
Frontiers in Marine Science | www.frontiers

Edited by:
Dapeng Liu,

Georgia Institute of Technology,
United States

Reviewed by:
Christian Buschbaum,

Alfred Wegener, Institute Helmholtz
Centre for Polar and Marine Research

(AWI), Germany
Romuald Lipcius,

College of William & Mary,
United States

*Correspondence:
Bayden D. Russell
brussell@hku.hk

Specialty section:
This article was submitted to

Marine Fisheries, Aquaculture and
Living Resources,

a section of the journal
Frontiers in Marine Science

Received: 26 January 2022
Accepted: 14 April 2022
Published: 23 May 2022

Citation:
Chan SSW, Wong HT, Thomas M,

Alleway HK, Hancock B and
Russell BD (2022) Increased
Biodiversity Associated With
Abandoned Benthic Oyster
Farms Highlight Ecosystem

Benefits of Both Oyster Reefs
and Traditional Aquaculture.
Front. Mar. Sci. 9:862548.

doi: 10.3389/fmars.2022.862548

ORIGINAL RESEARCH
published: 23 May 2022

doi: 10.3389/fmars.2022.862548
Increased Biodiversity Associated
With Abandoned Benthic Oyster
Farms Highlight Ecosystem
Benefits of Both Oyster Reefs
and Traditional Aquaculture
Sharon S. W. Chan1, Ho Tin Wong1, Marine Thomas2, Heidi K. Alleway3, Boze Hancock4

and Bayden D. Russell 1*

1 The Swire Institute of Marine Science and Area of Ecology and Biodiversity, School of Biological Sciences, The University of
Hong Kong, Hong Kong, Hong Kong SAR, China, 2 The Nature Conservancy Hong Kong Foundation Ltd, Hong Kong, Hong
Kong SAR, China, 3 The Nature Conservancy, Adelaide, SA, Australia, 4 The Nature Conservancy, The University of Rhode
Island, Narragansett, RI, United States

Oyster reefs are structurally complex habitats which are increasingly recognized for their
importance in estuarine systems. With over 85% of oyster reefs lost to human activities
globally, there is increasing interest in aquaculture to not only meet the growing need for
food worldwide, but also enhance ecological functions and services. Prime among these
services is the provision of habitat for marine biodiversity. We assessed the biodiversity
associated with an abandoned benthic oyster farm to investigate the potential ecological
benefits of benthic farming techniques used in traditional oyster farms. In addition, we
made note of any invasive species which may use these abandoned structures as habitat.
The macrobenthic assemblage in the oyster habitat formed by the farm was different from
the surrounding mudflats, containing 61 and 26 species, respectively. Density of
invertebrates was similar in both habitats (~ 5,777 ± 981 indiv·m−2), but biomass in the
oyster farm over ten times greater than the mudflat substrate, which had a fauna
dominated by small polychaetes (<5 mm long). Molluscs and crustaceans were
especially abundant in the oyster habitat and contributed to 90% of the enhanced
biomass associated with oyster habitat (excluding oyster biomass). Only one invasive
species was documented, the mussel Xenostrobus secures, but at densities lower than
nearby artificial substrates (e.g., concrete shorelines). Oyster development on this
abandoned farm appears to be self-sustaining, provide habitat and trophic support for
associated benthic macrofauna. In addition to supporting higher biodiversity and biomass
of associated species, traditional oyster aquaculture could improve the restoration
potential of oyster reefs by supporting broodstock of native oysters, thus maintaining
larval supply.

Keywords: shellfish aquaculture, biodiversity enhancement, habitat provisioning, oyster reef restoration,
restorative aquaculture
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INTRODUCTION

Coastal environments have suffered from centuries of
overexploitation, habitat degradation and pollution, with
estuaries being the most degraded of marine ecosystems
(Jackson et al., 2001). Despite declines in ecosystem
functioning and biodiversity across marine environments
global ly , different habitats often receive strikingly
disproportionate media attention and research effort due to the
human propensity to focus on charismatic ecosystems such as
coral reefs (Duarte et al., 2008). As a result, the loss of less
charismatic but ecologically important coastal habitats
continues. Oyster reefs were historically common and
extensive in estuarine habitats globally but have experienced an
85% loss over recent centuries (Beck et al., 2011; Zu Ermgassen
et al., 2012). Natural oyster reefs form complex three-
dimensional structures and create habitats that maintain
secondary production, trophic transfer, and coastal biodiversity
(Grabowski and Powers, 2004; Tolley and Volety, 2005; Walles
et al., 2016). The ecosystem goods and services provided by
oyster reefs underpin the health and sustainability of subtropical
and temperate estuarine waters (reviewed by Smaal et al., 2019).
Therefore, loss at such a global scale significantly impacts not
only the function of estuarine ecosystems but also the quality of
services provided by oyster reefs to human communities. In
addition to food provisioning through fisheries, oyster reefs
perform a wide range of supporting, regulating, and cultural
ecosystem services, including water filtration, nutrient cycling
(Kellogg et al., 2014), shoreline protection, (Ysebaert et al., 2019)
fish production (Zu Ermgassen et al., 2016) and tourism (Rusher,
2004). These services are primarily delivered in the nearshore
and estuarine areas most impacted by human activities.

Increasing efforts in oyster reef conservation and restoration
has meant that attention has largely focused on the role of
mature oyster reefs in coastal systems. In contrast, the
potential role of aquaculture in providing ecosystem functions
and services within an integrated seascape has received relatively
little attention (Theuerkauf et al., 2019; Gentry et al., 2020).
Notably, benthic oyster aquaculture may provide some of the
benefits of oyster reefs to coastal ecosystems (e.g., Coen et al.,
2007; Kellogg et al., 2014; Humphries et al., 2016). Yet substantial
knowledge gaps on the ecological benefits provided by
aquaculture have hampered the development of restorative
aquaculture in Asian coastal cities. For example, China is the
largest global producer of oysters, which produced 5.14 million
tonnes of oysters and contributed about 86% of global oyster
aquaculture by weight in 2018 (FAO, 2021), yet there is no
assessment of the ecological value of this oyster aquaculture.
Given that oyster production in China has continued to increase
at ~5% per annum from 1950 to 2016, compared to ~2% per
annum for the rest of the world (Botta et al., 2020), there is huge
incentive to understand how these oyster farms interact with
natural systems, and provide guidance to direct future
production growth to not only meet our consumption demand,
but also to enhance ecosystem services in the most practical and
sustainable way possible.
Frontiers in Marine Science | www.frontiersin.org 2
Hong Kong is a coastal megacity located at the lower basin of
Pearl River Delta (PRD) in southern China and has a subtropical
monsoonal climate which creates estuarine conditions that are
particularly suitable for natural oyster reefs and aquaculture. The
full historical extent of natural oyster reefs in Hong Kong is
unknown, but archaeological records provide evidence of a
natural community of oysters supporting the once-flourishing
shell-based lime industry with nearly 30 kilns spread across the
territory during the Tang Dynasty (618 to 907 AD) (Meacham
1979). It is evident that historically extensive harvesting and
recent, rapid coastal development in southern China (Fang et al.,
2007) have caused extensive loss of oyster reefs, leaving only
sparse, degraded natural oyster beds in Hong Kong (Lau et al.,
2020). Changes in land use practices, including extensive
deforestation and coastal reclamation for agriculture, have
dramatically increased sediment transport and deposition into
the PRD and Greater Bay Area over past millennium (Weng,
2000; Weng, 2007), with increased sedimentation reducing the
extent and persistence of sessile hard structured habitats such as
oyster reefs (Colden and Lipcius, 2015). Oyster cultivation was
first practiced in the PRD about 1,000 years ago during the Song
Dynasty (Cheung, 2019) and has a continuous record of
cultivation in the region even as harvest of natural oyster
reefs declined.

The Hong Kong oyster Magallana hongkongensis has
been cultivated on the mudflats of Deep Bay, northwest
Hong Kong in the past 150–700 years for their meat and the
extraction of lime from the shells (Morton and Wong, 1975).
The traditional method of farming involved placing hard
substrate such as rocks, concrete tiles, and posts on the soft
mud to promote settlement of oyster larvae, a practice that
is synonymous with the use of artificial substrate in oyster
reef restoration. Farms are then managed until harvest,
for example, young oysters could be lifted from a breeding
ground and transferred to a more suitable growing or fattening
grounds or concrete posts could be relocated to avoid
sedimentation. One of the ancillary benefits of this method of
benthic farming is that it provides hard substrate among soft
sediment mudflats, allowing the aggregation of sessile and
mobile benthic organisms. The only assessment of the fauna
associated with oyster farms in Deep Bay found over 30 species
inhabiting the traditional concrete posts (Morton and Morton,
1983). However, over the last few decades there has been a
transition of oyster aquaculture in the region from benthic
culture techniques to rope-suspended raft culture techniques
introduced from Japan to enhance production (Botta et al.,
2020). As a result, many traditional oyster farms are now left
fallow and have been allowed to develop into more extensive
habitats over several years. These fallow benthic farms are
inherently different from natural oyster reefs which accumulate
generations of oysters that settle, grow and form three-
dimensional structures. The design and layout of substrate
adopted in traditional oyster farms intentionally discourages
the establishment of such complex structure. When abandoned
or left fallow, however, these farms can form complex habitats as
continuous recruitment and the formation of small oyster
May 2022 | Volume 9 | Article 862548
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clusters suggests they could provide substrate and shelter for
other species which enhance biodiversity of intertidal mudflats,
even if not to the extent of natural oyster reefs. With the slow
expansion of oyster reef restoration in the region, and as yet
uncertain outcomes based on heavy harvest pressure (Lau et al.,
2020), benthic oyster farms which are allowed to become fallow,
but are still protected from recreational harvest, may provide
some of the ecosystem benefits of oyster reefs which have
previously been overlooked.

Most studies that have investigated fauna associated with
aquaculture have focused on assessing mobile species that gather
around fish farms (Gentry et al., 2020) meaning that there is
limited information on the biodiversity benefits provided by
bivalve aquaculture (e.g., D’Amours et al., 2008), especially
oyster aquaculture which is closely associated with benthic
habitats (e.g., soft-sediment shores). Yet, fallow benthic oyster
farms may provide ecosystem functions and services akin to oyster
reefs. Therefore, we investigated the macrobenthic biodiversity on
an abandoned traditional oyster farm in Hong Kong. As oyster
reefs are known to support greater density, biomass and diversity
of resident macrobenthic invertebrates than unstructured
mudflats (Shervette and Gelwick, 2008; Stunz et al., 2010;
Humphries et al., 2011; Quan et al., 2013), we hypothesized that
the resident benthic macroinvertebrate communities in the
abandoned oyster farm would be more diverse than, and
distinct from, the adjacent mudflat habitats. As a result, we aim
to provide the first insights into the biodiversity value of the
structured habitat of benthic aquaculture production, expand the
discussion around the benefits of traditional aquaculture and its
role in producing ecosystem services, and inform the potential to
enhance the ecosystem services associated with traditional
aquaculture practices.
Frontiers in Marine Science | www.frontiersin.org 3
MATERIALS AND METHODS

Site Description
Biodiversity surveys were conducted at an abandoned oyster
farm (“oyster habitat”) and adjacent mudflats (“control”) at Pak
Nai (Figure 1, 22° 26’N 113° 56’ E), Deep Bay, Hong Kong. Deep
Bay is subjected to a wide range of seasonal salinity (10.5 -
28.7‰) and temperature (17.8 - 31.1°C) (EPD, 2018). Contrary
to its name, Deep Bay is shallow, with an average water depth of
2.9 m and a mean tidal range of 1.4 m (Young and Melville,
1993). As a result, extensive mudflat habitats are exposed during
low tide, including the study site.

The site is composed of multiple patchy oyster habitats,
formed by the remnant oyster populations from the
abandoned farm, with mudflats interspersed in between. The
oyster habitat is created by an abandoned benthic oyster farm
which is characterized by lines of concrete posts with oysters
attached, each spaced 30 – 50 cm apart (Figure 2 Traditionally,
the short concrete posts (5 cm × 5 cm × 60 cm) were embedded
in the sediment prior to the initial settlement peak (April in Deep
Bay; Lau et al., 2020), leaving ~ 20 cm above the sediment to act
as substrate for the natural settlement of oyster spat which were
then allowed to grow for 1 – 2 years before harvest. This benthic
method of oyster cultivation creates a unique habitat that is
absent in modern suspended (e.g., line, basket or raft) oyster
aquaculture. At Pak Nai, the farm areas have been left fallow –
they have effectively abandoned but are protected from harvest
by being within an aquaculture lease area. Without regular
maintenance or harvesting, multiple generations of oysters
have overgrown the concrete posts and become a habitat that
share some resemblance to dispersed restored oyster beds. While
farm abandonment was between 5–7 years ago, the oyster
FIGURE 1 | (A) A map of Hong Kong showing the location of Pak Nai in Deep Bay, north-western Hong Kong. (B) Close-up map showing the location of the study
site in Pak Nai. Black lines represent major streams in the study area.
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habitats in this study have yet to fuse together and form the
extensive three-dimensional structures found in natural reefs.
However, this site remains as potentially the best indication of
the diversity of macrobenthic communities associated with
historically natural oyster reef in Hong Kong due to the
protection from recreational harvesting; even though the
aquaculture lease is no longer managed or harvested, it still has
legal protection and the absence of intervention over several
years has allowed these oyster habitats to establish.

Sampling Methods
Biodiversity surveys took place in November 2018 and May 2019
during daylight low-tide period (<1.0 m Chart Datum) to sample
both wet (summer) and dry (winter) months. To fully assess
macrofauna associated with the oyster farm, both quadrat
sampling and sediment core sampling were used to collect
epifauna and infauna, respectively.

A total of six samples (n = 6) were haphazardly located across
the abandoned farm using 0.25 m2 quadrats (0.5 m × 0.5 m) and
adjacent, interspersed mudflat (controls). This size of quadrat
was determined appropriate for moderate oyster densities of 100
to 500 oyster m2 (Baggett et al., 2014; Baggett et al., 2015). First,
all oysters within the sampled quadrat were collected and
recorded for their abundance and shell length to obtain size-
frequency distributions. Shell length (the distance from the umbo
to the distal margin of the shell) were measured to the nearest
0.1 mm using dial callipers.

All fauna were then removed from the live and dead oyster
shells within each quadrat and were collected for later
identification and enumeration in the laboratory. Sediment
core samples were then taken to a depth of 10 cm below the
substrate surface using a 10 cm diameter PVC pipe core sampler.
The same sampling protocol was used for nearby mudflats as
control (n = 6), but as there were no oysters or structured habitat
in any of these samples, no epifauna were collected from the
quadrats (i.e. all fauna were in the sediment cores). All samples
Frontiers in Marine Science | www.frontiersin.org 4
were washed and sieved through a 500 mm stainless steel mesh
sieves on the day of collection and preserved in 70% ethanol until
processed in the laboratory. All samples were further sorted in
the laboratory under dissecting microscope for macrobenthos
before final enumeration and identification to the lowest possible
taxonomic level. Samples with substantial volume of detritus
and/or sediment were subsampled at fixed fraction (50%) prior
to sorting and identification of organisms, yielding cost‐effective
estimate of species richness and abundance (Barbour and
Gerritsen, 1996; Cox et al., 2017).

Statistical Analysis
Data produced from the samples were abundance (number of
individuals), biomass, density (number of individuals per unit
surface area), species richness (number of species), Shannon
diversity index (Shannon, 1948) and J-evenness.

The effect of habitat type and season on macrobenthic
assemblages (community composition) was examined with
permutational multivariate analysis of variance (PERMANOVA)
using Bray–Curtis dissimilarity. Non-parametric multidimensional
scaling (nMDS) was then employed to visualize dissimilarities
between habitats based on their corresponding benthic
assemblages. Abundance data were square-root transformed prior
to analysis to reduce the influence of the numerically dominant
species (Clarke and Warwick, 2001).

Following nMDS, the means and standard deviation of species
density, richness, Shannon diversity index and evenness were
determined for each habitat type and season. All parameters
were tested by two-way ANOVA with season (wet vs. dry) and
habitat type (oyster vs. mudflat control) and their interactions as
treatment variables for potential seasonal and spatial differences.
The effect of season on oyster density and shell lengths were tested
using one-way ANOVA because there were no oysters in control
mudflats. Data sets with significant difference between habitat
types which did not show homoscedasticity were tested
additionally by non-parametric Kruskal–Wallis test by rank.
FIGURE 2 | (Left) Regular spatial arrangement of the concrete posts used in traditional oyster culture in the Pearl River Delta and southern China, and (right) oysters
growing on concrete posts forming a unique habitat at the abandoned farm of the study site. Note the more modern and intensively managed rafts now used for
oyster aquaculture in the background of the left panel.
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Data on overall density for higher taxonomic groups of interest
were also tested for differences using the same statistical methods
(above), however the data are presented as pooled values only
showing the effect of habitat for precise and comparative purposes.

All statistics were performed using R 3.6.3 (R Core Team,
2020), using vegan (v2.5-6; Oksanen et al., 2019) and BiodiversityR
(v2.11-3; Kindt et al., 2005) packages via the R-Commander. All
tests were assessed at the a = 0.05 significance level.
RESULTS

Oyster Population in the Abandoned Farm
The abandoned farm allowed multiple generations of oysters to
create relatively new but complex habitat. Oysters were young
overall, with a mean length of 31.3 ± 0.8 mm and 26.8 ± 0.6 mm
(mean ± SE) in the dry and wet seasons, respectively. Oyster shell
length was greater in dry season than that of wet season
(Figure 3, Kruskal–Wallis, H1 = 19.89, p < 0.001), probably
representing the older juveniles from the previous spawning
season. There were very few individuals > 100 mm in length, with
none > 150 mm, meaning that the population is mostly
comprised of individuals less than ~3 years old. In contrast to
size, density of oysters was similar between seasons (ANOVA,
F1,10 = 0.002, p > 0.05), with the mean density being 329 ± 103
ind·m−2 and 336 ± 138 ind·m−2 (mean ± SE) in the dry and wet
seasons, respectively.

Macrobenthic Fauna
Habitat-forming oysters (Magallana spp.) were excluded from
the analysis of the associated microbenthic fauna as they formed
the habitat and they were not present in the control mudflat
Frontiers in Marine Science | www.frontiersin.org 5
plots. There was a distinct macrobenthic assemblage present in
oyster habitat created by the abandoned oyster farm compared to
mudflat (Figure 4). Habitat type had a large effect on community
assemblages. Differences in the benthic community likely exist
during wet and dry seasons but would require long-term
monitoring to confirm (Table 1; p = 0.09). The separation of
macrobenthic assemblages between habitat types is clear based
on density data.

Pak Nai harbours a diverse macrobenthic community. A total of
6,112 individuals were recorded in the biodiversity surveys across
both oyster habitats and mudflats, representing 70 taxa, in which
52 (74%) were uniquely found in the oyster habitats surveyed in
this study (Table S1). The mean density of macrobenthic
invertebrates in oyster habitat (5,777 ± 981 indiv·m−2) and in
mudflat (5,694 ± 1173 indiv·m−2) were similar and are comparable
to the density of invertebrates reported from both natural and
restored oyster reefs in China, the USA, and France (Table 2).

Species richness (Figure 5A) and diversity (Shannon diversity
index) were greater in oyster habitat than mudflats (Table 3). The
maximum value of Shannon diversity index (2.73) was found in
the oyster habitat during wet season, with the mean values being
1.85 and 1.35 in oyster habitat and mudflats, respectively. Biomass
of fauna was up to 10 times greater on oyster habitats than
mudflats (Figure 5B, Kruskal–Wallis, H1 = 10.83, p < 0.01).
Overall, season did not affect species richness or diversity in either
habitat type (Table 3), though there was a trend towards greater
faunal density in the dry season (Figure 5C; Table 3, p = 0.069).
Polychaetes were the most numerically dominant taxa (up to
96%) and obscured abundance patterns in other taxa. When
polychaetes are excluded, density of other taxa was greater in
oyster habitat than on mudflats (Figure 5D, Kruskal–Wallis, H1 =
11.34, p < 0.001). Differences in species evenness across seasons
FIGURE 3 | Percentage frequency distributions of the shell length (SL) of oysters growing on the abandoned oyster farm in Deep Bay, Hong Kong, in both dry and
wet season. (n = number of individuals sampled, mean ± SE).
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https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Chan et al. Restorative Aquaculture With Oyster Farms
may be present but undetectable due to low sample sizes (Table 3,
p = 0.16). In general, both oyster habitat and mudflat exhibited
a moderately even community with mean values ranging from
0.61 to 0.75, respectively.

Three taxonomic groups accounted for the majority of the
fauna found in oyster habitats; polychaetes (57%; 3,302 ± 556
Frontiers in Marine Science | www.frontiersin.org 6
ind·m−2), molluscs (23% excluding oysters; 1324 ± 352 ind·m−2)
and crustaceans (19%; 1,098 ± 365 ind·m−2). The remaining 1%
were numerically rare taxa such as Sipuncula (Phascolosoma
agassizii) and barnacles. The same three taxonomic groups were
present for the mudflat controls, but polychaetes accounted for
~96% of individuals in the mudflat. All species encountered in
TABLE 1 | Results of a two-factor PERMANOVA testing for the effects of Habitat (oyster farm vs. mudflat control) and Season (wet vs. dry) on macrobenthic
assemblages (70 Taxa) from Pak Nai, based on square-root transformed relative abundances and Bray–Curtis dissimilarities.

Source df SS MS Pseudo F p-value

Habitat 1 9719 9719 4.532 0.002
Season 1 3737 3737 1.742 0.090
Habitat × Season 1 1828 1828 0.853 0.552
Residual 20 42894 2144
Total 23 58179
May 2022 | Volume 9 | Article
TABLE 2 | Comparisons of species richness, biomass, and density of macrobenthos inhabiting various natural or restored oyster reefs and the abandoned benthic
oyster farm in this study.

Benthic assemblage parameters

Location Reef description (age) Species richness Biomass (g/m-2) Density (indiv./m-2) Citation

Yangtze River
estuary, China

Artificially restored, intertidal (5) 45 46.7 ± 12.8 765 ± 241 Quan et al., 2012a

Jiangsu, China Natural, intertidal 66 499.6 ± 35.4 2830 ± 182 Quan et al., 2012b
South Carolina, USA Natural, intertidal 37 N/A 2476 – 4077 Dame, 1979
Bay of Brest, France Natural, intertidal 73 30.09 ± 4.84 7409 ± 3860 Lejart and Hily, 2011
Deep Bay, Hong Kong SAR Abandoned intertidal oyster farm

(5 – 7)
61 108.7 ± 28.6 5777 ± 981 Current study
N/A, Not assessed.
FIGURE 4 | Nonparametric multidimensional scaling (nMDS) ordination plot of dissimilarities between sampling sites based on Bray–Curtis distance metric of
square‐root transformed abundance of 70 invertebrate taxa in a total of 24 sampling units (n = 6 from two intertidal sites during two sampling times) in Pak Nai.
Symbols represent the placement of the faunal communities (labelled as ‘control’ and ‘oyster’) and the individual species which comprise those communities (red
crosses) within the multidimensional space.
862548
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the surveys are known to either be native to Hong Kong, or occur
within their natural Indo-Pacific range, except for the invasive
mussel Xenostrobus securis which is native to Australia and was
first recorded in the eastern waters of Hong Kong in 2010, from
where it spread across Hong Kong (Morton and Leung, 2015). It
is also worth noting that some fish (Blennidae) were occasionally
observed among the oysters during surveys but were not
encountered in the quadrats.

The density of the different taxonomic groups of interest varied
between habitats and possibly differ among seasons (Figure 6;
Table 4). The seasonal effects were on the margins of significance
(Table 4, p = 0.07 to 0.1) potentially due to low sample sizes. Oyster
habitats contained densities of molluscs and crustaceans one to two
orders of magnitude greater than mudflats (Figure 6; Table 4). In
contrast, the Sedentaria, a taxonomic group typified by sediment
burrowing or tube-dwelling polychaete worms, were approximately
twice as abundant in mudflats than oyster habitat (Figure 6, F1,20 =
5.15, p < 0.05). But, at higher taxonomic rank, the density of
Polychaeta was considered equally abundant in both habitats. The
small invasive mussel Xenostrobus securis (mean shell length 7.8 ±
0.3 mm) only occurred in oyster habitat (882 ± 253 indiv·m−2) and
comprised approximately two-thirds of the total molluscan
abundance, excluding oysters (Kruskal–Wallis, H1 = 12.8, p <
0.001). This density is two orders of magnitude less than on
concrete structures (e.g. protective seawalls) on which X. securis
dominates in other parts of Hong Kong (20,900 - 76,000 indiv·m−2;
Morton and Leung, 2015) and an order of magnitude less than
found on more modern suspended rope (raft) oyster aquaculture
which is actively managed (up to 3,500 indiv·m−2; Lau et al., 2018).
Frontiers in Marine Science | www.frontiersin.org 7
DISCUSSION

Benefits of Benthic Aquaculture for
Biodiversity
Oyster reefs are well known to provide structured habitat for diverse
assemblages of fauna (Meyer and Townsend, 2000; Tolley and
Volety, 2005; Boudreaux et al., 2006; Shervette and Gelwick, 2008;
Stunz et al., 2010). Here, we show that abandoned benthic oyster
farms can provide habitat for a rich diversity of fauna and enhance
the biodiversity of intertidal mudflats from which oyster reefs have
been lost through anthropogenic activities. The macrobenthic
assemblages in oyster habitats were distinct from that of the
surrounding mudflat habitats. For instance, species richness of the
benthic assemblages found in oyster habitat was substantially
greater than unstructured mudflats, in particular for groups of
epifauna such as crustaceans and molluscs (6 and 18 times greater,
respectively). While both mudflat control and the oyster habitat had
similar density of macroinvertebrates, the biomass of macrofauna
on the mudflats was 9 - 10 times less than that of oyster habitats,
given that 96% of individuals in the mudflat were small (2 – 5 mm)
polychaetes found as infauna in the sediment matrix. These
polychaetes were also present within the oyster habitat, while the
other taxa were much more abundant, thus oyster habitats
substantially increased biodiversity and biomass of organisms on
the intertidal shore.

The only other biodiversity assessment of oyster farms within
the region documented roughly half the number of species found in
our study (Morton and Morton, 1983). That farm was, however,
actively managed meaning that the benthic poles were cleaned of
A B

DC

FIGURE 5 | Biodiversity survey for resident macrobenthic invertebrates conducted on oyster habitats and control mudflats in 2018 and 2019 in Pak Nai, Hong
Kong. (A) Species richness; (B) Biomass (g·m−2); (C) Species density (indiv·m−2); and (D) Species density without polychaetes (indiv·m−2) of the sampling sites
among habitat types across wet and dry seasons. All values are means ± SE.
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organisms other than large oysters at least annually and lacked the
extra time that our abandoned farm had to develop greater
structural complexity and the associated faunal community.
Furthermore, the abundance of benthic species in the abandoned
farm habitat is comparable to the established macrofaunal
Frontiers in Marine Science | www.frontiersin.org 8
populations on remnant natural oyster reefs in the national
marine park in Jiangsu Province, China, though a different species
composition because they are in a different biogeographic region
(Quan et al., 2012b). Accretion of oyster shells over longer periods is
the single most unique component of natural oyster reefs, which are
FIGURE 6 | The mean density of different taxonomic groups sampled on oyster habitats and control mudflats pooled across seasons. All values are means ± SE.
TABLE 3 | Summary of two-way ANOVAs testing the effects of habitats and seasons on six benthic assemblage parameters.

Source df SS MS F p-value

Shannon Diversity Index
Habitat 1 1.47 1.47 6.5873 0.0184*
Season 1 0.08 0.08 0.3578 0.5564
Habitat × Season 1 0.05 0.05 0.2294 0.6372
Error 20 4.46 0.22

Evenness
Habitat 1 0.01 0.01 0.4377 0.5158
Season 1 0.05 0.05 2.1557 0.1576
Habitat × Season 1 0.003 0.003 0.1344 0.7178
Error 20 0.47 0.02

Species Richness
Habitat 1 1247.04 1247.04 20.0570 0.0023*
Season 1 1.04 1.04 0.0168 0.8983
Habitat × Season 1 1.04 1.04 0.0168 0.8983
Error 20 1243.5 62.18

Biomass
Habitat 1 60932 60932 14.9205 0.0009*
Season 1 5171 5171 1.2662 0.2738
Habitat × Season 1 3806 3806 0.9319 0.3459
Error 20 81675 4083

Density
Habitat 1 56664 56664 0.0044 0.9480
Season 1 48000924 48000924 3.6940 0.0689
Habitat × Season 1 897875 897875 0.0691 0.7954
Error 20 259889060 12994453

Density excluding polychaetes
Habitat 1 29827685 29827685 15.31 0.0007*
Season 1 1318141 1318141 0.68 0.4204
Habitat × Season 1 788673 788673 0.40 0.5318
Error 20 38964445 1948222.3
M
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formed by high-density shell aggregations that introduce high
complexity into benthic ecosystems akin to coral reefs (Gutiérrez
et al., 2003). Therefore, while abandoned benthic oyster farms do
not provide the same level of complexity as natural oyster reefs, they
illustrate the potential for regenerative aquaculture in enhancing
species diversity, biomass and abundance of both oyster reef
restoration and by using the habitat provided by an abandoned
oyster farm.

The presence of structurally complex habitats has a positive
relationship with increased macrobenthic density and species
richness (Hosack et al., 2006; Humphries et al., 2011). Increased
diversity associated with biogenic habitats is well known; the
structure and complexity created by seagrass beds (Wells et al.,
1985; Hosack et al., 2006; McSkimming et al., 2016), algal mats
(Dean and Connell, 1987), kelp forests (Fowler-Walker and
Connell, 2002), and empty bivalve shells (Tolley and Volety,
2005) are known to be inhabited by greater densities and diversity
of marine invertebrates compared to unstructured habitats.
Therefore, the presence of oyster reef structure per se is likely a
dominant factor determining nekton assemblages (Humphries
et al., 2011). While the density and configuration of habitat can
determine species diversity (Goodsell and Connell, 2002; Russell
et al., 2005), the provision of structure on previously structureless
mudflats will cause a rapid increase in diversity and abundance of
organisms. Therefore, although the abandoned oyster farm habitat
in this study lacks the vertical relief and consolidated structures
found in natural oyster reefs, basic structures such as shell valves
and clusters formed by several generations of oysters have already
increased habitat complexity, surface area and interstitial spaces,
which differentiates this oyster habitat from structurally simple
habitats like mudflats.
Frontiers in Marine Science | www.frontiersin.org 9
Increased Ecosystem Function
Not only do structurally complex habitats provide structure per se,
but they also provide enhanced resources and trophic flows thus
increasing the number of species that utilize a habitat (Hiwatari
et al., 2002; Grabowski and Peterson, 2007). In addition to offering
refugia for macrofauna, the presence of dense epibenthic
invertebrates may indicate that the oyster habitats, formed by the
remnant oyster populations from the abandoned farm, has the
capability to provide trophic support as a valuable foraging resource
for intermediate predators (Dame, 1979; Meyer and Townsend,
2000; Grabowski et al., 2005; Humphries et al., 2011; Hanke et al.,
2017). For example, high densities of crustaceans, resident crabs and
polychaetes can provide important sources of prey for fishes, gulls
and terns, including the vulnerable Saunders ’s Gull
(Chroicocephalus saundersi; BirdLife International, 2018) and the
endangered Black-faced spoonbill (Platalea minor; BirdLife
International, 2017), both of which are regularly recorded using
Deep Bay as their wintering site. Indeed, wildlife taking advantage of
open-system aquaculture operations is well-documented (Barrett
et al., 2019), generally due to increased food availability either by
direct feeding on the cultured species or indirect trophic subsidies
from pelagic-benthic coupling due to filter feeding, transferring
energy into the benthic environment in the form of faeces and
undigested material (pseudofaeces). This deposition subsequently
drives a series of trophic resources as the abundant benthic
detritivores attracts higher order consumers, contributing to the
higher biodiversity and biomass associated with oyster habitats
(Rodney and Paynter, 2006; Grabowski and Peterson, 2007;
Hancock and zu Ermgassen, 2019). Therefore, the structural
complexity created by oysters not only increases abundance and
biomass of resident fauna, but it also increases the functional roles of
TABLE 4 | Summary of two-way ANOVAs testing for the effects of habitats and seasons on the density of individuals (m-2) in different taxonomic groups.

Source df SS MS F p-value

Mollusca
Habitat 1 9370765 9370765 11.3751 0.0030*
Season 1 70086 70086 0.0851 0.7735
Habitat × Season 1 45255 45255 0.0549 0.8171
Residuals 20 16475873 823793

Xenostrobis securis
Habitat 1 4667544 4667544 11.0936 0.0033*
Season 1 26667 26667 0.0634 0.8038
Habitat × Season 1 26667 26667 0.0634 0.8038
Error 20 8414843 420742

Polychaeta
Habitat 1 27284224 27284224 2.8240 0.1084
Season 1 33410325 33410325 3.4581 0.0777
Habitat × Season 1 3539 3539 0.0004 0.9849
Error 20 193228266 9661413

Sedentaria
Habitat 1 34257805 34257805 5.1465 0.0345*
Season 1 19360972 19360972 2.9086 0.1036
Habitat × Season 1 417 417 0.0001 0.9938
Error 20 133131247 6656562

Crustacea
Habitat 1 5169918 5169918 7.3058 0.0137*
Season 1 2285046 2285046 3.2291 0.0875
Habitat × Season 1 1439040 1439040 2.0336 0.1693
Error 20 14152967 707648
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oyster habitats (and therefore abandoned oyster farms) as refugia
and feeding areas for macrobenthic organisms.

Habitat-forming species can perform ecosystem functions
differently depending on whether they are native to the
community or not, and whether they are in natural
configurations (Kochmann et al., 2008). When habitat-forming
species, such as oysters, are associated with other hard substrate
(e.g., concrete) or not allowed to form naturally (e.g., managed
aquaculture farms) the resulting habitat can affect the relative
abundances of associated organisms (Kochmann et al., 2008).
Therefore, in soft sediment estuaries where hard substrate is a
limiting resource, oyster aquaculture selects for organisms that
utilize hard substrate, thus potentially providing habitat for
invasive species (Heiman et al., 2008). In our surveys, we
documented an invasive mussel, Xenostrobus securis, which was
recently introduced to Hong Kong (Morton and Leung, 2015), in
what may initially seem to be relatively high density (882
indiv·m−2) in the abandoned oyster farm. While the presence of
the abandoned farm clearly allowed for the settlement of this
mussel, because they weren’t recorded on the mudflat, the density
in the farm is two orders of magnitude less than documented on
manmade concrete structures (e.g., concrete foreshore; 20,900 -
76,000 indiv·m−2; Morton and Leung, 2015) and an order of
magnitude less than on more modern, and actively managed,
suspended rope (raft) oyster aquaculture (up to 3,500 indiv·m−2;
Lau et al., 2018) in Hong Kong. Oyster reefs were historically
extensive along the coastline in this region (Meacham 1979) and
while some invasive species may inhabit restored reefs where they
cannot occupy soft-sediment, restored reefs enhance local
biodiversity and ecosystem services above what mudflats
provide. Therefore, while there is potential for abandoned oyster
farms to provide habitat for invasive species, the relatively low
density of Xenostrobus securis suggests that the high density of
native oysters (Magallana spp.) which form the basis of the habitat
inhibits mussel populations (Gestoso et al., 2014), although further
study is required to validate such a link.

Implications of Benthic Aquaculture as a
Complement to Restoration
Oyster reefs were historically an important estuarine habitat
providing multiple ecosystem functions and services (Grabowski
and Peterson, 2007; Gregalis et al., 2009; Grabowski et al., 2012).
Native oyster reefs have been overharvested globally and are
functionally extinct along many coastlines of the world (Beck
et al., 2011). As a result, the restoration of oyster reefs is
increasing globally (Fitzsimons et al., 2020). Restoring marine
habitats can be expensive, requires both social and political will,
and has had varying success rates in many parts of the world
(Bayraktarov et al., 2016). Within southern China, oyster
restoration is in its infancy, progressing slowly, and outcomes
that are uncertain because of high levels of recreational harvest
(Lau et al., 2020). In contrast, there is a history of benthic oyster
aquaculture in the Pearl River Delta (which includes Hong Kong)
stretching back over 1,000 years. This continuous aquaculture
practice means that not only native oyster populations been
prevented from functional extinction in the region, but these
habitats may also have provided the key to cost-effective local
Frontiers in Marine Science | www.frontiersin.org 10
reef restoration. Natural recruitment is extremely high in the
western waters of Hong Kong (up to 197,550 indiv·m−2) despite
natural oyster beds in the region being degraded and having
sparse densities of individuals (2.3 indiv·m−2), suggesting an
additional source of larval supply from local oyster farms (Lau
et al., 2020). In contrast, the collapse of the oyster fisheries on the
east coast of the USA since the 1800s has led to recruitment
limitation in many areas, meaning that restoration needs to begin
by re-establishing a breeding population to provide the larvae for
recruitment. Therefore, even though Hong Kong is one of the
most intensively developed coastal cities in Asia, providing
multiple challenges for marine ecosystems such as habitat loss,
eutrophication and coastal acidification (Williams et al., 2016),
benthic oyster aquaculture has likely maintained breeding
populations of native oysters and helped sustain reef-associated
biodiversity over recent centuries even as oyster reefs have been
in decline. Although implemented with seafood production in
mind, the potential role of traditional oyster aquaculture in
facilitating and sustaining native biodiversity and future
ecosystem services should be considered. As inshore shellfish
aquaculture continues to transition into offshore operations
around the world, the potential for transforming abandoned
intertidal oyster farms into protected reef habitat may provide
opportunities in the future. These traditional farms could be
revitalized to complement restoration and showcase an example
of ‘restorative aquaculture’, which describes the intentional
design of aquaculture to deliver direct ecological benefits to the
surrounding area, in addition to the providing seafood or other
commercial products and livelihoods through economic
opportunities (Theuerkauf et al., 2019). When abandoned or
left unmanaged, they might also provide an opportunity to
consolidate material and biogenic structure to speed restoration.

Capturing this concept, ecologically conscious aquaculture
techniques and infrastructure could effectively be integrated into
restoration efforts and enhance the rebuilding of native oyster
populations (Powers et al., 2009). Developing good relationships
and the support of industry stakeholders is essential in this process,
since local knowledge and collaborations must be involved in
aligning farming practices with conservation objectives in a
specific local context (Froehlich et al., 2017). Importantly, both
environmental (e.g., anthropogenic pollution, heavy sedimentation)
and economic (e.g. low return on investment) challenges will need
to be addressed to create an opportunity for ongoing traditional
oyster farming in Hong Kong if it is to be effective in providing
support to restoration activities.
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