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Abstract The purpose of this study was to examine the
relationship between species composition of tropical
seagrasses and various physical environmental factors:
depth, sediment thickness and silt–clay content in the
sediments. We investigated species composition and
abundance of seagrasses as well as the physical envi-
ronmental factors for six transects around Ishigaki
Island, southwest Japan. Eight species occurred in the
quadrat census. The occurrence frequencies ranged
from 66.8% (Thalassia hemprichii) to 4.5% (Enhalus
acoroides). Both canonical correspondence analysis
(CCA) and cluster analysis elucidated that depth was
mainly responsible for the distributions of species and
assemblage type. Monte Carlo permutation for partial
CCA revealed that 37.5% of the variance was ex-
plained by depth, 10.3% by sediment thickness and
4.6% by silt–clay content in the sediment. Twenty-six
sites were categorized into four assemblage types by a
cluster analysis using the leaf area index (LAI; the
ratio of total leaf area to bottom area) as a measure of
species abundance. Type I was dominated by T.
hemprichii and Cymodocea rotundata, Type II by C.
serrulata, Type III by E. acoroides, and Type IV by
Halodule pinifolia and Halophila ovalis. Type I oc-
curred mostly in the intertidal zone (91.3±30.5 cm
below MSL, mean sea level), Type II in the subtidal
zone (179.1±75.0 cm below MSL) and Type IV in
both shallow sites (between 47.8 and 75.6 cm below
MSL) and in those with low silt–clay contents (be-
tween 2.0 and 3.8%).
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Introduction

Seagrass meadows play essential roles in coastal eco-
systems by offering substrata, trophic support, refuge
from predation and/or nursery areas for many types of
organisms, such as algal epiphytes, invertebrates, fishes,
and endangered species such as green turtles and dug-
ongs (Williams and Heck 2001). In the tropical and
subtropical Indo-Pacific, seagrass meadows are charac-
terized by high species diversity with mixed vegetation
(Tsuda and Kamura 1990; Mukai 1993; Lewmanomont
et al. 1996; Terrados et al. 1998; Hemminga and Duarte
2000). Morphology, biomass and growth rate vary
among the seagrass species (Vermaat et al. 1995), and
their associated faunal communities also change
depending on the seagrass species (De Troch et al. 2001;
Somerfield et al. 2002). Investigations of relationships
between seagrass species composition and factors
affecting their variation are essential when evaluating the
functions of mixed seagrass meadows.

Several abiotic factors are thought to influence sea-
grass distribution. During low tide, emergence deter-
mines the upper limit of distribution in intertidal areas
(Yabe et al. 1995, 1996; Leuschner et al. 1998; Seddon
and Cheshire 2001; Tanaka and Nakaoka 2004). Con-
versely, the deeper limit is attributed to light attenuation
by the water column (Dennison 1987; Duarte 1991; Lee
Long et al. 1993; Yabe et al. 1996). Siltation is another
influential abiotic factor causing both light attenuation
and physical burial (Duarte et al. 1997; Bach et al. 1998;
Terrados et al. 1998). Sediment depth also affects sea-
grass distribution, especially for larger species that ex-
tend roots and rhizomes deeper into sediments (Duarte
et al. 1998).

Several studies have investigated the relationship be-
tween these abiotic factors and the distribution of
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tropical seagrass beds in the Indo-Pacific. In most
studies, however, the performance of each species was
compared individually with a single environmental fac-
tor axis, such as depth of distribution (Mukai et al. 1987;
Björk et al. 1999; De Troch et al. 2001) or effect of
siltation (Duarte et al. 1997; Terrados et al. 1998).
Multiple environmental factor axes affect the distribu-
tion of seagrass species simultaneously (Vermaat et al.
1997; Bach et al. 1998), and the resultant distributions
may not agree with those predicted by a single factor
axis. Seagrass species probably interact with each other
in mixed vegetation, which may lead to specific patterns
of species composition. Depth and sediment condition
are also pointed out as factors that may affect seagrass
distribution in subtropical Japan (Kanamoto and Wa-
tanabe 1981; Kanamoto 2001). However, these studies
did not quantify how much each environmental factor
affects the seagrass species distribution. In such cases,
multivariate analyses are useful for categorizing com-
munity structures and analyzing them in relation to
environmental factors (Legendre and Legendre 1998).
To our knowledge, only two studies have applied mul-
tivariate techniques to tropical seagrass meadows
(Erftemeijer and Herman 1994; Bandeira 2002). The
former considered only two species and the latter did not
analyze environmental factors.

The purpose of this study was to examine the species
composition of seagrasses in Ishigaki Island, a sub-
tropical island in southwest Japan. Ishigaki Island is
located close to the northern end of the Indo-West Pa-
cific seagrass community, and the number of distributed
species is relatively small: nine species (Nozawa 1972;
Kanamoto and Watanabe 1981; Toma 1999). Therefore,
variations in species composition can be clearly detected.
The small size of the island enables us to conduct a
whole island survey by setting several research transects
around the island.

In the present study, we first measured the occurrence
and abundance of seagrass species and multiple physical
environmental factors (depth, sediment thickness and
silt–clay content in the sediments) on six transects lo-
cated around Ishigaki Island, southwest Japan. We then
analyzed the relationship between species composition
and physical environmental factors using both canonical
correspondence analysis (CCA) and cluster analysis.

Methods

Study sites

This study was conducted on Ishigaki Island, in the
Ryukyu Islands, southwest Japan (24�20¢ N, 124�9¢ E,
Fig. 1). The seagrass flora of the Ryukyu Islands are
similar to those of the Philippines, Indonesia, and Papua
New Guinea, which have the highest seagrass species
richness in tropical seagrass beds worldwide. Among the
Ryukyu Islands, Ishigaki Island has the highest seagrass
species richness: a total of nine species (Nozawa 1972;

Kanamoto and Watanabe 1981; Toma 1999). The total
area of the seagrass beds around Ishigaki Island is
estimated to be approximately 11 km2 (Okaji and
Yamaguchi 1994).

The tidal pattern at Ishigaki Island is a mixed dom-
inant semidiurnal type. In 1998, the highest tide was
103 cm above mean sea level (MSL) during a day in
summer, while the lowest (extreme low water of spring
tide, ELWS) was 123 cm below MSL on a winter night.
The mean low water (MLW) was 49 cm below MSL.
The annual precipitation was 2,065 mm, the average air
temperature was 24.0 �C (29.3 �C in July and 18.3 �C in
January), and the average water temperature was
25.0 �C (29.1 �C in July and 20.5 �C in January). The
water temperature at Ishigaki Island is relatively warm
for its latitude due to the warm Kuroshio Current. The
western coast of Ishigaki Island has a poorly developed
coral reef crest, and is characterized by bays and inlets.
By contrast, the eastern coast is characterized by a well-
developed fringing reef with distinct topographical
zonation: moat and reef crest (seaward rise of the coral
reef flat). Although Ishigaki Island has a land area of
221 km2 and the rivers on the island are relatively small,
some of the rivers yield considerable amounts of silt–
clay, especially the Miyara and Todoroki Rivers (Fig. 1)
(Okinawa Prefectural Central Council of Fisheries &
Okinawa Prefectural Fisheries Promotion Fund 1989).

Seagrass beds were identified from color aerial photos
of approximately 1/12,500 scale taken by Okinawa
Prefecture in 1994 (Fig. 1). Based on the aerial photos
and preliminary field surveys, we chose six sites with
different water depth profiles and siltation loads, E1
(Shiraho), E2 (Karadake), N1 (Kuura), N2 (Fukido), W
(Nagura), and S (Miyara) (Fig. 1). E1, E2 and S were
situated inside the coral reef crest, while the others were
not. E2, N2, W and S were located close to the river
mouth, others did not have apparent river effects. At
each site, we established one line transect perpendicular
to the shoreline. Transects were set from the benchmarks
located on the supralittoral zone to the edge of the
seagrass distribution. The transects were 400, 600, 500,
500, 900, and 600 m long for E1, E2, N1, N2, W and S,
respectively. We placed a ‘‘research point’’ every 10 m
along the transects from the benchmarks. Three suc-
cessive research points were grouped together and were
named ‘‘sites’’ for this study. The centers of the three
successive points were placed at 100-m intervals from the
benchmarks.

Field survey

A field survey was conducted in September 1998. Water
depth was measured at each research point. The
measured depths were converted to a depth from the
MSL using the tide table (Japan Meteorological Agency
1997). Sediment thickness was measured at every re-
search point using a 90-cm-long peg, which was ham-
mered into the bottom until it hit hard substratum. This
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was repeated three times at each research point and
averaged. When the peg did not reach hard substratum,
the value was considered to exceed 90 cm. At every 100-
m research point along each transect, sediment samples
were collected using a 25-cm-long plastic corer with an
internal diameter of 5 cm. In cases where a large amount
of organic matter, such as seagrass leaves, was contained
in the samples, we removed them before drying. After
drying at 105 �C for more than 24 h, the silt–clay was
carefully washed away with running water through a 63-
lm-mesh sieve. The samples were dried again under the
same conditions and then weighed. The silt–clay content
(%) in the sediment was calculated as follows: the dif-
ference in the weights before and after sieving (silt–clay)
with respect to the whole sediment containing the silt–
clay, fine sand and coarse sand.

At every research point, the number of shoots of each
seagrass species was counted using a 100-cm2 quadrat.
Three quadrats were placed at each research point ran-
domly and the values were averaged. We used a 625-cm2

quadrat for the large seagrass, Enhalus acoroides.
The abundance of each species was represented by

the ratio of total leaf area to bottom area (LAI), cal-
culated at each research point. To measure the leaf area
per shoot, about 30 shoots of each species were col-
lected randomly. The lengths and widths of all leaves
were measured, the number of leaves on a shoot was
counted, and the average leaf area (single-sided) was
calculated for each shoot. The leaf area of a shoot
multiplied by the shoot density per area equaled LAI.
For Syringodium isoetifolium, which has cylindrical
leaves, the leaf area was approximated using the fol-
lowing equation:

Leaf area of Syringodium ¼ p � diameter � length
2

:

Statistical analysis

CCA was employed to summarize the distributions of
seagrass species and their relationships to environ-
mental variables. Twenty-five sites [at W-800 m we did
not obtain silt and clay (%) data, so the site was
omitted] and eight species of LAIs are displayed as
points on the biplots, while environmental variables
are indicated by arrows. Before ordination analysis,
our data was transformed into log(x+1). To isolate
the effects of each environmental factor, partial CCA
with covariance was performed. This analysis was also
applied in order to assess the effects of two of the
factors on species composition, adjusted for the effect
of other factors. In canonical analysis, eigenvalues can
be tested for significance using the method of per-
mutations (Legendre and Legendre 1998). The test
statistics from Canoco 4.5 for Windows (Ter Braak
and Smilauer 2002) give partial F ratios for the
relationships between the environmental factors and
the tropical seagrass species structure, and then
the significance of each F ratio can be tested using
Monte Carlo permutation for partial CCA, with 999
permutations employed at the 5% significance level
(ter Braak and Smilauer 2002; Leps and Smilauer
2003).

Similarities in the assembly types of seagrasses among
the 26 sites with vegetation were analyzed by cluster
analysis using the Morisita–Horn similarity index Ck

(Horn 1966), with a classification strategy that involved
recalculating Ck at each step. The seagrass species
composition and abundance at each site were repre-
sented by species richness (the number of species), total
LAI, and the LAI of each species.

Results

Environmental factors

The depths of the research points ranged from 1 to
323 cm below MSL. The average depth of the transect
was shallowest in transect S (54.4 cm) and deepest in E2
(164.7 cm) (Table 1, Fig. 2). The silt–clay content in the
sediments across all sites ranged from 0.9 to 19.6%. The
average silt–clay content in the sediments was relatively
low in E1 (2.3%), N2 (3.6%) and W (4.1%), and high in
N1 (10.0%) and S (10.3%). The sediment layer was thick
in N1 (mean±SD, 67.6±20.2 cm) and W (78.8±
23.9 cm), and thin in E1 (17.0±17.8 cm) and S
(22.7±23.5 cm). The topographic profiles were uneven
in transects E1 and E2, and smooth in N1, N2 and W
(Fig. 2). In the uneven transects, the distribution of sand
and seagrasses was intermittent. By contrast, the distri-
bution of sand and seagrass was continuous in the
smooth transect. In transect S, the topographic profile
was smooth, although the distribution of sand and sea-
grass was intermittent.

Fig. 1 Position of Ishigaki Island, southwest Japan, showing the
seagrass beds and location names. E1 Shiraho, E2 Karadake, N1
Kuura, N2 Fukido, W Nagura, S Miyara
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Table 1 Means and ranges for the environmental factors at each transect

Depth from MSL (cm) Silt–clay contents (%) Sediment thickness (cm)

Mean Min Max Mean Min Max Mean Min Max

E1 70.5 26.5 174.1 2.3 1.2 3.9 17.0 0.0 53.3
E2 164.7 55.2 298.0 5.9 1.8 9.5 39.5 0.0 90.0
N1 130.6 1.0 191.5 10.0 2.6 17.0 67.6 17.3 90.0
N2 110.4 25.6 323.0 3.6 0.9 6.4 48.5 20.7 90.0
W 108.3 22.6 217.0 4.1 2.8 6.3 78.8 0.0 90.0
S 54.4 2.1 118.6 10.3 3.9 19.6 22.7 0.0 90.0

Abbreviations of location names are listed in Fig. 1
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Fig. 2 Silt–clay content, species shoot density and topographical
profiles of the six transects. The pie charts show the silt–clay (<63-
lm-sized sediment) content in the sediments. The histograms
indicate shoot density; each bar shows the average shoot numbers
from three quadrats at every research point. Th Thalassia
hemprichii, Cr Cymodocea rotundata, Cs C. serrulata, Si Syringo-
dium isoetifolium, Hu Halodule uninervis, Ho Halophila ovalis, Hp

Halodule pinifolia, Ea Enhalus acoroides. In the topographical
profiles, the upper bold line indicates the depth from MSL, and the
lower fine line shows the distance from MSL to hard substratum.
The distance involves sediment thickness and water depth. A dotted
line means that the sediments are over 90 cm thick. Abbreviations
of location names are listed in Fig. 1
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Species distribution

Nine species were observed around Ishigaki Island. The
frequency of occurrence varied among species. Of 204
vegetated research points, Thalassia hemprichii was re-
corded at 136 research points (66.7%), followed by
Cymodocea serrulata (45.1%), Cymodocea rotundata
(37.3%), Halodule uninervis (25.0%), Halophila ovalis
(15.7%), Halodule pinifolia (15.2%), S. isoetifolium
(11.3%) and E. acoroides (4.4%). Small patches of
Zostera japonica were detected around the shallower
edge of the seagrass beds in N2, and only three shoots of
E. acoroides was found around S-600, although they did
not occur in any of the quadrats. Some seagrass beds
were so mixed that six species coexisted at one research
point (triplicate of 100 cm2). Five to seven species
(mean±SD, 6.0±0.9) were recorded along each transect
(Table 2).

Shoot size and density varied among species (Table 3,
Fig. 2). E. acoroides had the largest shoot leaf area, T.
hemprichii, C. rotundata, and C. serrulata were middle-
sized, and the other four species were small. The density
of H. pinifolia exceeded 100 shoots/100 cm2 at some
research points. Halophila ovalis and Halodule uninervis
were relatively dense, while E. acoroides was sparse, less
than one shoot/100 cm2. The densities of the other four
species, T. hemprichii, C. rotundata, C. serrulata and
S. isoetifolium, were around five to ten shoots /100 cm2.
Based on the LAI, T. hemprichii, C. rotundata and
C. serrulata were abundant (Table 2). Except for N2,
where the largest species (E. acoroides) grew, the relative
abundances of these three species exceeded 90% of the
total leaf area in each transect.

Relationship between each environmental factor
and the species distribution

The distributions of the seagrass species overlapped
broadly when plotted against each environmental factor
(Fig. 3). Along the depth gradient, H. pinifolia occurred
in the shallowest parts of the beds, followed by H. ovalis,
C. rotundata, T. hemprichii, S. isoetifolium, H. uninervis,
C. serrulata, and E. acoroides, in that order. The entire

range of H. pinifolia was above ELWS, whereas almost
all of the range of E. acoroides was below ELWS. Along
the gradient of silt–clay content, H. ovalis was distrib-
uted at sites with the lowest silt–clay content, followed
by H. pinifolia, E. acoroides, C. serrulata, S. isoetifolium,
H. uninervis, T. hemprichii, and C. rotundata. For sedi-
ment thickness, E. acoroides occurred at points with the
thinnest sediment layer, followed by H. ovalis, T. hem-
prichii, H. uninervis, H. pinifolia, C. serrulata, S. isoe-
tifolium, and C. rotundata. H. ovalis and T. hemprichii
even occurred at sites without a sediment layer.

Canonical correspondence analysis

Depth was the most explainable environmental factor in
this study. Monte Carlo permutation revealed that
37.5% of the variance was explained by depth (Table 4).
Generally in CCA diagrams, objects on the edge of the
diagram provide the largest contribution to overall
variance, and those near the origin are of minor
importance (ter Braak and Smilauer 2002). N2-500 and
E2-600 (Fig. 4a) and LAI of C. serrulata and E. acoro-
ides (Fig. 4b) had positive correlation with depth. On the
other hand, LAI of H. pinifolia had negative correlation.

10.3% of the variance was explained by sediment
thickness. Sites on transect W (e.g., W-800) gave roughly
the same directions with the sediment arrow (Fig. 4a).
LAI of H. pinifolia was the closest to the edge of the
arrow (Fig. 4b). 4.6% of the variance was explained by
the silt–clay content in the sediments.

Assemblage type categorization by cluster analysis

The cluster analysis categorized the 26 sites into four
distinct assemblage types (Fig. 5). Thirteen sites were
classified as Type I, nine sites as Type II, one site as Type
III, and three sites as Type IV. Actually, Type IV con-
tained two categories which branched off at around
Ck=0.5. However, it only contained three sites and was
branched at the first junction from the others. Therefore,
we united them into one type, IV. In Type I, we iden-
tified two subgroups (I-a and I-b). T. hemprichii was

Table 2 Species richness and leaf area index (LAI) of transects established at six seagrass beds on Ishigaki Island

Species
richness

LAI (m2/m2)

Th Cr Cs Si Hu Ho Hp Ea Total

E1 6 1.2 (83) 0.1 (11) 0.0 (3) 0.0 (0) 0.0 (3) 0.0 (0) N.E. (0) N.E. (0) 1.4
E2 5 0.3 (28) 0.1 (9) 0.5 (59) 0.0 (2) 0.0 (3) N.E. (0) N.E. (0) N.E. (0) 0.9
N1 6 0.3 (50) 0.0 (7) 0.2 (33) N.E. (0) 0.0 (4) 0.0 (4) 0.0 (1) N.E. (0) 0.5
N2 7 0.2 (21) 0.1 (20) 0.0 (2) N.E. (0) 0.0 (1) 0.0 (4) 0.0 (2) 0.4 (50) 0.7
W 7 0.7 (51) 0.4 (29) 0.2 (14) 0.0 (1) 0.0 (3) 0.0 (0) 0.0 (2) N.E. (0) 1.4
S 5 0.6 (72) 0.2 (20) 0.0 (4) 0.0 (1) 0.0 (3) N.E. (0) N.E. (0) N.E. (0) 0.9

The numbers in parentheses refer to the percentage in each transect
Abbreviations of locations and species names are listed in Figs. 1 and 2, respectively
N.E. No existence on the transect within the quadrat; 0.0 only a few occur

91



dominant at the sites in I-a (six sites) and they occupied
more than 60% of the total LAI. T. hemprichii and
C. rotundata, combined, were dominant at the sites in I-
b (seven sites) and they occupied more than 79% of the
total LAI. Similarly in Type II, we identified two sub-
groups (II-a and II-b). In both subgroups, C. serrulata
was dominant. In II-a (four sites), the share of C. serru-

lata ranged from 29 to 46%, whereas that in II-b (five
sites) ranged from 66 to 100%. Type III consisted only
of one site (N2-400 m), where E. acoroides occurred. In
Type IV, only H. pinifolia and H. ovalis were observed.

The four assemblage types categorized by the cluster
analysis clearly separated when the sites were plotted
against depth and silt–clay content (Fig. 6a). Types I

Table 3 Shoot leaf area of eight seagrass species on Ishigaki Island

Th Cr Cs Si Hu Ho Hp Ea

Leaf length (mm) 162.0 ± 61.1 127.7 ± 40.2 94.8 ± 31.1 77.4 ± 29.1 54.4 ± 18.0 10.9 ± 1.3 40.7 ± 15.8 503.6 ± 241.1
Leaf width (mm) 8.8 ± 1.6 5.1 ± 0.5 8.0 ± 0.8 1.1a ± 0.3 2.9 ± 0.3 6.6 ± 0.7 0.5 ± 0.1 11.1 ± 2.3
Leaves per shoot 3.4 ± 0.6 3.2 ± 0.7 4.0 ± 0.8 1.7 ± 0.4 2.6 ± 0.5 2.0 0 1.8 ± 0.4 4.2 ± 0.7
Shoot leaf area
(mm2, single-sided)

4837 2043 2991 229 403 114 38 23503

No.of sample
shoots

29 32 33 31 30 30 30 24

Means are given with standard deviations
Abbreviations of species names are listed in Fig. 2
a for the cylindrical species Syringodium isoetifolium, leaf width = diameter

Fig. 3 Depth, silt–clay content,
and sediment thickness for each
species. Dots indicate the mean.
Boxes show the standard
deviations. Bars indicate
ranges. Abbreviations of species
names are listed in Fig. 2. The
numbers in parentheses are the
sample sizes. ELWS is indicated
on the depth graph
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(between 35.6 and 153.1 cm below MSL) and IV (be-
tween 47.8 and 75.6 cm) occurred in shallower water,
whereas Type II was distributed in deeper water (be-
tween 91.3 and 305.8 cm). Upon comparing the silt–clay
content in the sediments, Type IV was confined to sites
with lower silt–clay contents (between 2.0 and 3.8%),
while Types I (between 1.2 and 16.9%) and II (between
3.5 and 16.0%) occurred in a broad range of silt–clay
contents. The distribution of assemblage types was not
clear when the sites were plotted against sediment
thickness, except to say that only Type I-a occurred at
sites with a sediment thickness less than 20 cm (Fig. 6b).

Discussion

Nine species of seagrasses were found around Ishigaki
Island in this study, agreeing with the previous reports on
the seagrass distribution for the whole Ishigaki Island
(Nozawa 1972; Kanamoto and Watanabe 1981; Tsuda
and Kamura 1990; Toma 1999). The dominance of
T. hemprichii in the Yaeyama Islands (including Ishigaki
Island) is similar to that observed in previous studies
(Takada and Abe 2002). The number of species in Ish-
igaki Island was small compared to the numbers of spe-
cies seen in studies of whole seagrass flora within
countries in the Indo-Pacific tropical area: 14 species in
the Philippines and India, 13 species in Papua New
Guinea, and 12 species in Thailand (Brouns 1987; Mukai
1993; Jagtap 1996; Lewmanomont et al. 1996). The
dominant species in those areas are the same as those on
Ishigaki Island when they are compared at a similar
spatial scale as to the present study—between 150 and
500 m of transects or points within several km2 (Nienhuis
et al. 1989; Tomasko et al. 1993; Vermaat et al. 1995;
Bach et al. 1998)—except for E. acoroides, which only
occurred at one site in this study. Ishigaki Island is the
northern limit of E. acoroides (Nozawa 1972; Kanamoto
and Watanabe 1981; Toma 1999), and this may be
related to its limited occurrence around the island.

Table 4 Results from partial ordination (CCA) of seagrasses in 26
sites in Ishigaki Island. The percentage variances explained by each
environmental variable are shown

Variable Variance explained (%)

Depth 37.5
Sediment 10.3
Silt 4.6
Depth and sediment 46.4
Depth and silt 40.8
Sediment and silt 13.7
Total 49.6
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Each assemblage type was not confined to a specific
transect. Type I appeared in all six transects, Type II in
four, and Type IV in two transects. These occurrences of
assemblage types suggest that an environmental gradient
affecting assemblage types occurs within each transect.

In the present study, CCA quantified the contribution
of each physical environmental factor as a new result in
comparison with the conclusions of previous studies
(Kanamoto and Watanabe 1981; Kanamoto 2001).
Among the various possible physical environmental
factors, depth made the largest contribution to species
distribution (37.5%). On the other hand, CCA did not
detect the simultaneous effects of multiple physical
environmental factors on seagrass species composition
(Table 4).

Cluster analysis also elucidated that depth was mainly
responsible for assemblage type distributions. Simulta-
neous effects from multiple physical environmental fac-
tors were only detected for Type IV, which occurred in
both shallow and low-silt–clay sites. The ELWS of Ish-
igaki Island is about 120 cm below MSL. Therefore,
Types IV (mean depth 64.3 cm below MSL) and I
(91.3 cm) were dominant in the intertidal zone, whereas
Type II (179.1 cm) was subtidal. Tanaka and Nakaoka
(2004) revealed that C. serrulata, which was dominant in
Type II, was sparse under intertidal conditions because
its long vertical rhizome exposes it to severe desiccation.
T. hemprichii and C. rotundata, which were dominant in
Type I, were larger than H. pinifolia andH. ovalis, which
were dominant in Type IV (Table 3). Small flexible
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species might survive emergence by lying flat on moist
sediment, as Björk et al. (1999) pointed out. On the other
hand, small species are likely to lose out in the compe-
tition for light. Since the vertical distribution range was
narrow (about 30 cm), Type IV was noticeable in sites
where the slope was gentle and the sediment was con-
tinuous, such as close to a river mouth.

Previous studies describing the depth distribution of
each seagrass can be explained using our assemblage
type classification. Brouns and Heijs (1991) found that
T. hemprichii and C. rotundata were the dominant sea-
grass species at their study sites in Indonesia and Papua
New Guinea. This combination occurred in the inter-
tidal zone (between ELWS+0.5 and +0.2 m) on a
variety of substrata. This relationship corresponds to
our Type I assemblage. C. serrulata was abundant at
most of the stations in the survey at Negros Oriental, in
the Philippines (Tomasko et al. 1993). All of the stations
in the study were situated deeper than 67 cm below
MLW, equivalent to our Type II assemblage. At Cape
Bolinao, in the Philippines, T. hemprichii was most
abundant around MLT, C. rotundata at 0.5 m below
MLT, and C. serrulata at 1.0 m below MLT (Bach et al.
1998). These distributions correspond to our Types I
and II. Therefore, Types I and II of our community
classification are not specific to Ishigaki Island, but oc-
cur widely in the Indo-Pacific tropical area. We could
not find appropriate examples to show the relationship
between depth and assemblage type for Types III and
IV. This will be elucidated in future studies.

Sediment thickness appeared to be less related to the
distribution of species and assemblage type distribution.
The roots and rhizomes of each species, except for E.
acoroides, were distributed at sites with a sediment layer
thinner than 40 cm (Duarte et al. 1998). In this study,
sediment depth exceeded 40 cm at 74.4% of the research
points (calculated from raw data). Sediment depth was
not a major factor in determining the seagrass distri-
bution at Ishigaki Island. Type I-a communities were
mostly found at sites with thin sediment layers (less than
20 cm). These sites were situated in transects with
intermittent sediment distributions (E1, E2, and S),
where the hard substrata was frequently exposed. In
Type I-a, only T. hemprichii was dominant. The inter-
node length on horizontal rhizomes of T. hemprichii was
significantly shorter than in other species (Vermaat et al.
1995), allowing this species to grow flexibly to fit the
interstices in the substrata or dead coral. This morpho-
logical feature of T. hemprichii was probably related to
the occurrence of Type I-a at sites with the lowest sed-
iment thickness.

Silt–clay content in the sediment did not show strong
relationships to distribution of species and assemblage
type in this study, although Type IV assemblage
appeared at sites with low silt–clay content. Small H.
pinifolia and H. ovalis may be easily buried when the
silt–clay content in the sediment is high. The maximum
silt–clay content in this study was 17%, and most of sites
were below 12%. Terrados et al. (1998) reported sites

with more than 40% silt–clay content, along which
changes in species distribution were discovered. The
weak effect of silt–clay content in this study may be due
to the limited range on this island.

In this study, we quantified the contributions of three
physical environmental factors and concluded that
depth is the factor most responsible for seagrass species
composition. Around half (49.6%) of the variance was
explained by three factors: depth, sediment thickness
and silt–clay content in the sediments. The rest of the
variance may be caused by several possible factors, such
as nutrient content in the sediment, salinity, turbidity,
grazing pressure, epiphyte and interspecific competition
of seagrasses.
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