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Settlement and tidal zonation patterns of closely related
oysters within the genus Saccostrea in a subtropical
Australian estuary—implications for restoration

Marina A. Richardson!? ©, Rod M. Connolly!, Chris L. Gillies®, Carmel McDougall'*

Oyster reefs are considered functionally extinct in many global regions, and restoration efforts are accelerating. Currently, res-
toration on Australia’s eastern coast is focused on the Sydney rock oyster (Saccostrea glomerata); however, multiple species of
Saccostrea are found across this region. To understand the intertidal zonation patterns of co-occurring Saccostrea species, we
surveyed wild assemblages of adult oysters at different intertidal elevations in the subtropical Noosa River estuary using molec-
ular methods for species identification. We then conducted an oyster gardening experiment across three tidal elevations to
assess spat recruitment patterns and determine whether oyster gardening is a viable method of seeding shell for restoration.
Adult S. glomerata were more abundant in the upper intertidal zone, whereas adults of the related (but as yet unnamed) Sac-
costrea lineage G were found almost exclusively in the lower intertidal zone. Spat recruitment was highest in the intertidal zone
and lowest in the subtidal zone, indicating that subtidal restoration targeting Saccostrea species may be unsuccessful in this
region. We concluded that lineage G is likely to be reef-building; however, restoration programs will likely rely on in situ
recruitment for this species until knowledge relating to spawning triggers can inform reliable hatchery production. Further-
more, we show that oyster gardening can be a viable method of seeding shell when systems are not recruitment limited. This
method will likely be useful for multispecies restoration across the tropics, where there are many co-occurring and often mor-
phologically indistinguishable reef-building species, providing benefits that far outweigh those of single-species approaches.
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Implications for Practice

e Qyster reef restoration in subtropical Australian waters
should consider local Saccostrea species assemblages
across vertical gradients to ensure that representative oys-
ter communities are reintroduced.

® Saccostrea lineage G is likely a reef-building species and
creates mixed species reefs with the Sydney rock oyster
(Saccostrea glomerata) in southern Queensland.

e Opyster reef restoration focusing on Saccostrea species in
Australia is best conducted intertidally.

e Opyster gardening can be a viable method of seeding oys-
ter shell with spat in estuaries that are not recruitment-
limited.

Introduction

Oyster reefs were historically abundant habitats on the
eastern and southern coasts of Australia (Gillies et al. 2015).
Extensive reefs once carpeted bays and estuaries, provi-
ding important ecosystem services including shoreline pro-
tection, habitat provision, water filtration, and nutrient cycling
(Creighton et al. 2015; Gillies et al. 2015; McAfee et al. 2020b).
Following European colonization, dredging oysters for food and
the production of “quicklime,” a concrete-like material used in
construction, rapidly destroyed both reefs and substrates necessary

for oyster recruitment and reef establishment (Smith 1981;
Nell 2001). In subsequent decades, declining water quality,
sedimentation, the introduction of diseases, and habitat loss
through coastal development led to further oyster reef declines
(Diggles 2013; Gillies et al. 2015; Thurstan et al. 2020). Today,
8% of natural Sydney rock oyster (Saccostrea glomerata) reefs
and less than 1% of Australian flat oyster (Ostrea angasi)
reefs remain (Gillies et al. 2018), with both reef types considered
critically endangered and functionally extinct (Beck et al. 2011;
Gilby et al. 2020).
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Saccostrea settlement and tidal zonation patterns

Limited natural recovery has led to a recognized need to
restore oyster reefs and the ecosystem services they once pro-
vided. Restoration efforts in Australia initially focused on the
subtidal species O. angasi in southern Australia, where reefs
have been restored through the creation of a rock base followed
by oyster shell for spat recruitment (Gillies et al. 2017; Pereira
et al. 2019; McAfee et al. 2022b). In recruitment-limited sys-
tems, oyster shell can be pre-seeded with spat produced in hatch-
eries to jumpstart the restoration process (Baggett 2014;
Anderson et al. 2019; Fitzsimons et al. 2020). Hatchery work
can be costly, however, and it is important to determine whether
a system is truly recruitment limited, as the addition of hatchery-
procured spat can be redundant when natural recruitment is high
(Geraldi et al. 2013). Furthermore, use of hatchery-produced
spat risks decreasing or altering genetic diversity in wild oyster
populations (Hedgecock & Pan 2021; Zhao et al. 2024), and
where there are multiple species present or the local species
assemblages are unknown, hatcheries may not produce spat that
are representative of wild communities (Zhang et al. 2005; Rich-
ardson et al. 2024). Utilizing natural recruitment, therefore, may
be a more sustainable option for restoration programs when
viable.

The restoration methods used for temperate subtidal oyster
reefs have now been adopted in warmer estuaries for the restora-
tion of S. glomerata reefs (Gilby et al. 2021). Unlike temperate
reefs, which are mostly subtidal, tropical, and subtropical reefs
are mostly found intertidally (Gillies et al. 2018; Richardson
et al. 2022). The intertidal zone is highly dynamic, and sessile
communities often occupy distinct niches with respect to verti-
cal gradients (Somero 2002; Samakraman et al. 2010). Intertidal
oyster communities follow this trend, with tidal elevation
playing a pivotal role in oyster recruitment, survival, and subse-
quent reef development (McAfee et al. 2018; Bost et al. 2021).
This is especially important in warmer estuaries, where heat
stress is a key driver of oyster recruitment and survival
(McAfee et al. 2022a). Understanding the preferred tidal niches
of intertidal oysters in localized regions is therefore a key con-
sideration for restoration projects (Schulte et al. 2009).

Subtropical and tropical waters often host multiple species
of reef-building oysters (Richardson et al. 2022). In some
instances, co-occurring species form mixed assemblages but
occupy distinct tidal niches (Wang et al. 2020). In other cases,
co-occurring oysters compete for space within the same tidal
niche, which can cause problems for restoration and aquacul-
ture when unwanted species recruit instead of desired species
(Wu et al. 2013; Cavaleiro et al. 2019). Recent molecular work
has revealed an unexpectedly high diversity of oysters within
the Saccostrea genus in Queensland (McDougall et al. 2024).
Three of these species, S. glomerata, Saccostrea lineage B,
and Saccostrea lineage G, commonly co-occur in southern
Queensland and are morphologically indistinguishable from
one another (McDougall & Walker 2021; O’Hare et al. 2021;
Richardson et al. 2024). Restoration efforts are currently
focused on S. glomerata, which has dictated the timing of sub-
strate deployment to coincide with temperature-induced spawn-
ing triggers over the summer (Diggles 2017; Gilby et al. 2021).
Spawning triggers for tropical oysters can differ, however, and

are often related to changes in salinity resulting from monsoon
seasons or heavy rainfall, which can occur multiple times
throughout the year (Angell 1986; Chumkiew et al. 2019; Now-
land et al. 2019). Unlike S. glomerata, lineage B and lineage G
are considered to be tropical species (Richardson et al. 2022).
Lineage B has recently been documented as a reef-building spe-
cies in the tropics (Richardson 2024); however, it is unclear
whether this species is also reef-building in subtropical regions.
The reef-building capabilities of lineage G are not yet known.
Very little is known about the biology of tropical oysters gener-
ally, including preferred habitat niches and species-specific
spawning triggers. Understanding their biology will be para-
mount to their potential inclusion in future oyster reef restoration
in Australia.

An additional restoration challenge is the identification of
appropriate sites for reef restoration in urbanized estuaries. This
can be a considerable issue in the intertidal zone where there is
limited available space and restoration could impact human
activities, and vice versa (Howie & Bishop 2021). Oyster aqua-
culture can provide similar ecosystem services to oyster reefs
(Erbland & O’zbay 2008; Schatte et al. 2020; Martinez-Baena
et al. 2022), which has led to the development of “oyster gar-
dening” as a restoration strategy. Oyster gardening presents a
novel solution for reef restoration in urbanized estuaries by uti-
lizing existing public or private infrastructure to deploy com-
mercial (or similar) oyster baskets filled with cleaned and
sterilized oyster shell (Rossi-Snook et al. 2010; Diggles 2021).
Once spat has recruited, baskets containing seeded shell can
either remain in place to reestablish or bolster local oyster
populations (Marenghi & Ozbay 2010; Bostrom-Einarsson
et al. 2023), or seeded shell can be deployed in recruitment-
limited systems to aid restoration efforts (Wasson 2010).
The use of baskets rather than settlement plates can also reduce
predation bias and more accurately answer ecological ques-
tions relating to natural recruitment in an area (Anderson
et al. 2019; Esquivel-Muelbert et al. 2021).

To better understand the vertical distribution of different spe-
cies of Saccostrea across tidal elevations in southern Queens-
land, we surveyed wild adult oysters across upper and lower
intertidal zones. We then assessed spat recruitment across
upper and lower intertidal and subtidal zones through an oyster
gardening experiment. The aims of this study were to: (1) under-
stand recruitment and vertical zonation patterns of co-occurring
Saccostrea species in relation to tidal elevation; (2) determine if
Saccostrea lineage G is also reef-building; and (3) determine
whether oyster gardening is a viable method of seeding shell
for restoration projects in an urbanized subtropical estuary.

Methods

Site Selection

The Noosa River is a subtropical estuary located on the eastern
coast of Australia (Fig. 1). The presence of historic reefs and a
previously productive oyster aquaculture industry have identi-
fied the estuary as having high potential for oyster reef restora-
tion (Diggles 2015; Gilby et al. 2019, 2020). Although no
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Figure 1. Site map of the Noosa River estuary showing study locations: (1) North Shore, (2) Tewantin, (3) main channel, and (4) Weyba. Bottom right panel:
three-tiered oyster basket configuration and their correspondence to sampled oyster bands. Icon credit—IAN symbol library, University of Maryland Center for

Environmental Science.

known oyster reefs remain, the system currently hosts abundant
populations of Saccostrea glomerata, the species currently tar-
geted for reef restoration (O’Hare et al. 2021), which are abun-
dant throughout the estuary on most jetties, rock walls, and
pylons.

Oyster Collections

To assess current oyster community assemblages in the estu-
ary, we collected adult oysters (at least 3 cm in length) from
different tidal elevations for genetic identification. Five oysters
were randomly collected from both the top and bottom of dis-
tinct oyster bands growing on 13 artificial structures (pylons)
across four sites (total n» = 130) in autumn 2022 and stored in
80% ethanol until processing. Random collection of oysters
was determined using a tape measure placed around the cir-
cumference of oyster bands and a random number generated
between 0 and the circumference in centimeters to dictate the
site of collection. No adult oysters were observed subtidally
at any location and were therefore unable to be included in
sampling efforts.

To assess oyster recruitment, we constructed sets of three-
tiered Seapa 15-L 6-mm mesh commercial oyster baskets
(https://seapa.com.au/oyster-baskets/#15L). The tiers were at
three tidal elevations: (1) upper intertidal (top of observed oyster
bands), (2) lower intertidal (bottom of observed oyster bands),
and (3) subtidal (no observed oyster band), with ~70 cm
between each (Fig. 1). Upper intertidal baskets were fully

exposed during mid-low tides, lower intertidal baskets were
exposed only during the lowest low tides, and subtidal baskets
were always fully submerged.

Each basket was filled with 2 kg of sterilized oyster shell
following biosecurity protocols outlined in Diggles 2021.
Ten sets of baskets were deployed across the four locations
in November 2022 to coincide with known S. glomerata
spawning to maximize spat recruitment (Diggles 2017; Gilby
et al. 2019) and collected for sampling after 4 months in April
2023. Hundred shells were randomly collected from each bas-
ket, and recruited spat on each shell were counted and catego-
rized into two size classes: less than 2 cm or greater than 2 cm.
Collected shells were then laid in sequential lines, and a ran-
dom number generator between 1 and 100 was used to deter-
mine which shells spat would be sampled from for genetic
identification. This process was repeated until a total of 15 spat
per basket (n = 450) were collected.

Oyster Identification

Adult oysters were first shucked and shells were checked for
the presence of chomata (small elongated denticles on the inner
circumference of the shell), which distinguish members of the
Saccostrea genus from other intertidal oyster genera (Lam &
Morton 2006; do Amaral & Simone 2016; Salvi et al. 2022).
An 8-mm?® piece of mantle tissue was dissected from adult oys-
ters, with care taken to avoid darkly pigmented regions that can
contain DNA inhibitors (Li et al. 2022), while all tissue was
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collected from spat due to their small size. All dissected tissue
samples were placed in a microcentrifuge tube and DNA was
extracted using a DNeasy Blood and Tissue Kit (Qiagen) the
same day. Lineage B, lineage G, and S. glomerata primer sets
developed by (Richardson et al. 2024) were used in multiplex
PCRs to amplify regions of the cytochrome c¢ oxidase subunit I
(COI or cox1) barcoding gene, and species identifications were
made by visualizing 10 pL. of PCR products in 2.5% agarose
gel electrophoresis. For a full description of methods including
thermoprofiles and expected product sizes, see (Richardson
et al. 2024).

Statistical Analysis

The differences in total spat counts, counts of small spat, and
counts of large spat across the three basket depths at four loca-
tions were analyzed using three separate negative binomial
generalized linear models in R version (2023.09.1 + 494).
Initially, generalized linear mixed effect models were attem-
pted with a Poisson distribution and then with a negative bino-
mial distribution; however, model diagnostics indicated that
data was over-dispersed and under-dispersed, respectively.
The functions “glm.nb” within the package Ime4 (Bates
et al. 2003) and “ANOVA” within the car package (Fox
et al. 2001) were chosen for analyses, as model diagnostics
indicated that data was normally distributed and therefore a
better fit. Each model analyzed the effects of location, basket
depth, and their interaction on the response variables (oyster
spat counts). Homoscedasticity was checked through resid-
uals vs. fitted values plots using the package DHARMa
(Hartig 2016); the normality of residuals was assessed, and a
quantile—quantile plot (Q—Q plot) was generated to visually
inspect the normality of residuals.

Results

Oyster Species Assemblages

Saccostrea glomerata was the most common species observed
for both adult oyster and spat assemblages. Adult S. glomerata
were found in both upper and lower intertidal zones, and
recruited subtidally despite no adult oysters being observed in
this zone. No adult lineage B were identified, and only one spat
was identified from Tewantin in the upper intertidal zone. Line-
age G adults were found almost exclusively in the lower inter-
tidal zone with one exception in the upper intertidal zone in
Tewantin. Similarly, only two lineage G spat were identified
from the upper intertidal zone at Tewantin, and all remaining
lineage G spat were identified in the lower intertidal and subti-
dal zones. The proportions of lineage G spat observed at differ-
ent tidal elevations were not indicative of observed adult
lineage G assemblages, particularly in the main channel where
lineage G adults were the dominant species in the lower inter-
tidal zone, but no spat of this species were identified at any tidal
elevation. The proportion of S. glomerata spat was similar to
adult S. glomerata assemblages in the upper intertidal zone,
but not the lower intertidal zone (Fig. 2).

Spat Recruitment

Total spat counts were significantly different across locations
(p = 0.004; Table 1A) with the highest overall counts in the
main channel. Basket depth was also significant (p < 0.001;
Table 1A) with a general pattern of high total counts in the
upper intertidal baskets at all sites except North Shore. The
interaction between basket depth and location was also signif-
icant (p = 0.008; Table 1A) which was driven by settlement
patterns in North Shore where the highest counts were mea-
sured in the lower intertidal baskets (Fig. 3A). Counts of small
spat also differed significantly across locations (p = 0.005;
Table 1B), basket depth (p < 0.001; Table 1B) and the interac-
tion between them (p = 0.007; Table 1B), and showed similar
settlement patterns across sites as total spat counts (Fig. 3B).
Counts of large spat differed significantly across basket depths
(p < 0.001; Table 1C) with the highest counts occurring in the
upper intertidal baskets. There was no significant difference
across locations (p = 0.124; Table 1C), and no interaction
between location and depth (p = 0.077; Table 1C; Fig. 3C).
For a full summary of raw counts, see Table S1 and Figure S1.
Although species within the genus Saccostrea were the target
taxa in this study, we observed large numbers of pearl oysters
from the genus Pinctada recruiting to subtidal oyster bas-
kets (Fig. 4).

Discussion

Interest in oyster reef restoration is growing on the eastern coast
of Australia. Projects have progressed beyond initial feasibility
studies and are now beginning to investigate ways to maximize
restoration outcomes (Gilby et al. 2019; McAfee et al. 2020a).
Our results show that oyster spat counts were generally highest
in upper intertidal baskets and lowest in subtidal baskets, indi-
cating that restoration and gardening targeting wild Saccostrea
spp. should focus on intertidal areas, particularly in the mid to
lower reaches of the Noosa River estuary. The main channel
and Tewantin had high spat counts in lower as well as upper
intertidal baskets, indicating that tiered baskets or deployed sub-
strate covering both elevations could maximize use of the water
column for restoration and gardening in these areas. High
recruitment has also been recorded in these locations in previous
studies (Gilby et al. 2019), and these areas should therefore be
prioritized for future restoration and gardening if projects are
relying on wild spat. Although spat survival was not quantified,
spat counts across different tidal elevations were likely driven by
a combination of higher recruitment in upper baskets and low
survival in subtidal baskets and upstream locations. High mor-
tality was observed across all subtidal baskets and the North
Shore location, which was evidenced by fresh settlement scars
from deceased spat and low counts of large spat, indicating that
sampled spat were likely newly settled. Future research should
investigate spat counts and survival thresholds necessary for
the development of self-sustaining reef habitats. Survival of
translocated spat across the estuary should also be monitored,
especially to locations upstream where spat counts were the
lowest.
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Figure 2. Proportion of species identified from multiplex PCRs testing for Saccostrea glomerata, lineage G and lineage B at each location. Spat (left side)
sampled from three-tiered baskets, and (right side) wild adult oysters collected from artificial structures. No adult oysters were observed subtidally.

The use of hatcheries to seed oyster shell with spat is com-
mon practice in oyster reef restoration projects, especially in
recruitment-limited systems (Brumbaugh et al. 2006; Brum-
baugh & Coen 2009). When a system is not recruitment limited,
however, the production of spat in hatcheries can be redundant
(Geraldi et al. 2013). For example, trials at the Bribie
Island Research Centre were conducted to produce seeded
shell for oyster reef restoration in the Noosa River estuary
(Wingfield 2022). Locally sourced broodstock was collected
and produced an average of nearly 10 spat per shell; however,
settlement was highly variable among individual shells, with a
range of 0-68 spat per shell (Wingfield 2022). Spat settlement
in upper intertidal baskets in our study was comparable to
hatchery seeded shell in the main channel and Tewantin (six
to eight spat per shell), but lower in Weyba (four to eight spat
per shell) and North Shore (three spat per shell). Almost all
shell sampled in upper intertidal baskets contained spat, and
counts ranged from 0 to 32 spat per shell across all sites. Our
results suggest that areas in the main channel of the Noosa
River estuary (which includes the Tewantin site) are not
recruitment limited; however, areas upstream and secondary

channels may be. Although hatchery seeded shell produced
greater overall numbers, restoration costs could be reduced
by sourcing wild spat for restoration in locations that are
not recruitment limited. In areas that are recruitment limited,
shell could be pre-seeded with spat using either hatcheries or
by translocating seeded shell from oyster gardening in the
main channel, so long as biosecurity protocols are adhered
to (Diggles 2021) to bolster local populations (Fitzsimons
et al. 2020).

Compared to temperate regions where generally there is
only one or two species of reef-building oysters, subtropical
and tropical regions around the world (including in Queensland)
contain multiple species of reef-building oysters that could be
targeted for restoration (Richardson et al. 2022). Though our
understanding of reef-building oyster diversity and distributions
in these regions is still limited and in need of further research
(Sekino & Yamashita 2016; Guo et al. 2018; McDougall
et al. 2024), this high diversity presents an opportunity to incor-
porate increased genetic diversity and resilience building into
restoration. Our results show that lineage G had a distinct tidal
niche in the lower intertidal zone. Based on the number of adults
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Table 1. Analysis of deviance tables showing model results for counts of
(a) total spat, (b) small spat, and (c) large spat.

(a) Total spat

Coefficient df ¥ p
Location 3 13.430 0.004
Basket_depth 2 30.503 <0.001
Location: Basket_depth 6 17.468 0.008
(b) Small spat

Coefficient daf X2 p
Location 3 12.755 0.005
Basket_depth 2 26.991 <0.001
Location: Basket_depth 6 17.716 0.007
(c) Large spat

Coefficient df x p
Location 3 5.7665 0.124
Basket_depth 2 22.9616 <0.001
Location:Basket_depth 6 11.3932 0.077

sampled, it is clear that lineage G contributed to the overall
diversity and structural complexity of sampled oyster assem-
blages. It is therefore likely that lineage G is an additional
reef-building species in Australia; however, the term ‘“reef-
building” is not well defined. As lineage G appears to be a
lower intertidal specialist (McDougall et al. 2024), it is possible
that this species may be more resilient than Saccostrea glomer-
ata to turbid conditions, freshwater influxes, and disease
(Angell 1986; Raftos et al. 2014; Richardson et al. 2022). Future
studies should test this species’ tolerance to various environ-
mental stressors to determine whether the inclusion of lineage
G in restoration initiatives has the potential to create more resil-
ient reefs in the future. The timing of substrate deployment is
paramount to successful reef restoration (McAfee & Con-
nell 2020); however, targeting lineage G is currently hindered
by a lack of knowledge of species-specific spawning triggers.
The proportion of lineage G spat identified was considerably
lower than the proportion of adult lineage G sampled in the
estuary. This may be due to different survival rates between
S. glomerata and lineage G spat; however, spat were sampled
after summer to coincide with known S. glomerata spawning
seasons. This suggests that like many other tropical species of
Saccostrea, lineage G may have different spawning triggers to
S. glomerata, such as changes in salinity rather than temperature
(Angell 1986; Chumkiew et al. 2019; Nowland et al. 2019).
Understanding specific spawning triggers and spat survival rates
will be key to informing targeted recruitment of lineage G in
future restoration.

Saccostrea glomerata was found to be the primary reef-
building species in the Noosa River estuary and dominated
the upper intertidal zone. Factors that influence the settlement
patterns among co-occurring species can vary among different
species, but are generally poorly understood (Richardson

et al. 2022). For example, some co-occurring species in the
Indo-Pacific occupy distinct tidal niches, such as Magallana
(previously Crassostrea) sikamea and Magallana ariakensis
(Wang et al. 2020), and Isognomon nucleus and Saccostrea
cucullata (Samakraman et al. 2010). In other instances, co-
occurring species compete for space. In southern China,
Talonostrea (previously Crassostrea) zhanjiangensis directly
competes with the commercially important (and reef-building
species) Magallana hongkongensis (Wu et al. 2013; Lau
et al. 2020) in the same intertidal zone. The restoration and com-
mercial production of M. hongkongensis therefore need to con-
sider ways in which the recruitment of this species can be
targeted over T. zhanjiangensis. Oysters facilitate the recruit-
ment of conspecifics through mechanisms such as chemical cues
(Tamburri et al. 2008) or the amelioration of heat stress (McAfee
et al. 2018). Studies have also shown that some oyster species
can promote the recruitment of additional species. For example,
European flat oyster (Ostrea edulis) recruitment was facilitated
by the invasive Pacific oyster (Magallana gigas) in Dutch coastal
areas of the North Sea (Christianen et al. 2018). Similarly, M.
gigas was found to increase the recruitment of S. glomerata in
New South Wales, Australia (Wilkie et al. 2013), and M. gigas
shells are commonly used for seeding shell with oyster spat
(Branigan et al. 2020; Fitzsimons et al. 2020; Diggles 2021),
including in this study. Understanding factors that drive or
inhibit settlement patterns of co-occurring species, such as
facilitative or competitive relationships with other species,
species-specific spawning triggers (temperature and salinity),
stress thresholds, substrate preferences, and settlement cues
(Richardson et al. 2022) will have important implications for
future restoration and aquaculture and requires further research.
Although S. glomerata and lineage G recruited subtidally,
no subtidal adults were observed at any locations. Factors such
as chemical cues from oyster shell (Tamburri et al. 2008;
Rodriguez-Perez et al. 2019), or the presence of audible cues
from snapping shrimp observed in oyster baskets, may have
provided navigation cues for subtidal spat settlement (Lillis
et al. 2013; Williams et al. 2021). Despite the ability to recruit
subtidally, overall spat counts were low, and mortality appeared
to be high based on the presence of fresh settlement scars.
High spat mortality (presumed to be S. glomerata) has also
been reported subtidally in other regions of south-eastern
Queensland, although spat were not identified using DNA
(Diggles 2017). Oyster settlement in lower tidal elevations can
be hindered by competition from other encrusting invertebrates,
such as barnacles, ascidians, and bryozoans (Osman et al. 1989;
Barnes et al. 2010). Similarly, algae can also inhibit both
oyster settlement and post-settlement survival (Diggles 2017,
Wills et al. 2024), and spat recruitment can be enhanced when
measures are taken to reduce algal competition (Shelamoff
et al. 2019; McAfee et al. 2020a). During this study, oyster bas-
kets were suspended from the bottom, and neither high levels of
algae nor sediment or encrusting invertebrates were observed in
subtidal baskets. Although high numbers of pearl oysters
recruited to some subtidal baskets, these oysters attached to the
baskets themselves rather than shells and are known to create
mixed-species reefs with Saccostrea spp. (Gillies et al. 2015).
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Figure 3. Modeled counts of (A) total spat; (B) small spat (less than 2 cm); and (C) large spat (over 2 cm) across the three basket depths at each location. Error

bars represent 95% Cls for the predicted counts. Note different y-axis scales.

We therefore conclude that it is unlikely that sedimentation or
competition with algae and other encrusting species explained
settlement patterns in this study.

There is evidence of historical subtidal oyster reefs as deep
as 8 m on the eastern coast of Australia, presumed to be built
by S. glomerata; however, no known subtidal reefs remain
(Gillies et al. 2018). The disappearance of subtidal oyster reefs
has been attributed to a number of cumulative factors. One of

the primary causes is likely the overexploitation of subtidal
oyster reefs through dredging, which indiscriminately removed
entire reefs as well as hard substrates necessary for future
oyster recruitment (Nell 2001; Kirby 2004; Gillies et al. 2015).
Additional stresses such as rapid coastal development and
widespread flooding in the late 1800s have also played a role
and resulted in large influxes of sediment into catchments,
smothering many subtidal reefs and causing drastic water
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Figure 4. Pearl oysters (Pinctada sp.) and leaf oysters (Isognomon sp) may be viable species for subtidal reef restoration in the Noosa River estuary. (A) Pinctada
naturally recruiting to oyster baskets (not shell) via byssal threads; (B) Pinctada sp collected from four 15 L subtidal oyster baskets in the main channel after
4 months; and (C) Subtidal Isognomon sp in the Noosa River estuary. Photo credit: A, Megan Connell; B, Richard Howard; and C, Simon Walker.

quality declines (Diggles 2013). Following increased sediment
loads and declining water quality, outbreaks of “mudworm dis-
ease” (parasitic polychaete worms that infect and kill oysters)
were then reported, resulting in oyster farmers changing from
bottom culture to suspended farming infrastructure to avoid
infection (Smith 1981; Ogburn et al. 2007). The failure of oyster
reefs to naturally reestablish in historical subtidal distributions
has therefore been attributed to conditions that are no longer
suitable, including ongoing water quality issues, outbreaks
of disease, sedimentation, and a lack of suitable substrates
(Ogburn et al. 2007; Diggles 2013; Gillies et al. 2018).

The use of modern molecular tools for the accurate identifica-
tion of rock oysters, especially within the genus Saccostrea, has
completely changed our understanding of species diversity and
their distributions (Hamaguchi et al. 2014; Sekino & Yama-
shita 2016; Snow et al. 2023). For example, S. cucullata has
been documented across the tropics from the western Pacific
through to the eastern coast of Africa (Richardson et al. 2022),
however, through molecular work it is now clear that the name
S. cucullata has been applied to at least 10 genetically distinct
lineages (likely separate species), and that individual lineages
have different distributions across the Indo-Pacific (Lam &
Morton 2006; Guo et al. 2018; Chowdhury et al. 2021). The
type locality of S. cucullata (originally described as Ostrea
cucullata) is recorded as the West Indies and Ascension Island,
therefore any Indo-West Pacific specimens likely belong to
a different species (Sekino & Yamashita 2016). Similarly,
S. glomerata has previously been reported as having a
broad distribution across tropical Australia and has even been
reported elsewhere in the Indo-Pacific (Ogburn et al. 2007; Gil-
lies et al. 2015; do Amaral & Simone 2016); however, we now
know that these past identifications are incorrect and tropical
Saccostrea are in fact multiple species, none of which are
S. glomerata (Snow et al. 2023; McDougall et al. 2024). With-
out the application of molecular tools, it is impossible to con-
firm whether subtidal oyster reefs recorded from temperate
and subtropical Australia, which are now extinct (Gillies
etal. 2018, 2020), were built by S. glomerata, and it is possible

that S. glomerata may not be a subtidal species. Our results sug-
gest that S. glomerata is an intertidal specialist, and future research
is required to definitively determine whether S. glomerata is capa-
ble of building reefs subtidally. Studies should be conducted in
estuaries with limited disturbances, excellent water quality and
abundant sources of wild spat, and control suggested factors that
inhibit reef development including predation, sedimentation and
disease transmission (Diggles 2013, 2015). Until there is empirical
evidence that S. glomerata is also a subtidal species, restoration
targeting this species should focus on intertidal areas.

Historical subtidal oysters in Queensland have been described
as being morphologically different from intertidal oysters
(Saville-Kent 1891). Given that different species within the
Saccostrea genus are unable to be distinguished from one
another visually and require molecular tools for identification
(McDougall et al. 2024; Richardson et al. 2024), subtidal
reef-building oysters may therefore have belonged to a differ-
ent genus entirely. Rock oysters belonging to different genera
are known to occur subtidally in subtropical and tropical
regions. This includes species within the genera Dendostrea,
Nanostrea, Ostrea, and Planostrea (Lam & Morton 2004,
2009; Richardson et al. 2022); however, it is unclear which
species (if any) are reef-building. This remains an area of
research with significant knowledge gaps. If subtidal oyster
reefs are the desired restoration outcome, the use of species that
we currently know are better suited to subtidal habitats would
be more appropriate. Pearl oysters within the genus Pinctada
and leaf oysters within the genus Isognomon are known subti-
dal reef-builders (Al-Khayat & Al-Ansi 2008; Benthotage
et al. 2020) and are able to tolerate more turbid condi-
tions than Saccostrea (Palmer & Rutherford 2011; Gillies
et al. 2018; Benthotage et al. 2022). Populations of Isognomon
already occur subtidally in the Noosa River estuary, making
this oyster a more appropriate species to select for subtidal res-
toration than S. glomerata (McDougall & Walker 2021). Dur-
ing this study, we inadvertently recruited high numbers of
Pinctada sp. subtidally in the main channel, with these oysters
preferring to attach to baskets via byssal threads rather than
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oyster shells. The restoration of subtidal Pinctada reefs is
promising in the Noosa River estuary, and similar oyster gar-
dening experiments should be conducted to understand the
eco-physical requirements and restoration strategies of Pinc-
tada, including preferred settlement substrates and depths in
the subtidal water column.

To date, S. glomerata research and restoration has been con-
centrated in cooler subtropical or temperate ecosystems where
it is currently the only known species of reef-building Saccos-
trea. Approaches to restoration should be informed by localized
research, and the results from this study will have implications
for the potential restoration of mixed species reefs in subtropical
and tropical regions. In warmer estuaries where multiple species
of Saccostrea are present, spat procured from hatcheries should
consider local oyster species assemblages and ensure that repre-
sentative oyster communities are produced for introduction into
a system. This can be challenging for Saccostrea lineages, as
although some studies have begun to investigate settlement pref-
erences and habitat suitability (Chowdhury et al. 2019; Marce-
lino et al. 2023; Andrisoa et al. 2024), the “species” is often
reported as Saccostrea cucullata, making it difficult to know
which lineage studies are referring to. If hatchery production is
conducted without awareness of species assemblages or spawn-
ing triggers, there is no guarantee that all oysters will have suc-
cessfully spawned, even if broodstock has been locally sourced.
This study showed that oyster gardening can be a successful
method for naturally seeding shell with multiple species for
restoration, and could be utilized where possible to reduce resto-
ration costs (Reeves et al. 2020), however, knowledge of
species-specific spawning triggers is needed to inform the tim-
ing of gardening projects (McAfee & Connell 2020). Our results
also showed that S. glomerata reef restoration in south-eastern
Queensland should focus on intertidal areas, and that lineage
G could be included in restoration efforts in the lower intertidal
zone. Future studies are required to identify which additional
Saccostrea lineages are reef-building across the Indo-Pacific,
and to pinpoint their geographic ranges. Understanding inter-
actions between co-occurring reef-building species will be
an essential consideration to inform successful restoration in
warmer waters.
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