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Abstract

Coral reef ecosystems, such as those surrounding Okinawa Island, have high levels of biodiversity, especially among ben-
thic communities. Over the last century, and particularly after World War II, major coastal development and reclamation
works have been carried out along the coasts of Okinawa Island, and there are concerns about their adverse effects on the
communities of organisms living in coral reef areas. Examples of methods for investigating the distribution and ecology of
organisms that live on the seabed, as well as environmental impacts, include several transect and photo-quadrat techniques.
However, such survey methods aim to roughly grasp the benthic biota at a spatial scale that does not target relatively small
(<5 cm) benthic organisms. Therefore, in this study, we focused on the microenvironment and conducted surveys of ben-
thic organisms using quadrats of 0.0025 m? (5 cmx 5 cm) (hereinafter referred to as micro-quadrats). Field surveys were
conducted by scuba diving at nine coastal locations on Okinawa Island, where photographs were taken including the entire
micro-quadrats (5 cm per side) in the field of view. In addition to the micro-quadrats, conventional transect (10 m length)
methods were also used. Benthic coverage was calculated based on the data obtained by the identification, and the similarity
of the biological communities was also compared. For the similarity comparison, we confirmed differences in community
composition between sites and depending on the category of coastal development (natural, armoring, land reclamation). At
the sites where reclamation had occurred, the coverage of octocorals was higher in the transect method, while the coverage
of sand was highest in the micro-quadrats. In addition, significant differences were found in the community composition of
organisms with the transect method and between the reclaimed and unreclaimed sites (p <0.001). A similarly significant
difference was found in the micro-quadrat method (p < 0.001). Transect results indicated that sites categorized as natural and
armoring were characterized by hard coral or rock and rubble, while sites categorized as land reclamation were character-
ized by octocorals (mainly soft corals) or sand. In addition, micro-quadrat results indicated that sites categorized as natural
or armoring were more likely to have hard coral, ascidian, and CCA, and that sites categorized as land reclamation were
characterized as sand. Thus, depending on the method, the organisms and categories characterized at each site were also
different. By focusing on more minute environments than conventional methods, this study demonstrates the importance of
understanding the biota in microhabitats at different spatial scales.
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However, over the last century, coral reef environments
have been degraded by both extreme bleaching events and
local stressors, and have been observed to be in decline
through time (Hasegawa 2011; Hongo and Yamano 2013).
For example, many coral reefs in Australia’s Great Barrier
Reef have been subject to substantial decline due to problems
such as sediment and nutrient runoff via coastal develop-
ment (De’ath and Fabricius 2010). The island of Okinawa is
subject to similar problems (Hongo and Yamano 2013): the
coastline, once consisting of a diverse alternation of rocky
shores and sandy beaches surrounded by coral reefs, is now
fragmented by seawalls and other human-made structures
and more than half of it has been reclaimed and built up in
shallow waters (Masucci and Reimer 2019; Nakajima et al.
2024). Furthermore, anthropogenic disturbances on Okinawa
Island have been suggested to affect coral reef community
compositions (Reimer et al. 2015). Coral community and
fish faunal surveys conducted along the coast of Nakagu-
suku Bay on the east coast of Okinawa Island have suggested
that coastal development has significantly reduced the diver-
sity of both corals and fish (Clay et al. 2023; Cook et al.
2022). Survey methods such as quadrats and transects are
heavily utilized for understanding the dynamics of such biota
changes (Brett et al. 2007; Ogaki 2009). Each of these meth-
ods comes with its own strengths and limitations. Traditional
field survey methods—such as belt transects, line-intercept
transects, and quadrat sampling—have been widely used to
estimate coverage and species composition across various
spatial scales (Beisiegel et al. 2017). In recent years, thanks
to the advent of increasingly compact, affordable, portable,
and sophisticated photographic equipment and memory stor-
age, photo and video-based surveys have become common,
offering the advantage of permanent records that allow for
post-survey validation, identification, and long-term monitor-
ing (Preskitt et al. 2004). Photogrammetric approaches, such
as Structure-from-Motion (SfM), have also gained popular-
ity for generating high-resolution 3D reconstructions of reef
surfaces (Burns et al. 2015). Drones, aerial photography, and
satellite pictures are also widely used for studying reefs at
larger spatial scales (Bennett et al. 2020). Not all methods
are photographic. In situ visual surveys, destructive sampling
(e.g., core sampling or scraping), settlement tiles, and coral
rubble cryptofauna surveys, provide valuable data on cryptic
or early life-stage organisms not easily captured in images
(Biondi et al. 2020). Such methods can provide higher taxo-
nomic resolution, but can also be labor-intensive, invasive,
and restricted by local regulations. Conversely, photographic
surveys can miss small or cryptic taxa, leading to biases in
biodiversity estimates. Despite their widespread adoption,
conventional photographic surveys based on quadrat and
transect methods that obtain a broad picture of the biota of
the study site usually do not target small (<1 cm) benthic
organisms (Pawlowski et al. 2022). In addition, many of the
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taxa that significantly differ from site to site in environmental
DNA (eDNA) metabarcoding surveys are not fish or corals,
but rather minor, understudied taxa (DiBattista et al. 2020).
Such biota that cannot be seen easily by the naked eye are
often lumped within “other” or “rocks and sand” categories
in surveys. This categorization is due to image resolution lim-
itations and observer bias. However, to better understand the
mechanisms of benthic cover on coral reefs, it is important to
study growth and competition processes and species compo-
sition cover at smaller scales of mm to cm (Vermeiji 2006).
As well, understanding the early stages of settlement of large
groups of corals and other organisms may provide important
clues to understand the total biota of a coral reef area. For
example, it is well known that some crustose coralline algae
(CCA) that inhabit the rocky surfaces of coral reefs act as
cement between coral colonies, contributing to reef-building
activities (Baba 1997; Baba and Kato 2023). Furthermore,
much is unknown about the ecology of most of the taxa that
contribute to the diversity of coral reef areas, especially small
benthic organisms such as marine invertebrates (Knowlton
2001), making studies on the distribution and diversity of
these organisms important (Bolam et al. 2002).

In order to observe these smaller organisms, this study
conducted a survey of benthic organisms using small 5
cm X 5 cm quadrats (hereafter “micro-quadrats”). By observ-
ing the coral reef seafloor at this smaller scale, this study
aimed to (i) understand the diversity of organisms that can
be surveyed by using this “micro-quadrats” method, and (ii)
detect differences in biota at different sites and different lev-
els of anthropogenic stress (specifically reclaimed, armored,
and natural coastlines) that can be expected to be seen by
using this method. The results obtained from this study pro-
vide knowledge and insights necessary to improve both the
understanding and conservation of marine biodiversity in
coral reef areas.

Materials and methods

This study was conducted at coastal reef sites around
Okinawa Island in 2023 to 2024. The survey consisted of (1)
field surveys using transects and micro-quadrats, (2) identi-
fication of benthic organisms using online tools (transect),
(3) identification of benthic organisms using online tools
(micro-quadrats), and (4) calculation of cover and statistical
analyses. Details of each process are described below.

Field surveys using transects and micro-quadrats

Field surveys were conducted at nine coastal coral reef sites
around Okinawa Island between February 2023 and March
2024 (Fig. 1) using scuba diving. Survey sites were selected
based on site-specific data categorized by a 2019 coastal
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Fig. 1 Study sites in Okinawa Island, Ryukyu Archipelago, Japan

development survey (Masucci and Reimer 2019; Table 1).
The categorization of the survey sites was based on the indi-
cators of Masucci & Reimer (2019) with some modifications
(soft armoring and hard armoring were merged into a single
category “armoring”), classifying each site as natural (natu-
ral coast; n=23 locations), armored (with artificial structures
such as breakwaters and wave blocks; n=3 locations), or as
land reclamation (reclaimed land; n =3 locations). The sites
categorized as natural in this survey were Zanpa in Yomitan
Village, Teniya in Nago City, and Yona in Kunigami Village.
The field survey at Zanpa was completed in March 2023, at
Teniya in June 2023, and at Yona in September 2023. The
sites categorized as armoring in this survey were Odo in Ito-
man City, Bise in Motobu Town, and Taira in Higashi Village.
The field survey in Odo was in February 2023, Bise was com-
pleted in June 2023, and in Taira in October 2023. The sites
categorized as land reclamation in this survey were Sunabe in
Chatan Town, Makiminato in Urasoe City, and Mizugama in
Kadena Town. The field survey in Sunabe was completed in
March 2023, the field survey in Makiminato in October 2023,
and the field survey in Mizugama in March 2024.

A Tough TG-6 camera (Olympus, Tokyo, Japan) was
used to take photographs during the survey. For more accu-
rate benthic identification, in addition to ambient light, a
camera-integrated flash strobe and external lights were used
to capture colors. In order to ensure uniform surveys at each
site, transect lines that were 10 m in length and 40 cm in
width were laid at sites that met the following three criteria:
(1) flatness that could be visually confirmed, (2) the presence
of some benthic organisms (e.g., hard scleractinian corals
and soft corals), at (3) at a depth of 10 m (+2 m, approxi-
mately the tidal range in Okinawa), following the contours of
the reef. At each site we laid three transects of 10 m x40 cm
(20 cm on each side of the transect tape). For each transect,
a total of 20 photographs were taken of the seafloor biota,
one for every 50 cm of length along the 10 m line.

Within the same transects, locations categorized as “abi-
otic” (e.g., rock and rubble, sand, dead coral) were selected
as sites for micro-quadrat photographs. For each micro-
quadrat, a photograph was taken with a ruler zoomed in
until the length of one side (5 cm) of the micro-quadrat was
within view, and this process was repeated for a total of 40
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Ta.ble 1 The liSt, of t.ranSS:ct/ Siteno  Site name Category Location Distance from Survey Depth
micro-quadrat sites in this study the shore (month-
year)
1 Zanpal Natural 26° 26" 28" N 80.2 m Mar-23 103 m
127° 42" 40" E
2 Zanpa2 Natural 26°26'29" N 117.0 m Mar-23 104 m
127°42' 39" E
3 Zanpa3 Natural 26°26' 27" N 181.6 m Mar-23 11.6 m
127°42' 35" E
4 Teniyal Natural 26°33'51" N 471.0 m Jun-23 109 m
128°08' 35" E
5 Teniya2 Natural 26°33' 50" N 413.0m Jun-23 9.3m
128°08' 33" E
6 Teniya3 Natural 26°33'52" N 3849 m Jun-23 103 m
128°08'31"E
7 Yonal Natural 26° 46’ 06" N 158.7 m Sep-23 8.9 m
128°11' 50" E
8 Yona2 Natural 26°46' 06" N 168.2 m Sep-23 8.5m
128°11'49" E
9 Yona3 Natural 26°46' 05" N 232.0m Sep-23 10.3 m
128°11'46" E
10 Odol Armoring 26°05' 09" N 320.5 m Feb-23 12.6 m
127°42' 15" E
11 Odo2 Armoring 26°05' 09" N 3439 m Feb-23 10.2 m
127°42' 18" E
12 Odo3 Armoring 26°05' 10" N 349.8 m Feb-23 11.6 m
127°42'21"E
13 Bisel Armoring 26°42'44" N 331.1m Jun-23 9.9 m
127° 52" 56" E
14 Bise2 Armoring 26°42' 44" N 283.3m Jun-23 9.7m
127°52' 53" E
15 Bise3 Armoring 26°42' 46" N 247.1 m Jun-23 10.7m
127°52'49" E
16 Tairal Armoring 26°37' 01" N 584.4 m Oct-23 9.6 m
128°09' 28" E
17 Taira2 Armoring 26°36' 56" N 512.8 m Oct-23 9.8 m
128°09'28" E
18 Taira3 Armoring 26° 37" 02" N 516.4 m Oct-23 11.8 m
128°09' 23" E
19 Sunabel Land reclamation ~ 26° 19" 18" N 250.5m Mar-23 8.8 m
127°44' 39" E
20 Sunabe2 Land reclamation ~ 26° 19" 19" N 242.1 m Mar-23 9.0 m
127° 44' 38" E
21 Sunabe3 Land reclamation ~ 26° 19'20” N 230.9 m Mar-23 9.8 m
127°44' 38" E
22 Makiminato1 Land reclamation ~ 26° 16’ 32" N 104.4 m Oct-23 8.1m
127°42' 48" E
23 Makiminato2  Land reclamation ~ 26° 16’ 34" N 1533 m Oct-23 114 m
127° 42' 50" E
24 Makiminato3  Land reclamation ~ 26° 16’ 32" N 108.4 m Oct-23 8.1m
127°42' 49" E
25 Mizugamal Land reclamation ~ 26° 21’ 32" N 1199 m Mar-24 9.8 m
127° 44" 17" E
26 Mizugama2 Land reclamation ~ 26° 21’ 32" N 1144 m Mar-24 8.6 m
127° 44" 17" E
27 Mizugama3 Land reclamation ~ 26° 21" 33" N 859 m Mar-24 9.8 m
127°44' 18" E
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Each site was categorized based on the study by Masucci and Reimer (2019), partially modified
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Fig.2 Schematic of micro-quadrat method. A The transect method line was installed parallel to the shoreline; B two micro-quadrat images were
taken at each side of the transect line every 50 cm length; and C an example of a micro-quadrat

photos, two at each end of the line for every 50 cm length
of the transect line (Fig. 2). Thus, for each site, we ended up
with 120 micro-quadrat photographs. The photographs were
taken with an image correction color chart CASMATCH
(Bear Medic Co., Ibaraki, Japan) within each picture and
were taken at the same zoom level and from a similar height
(approximately 20 cm) above the substrate to prevent dif-
ferences in resolution depending on the height at which the
photographs were taken.

Identification of benthic organisms using online
tools (transect)

The online tool CoralNet (https://coralnet.ucsd.edu/) was
used to identify benthic organisms for transect images.

For the transect method, in CoralNet, a 40-cm-wide (20
cm X 2) and 50-cm-long analysis area was superimposed on
images. Using the CoralNet Annotation Tool, random points
(n=30; Tabugo 2016) were plotted within the analysis area
for transects to identify the substrate and organisms.

Depth and temperature data recorded during the field
survey were also recorded on CoralNet. Identification of
benthic organisms was based on the Australian Institute of
Marine Science (AIMS) Benthic Survey 2008 (Jonker et al.
2008), and as many subtaxa as possible were identified.

In this study, only attached organisms such as anthozoans
and sponges were included, while mobile organisms such
as crustaceans and fishes that appeared in the photographs
were categorized as “animal other.” Obtained identification
data were output to a CSV file.

Identification of benthic organisms using online
tools (micro-quadrats)

The online tool CoralNet (https://coralnet.ucsd.edu/) was
used to identify benthic organisms also for micro-quadrat
images.

In CoralNet, a 5 cm X 5 cm square frame from the micro-
quadrat method was superimposed on each picture based on
the ruler in the photograph. Using the CoralNet Annotation
Tool, random points were plotted within the analysis area for
the micro-quadrats to identify the substrate and organisms.
Using the CoralNet Annotation Tool, random points (n=30)
were plotted within the analysis area for the micro-quadrats
to identify the substrate and organisms.

Depth and temperature data recorded during the field sur-
vey were also recorded on CoralNet. Identification of benthic
organisms was based on the Australian Institute of Marine
Science (AIMS) Benthic Survey 2008 (Jonker et al. 2008),
and as many subtaxa as possible were identified. In this
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study, only attached benthic organisms such as anthozoans
and sponges were included, while mobile organisms such
as crustaceans and fishes that appeared in the photographs
were recorded in the category “Animal other,” which also
included hydrozoans’ sessile group and polychaetes’ sessile
group. Obtained identification data were output to a CSV
file.

Calculation of cover and statistical analyses

Percent cover in this study represented the ratio of the
number of points of a given substrate to the total number
of points plotted at each location and followed by aver-
age + standard deviation. Data obtained from both transects
and micro-quadrats were used to calculate the cover of each
substrate and to evaluate dominant species. Dominant spe-
cies in this study were defined as those taxa that had higher
relative cover in each survey method. Coral cover was fur-
ther divided into the sum of Acropora coral cover and non-
Acropora coral cover. This distinction between Acropora
coral and non-Acropora coral was based on Australian Insti-
tute of Marine Science (AIMS) Benthic Survey 2008 (Jonker
et al. 2008).

The difference in overall benthic community per transect
and micro-quadrat was visualized using non-metric Multi-
dimensional Scaling (nMDS) performed on a Bray—Curtis
distance matrix. To determine if community composition
varied between each site, the same distance matrix was used
for permutational multivariate analysis of variance (PER-
MANOVA). All analyses were performed in R version 4.1.3
(R Core Team 2022) using the packages vegan (Oksanen
et al. 2020) and readxl (Wickham and Bryan 2019).

Results
Benthic coverage of natural sites (Figs. 3-4)

The transect method showed that rock and rubble
cover was the highest at all three natural sites; Teniya
(52.9 £ 12.8%), Zanpa (66.8 +14.3%), and Yona
(40.2 £24.4%). After rock and rubble, the highest cover
was observed for non-Acropora coral (22.5 +13.2%) at
Teniya, CCA (22.0 +16.0%) at Zanpa, and non-Acropora
coral (23.7 £16.2%) at Yona. The transect survey con-
firmed that natural sites had a lower cover of corals than
armored sites (26.7+21.4% at Teniya, 7.2+ 10.7% at
Zanpa, and 37.0 +32.3% at Yona) (Fig 3) (Fig 4).
Micro-quadrats revealed relatively high algal cover in
Teniya (brown algae, 2.2 +6.9%; green algae, 1.4+3.0%;
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red algae, 9.1 £ 10.9%; crustose coralline algae (CCA),
44.0 +22.1%; peyssonnelid algal crusts (PAC), 0.2+ 1.3%).
Similarly, relatively high algal cover was observed in Zanpa
(brown algae, 0.3 + 1.2%; green algae, 1.1 +2.9%; red algae,
4.1+5.0%; PAC, 0%). For CCA, a remarkably high coverage
of 71.4 +15.4% was observed in Zanpa. Thus, a dominance
of CCA was observed in the natural micro-quadrats.

Benthic coverage of armoring sites (Figs. 3-4)

The transect method showed that non-Acropora coral cover
was highest at all three armoring sites: Bise (50.6 + 18.4%),
Odo (46.6 +24.3%), and Taira (58.7 + 18.5). In addition,
rock and rubble cover was second highest at all three armor-
ing sites: Bise (37.2+15.6%), Odo (33.3+17.2%), and Taira
(23.8+13.4%) (Figs. 3 and 4).

In the micro-quadrat method, CCA was found to be domi-
nant at all three sites, 42.8 +25.1% at Bise, 37.5+29.2%
at Odo, and 30.6 +24.5% at Taira. At Odo, non-Acropora
coral was observed at 36.9 +36.8% of cover, followed by
CCA, and at Taira, non-Acropora coral was observed at
30.7 £33.0% of cover, showing the same dominance as
CCA. At all three sites, the cover of corals in the microen-
vironment was more than 20% (Bise, 20.7 +27.4%; Odo,
40.3+52.2%; and Taira, 31.6 +38.9%), which was higher
than that at other sites.

Benthic coverage of land reclamation sites (Figs. 3—-
4)

Transects showed that rock and rubble cover was the
highest in Sunabe and Mizugama (Sunabe, 42.8 +22.3%;
Mizugama, 54.3 +21.9%). Next to rock and rubble, octo-
corals cover was highest (Sunabe, 38.7 +27.1%; Miz-
ugama, 15.9+27.5%). At Makiminato, sand was the
highest at 43.7 +25.9%. After sand, CCA was the sec-
ond-most abundant with 16.8 + 15.3%. Thus, at the three
land reclamation sites, abiotic categories were detected
at higher values than in the other sites. In addition, the
three sites had lower coral cover than the other sites (Sun-
abe, 5.7 £ 7.3%; Makiminato, 4.7 + 8.7%; Mizugama,
5.9 +6.9%). In addition, Acropora coral was not observed
at all at Makiminato (Figs. 3 and 4).

In micro-quadrats, sand cover was the highest at all three
sites (Sunabe, 36.8 +25.5%; Makiminato, 43.7 +25.9%;
Mizugama, 41.1+30.1%). CCA cover was next highest
(Sunabe, 34.0 +25.7%; Makiminato, 16.8 +15.3%; Miz-
ugama, 31.2 +25.0%). Abiotic cover was detected at higher
values than at other sites.
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Comparison of benthic community

For the transect results, there was a significant difference in
benthic community between sites (PERMANOVA, df=8,
F=17.67, p<0.001). In addition, there were significant dif-
ferences in their benthic community by coastal develop-
ment category (PERMANOVA, df =2, F=14.44, p<0.001;
Fig. 5). The envfit results also indicated that sites catego-
rized as natural and armoring were characterized by non-
Acropora coral or rock and rubble, while sites categorized
as land reclamation were characterized by octocoral (mainly
soft corals) or sand.

As with the transects, there were significant differences
in the benthic community among sites for the micro-quad-
rats results (PERMANOVA; df =8, F=13.58, p<0.001).
In addition, there were significant differences in their ben-
thic communities by coastal development category (PER-
MANOVA; df =2, F=15.24, p<0.001; Fig. 6). The envfit
results indicated that sites categorized as natural or armoring
are more likely to have non-Acropora coral, ascidian, and
CCA, and that sites categorized as land reclamation were
characterized as sand.

tion in the vegan package indicate the direction and strength of signif-
icant benthic components (p <0.05), with their lengths representing
the degree of correlation with the ordination

Discussion

This research methodology shows that coastal development
is affecting marine ecosystems on a finer scale than pre-
viously thought. The changes in the environment of these
microhabitats are likely to be a major factor in the overall
changes in the ecosystem (Monteiro et al. 2019).

As environmental disturbances such as coastal develop-
ment alter the structure of coral reefs worldwide, effective
ecosystem monitoring is essential to document and under-
stand changes in community composition (Smith et al.
2022). This study demonstrates the importance of under-
standing biota in microhabitats by focusing on even finer-
scale measurements and scales than previous methods.

In addition, surveys using micro-quadrats at natural and
armoring sites both detected CCA as the dominant species;
CCA cover has been related to sedimentation, with rela-
tively high CCA cover on coral reefs with low sedimenta-
tion (Fabricius and De’ath 2001). At least in the microen-
vironments seen in the present micro-quadrats, CCA and
other algae were dominant. For Bise, PAC cover was also
observed; PAC is a group of understudied algae, but its rapid
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Fig.6 Non-metric multidimensional scaling (nMDS) plot using
Bray—Curtis distances of benthic components from micro-quadrat
data. Arrows that are fitted onto the ordination space using the envfit

coverage expansion has been observed in the Caribbean in
recent years and its impact on other organisms is a concern
(Edmunds et al. 2019).

At sites categorized as land reclamation, the dominant
species were unique compared to other sites. The transect
method confirmed that octocoral (mainly soft corals) were
the dominant inhabitants (Lalas et al. 2024). Micro-quadrats,
on the other hand, had sand cover as the highest. These sites
were characterized by higher turbidity due to the inflow of
sand and other sediments from the reclaimed road surface
drainage and the proximity of a river. Many soft coral spe-
cies are comparatively less dependent on photosynthesis
than many scleractinian coral species because they are able
to completely satisfy respiratory losses by heterotrophic
feeding (Fabricius and Klumpp 1995), and might there-
fore inhabit areas with high turbidity and lower levels of
photosynthesis (Inoue and Takahashi 2014). In addition,
on Okinawa Island, soft coral cover has been seen to be
significantly higher in areas of high anthropogenic distur-
bance (Lalas et al. 2024). This study supports these previous
studies regarding the priority of them. Sand had the highest
cover at sites categorized as land reclamation, whereas a

@ Springer

function in the vegan package indicate the direction and strength of
significant benthic components (p <0.05), with their lengths repre-
senting the degree of correlation with the ordination

wide variety of species were detected in micro-quadrats at
other sites. This result also suggests that sediments from
coastal development have reduced the number of niches
(Airoldi 2003).

Analysis of community composition revealed differences
in benthic community composition at each site in the transect
method. Similarly, the micro-quadrats revealed significant
differences in biota at each site. Okinawa Islands and numer-
ous other archipelagos located in coral reef areas have diverse
shallow-water habitats due to rivers and rather complex
coastlines (Nishihira and Veron 1995), which may explain the
diversity of ecosystems in both the macro and microenviron-
ments observed using transects and, particularly effectively,
micro-quadrats. Micro-quadrats were conducted in transect
areas that were categorized as “non-living”. Despite this, a
wide variety of species was observed. The benthic biodiver-
sity in dead corals and rubble can be considered higher than
the benthic diversity in living corals, which is inferred to
be due to the high niche diversity in dead corals and rubble
(Enochs and Manzello 2012; Kramer et al. 2014). Thus, our
results also strongly suggest that living organism coverage in
transect surveys may be severely underestimated.
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In addition, the species found in micro-quadrats included
small and relatively understudied taxa, such as CCA, and
these taxa made the difference between the sites. Thus, the
results obtained by this study support those of DiBattista
et al. (2020) using eDNA metabarcoding. Comparison of
community compositions based on the degree of coastal
development (natural, armoring, land reclamation) showed
significant differences among communities. This study also
indicated that the coastal development that has been pro-
gressing on Okinawa Island over the past 100 years is exert-
ing a significant impact on the coastal ecosystems of the
main island (Mars Brisbin et al. 2024; Nakajima et al. 2024).

This study used the conventional transect method and
a new method, the micro-quadrat method. These methods
clearly show the impacts of coastal development, particu-
larly land reclamation, on both macro and micro-ecosystems.

In benthic surveys generally conducted in coastal areas,
survey sites are set up with representative locations of the
surrounding environment and biota in mind and have the
advantage of accurately and quantitatively determining the
cover and density of emergent organisms by depth zone
(Dotsu et al. 2014). However, the seafloor of Okinawa Island
has a variety of environments, including gullies composed
of dead corals as well as coral reefs and deep sandy mud
bottoms. In this study, micro-quadrat photographs were
taken by design as a subset of specific regions of the origi-
nal transect (those characterized as “abiotic’) and were not
randomly selected, potentially introducing biases in site
selection. However, given our goals of this research, this
can be considered unavoidable. It is because by design, we
wanted to see if abiotic and uninteresting areas would con-
ceal interesting biomes of communities at a more resolute
spatial scale. In addition, in this study, surveys were con-
ducted only at 10 m depth. A random selection of micro-
quadrats and replication at additional depths could poten-
tially reveal the presence of taxa not recorded in the present
survey or highlight different coverage percentages or distri-
bution patterns. It is difficult to comprehensively cover such
complex environments with only micro-quadrats. In fact,
the photographs obtained from the micro-quadrats showed
different biota, and detailed biota comparisons of each of
the micro-quadrats should be conducted in the future. In
addition, similarly to other methods of photo-surveys, the
micro-quadrats method used in this study requires a long
time for both surveys and analyses due to the large number
of photographs. Therefore, to make this method more scal-
able, the use of machine learning may be effective to reduce
this human burden (Wildchen and Mader 2018).

All marine biota survey methods such as transects and
micro-quadrats have strengths and weaknesses. For exam-
ple, satellite surveys may yield unsatisfactory results in
terms of resolution and quality due to their wider survey
areas (Tokuyasu et al. 1996). In addition, surveys using

eDNA metabarcoding can detect organisms that are dif-
ficult to observe visually (Lafferty et al. 2021) but incur
costs involved in conducting research studies, as well as
have differences in effective protocols depending on the
environmental conditions of the study site and target spe-
cies (Takahara et al. 2016), and external factors such as
the location and time of the collection site may affect the
composition of the eDNA samples (Gosser et al. 2023).
Therefore, to better understand marine biodiversity, it may
be necessary to combine multiple survey methods. The
micro-quadrat method used in this study can be considered
a less expensive method to better quantify organisms at
smaller scales (<1 cm).

Future prospects

The use of 5 cm square quadrats in this study to observe
coral reef areas at unconventional scales allowed us to con-
firm the presence of diverse small benthic organisms and
biota in seemingly non-living areas as indicated by tran-
sects. In general, coral reef conservation targets fish and
scleractinian corals, but other small, understudied taxa also
have important ecological roles to play (Hughes et al. 2002).
Moreover, fine-scale spatial assessments remain underrepre-
sented in comparative environmental studies aimed at quan-
tifying differences between benthic communities on natural
or semi-natural reefs and those along urbanized coastlines,
particularly in southern Japan. Incorporating micro-quadrat
surveys at unconventional spatial scales offers an opportu-
nity to revisit, confirm, or challenge existing assumptions
about how hardened and/or reclaimed shorelines affect
shallow-reef biodiversity. Such approaches can provide new
insights into which aspects of reclamation design (if any),
ranging from wall geometry and surface complexity to over-
all structure size and hydrodynamic alteration, may be more
comparable to the adjacent natural coastline in supporting
recruitment, diversity, and ecological functionality.

Notably, Okinawa Island, with its highly fragmented natu-
ral coastline (Masucci and Reimer 2019), extensive artificial
structures in both high and relatively low-population areas,
and overall easy shore access, represents an ideal setting for
conducting such comparative studies. Understanding micro-
environments is important when considering both the func-
tionality of coral reef ecosystems and clarifying the extent
of anthropogenic environmental changes, due to both local
stressors, such as those discussed in this publication, and
global-level stressors.
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