 0.45-1.65 m, and the median SLR value is 0.93 m by 2100
(Table 4). Therefore, an SLR of 1 m will be achieved by 2100 at the
earliest and by 2300 at the latest. The future increase in SLR by 1 m will
result in a similar relationship between the sea level and cliff top surface
in Taketomi-jima to the present relationship in Kuro-shima. A change in
the relationship will result in the disappearance of PO along the seaward
edge of the cliff top surfaces in Taketomi-jima. PO disappearance will
lead to the actual collapse of some cliffs, which should have already
collapsed if they had not been reinforced by roots. Consequently, the
possible disappearance of PO in Taketomi-jima caused by an SLR of 1 m
over the following several decades or hundreds of years can increase the
apparent frequency of block collapse with source cliffs by tenfold,
similar to the present condition in Kuro-shima.

Fig. 3 shows that PO widely grows in coastal areas in tropical and
subtropical regions. PO disappearance related to SLR could also occur on
the low-lying coastal cliffs in these areas. Thus, this could also result in
an increase in the apparent frequency of cliff collapses, especially for
cliffs with a top surface elevation below 5 m, similar to those discussed
in this study.

6. Conclusions

Stability analysis was conducted for the coastal cliffs in Taketomi-
jima, Okinawa, Japan, to evaluate the effect of the aerial root system
of PO on cliff stability. The results were compared to those reported for
Kuro-shima, a neighboring island with similar environmental condi-
tions. The concluding remarks obtained in this study are:

e The coastal cliff elevation is higher in Taketomi-jima than that in
Kuro-shima by approximately 1 m, which results in the presence of
PO on the seaward edge of the coastal cliffs in Taketomi-jima and in
its absence in Kuro-shima;

o The root system of PO likely reinforces some of the cliffs in Taketomi-
jima because the stability analysis results indicate that these cliffs are
unstable in terms of their dimensions;

o Possible PO disappearance in Taketomi-jima caused by a SLR of 1 m
over the following several decades or hundred years can increase the
apparent frequency of cliff collapses by approximately tenfold.
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