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Abstract

Giant clam shells provide a solid substrate for various species of epibionts. Yet, it is not well known how epibiont communi-
ties vary among populations of different giant clam species and in giant clams restocked in different habitat types. Here, we
examined differences in the epibiont communities of three species of giant clams with different shell morphology (7ridacna
gigas, Tridacna derasa, and Hippopus hippopus), and characterized the epibiont communities on 7. gigas from three different
habitat types (sandy reef flat, seagrass bed, and coral reef). Tridacna gigas had higher species richness, abundance, and cover
of epibionts compared to the other two species. Tridacna gigas in coral reef habitat also displayed higher species richness and
cover of sessile epibionts, while the same species in the sandy reef flat had higher species richness and abundance of mobile
epibionts. Epibiont communities were more variable across habitat types than among different giant clam species restocked in a
similar area. Differences in abundance of Trochus sp., Pyramidella sp., and crustose coralline algae contributed to the variability
in epibiont communities among the giant clam species and across habitats. A few taxa were observed only on specific giant clam
species and sites. For instance, Diadema sp. and Echinometra sp. were found only on T gigas, and Diadema sp. was present
only in the sandy reef flat. Both the complexity of the giant clam shells and habitat type contribute to differences in associated
epibiont communities. This further emphasizes the ecological importance of giant clams as habitats for other invertebrates.

Keywords Coral reefs - Hippopus - Philippines - Seagrass - Tridacna

Introduction

In marine ecosystems, any free space or substrate, such as
the surfaces of rocks and living or dead corals and shells,
will soon be colonized by an array of epibionts, including
invertebrates (mobile and sessile) and algae (Lescinsky
2001; Wahl 2008). Epibionts can have variable impacts on
host biology. For example, barnacles attached to the shells
of periwinkle snails (Littorinidae) or sea turtles act as bal-
last to their hosts, increasing weight, water drag, and energy
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required for movement (Warner 1997; Fuller et al. 2010).
Tubeworms of the families Serpulidae and Sabellidae are
known to cause damage to the polyps of their host corals
(Hoeksema et al. 2019b, 2022a), while excavating ani-
mals, such as boring sponges and boring mussels destroy
the interior parts of coral skeletons (de Bakker et al. 2018;
Hoeksema et al. 2022b). Conversely, algae on turban snails
in intertidal habitats protect the organism against thermal
stress during air exposure at low tide (Kagawa and Chiba
2018), while small symbiotic hydroids protect their host cor-
als against predation and diseases (Montano et al. 2017).
Similarly, the sponge and hydroid epibionts of the octocoral
Bebryce cf. grandivalyx protect the octocoral and each other
from multiple sources of predation (Maggioni et al. 2020).
Epibionts may also influence relationships among organisms
(e.g., predator—prey). For example, the presence of barnacles
on mussels decreases their palatability to predatory asteroids
(Gutiérrez and Palomo 2016) and the epiphytes on oysters
provide camouflage that decreases predation pressure (Lau-
dien and Wahl 1999). On the other hand, fouling organisms
such as bryozoans or encrusting sponges on red algae (Cryp-
tonemia seminervis) attract herbivores that otherwise would
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not feed on the seaweed (da Gama et al. 2008). Epibionts
may also increase the structural complexity of their benthic
hosts. Examples of this include Christmas tree worms that
form tubes in coral, which can be occupied by hermit crabs
and cryptobenthic fishes after the worms die (Schuhmacher
1977; Bohm and Hoeksema 2017; Hoeksema et al. 2019a).

Several factors are known to influence epibiont composi-
tion. These include substrate-specific properties, such as sur-
face roughness, complexity, and wettability (Berntsson et al.
2000; Qian et al. 2000; Scardino et al. 2008). Environmental
parameters such as irradiation (Maida et al. 1994), hydro-
dynamics (Mullineaux and Butman 1991; Koehl 2007),
and eutrophication (Stuhldreier et al. 2015; van der Schoot
and Hoeksema 2022), also affect epibiont associations and
determine regional and seasonal variability in the quantity
and composition of colonizers (Chiavelli et al. 1993; Davis
and White 1994; Reiss et al. 2003; Fernandez-Leborans and
Gabilondo 2006). Moreover, secreted chemical cues and
anti-fouling compounds (Wahl 2008) will influence recruit-
ment of certain organisms. In a limited space, interspecific
interactions play an important role in defining the overall
epibiont assemblage attached to a host (Wahl and Mark
1999). Interspecific competition and microhabitat prefer-
ences of different epibionts can result in a certain degree
of space partitioning in benthic hosts (Korringa 1951; Gutt
and Schickan 1998; Hoeksema and Fransen 2011; Hoeksema
et al. 2012, 2017).

Organisms like giant clams which possess large and com-
plex calcium carbonate shells, support reef biodiversity by
providing substrate and microhabitat for associated fauna
(Mekawy 2014; Vicentuan et al. 2014; Neo et al. 2015; van

der Schoot et al. 2016; de Gier and Becker 2020; Fig. 1). Giant
clams (Tridacninae) are the largest bivalves, with 12 extant
species (Neo et al. 2017; Fauvelot et al. 2020; Tan et al. 2021),
eight of which are found in Philippine waters (Juinio et al.
1989; Gomez and Mingoa-Licuanan 2006; Lizano and Santos
2014; Ecube et al. 2019). However, populations of giant clams
throughout much of the Indo-Pacific, specifically the Philip-
pines, have been depleted to the point where they have limited
potential for replenishment (Lucas 1994; Lyons et al. 2018;
Neo et al. 2019). This is especially alarming in the context of
climate change, with stress caused by rising seawater tempera-
ture and ocean acidification exhibiting negative effects on the
health and survival of juvenile, as well as adult, giant clams
(Adessi 2001; Andréfouét et al. 2013; Watson et al. 2012;
Dubousquet et al. 2016; Enricuso et al. 2019).

To help initiate recovery of declining giant clam popula-
tions, restocking of individuals reared in hatcheries is being
conducted. The University of the Philippines Marine Sci-
ence Institute (UP MSI) has been at the forefront of such
conservation efforts in the Philippines since the early 1980s.
To date, thousands of individuals of the giant clam, Tri-
dacna gigas, as well as T. derasa, T. squamosa, T. crocea,
T. maxima, and Hippopus hippopus, have been restocked at
more than 40 sites all over the archipelago, with some reefs
already showing signs of natural recruitment from restocked
clams (Gomez and Mingoa-Licuanan 2006; Cabaitan and
Conaco 2017). Reintroduction of giant clams is expected to
bring ecosystem benefits, such as the enhancement of biodi-
versity through provision of microhabitats for reef organisms
and food for predators and scavengers (Cabaitan et al. 2008;
Neo et al. 2015).
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Fig. 1 a Location of study sites, Silaqui (sandy reef flat), Lucero (sea-
grass bed), and Caniogan (coral reef) in Pangasinan, northwestern Phil-
ippines (inset). Hatchery-bred giant clams, b Tridacna gigas, ¢ Tridacna
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Giant clams have been observed to host a wide variety of
epibionts on their shells (Vicentuan et al. 2014; Neo et al.
2015; van der Schoot et al. 2016). The fluted giant clam,
Tridacna squamosa, has been shown to be colonized by
a diverse community of epibionts comprising at least 49
species belonging to a minimum of 36 families, including
macroalgae, ascidians, bivalves, ophiuroids, crustaceans,
chitons, gastropods, polychaetes, and sponges (Vicentuan
et al. 2014). The shell of T. squamosa is characterized by
large elaborate scales (scutes) on its surface (Neo and Todd
2011; Andréfouét et al. 2014), which make it an ideal micro-
habitat for epibionts. Whether other giant clams, which dif-
fer in their shell morphology and size, will recruit a similarly
diverse community of epibionts remains unknown.

In this study, we aimed to investigate the epibiont com-
munities associated with three species of giant clams with
varying shell size and morphology. The species we com-
pared are the true giant clam, Tridacna gigas, which has
4-5 vertical folded ribs with triangular inward projections at
the upper margins of its shell and can grow up to 120 cm in
length; the smooth giant clam, 7. derasa, which has a smooth
shell with 67 vertical folds and grows up to 60 cm; and
the strawberry clam, H. hippopus, which has a thick, heavy
shell with triangular, horse-hoof like valves and can grow up
to 40 cm (Braley 1988; Neo et al. 2017). We also examined
site-specific differences in the epibionts associated with T.
gigas translocated to a coral reef, a sandy reef flat, and a
seagrass area, to approximate the typical habitats at restock-
ing sites around the country. We hypothesize that giant clam
species with variable shell morphology would host contrast-
ing epibiont communities, and that giant clams in different
habitats would have variable epibiont communities.

Materials and methods
Study site and organisms

Comparison of epibiont communities among three giant
clam species

This study was conducted at the Silaqui Giant Clam Ocean
Nursery on Silaqui Island, Bolinao, Pangasinan, in north-
western Philippines (Fig. 1a). It is situated on a reef flat
characterized by a sandy and rubble bottom in a depth range
of 3-5 m. The nursery was established in the early 1980s
and currently houses more than 25,000 hatchery-bred giant
clams comprised of six species. Three groups or aggrega-
tions of Tridacna gigas (shell length 50-60 cm), T. derasa
(3040 cm), and H. hippopus (20-30 cm) individuals were
identified within the ocean nursery. These giant clam spe-
cies were chosen because of distinct differences in their shell
sizes and morphologies, abundance in the ocean nursery,

and presence of suitable aggregations (at least 30 cm apart
between clam individuals). Plots containing each group
of giant clams were delineated with 2x2 m? PVC frames
(Fig. 1b-d) (n=3 plots per species). The coordinates and
depth of each plot were recorded, and temperature and light
intensity were monitored using submersible data loggers
(Onset HOBO UA-002-64). The number of clam individuals
per plot varied among the three giant clam species. The plots
for T. gigas and T. derasa contained fewer individuals, while
the plots for H. hippopus had more individuals. However, the
overall shell surface area within each plot was comparable
among the three species (Table 1).

Comparison of epibiont communities on T. gigas
across different habitats

To explore the effect of site on giant clam epibiont communi-
ties, we selected three groups of 7. gigas individuals (length
50-60 cm) restocked at three sites within the Bolinao-Anda
Reef Complex (Silaqui Giant Clam Ocean Nursery, Luc-
ero, and Caniogan Marine Sanctuary) with distinct habitat
characteristics (Fig. 1a). Silaqui has been described above.
Lucero is a seagrass bed with a depth range of 3-5 m with
giant clams restocked in the years 1990-2006 (Gomez and
Mingoa-Licuanan 2006). The Caniogan Marine Sanctuary is
a coral reef with a depth range of 3—5 m and was established
as a restocking site around 2002-2004 (Gomez and Mingoa-
Licuanan 2006). We only used adult 7. gigas for this study
as there were not enough individuals of the other species
for comparison. Plots containing each group of clams were
delineated with 2 x2 m* PVC frames for monitoring (Fig. 1b,
e, f) (n=3 plots per site). The coordinates and depth of each
plot were recorded and temperature and light intensity were
monitored using submersible data loggers (Onset HOBO
UA-002-64). The number and sizes of 7. gigas individuals
were comparable among the three study sites (Table 2).

Epibiont community sampling

The shells of giant clam individuals within each plot were
photographed on 2 sides with a size reference scale. The shell
length of each giant clam and the approximate total surface
area of the valves, based on the 2D planar view of the shell,

Table 1 Number of giant clam individuals per plot and the mean shell
surface area of the giant clams in all plots per species

Plot1 Plot2 Plot3 Total Mean shell surface
area

Species

18,538 +558 cm?
17,475 +2,949 cm?
14,857 + 1,567 cm?

Tridacna gigas 8 8 8 24
Tridacna derasa 25 37 17 79
Hippopus hippopus 31 30 23 84
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Table 2 Number of 7. gigas

A Site Habitat Plot 1 Plot 2 Plot 3 Total Mean shell surface area

individuals per plot and the

mean shell surface area of the Silaqui Sandy reef flat 8 8 8 24 18,537 + 557 cm?

giant clams in all plots per site Lucero Seagrass bed 8 8 8 24 17,102 + 783 cm?
Caniogan Coral reef 6 8 8 22 18,087 + 1427 cm?

were estimated from the photographs using the software
ImagelJ (Schneider et al. 2012). This method of estimation
does not account for the curvature of the shells and therefore
the data obtained would be an underestimate of shell size.
To determine species richness, all visible epibionts (diam-
eter >3 mm) on each giant clam were photographed indi-
vidually and identified to the highest taxonomic resolution
(Fig. 2). Epibiont taxa were then classified as mobile (gas-
tropods, echinoderms, crustaceans, bivalves, and foraminif-
erans) or sessile (algae, crustose coralline algae, bivalves,
hydroids, corals, sponges, and ascidians). Abundance of
mobile epibionts was determined by counting individuals of
each species, while abundance of sessile epibionts was deter-
mined by measuring the amount of shell surface covered by
each organism (in cm?), based on the photographs analyzed
on ImageJ. The same method of epibiont enumeration was
used for the inter-species and inter-habitat studies.

Data analysis

To account for differences in giant clam shell sizes, the actual
values of species richness, counts, and cover of epibionts were
divided by the estimated shell surface area of individual clams,
and then multiplied by 1000 cm? to obtain normalized val-
ues. We use 1000 cm? to standardize surface area as this value
approximates the average shell surface area across the 3 spe-
cies (Hippopus hippopus: 530 cm?, Tridacna derasa: 664 co?,
Tridacna gigas: 2335 cm?; average for the three species: 1176
cm?). The normalized data was analyzed using the following
statistical tests to compare the mobile and sessile epibionts for
both inter-species and inter-habitat studies: (1) Shapiro—Wilk

Test and Levene’s Test to assess the normality and hetero-
scedasticity of the data, (2) Kruskal-Wallis tests and Dunn’s
Test were used to determine significant pairwise differences
in species richness, abundance, and surface cover of epibionts
between giant clam species and between different habitat types,
(3) Non-Metric Multidimensional Scaling (nMDS) was used
to visualize the similarity of epibiont community composition
among the giant clam species and between habitats, (4) ANO-
SIM (Analysis of Similarity) was used to determine if there is
a significant difference among the epibiont communities, (5)
Pairwise ANOSIM was used to further compare significant
difference of the epibiont communities between giant clam
species and habitat types, and (6) SIMPER (Similarity per-
centage) was used to identify epibiont taxa that distinguish the
community associated with each giant clam species or habitat.
Kruskal-Wallis tests were conducted on R statistical software
(R Core Team 2018), whereas all the multivariate tests were
done on PRIMER (Plymouth Routines In Multivariate Eco-
logical Research; Clarke and Gorley 2001).

Results

Species richness and abundance of epibionts
Inter-species variability

Species richness and abundance of epibionts, which was
expressed as counts of mobile organisms or cover of ses-

sile organisms, were significantly variable among giant
clam species (Fig. 3; Supplementary Table 1). Specifically,

Fig.2 Giant clams with epibionts attached to their calcium carbon-
ate shells. a Sarcophyton sp. and macroalgae attached to Tridacna
gigas, b Pavona cf. cactus attached to the shell of T. derasa, and ¢
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species richness and abundance of mobile epibionts
(Fig. 3a, c), as well as surface cover of sessile epibionts
(Fig. 3d), were significantly higher in 7. gigas than in the
other giant clam species (Supplementary Table 2). On the
other hand, species richness of sessile epibionts was sig-
nificantly higher in H. hippopus than in T. gigas (Fig. 3b).

Inter-site variability

Species richness and abundance of epibionts also varied sig-
nificantly across sites (Fig. 3; Supplementary Table 1). Spe-
cies richness of mobile epibionts was significantly higher in
the sandy reef flat and seagrass bed than in the coral reef site
(Fig. 3e; Supplementary Table 3), whereas the opposite pattern
was observed for species richness of sessile epibionts (Fig. 3f).
Abundance of mobile epibionts was significantly higher in the
sandy reef flat compared to the seagrass bed and coral reef
(Fig. 3g). Surface cover of sessile epibionts was highest in the
coral reef site but was not significantly different from the sur-
face cover of sessile in epibionts in the sandy reef flat (Fig. 3h).

Epibiont community composition

Community composition of mobile and sessile epibionts
among giant clam species, and of mobile epibionts among

a

Species richness (per 1000 cm?)

Species richness (per 1000 cm?)

1.25

1.00

0.75

Species richness (per 1000 cm?)

Species richness (per 1000 cm?)

Fig.3 Species richness (mean+standard error) of a mobile and b
sessile epibionts, and abundance of ¢ mobile and d sessile epibionts
on the shells of different giant clam species. Species richness of e
mobile and f sessile epibionts, and abundance of g mobile and h ses-

sites, were not distinctly different (Global R <0.2; Fig. 4a,
b, c). In contrast, sessile epibiont community composition
showed greater difference across sites (Global R=0.530;
Fig. 4d). Pairwise tests showed that these differences were
most apparent between the coral reef site in comparison to
the other habitats (Global R > 0.5; Table 3).

Inter-species variability

Gastropods and corals were the most common epibionts
found on all giant clam species (Fig. 5a, b). Gastropods,
echinoderms (sea urchins and sea cucumbers), and crusta-
ceans were significantly more abundant on 7. gigas clams
than on the other clam species (Fig. 5a; Supplementary
Table 4 and 5). Sponges were also abundant on 7. gigas and
T. derasa (Fig. 5b).

Epibiont members that contributed most to similarities
amongst giant clam species were identified using SIMPER
tests (Table 4; Supplementary Table 7). About 90% of the
entire epibiont community on different giant clam species
were dominated by one to six taxa of mobile or sessile
organisms. Some of the epibiont taxa observed in one giant
clam species were also observed in the others, but at varying
abundance, which explains why the clustering of samples
in the MDS plots is not so apparent. Trochus sp. and Pyra-
midella sp. were among the most dominant mobile epibiont

c d

25 a a

Mean count (per 1000 cm?)
Mean cover (per 1000 cm?)

Mean count (per 1000 cm?)
Mean cover (per 1000 cm?)

sile epibionts on the shells of 7. gigas restocked in different habitats.
Similar letters above the bars indicate that values of species richness
or abundance do not vary between samples based on the results of the
Kruskal-Wallis tests
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Fig.4 Non-metric multidi- a
mensional scaling (MDS) plots
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taxa associated with the three giant clam species. On the
other hand, crustose coralline algae was the dominant sessile
epibiont on 7. gigas, while the other two giant clam species
were dominated by Porites sp.

Epibiont taxa that contributed to the differences in com-
munity composition between two giant clam species were
also identified using SIMPER pairwise tests (Table 4; Sup-
plementary Table 7). Mobile epibionts such as Trochus sp.,
Pyramidella sp., Vexillum sp., Diadema sp., and hermit
crab consistently provided a greater percentage contribu-
tion when 7. gigas was compared with H. hippopus and T.
derasa. Sessile epibionts such as Porites sp., Hymeniacidon
sp., crustose coralline algae, Pavona sp., and Haliclona sp.
consistently provided a greater percentage contribution when
H. hippopus was compared with T. gigas and T. derasa.

Inter-site variability

Gastropods, coral, crustose coralline algae, and sponges were
the most common epibionts observed in giant clams at the
three sites (Fig. 5c, d). Gastropods and echinoderms were sig-
nificantly more abundant in the sandy reef flat and seagrass

d N B [] Seagrass bed
Ay 04 g g WV Coral reef
A
4 A ba o A Sandy reef flat
A a QEDD s
] vy v
v M :v v B ag
v
v
v vy T
v,
v
Stress: 0.06
ANOSIM: R = 0.530, p = 0.001

bed compared to the coral reef site (Fig. 5c; Supplementary
Table 4 and 6). Crustose coralline algae were significantly more
abundant in the sandy reef flat compared to the seagrass bed
(Fig. 5d). On the other hand, sponge cover was higher in the
seagrass bed and coral reef than the sandy reef flat. Algae and
ascidians were found at greater abundance in the coral reef site.

Epibiont members that contributed most to similarities
amongst sites were identified using SIMPER tests (Table 5;
Supplementary Table 8). About 90% of the entire epibiont
community on T. gigas giant clams at different sites were
dominated by one to six taxa of mobile or sessile organisms.
Trochus sp. and Pyramidella sp. were the most dominant
mobile epibionts on clams from the sandy reef flat and sea-
grass bed. Foraminiferans comprised a major proportion of
the mobile epibiont community on clams from the coral reef.
Crustose coralline algae was the dominant sessile epibiont
in the sandy reef flat and Padina and Hymeniacidon in the
seagrass bed. In contrast, giant clams in the coral reef had a
greater diversity of contributing sessile taxa.

Epibiont taxa that contributed to the differences in commu-
nity composition between two sites were also identified using
SIMPER pairwise tests (Table 5; Supplementary Table 8).

Table 3 Summary of analyses
of similarity (ANOSIM)
pairwise comparisons of a
mobile and sessile epibiont R
communities between giant

a Pairwise comparisons

| . dofb T. gigas vs T. derasa 0.144
clam species, and o . .

mobile and sessile epibiont T. gigas vs H. hippopus  0.099
communities between habitats T. derasa vs H. hippopus  0.049

b Pairwise comparisons

(count of mobile epibionts)

R
Silaqui vs Lucero 0.15
Silaqui vs Caniogan 0.402
Lucero vs Caniogan 0.247

Inter-species variability
(count of mobile epibionts)

Inter-site variability

Inter-species variability
(cover of sessile epibionts)

P R p

0.008* -0.020 0.710
0.007* 0.153 0.003*
0.090  0.066 0.001*

Inter-site variability
(cover of sessile epibionts)

P R p

0.002% 0.472 0.001*
0.001% 0.561 0.001*
0.001% 0.596 0.001*

Significant comparisons are indicated by bold font and asterisks
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Fig.5 Abundance

(mean =+ standard error) of a
mobile and b sessile epibionts
on the shells of different giant
clam species. Abundance of ¢
mobile and d sessile epibi-
onts on the shells of 7. gigas
restocked in different habi-
tats. Similar letters above the
bars indicate that values of
abundance do not vary between
samples based on the results of
the Kruskal-Wallis tests
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Pyramidella sp. consistently provided high percentage contri-
bution when comparing the three sites. Trochus sp. provided a
greater percentage contribution when sandy reef flat was com-
pared with the coral reef and seagrass bed. Foraminiferans con-
tributed to the difference between coral reef and seagrass bed
and sandy reef flat, and Synapta sp. showed high percentage
contribution when comparing the seagrass bed to the sandy reef
flat and coral reef. For sessile epibionts, Hymeniaciadon perle-
vis and crustose coralline algae contributed to differences across
all three sites. Padina sp. provided a high percent contribution
when comparing the seagrass bed to coral reef and sandy reef
flat, and Halimeda sp. contributed to the difference between the
coral reef site and the seagrass bed and sandy reef flat.

Discussion

Giant clam restocking has been conducted to help restore
depleted populations of giant clams. Restocked clams are
known to provide additional substrate for other organisms
to live in (Vicentuan et al. 2014; Neo et al. 2015; van der
Schoot et al. 2016). However, differences in the epibiont
communities associated with different giant clam species
or on giant clams restocked in different habitat types are
not yet well-studied. Here, we show that giant clams host

diverse types of mobile and sessile epibionts on their shells.
We further revealed that epibiont communities were more
variable across habitat types than among different giant clam
species restocked in a similar area.

Species richness and abundance of epibionts
Inter-species variability

In general, T. gigas had higher species richness and abun-
dance of mobile epibionts, and surface cover of sessile epi-
bionts than 7. derasa and H. hippopus. Species richness and
abundance of both mobile and sessile epibionts were compa-
rable between T. derasa and H. hippopus. This trend may be
due to overall differences in shell morphology that translates
to varying levels of habitat complexity. Although detailed
differences in shell shape and structural complexity were
not measured in the current study, Tridacna gigas shells are
large and have well-defined ribs and folds and are likely to
provide a more complex substrate. In contrast, 7. derasa pos-
sesses medium sized, smooth, and minimally ribbed shells,
and H. hippopus has smaller, triangular, smooth shells
(Lucas 1988). Previous studies have documented greater
species diversity in complex habitats (Heck and Wetstone
1977, St. Pierre and Kovalenko 2014) as these provide more

@ Springer



51 Page8of15

Marine Biodiversity (2023) 53:51

Table 4 Summary results

of SIMPER (Similarity
percentage) analyses, showing
the top 5 a mobile and b sessile
epibiont taxa that characterize
the epibiont community per
giant clam species, and ¢ mobile
and d sessile epibiont taxa that
contributed to the differences in
epibiont communities between
giant clam species. Full results
are in Supplementary Table 7
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a Inter-species variability (count of mobile epibionts)

Species

T. gigas (Ave. sim.: 19.61)

Trochus sp. (gastropod)
Pyramidella sp. (gastropod)
Diadema sp. (echinoderm)
Hermit crab

Vexillum sp. (gastropod)

T. derasa (Ave. sim.: 15.34)
Coralliophila neritoidea (gastropod)
Trochus sp. (gastropod)
Hexaplex sp. (gastropod)
Pyramidella sp. (gastropod)

H. hippopus (Ave. sim.: 17.06)
Monetaria annulus (gastropod)
Trochus sp. (gastropod)
Pyramidella sp. (gastropod)

b Inter-species variability (cover of sessile epibionts)

Species

T. gigas (Ave. sim.: 41.96)
Crustose coralline algae
Porites sp. (coral)

T. derasa (Ave. sim.: 16.39)
Porites sp. (coral)
Hymeniacidon perlevis (sponge)
Crustose coralline algae
Haliclona sp. (sponge)

H. hippopus (Ave. sim.: 25.30)
Porites sp. (coral)

Pavona sp. (coral)
Padina pavonica (algae)

¢ Pairwise inter-species variability (count of mobile epibionts)

T gigas
T. gigas vs T. derasa (Ave. dis.: 87.62) Ave. abundance
Trochus sp. (gastropod) 0.44
Pyramidella sp. (gastropod) 0.30
Vexillum sp. (gastropod) 0.09
Coralliophila neritoidea (gastropod) 0.00
Hexaplex sp. (gastropod) 0.02
T. gigas
T. gigas vs H. hippopus (Ave. dis.: 85.81) Ave. abundance
Trochus sp. (gastropod) 0.44
Monetaria annulus (gastropod) 0.12
Pyramidella sp. (gastropod) 0.30
Diadema sp. (echinoderm) 0.43
Vexillum sp. (gastropod) 0.09
T. derasa

T. derasa vs H. hippopus (Ave. dis.: 87.14) Ave. abundance

Monetaria annulus (gastropod) 0.08
Trochus sp. (gastropod) 1.07
Pyramidella sp. (gastropod) 0.72
Hexaplex sp. (gastropod) 0.35

Ave. abundance

0.44
0.30
0.43
0.32
0.09

0.53
1.07
0.35
0.72

0.88
0.46
0.46

Ave. abundance

54.00
4.99

7.37
6.78
3.90
8.17

10.95
17.14
3.75

T. derasa

Ave. abundance
1.07

0.72

0.21

0.53

0.35

H. hippopus
Ave. abundance
0.46

0.88

0.46

0.10

0.10

H. hippopus
Ave. abundance
0.88

0.46

0.46

0.12

% contribution

38.54
14.83
13.88
12.11
7.49

28.06
24.46
21.49
21.49

59.32
27.00
11.49

% contribution

85.71
591

34.06
29.94
18.43
12.17

79.46
7.41
5.82

% contribution
15.63

13.81

9.86

9.54

9.39

% contribution
16.59

15.34

13.19

9.95

8.53

% contribution
19.31
18.37
16.73
1343
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Table 4 tinued
able4 (continued) Coralliophila neritoidea (gastropod)

0.53

d Pairwise inter-species variability (cover of sessile epibionts)

T. gigas vs T. derasa (Ave. dis.: 81.44)
Crustose coralline algae
Porites sp. (coral)
Hymeniacidon perlevis (sponge)
Pavona sp. (coral)
Haliclona sp. (sponge)

T. gigas vs H. hippopus (Ave. dis.: 83.40)
Crustose coralline algae
Porites sp. (coral)
Pavona sp. (coral)
Hymeniacidon perlevis (sponge)
Padina pavonica (algae)

T. gigas
Ave. abundance

0.00

T. derasa

Ave. abundance

12.69

% contribution

54.00 3.90 29.68
4.99 7.37 15.36
5.04 6.78 14.11
7.00 8.22 9.15
0.00 8.17 7.20
T. gigas H. hippopus

ave abundance

ave abundance

% contribution

T. derasa vs H. hippopus (Ave. dis.: 83.73)

Porites sp. (coral)

Hymeniacidon perlevis (sponge)

Crustose coralline algae
Pavona sp. (coral)
Haliclona sp. (sponge)

54.00 3.20 29.22
4.99 10.95 20.61
7.00 17.14 10.73
5.04 0.39 8.33
0.00 3.75 6.08
T. derasa H. hippopus

Ave. abundance Ave. abundance % contribution
7.37 10.95 24.48
6.78 0.39 13.90
3.90 3.20 12.90
8.22 17.14 10.79
8.17 0.00 7.81

opportunities for attachment of various sessile organisms,
such as algae (Callow et al. 2002; Scardino et al. 2008), cor-
als (Whalan et al. 2015; Hata et al. 2017), ascidians (Chase
et al. 2016), and bivalves (Czarnoleski et al. 2004; Praeger
et al. 2012). Moreover, a more complex structure decreases
the foraging efficiency of predators (Chaffey 2010) and thus
increases the survival rate of inhabitants.

Apart from shell morphology, stability of the giant clam
shells may also influence epibiont succession. Individuals of
H. hippopus, T. derasa, and T. gigas live byssally anchored as
juveniles but are free-living on coral rubble or hard-packed
sand as adults, which may cause them to roll over during
wave action, after which they may right themselves (Fank-
boner 1971). Large T. gigas offer a stable substrate as they are
heavy enough to resist mobility, whereas H. hippopus have a
greater tendency to roll over because they have smaller and
rounder shells.

Another factor that may contribute to differences in giant
clam-associated epibiont communities is the possible pres-
ence of biochemical cues or anti-fouling properties of different
giant clam species. Giant clams, like 7. gigas and T. maxima,
produce bioactive compounds such as sterols that may act as
chemical defensive substances (Withers et al. 1982; Wang
et al. 2008; Guibert et al. 2019). Specifically, a pigment called
peridinin (a carotenoid) found in the zooxanthellae symbionts
of giant clams has been shown to have cytotoxic activity (Ishi-
kawa et al. 2016; Guibert et al. 2019). The production of these

types of compounds by different giant clam species and their
effects on epibiont associates remains unknown but present
an interesting avenue for further investigation.

Inter-site variability

Tridacna gigas clams that were restocked in a coral reef site
had significantly higher species richness and surface cover of
sessile epibionts compared to conspecifics in the sandy reef flat
and seagrass bed habitats. This result is within expectations
as coral reefs are one of the most diverse marine ecosystems
(Hughes 1991) and thus, the potential pool of colonizers (e.g.,
hard corals) is much more diverse compared to the other habitat
types. Seagrass habitats, on the other hand, while home to a
wide variety of potential colonizing organisms (Moncreiff and
Sullivan 2001), are not as diverse and are mostly comprised of
epiphytic algae and various grazing invertebrates. Sandy bot-
tom habitats are the least diverse and support mostly burrowing
and benthic organisms and various grazing fishes (Moyle and
Cech 2004; Bellwood et al. 2018). Surprisingly, however, T.
gigas in the sandy reef flat habitat showed the highest species
richness and abundance of mobile epibionts. The lack of sub-
strate complexity within the sandy habitat may have driven the
aggregation of mobile epibionts towards the giant clams, which
are the only complex structures present in an area mostly domi-
nated by sand and rubble. In contrast, sites such as the coral reef
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Table5 Summary results

of SIMPER (Similarity
percentage) analyses, showing
the top 5 a mobile and b
sessile epibiont taxa that
characterize the epibiont
community on 7. gigas per
habitat type, and ¢ mobile and
d sessile epibiont taxa that
contributed to the differences in
epibiont communities between
habitats. Full results are in
Supplementary Table 8
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a Inter-site variability (count of mobile epibionts)

Species

Silaqui (Ave. sim.: 17.28)

Trochus sp. (gastropod)
Pyramidella sp. (gastropod)
Diadema sp. (echinoderm)
Hermit crab

Vexillum sp. (gastropod)

Lucero (Ave. sim.: 14.10)
Pyramidella sp. (gastropod)
Synapta sp. (echinoderm)
Trochus sp. (gastropod)
Holothuria scabra (echinoderm)

Caniogan (Ave. sim.: 6.67)
Foraminifera

b Inter-site variability (cover of sessile epibionts)

Species

Silaqui (Ave. sim.: 41.96)

Crustose Coralline Algae
Porites sp. (coral)

Lucero (Ave. sim.: 34.86)

Padina sp. (algae)
Hymeniacidon perlevis
Crustose coralline algae

Caniogan (Ave. sim.: 23.79)
Halimeda sp. (algae)

Crustose coralline algae
Hymeniacidon perlevis (sponge)
Halymenia macroloba (algae)
Didemnum moseleyi (ascidian)

¢ Pairwise inter-site variability (count of mobile epibionts)

Silaqui
Silaqui vs Lucero (Ave. dis.: 90.49) Ave. abundance
Trochus sp. (gastropod) 0.42
Pyramidella sp. (gastropod) 0.29
Synapta sp. (echinoderm) 0.02
Diadema sp. (echinoderm) 0.35
Hermit crab 0.29
Silaqui
Silaqui vs Caniogan (Ave. dis.: 99.40) Ave. abundance
Trochus sp. (gastropod) 0.42
Foraminiferan 0.00
Pyramidella sp. (gastropod) 0.29
Nassarius sp. (gastropod) 0.15
Diadema sp. (echinoderm) 0.35
Lucero

Lucero vs Caniogan (Ave. dis.: 100.00) Ave. abundance

Foraminiferan 0.00
Pyramidella sp. (gastropod) 0.21
Synapta sp. (echinoderm) 0.14
Nassarius sp. (gastropod) 0.00
Turritella sp. (gastropod) 0.00

Ave. abundance

0.42
0.29
0.35
0.29
0.09

0.21
0.14
0.09
0.14

0.29

Ave. abundance

54.00
4.99

8.70
13.09
4.85

8.41
8.47
3.29
9.61
1.40

Lucero

Ave. abundance
0.09

0.21

0.14

0.00

0.00

Caniogan

Ave. abundance
0.00

0.29

0.00

0.09

0.00

Caniogan

Ave. abundance
0.29

0.00

0.00

0.09

0.07

% contribution

42.25
15.37
10.69
10.14
7.76

40.42
34.30
9.77
9.05

100.00

% contribution

85.71
591

53.19
32.37
10.78

18.58
16.87
12.70
12.05
4.59

% contribution
14.01

13.30

10.13

6.48

6.35

% contribution
12.41

12.26

8.24

7.33

6.52

% contribution
14.48

12.08

11.69

7.24

7.24
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Table 5 (continued)

d Pairwise inter-site variability (cover of sessile epibionts)

Silaqui vs Lucero (Ave. dis.: 84.01)
Crustose coralline algae
Padina sp. (algae)
Hymeniacidon perlevis (sponge)
Porites sp. (coral)
Pavona sp. (coral)

Silaqui vs Caniogan (Ave. dis.: 87.73)
Crustose coralline algae
Halimeda sp. (algae)
Hymeniacidon perlevis (sponge)
Halymenia macroloba (algae)

Porites sp. (coral)

Silaqui Lucero

Ave. abundance Ave. abundance % contribution
54.00 4.85 19.92

0.00 8.70 18.68

5.04 13.09 15.52

4.99 0.00 6.30

7.00 0.00 4.84

Silaqui Caniogan

Ave. abundance Ave. abundance % contribution
54.00 8.47 8.60

0.52 8.41 6.67

5.04 3.29 6.00

0.00 9.61 5.27

4.99 0.25 3.43

Lucero Caniogan

Ave. abundance

Ave. abundance

% contribution

Lucero vs Caniogan (Ave. dis.: 88.30)

Padina sp. (coral)

Hymeniacidon perlevis (sponge)

Halimeda sp. (algae)
Crustose coralline algae

Didemnum mole (ascidian)

8.70 0.00 8.84
13.09 3.29 6.79
0.58 8.41 6.06
4.85 8.47 5.88
0.00 9.61 4.92

area in Caniogan present countless other alternative structures
(e.g., corals) for mobile epibionts to explore.

Many organisms prefer habitats with higher structural com-
plexity because this confers better protection against predators
and ensures better survival (Crowder and Cooper 1982; Chaf-
fey 2010). This preference for structurally complex habitats is
well documented in other organisms (Johns and Mann 1987,
Noonan 2012; Brooker et al. 2013). For example, juvenile
lobsters have a preference for habitats with the seaweed,
Chondrus crispus, versus habitats without any structures at
all, and increasing habitat complexity by adding seaweeds and
bricks increased lobster survivability (Johns and Mann 1987).
Similarly, fish have been shown to prefer corals with higher
structural complexity (Noonan 2012; Brooker et al. 2013).

Epibiont community composition
Inter-species variability

Epibiont community composition, especially of mobile epi-
bionts, was not distinctly different among giant clam species.
Among the most abundant were gastropods, including Pyra-
midella sp., which are ectoparasites of molluscs and known
natural predators of giant clams, Drupella and Coralliophila
neritoidea, which are corallivores that feed on corals grow-
ing on the giant clam shells, and the top shell, Trochus sp.,
a grazer of algae that grow on hard substrates like rocks and
boulders (Boglio and Lucas 1997; Moerland et al. 2016).

Larger mobile epibionts such as Diadema setosum and Echi-
nometra sp. were only observed on 7. gigas, likely because
this species has the largest shell area.

Future studies should observe a wider range of sizes of
the different giant clam species to determine whether there
is an association between shell size and epibiont commu-
nity composition. More studies are also needed on possible
harmful effects of epibionts on Tridacna shells, especially
invertebrates that settle on the shell surface and bore into
its interior (Mekawy 2014), such as sponges of the family
Clionaidae (Hoeksema 1983), mussels of the subfamily Lith-
ophaginae (Appukuttan 1976), and polychaetes of the genus
Polydora (Zottoli and Carriker 1974; Waser et al. 2021).

Inter-site variability

Epibiont communities on the shells of 7. gigas showed some
distinct differences across sites, which was most apparent
for sessile epibionts. The community observed on the giant
clam shells likely reflects the benthic community at each
habitat. For example, mobile epibionts such as Holothuria
scabra and Echinotrix diadema were only observed on T.
gigas in the seagrass bed, which may be due to the habitat
preference of H. scabra and the seagrass grazing preference
of E. diadema (Kinch et al. 2008; Hamel et al. 2013; Floren
et al. 2021). Sessile epibionts such the corals, Porites sp.
and Pavona sp., were only observed on 7. gigas in the sandy
reef flat in Silaqui, while the sponge, Phorbas sp., was only
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found in the seagrass bed. The sponge, Tedania ignis, and
corals, Goniopora sp. and Pectinia sp., were observed only
in the coral reef site. The presence of reef-associated organ-
isms, such as corals and crustose coralline algae, on giant
clam shells at all three habitats is to be expected given that
these sites are in proximity to coral reef areas (less than
300 m). It should be noted, however, that this study did not
compare the surrounding benthic communities in each habi-
tat type against the epibiont communities observed on the
giant clams but warrants further investigation.

Most of the epibionts likely make use of giant clam shells
as settlement substrate, shelter, or feeding grounds. Epibiont
communities observed at any one time may reflect interac-
tions amongst organisms. Some mobile epibionts that were
identified are known predators of the sessile epibionts that
settle on giant clam shells. One such example is Drupella
sp., which are predators of corals (Moerland et al. 2016).
Moreover, the abundance of certain sessile epibionts may
indicate the absence of natural predators or that the shells
afford effective protection. For instance, there were more
algae that settled on the shells of T. gigas restocked on a sea-
grass bed where no Diadema, an herbivore, were observed.
Long-term monitoring studies are needed to identify whether
there are epibiont taxa that are specifically associated with
giant clam species or habitats, as well as to reveal patterns
of settlement and succession on giant clams.

Potential implications

This study highlights the important role of giant clams as hosts
to a diverse community of mobile and sessile epibionts. Giant
clam shells provide available substrate and serve as a complex
structure that attracts epibiont communities, reflecting the bio-
diversity of a specific habitat. There does not appear to be a dif-
ference in terms of the epibiont community that forms on the
shells of different giant clam species. Hence, in the context of
restoration and restocking efforts with the goal of biodiversity
enhancement, the largest giant clam, Tridacna gigas, would
provide the greatest advantage because they have the largest
shell surface area per individual and can attract the highest
species richness, abundance, and cover of epibionts.

Conclusion

All giant clams investigated in this study were associated
with a diverse community of epibionts. The structure of the
epibiont communities appeared to be influenced by the size
and complexity of the giant clam shell, as well as by the
habitat type of the restocking site. This highlights the impor-
tant ecological role of giant clams in the provision of viable
settlement substrates and suitable habitats for recruitment
of many organisms. These findings further underline the
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utility of giant clams in enhancing biodiversity at restock-
ing sites, especially on degraded reefs where substrates are
not suitable for settlement. Restocking of giant clams may
help kickstart recovery of degraded reef communities, which
is one of the aims of reef conservation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12526-023-01363-y.
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