PH.D. THESIS

Population Dynamics of two OQyster Species
Pinctada capensis (Sowerby, 1872) and
Saccostrea cucullata (Born, 1778) with
potential for Aquaculture in Maputo Bay

MIZEQUE JULIO MAFAMBISSA

OO

UNIVERSIDADE
EDUARDO
MONDILANE

DEPARTMENT OF BIOLOGICAL SCIENCE



Population Dynamics of two Oyster Species Pinctada capensis
(Sowerby, 1872) and Saccostrea cucullata (Born, 1778) with
potential for Aquaculture in Maputo Bay

MIZEQUE JULIO MAFAMBISSA

Doctoral Thesis

D¢/
AP\

UNIVERSIDADE
EDUARDO
MONDLANE

DEPARTMENT OF BIOLOGICAL SCIENCE
FACULTY OF SCIENCE
MAPUTO

2024



Population Dynamics of two Oyster Species Pinctada capensis (Sowerby, 1872) and
Saccostrea cucullata (Born, 1778) with potential for Aquaculture in Maputo Bay

By

Mizeque Julio Mafambissa

Principal Supervisor

Associate Professor Adriano Macia Junior
University Eduardo Mondlane

Co-Supervisor

Professor Mats Lindegarth
University of Gothenburg

Dr. Susanne Lindegarth
University of Gothenburg

Dr. Carlos Pestana Andrade
Mariculture Centre of Calheta, Madeira - Portugal



This PhD thesis was funded by Sida — Swedish International Development Cooperation

through the bilateral program with Eduardo Mondlane University (UEM), program “on

sustainability and management of coastal and marine resources of Mozambique”, grant
number 1.3.2.



Declaration of originality

I declare that this thesis has never been presented for the fulfilment of any degree or in any
other context and that it constitutes the result of my individual work. This thesis is submitted n
partial fulfilment of the requirements for obtaining the degree of Doctor in Biosciences, from

the Eduardo Mondlane University.

Signed:

Soof [ afoteme

Maputo, 2024

il



Acknowledgements

First of all, I would like to express my profound gratitude to my father, Julio Mafambissa (in
memory) and my mother Artanesa Sapato (in memory), for inspiring me to strive and fight for
my goals. Their story of resilience and determination continues to motivate me to pursue my
dreams and aspirations.

To my supervisors:

Adriano Macia who embraced this project. Your critical thinking and honest enthusiasm
encouraged me to keep on going. I learned from you that in research we don’t face problems,
we only face challenges. Thank you for believing in me, for all your support during the ups and
downs and for your friendship.

Mats Lindegarth, you were always available when I need your support or an answer to one of
my annoying questions. I greatly appreciate your unwavering support and for offering insightful
criticisms and suggestions that significantly improved my work. I never doubted you believed
in me and have always wanted me to succeed and for that I am really grateful.

Susanne Lindegarth, despite the health adversities you faced during this period of my PhD
studies, you never stopped giving me the support I needed. When necessary, you were always
there to support me. I express my endless gratitude for the trust placed in me to develop this
project.

Carlos Andrade, thank you very much for the pertinent suggestions, for all support, availability
and disposition shown, which simplified several stages during the execution of this work.

A special thanks to my collaborators Gaudencia Chachuaio, Mery Rodrigues, Amida Nafio,
Torres Taimo, Célia Gimo, Magret Sabonete, Gércia Guambe and Simone Mauaie.
Through your drive and enthusiasm, you turned our intense field and laboratory work in
moments that I will treasure forever.

I extended my thanks to my colleague Damboia Cossa for her support during my fieldwork
and in drawing up the maps for my thesis.

I would like to thank the Inhaca marine biology station, especially the head of the station José
Dumbo, for facilitating the use of their infrastructure and accommodation during the field
activities.

I am also thankful to the Faculty of Science University Eduardo Mondlane especially Liliana
Jasse and Sheila Cabral for administering my doctoral scholarship and providing me all
support needed.

Special thanks to my brother Fausto Mafambissa (in memory) who supported me from the

beginning of the thesis, and encouraged me but unfortunately left this world without seeing the
end of my thesis.

il



To my children Karen and Yanik and my wife Otilia for their support and patience throughout
my doctorate, thank you very much.

Last but not least, to all my colleagues at the DCB who directly or indirectly helped me realise
my dream.

v



Abstract

Oysters are important resources for the daily diet, a source of economic income for many
coastal communities and a delicacy for the tourism industry. In Maputo Bay, these
invertebrates species are intensively exploited for food consumption or as ornamental
objects for peoples inhabiting coastal areas, tourists and other resident and non-resident
communities. The high demographic pressure and easy access of the coastal
communities to the oyster banks, allows high captures of these organisms, causing
intense exploitation in the wild banks. This practice can lead to over-exploitation and
eventual risk of depletion in some areas around Maputo Bay. Thus, the goal of this thesis
is to evaluate the population dynamics with a focus on the oyster’s exploitation,
reproductive activities and larvae settlement as input for management measures to
prevent over-exploitation and as a baseline for future cultivation of oyster’s species in
large scale at Inhaca Island, southern Mozambique.

The thesis includes four (I-1V) studies that culminated with 5 published papers. Study |
(Paper I) aimed at assessing the catch per unit effort, density and size composition of
oysters Pinctada capensis and Saccostrea cucullata. The study was conducted over a
three-year period on eight locations at Inhaca Island. Transects, quadrats and daily
fisheries catches approaches were used. Results show that P. capensis is the most
exploited species on the island. Oyster densities, sizes and catches per unit effort were
higher in the less accessible areas only for P. capensis. Study Il (Paper I1) describes
reproductive aspects of these two species on Inhaca Island. Adult oysters were collected
monthly over two years period within seagrass banks for P. capensis and rocky shore
habitats for S. cucullata. Animals were evaluated using biometric and histological
analysis of the gonads. Females were predominant among larger individuals (>55 mm)
while males were more dominant among smaller individuals (<55 mm) for both species.
Five gonad maturation stages were identified: indifferent, developing I, developing I,
ripe and spent. The size at first maturity was 27 mm and 26.2 mm for pearl oyster
females and males, respectively, whereas for rocky shore oysters was 32.8 and 28.3
mm for females and males, respectively. Overall, the reproduction of S. cucullata and
P. capensis occurs mainly in summer, with a short resting period in winter. Study 111
(Paper 111) the combined effects of temperature and salinity on the embryonic and larval
development of the rocky oyster were investigated in laboratory conditions. A factorial
experimental design tested three temperatures (24, 30 and 34 °C) and three salinities (30,
35 and 40 parts per thousand) over a seven-day period. Larval survival and growth were
assessed by regular sampling by counting and measurement of larvae under an optical
microscope equipped with a micrometric scale. Significantly higher larval survival was
observed at the combination of 30 °C and 35 %o salinity. The lowest temperature (24 °C)
negatively affected growth regardless of salinity level and survival decreased linearly
with increasing salinities. Study IV (Paper 1V and V), spat of Pinctada capensis and
Saccostrea cucullata and fouling fauna were collected using artificial substrate from
four (4) selected sites at Inhaca Island, during a field experiment of 8 months to assess
the effect of different factor (season, location, surface and duration) on spat settlement
and abundance of fouling fauna. Ceramic tiles were deployed from surface to 3 m depth
and replaced monthly. Overall, settlement in ceramic tile were higher for S. cucullata
than pearl oyster P. capensis. There was a tendency of higher number of spat settled
during summer than winter and on rough surface than smooth surface for both species.
The results have also indicated that the ceramic tiles could be used as substrate for rocky
shore oyster S. cucullata settlement in later summer (Paper 1V). Five groups of fouling



fauna were recorded on the oyster collectors: barnacles, gastropods, mussels, Polychaeta
and algae. The diversity of fouling fauna was higher on collectors deployed in seagrass
habitat than on rock shores. Barnacles dominate among fouling fauna on collectors. For
both rocky shore and seagrass habitat, there was a tendency to higher numbers of fouling
organism in summer and in rough surface. Artificial tiles used as oyster collectors, have
also shown to attract a variety of fouling fauna when deployed in rocky and seagrass
habitats (Paper V).
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Abstract in Portuguese

As ostras sdo recursos importantes para a dieta diaria, uma fonte de rendimento econémico
para muitas comunidades costeiras e uma etiqueta para a industria do turismo. Na Baia de
Maputo, estas espécies de invertebrados sdo intensamente exploradas para consumo
alimentar ou como objectos ornamentais pelas populagdes que habitam as zonas costeiras, €
outras comunidades ndo residentes. A elevada pressao demografica e o facil acesso das
comunidades costeiras aos bancos de ostras, permite elevadas capturas destes organismos
nas areas, causando uma intensa exploracao nos bancos naturais. Esta pratica pode levar a
sobre-exploracdo e eventual risco de diminuicdao ou esgotamento nalgumas areas em torno
da Baia de Maputo. Assim, o objetivo desta tese ¢ avaliar a dindmica populacional com foco
no nivel de exploracdo das ostras, do ciclo reprodutivo e do assentamento de larvas como
contributo para definir medidas adequadas de gestao destes recursos para evitar a sobre-
exploragdo e que servira como subsidio para o futuro cultivo de espécies de ostras em grande
escala na Ilha de Inhaca, sul de Mogambique.

A tese inclui quatro estudos (I-IV) que culminaram com 5 artigos publicados. O estudo I
(Artigo I) teve como objetivo avaliar a captura por unidade de esforco, a densidade e a
composi¢do de tamanhos das ostras Pinctada capensis e Saccostrea cucullata. O estudo foi
efectuado durante um periodo de trés anos em oito locais da Ilha da Inhaca. As amostragens
consistiram em transectos, quadriculas e capturas didrias de pesca. Os resultados mostram
que a P. capensis € a espécie mais explorada na ilha. As densidades de ostras, os tamanhos ¢
as capturas por unidade de esfor¢co foram mais elevados nas zonas menos acessiveis apenas
para a P. capensis. O estudo II (Artigo II) descreve os aspectos reprodutivos destas duas
espécies na ilha da Inhaca. Ostras adultas foram colhidas mensalmente durante um periodo
de dois anos em bancos de ervas marinhas para P. capensis ¢ em habitats de costa rochosa
para S. cucullata. Os animais foram avaliados através de analises biométricas e histologicas
das gonadas. As fémeas foram predominantes entre os individuos maiores (>55 mm),
enquanto os machos foram mais predominantes entre os individuos mais pequenos (<55 mm)
para ambas as espécies. Foram identificados cinco estddios de maturacao das gonadas:
indiferente, em desenvolvimento I, em desenvolvimento II, maduro e desovado. O tamanho
da primeira maturagdo foi de 27 mm e 26,2 mm para fémeas e machos de ostras produtoras
de pérola, respetivamente, enquanto que para ostras das rochas foi de 32,8 e 28,3 mm para
fémeas e machos, respetivamente. De um modo geral, a reproducao de S. cucullata e P.
capensis ocorre principalmente no verdo, com um curto periodo de repouso no inverno.
Estudo III (Artigo III) os efeitos combinados da temperatura e da salinidade no
desenvolvimento embrionario e larvar da ostra-das-rochas foram avaliados em condicoes
laboratoriais. O delineamento experimental testou trés temperaturas (24, 30 e 34 °C) e trés
salinidades (30, 35 e 40 partes por mil) durante um periodo de sete dias. A sobrevivéncia e
o crescimento das larvas foram avaliados por amostragem regular através da contagem e
medicdo das larvas num microscopio Otico equipado com uma escala micrométrica.
Observou-se uma sobrevivéncia larvar significativamente mais elevada na combinagdo de
30 °C e 35 de salinidade. A temperatura mais baixa (24 °C) afectou negativamente o
crescimento, independentemente do nivel de salinidade, e a sobrevivéncia diminuiu
linearmente com o aumento da salinidade. No estudo IV (Artigo IV e V), foram obtidos
sementes de P. capensis e S. cucullata e fauna incrustante utilizando substrato artificial em
quatro (4) locais seleccionados na ilha da Inhaca, durante uma experiéncia de campo de 8
meses, para avaliar o efeito de diferentes factores (estagdo, localizacao, superficie e duragao
da colocagao) no recrutamento das ostras e na abundéancia da fauna incrustante. As tijoleiras
foram colocadas desde a superficie até 3 m de profundidade e substituidas mensalmente. De
um modo geral, o assentamento nas tijoleiras foi mais elevado para a S. cucullata do que
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para a ostra P. capensis. Verificou-se uma tendéncia para um maior nimero de larvas
assentadas durante o verdo do que no inverno e na superficie rugosa do que na superficie lisa
da tijoleira para ambas as espécies. Os resultados também indicaram que as tijoleiras podem
ser utilizados como substrato para a colonizagdo da ostra do substrato rochoso S. cucullata
no final do verdao (Artigo IV). Foram registados cinco grupos de fauna incrustante nos
colectores de ostras: cracas, gastropodes, mexilhdes, Polychaeta e algas. A diversidade da
fauna incrustante foi mais elevada nos colectores colocados em habitat de ervas marinhas do
que nas rochas. As cracas dominam a fauna incrustante dos colectores. Tanto no habitat
rochoso como no habitat de ervas marinhas, verificou-se uma tendéncia para um maior
nimero de organismos incrustantes no verao e em superficies rugosas. As tijoleiras utilizadas
como colectores de ostras também demonstraram atrair uma variedade de fauna incrustante
quando colocados em habitats rochosos e de ervas marinhas (Artigo V).
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1. Background

Shellfish form an important dietary component in many developing countries, especially
in the tropics (FAO 2016). Increased population pressure, whether from increased birth
rates or migration, usually leads to increased pressure on such open-access resources.
Shellfish resources in eastern Africa have been exploited for at least 100,000 years as
evidenced by the presence of shell middens (Dye, 1990). However, coastal communities
in Mozambique do not have a long history of fishing and exploiting the coastal resources
(Pereira et al. 2014). Many people are recent migrants who moved to the coastal areas
during periods of civil unrest (Bryceson & Massinga 2002). This means that there is little
traditional knowledge about resources and sustainable areas. This often leads not only to
overexploitation of resources, but also to conflicts harvesting.

Food security is an important issue in Mozambique as in most other countries in Africa
(FAO 2016). Collection of molluscs, crustaceans and other marine invertebrates by
coastal people provides a significant dietary supplement, especially animal protein, as
well as a source of income for women and children (de Boer & Prins 2002). Intertidal
areas are usually “open access”, meaning that anybody can collect anything anywhere and
anytime except in a few restricted sanctuaries or totally protected areas (de Boer et al.
2000).

Most collection of shellfish in Mozambique is performed at a small scale and used for
local consumption. In Maputo Bay, especially on Inhaca Island, bivalves are exploited
for food consumption, sale, and production of ornamental objects by collectors (de Boer
et al. 2000). Among these bivalves there are two oyster species collected by local
communities living at Inhaca Island: the pearl oyster Pinctada capensis and the rock
oyster Saccostrea cucullata. Despite being less commonly consumed than the pearl
oyster by Inhaca Island residents, S. cucullata remains a valuable resource for coastal
communities, who harvest it alongside other intertidal organisms for sustenance
(Marcelino, 2014; Mafambissa et al. 2022). The high commercial value of these oysters
species on the local and foreign markets, combined with high population pressure,
allows these organisms to be intensively captured in natural banks (Mafambissa et al.
2022) and can lead to over-exploitation. In addition, other anthropogenic factors, such
as marine pollution in Maputo Bay (Scarlet 2005), may exacerbate the conservation
status of the oyster species and their abundance.

Both pearl oysters and rock oysters harvested in Maputo Bay are carried out by local
communities as part of their subsistence and food security strategy. Consumption of
oysters is part of their habit, however collection of oysters is not always done in a way
that preserves the resource and its habitat, as there is no selectivity in the size of the
oysters. Different tools are used to collect them, such as machetes, hoes etc. (Nrepo
2011, Marcelino 2014, Gimo 2016, Nafio 2019). Consequently, the way in which local
communities exploit these oysters is potentially unsustainable for both the oysters and
the ecosystem (Mafambissa et al 2022).

In recent years, the study of oyster population dynamics has intensified in different
coastal areas with the objective to develop farming techniques appropriate to local
conditions (Chavez-Villalba et al. 2022). Studies on survival and growth of oysters from
the early life to adult stage have been conducted since this knowledge is vital for
commercial purposes such as spat production and on growth in the sea, but also for
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replenishing natural stocks in the wild (Jordan & Coakley, 2004). Knowledge about
reproductive aspects, such as gonadal maturation, spawning, larval development,
recruitment and settlement, are extremely important for spat production and can provide
the basis for oyster farming.

To this date, such knowledge has not been established in Mozambique. Oyster
production has not yet started in the country, despite favourable environmental
conditions. National aquaculture is still dominated by commercial shrimp production
and small-scale tilapia culture initiatives (IDEPA 2020).

In general, there are two ways to obtain oyster seeds for aquaculture purpose: (1)
production of larvae and seed in laboratories, called hatcheries, or (2) capture of larvae
in the natural environment by placing appropriate structures (collectors) for the
settlement (Taylor et al. 1998). The production of seeds in hatcheries is considered more
complex and laborious process and requires a good maintenance of the production
system, which generally requires qualified people. Hatchery production is justified when
the capture in the wild is insufficient, or when the species to be cultivated is of high
value, or when it is an exotic species, as is the case of the Pacific oyster Crassostrea
gigas (Saucedo et al. 2005).

To mitigate the negative effects of unsustainable oyster harvesting, it is crucial to
conduct thorough biological and ecological assessments of oyster populations in their
natural habitats. This data can inform effective management strategies, including fishing
regulations and on the other hand promote the development of large-scale aquaculture
initiatives. Thus, in this thesis, aspects of population dynamics with a focus on
exploitation of oysters, reproductive activities, larval development in lab condition,
recruitment and settlement of the oyster species P. capensis and S. cucullata were
evaluated on Inhaca Island southern Mozambique. Hopefully, this work will contribute
for management plans and the development of local aquaculture aiming at preserving
oyster populations in the wild and improving the income of local communities.

The thesis was designed to answer the following questions:
Are the oysters Pinctada capensis and Saccostrea cucullata a valuable resource for the
communities living on Inhaca Island? What is the level of exploitation of this resource

on the Island?

What is the optimum period for reproduction and larval settlement of these oyster
species on Inhaca Island?

What are the optimum temperatures and salinities for the larvae development of the
specie S. cucullata under controlled conditions?

Could leftover building material such as tiles be useful as a substrate for oyster larval
settlement?
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1.1. Aims

The thesis consists of five papers resulting from four field and laboratory studies. In
study I (Paper I), aspects of trends in P. capensis and S. cucullata abundance, size
distribution and catch-per-unit effort were evaluated to provide baseline information of
the status of these species. Study II (Paper II), evaluated the reproductive activity, sex
ratio and its relation to size and size at first maturity of these oysters. This was in order
to provide information for possible use in the development of oyster culture in the region
and also for management of fisheries in the area. Given the degree to which S. cucullata
is resistant to exposure during low tide and the importance of this species to aquaculture
in the region, in study III (Paper III) I experimentally evaluated in laboratory conditions,
the combined effects of salinity and temperature on early larvae life cycle in order to
assess and understand the optimal environmental factors behind the recruitment in the
wild and the establishment of optimal environmental culture. In study IV (Papers IV and
V) I evaluated the potential of using artificial collectors for spat settlement of P. capensis
and S. cucullata to provide usefully information for future development of aquaculture
of these species and to reduce the pressure of collection in the field (Paper I'V). Paper V
also evaluates the spatial and temporal variability of associated fouling communities on
spat collectors, which were quantified to assess their influence on the recruitment
success of the oysters P. capensis and S. cucullata.
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2. Introduction

The bivalves (class Bivalvia), comprise of more than 15,000 species of clams, oysters,
mussels, scallops and a range of other groups of two-shelled species of phylum Mollusca
(Gosling 2003). The first bivalve molluscs appeared in the sea during the Cambrian
period about 620 Ma (Ma is a date millions of years before the present), before
organisms had colonised terrestrial environments (Angel 1986). Because their shells are
made of calcium carbonate, bivalves are well represented in the fossil record and are
often used as paleontological markers. They are gregarious in nature and are often found
in association with corals and other reef-forming organisms (Stenzel 1971). The
bivalves’ success can be attributed to their metabolic rates being 3 to 10 times higher

than those of brachiopods and to a more efficient calcium-carbonate buffering system
(Knoll et al. 2007).

The bivalve molluscs are thought to have originated in warm shallow eurihaline coastal
waters and gradually invaded estuaries and brackish systems, as well as reaching all of
the ocean systems. Because the adult forms of the majority of these animals are benthic
or bottom dwelling, many different evolutionary adaptations to the benthic habitat have
occurred (Dame 2016, Smaal et al. 2018). Most common lifestyles include the
following: (1) buried within burrows in unconsolidated soft sediments; (2) attached by
byssal threads to pebbles (3) cemented to shells or rocks; and (4) as semi-mobile
members of the epibenthos. Today these adaptations are exemplified by clams, mussels,
oysters, and scallops, respectively (Gosling 2003). In natural shallow water habitats,
there are often gradients of sediments from muddy unconsolidated materials to hard
substrates that reflect a water dynamics-energy gradient from low to high energy
environments, with different species of bivalves zoned accordingly (Norkko et al. 2001).

Among the group of bivalves with economic importance, oysters stand out for their high
market value associated with their high content of essential nutrients and vitamins. Most
commercially important species of oysters are classified in three major genera: Ostrea,
Saccostrea, and Crassostrea and a number of minor genera (Carriker & Gaffney 1996)
which are of interest to aquaculture.

Oysters are important components of benthic, marine ecosystems around the globe
(Dame 2016, Greeve et al. 2023). Different species of oysters, often form dense beds,
which have multiple effects on the structure, function and ecosystem services of coastal
habitats (Smaal et al. 2018, Michaelis 2020). Oysters typically feed on suspended
particles and thereby affect the water clarity (Peterson and Heck 2001, Newell 2004)
and exert top-down control of phytoplankton communities (Riisgdrd et al. 2007,
Grabowski et al. 2012). This means that nutrients are captured from the pelagic and
transported to the benthos where they are further processed by bacterial communities
supporting important benthic-pelagic processes (e.g. Kellogg et al. 2014, Ehrnsten et al.
2020, Yuan et al. 2016). Oysters also modify habitats for other species, thus supporting
the maintenance of biodiversity (e.g. Norkko et al. 2001, Norling et al. 2015, McLeod
et al. 2019) and may have a stabilizing effect on coastal sediments and therefore can
mitigate coastal erosion (Wiberg et al. 2019). The reefs can help to absorb the impact of
waves and reduce the force of storms, which can prevent damage to nearby coastal
communities and infrastructure (Cochennec-Laureau 2010). Several studies conducted
confirm that oysters could extract carbon ions from seawater to build their shells, in a
process called calcification. In fact, a single oyster can filter and process up to 50 litres
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of water each day, effectively sequestering carbon within their shell structures (Parker
& Ross 2010).

Opyster reefs increase nitrogen removal from the water column, reducing the likelihood
of harmful algal blooms or local anoxic conditions. In addition, reducing nitrogen loads
helps reduce the export of nitrogen into deeper offshore waters where it creates "dead
zones." In bay waters, oyster reefs are estimated to remove between 127.006 and
1.886.944 kg of nitrogen per year (Cerco & Novel 2007). While this reduction is too
small to noticeably affect nitrogen levels bay-wide, it nonetheless is likely to improve
water quality in the vicinity of the reefs sufficiently to generate economic benefits from
avoided algal blooms or fish kills and in the form of increased property values for coastal
homes (Newell et al. 2005)

Nevertheless, the most obvious benefit for human well-being is the provision of
nutritious food by harvesting or farming of oysters. Such activities further provide
important income and cultural values to human societies in coastal areas around the
world (van der Schatte Olivier et al. 2020). Shellfish collected from local intertidal and
shallow subtidal areas in the coastal zone form an importantdietary component in many
developing countries, especially in the tropics (Zhu et al. 2019). Oysters, mussels, and
other bivalve shellfish are some of the most sustainable sources of animal protein.
Among shellfish bivalves, oysters provide a significant dietarysupplement, especially of
animal protein, as well as a source of income for many coastal inhabitants around the world
specially women and children (Smaal et al. 2018; van der Schatte Olivier et al. 2020).

On the other hand, oyster cultivation provides significant economic value to local and
regional coastal communities. Research has shown that oyster farming can also stimulate
local economic development by attracting tourists, creating markets for related products,
and generating income for local businesses (Coen et al. 1999). Pearls and pearl-oyster
shells have long been used as jewellery items by humans. However, these are not the
sole uses for this renewable resource (Saucedo et al. 2005).

The employment that oyster farming creates is one of the primary economic advantages.
The cultivation and harvesting of oysters demand a competent crew and is labour-
intensive. Oyster farming supports a variety of adjacent sectors, including distribution
and processing, in addition to offering employment possibilities for people who are
directly involved in the industry. This may contribute to the growth of regional
economies and the creation of jobs nearby also through tourism (Coen et al. 1999, FAO
2012).

Today, shellfish aquaculture accounts for 76% of marine aquaculture production
worldwide (FAO 2012). The oyster that makes up the majority of the production and
harvest worldwide is Magallana gigas regionally referred to as the Pacific oyster. In
addition to Crassostrea, there are several other families in the order Ostreidae,
considered ‘true oysters’, including Ostrea and Saccostrea. Pteroida is another oyster
order that represents the pearl oysters such as those in the genus Pinctada (Angel. 1986)
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2.1 Distribution of oysters, worldwide and in Mozambique

Oysters are bivalve molluscs widely distributed globally in tropical and temperate
shallow coastal and estuarine waters (Beck et al. 2011). They are found everywhere in
the world except in the north and south poles. In tropical regions, oysters occur in
rivers and coastal areas, with most species assembled in narrow bands or dense
banks at a tidal range where desiccation, fouling and predation are minimized
(Gosling 2003).

The pearl oysters Pinctada capensis (= Pinctada imbricata (Roding, 1798)) inhabit
tropical and sub-tropical waters. Along the Eastern coast of Africa it is abundant in areas
associated with seagrasses beds, and in Mozambique its distribution is mainly at the
Bazaruto Archipelago and Maputo Bay. It thrives in shallow and relatively clear waters,
generally fixed in hard substrates within seagrass beds, at depths from 5 to 30 m (Kimani
2006). The pearls oyster is an important commercial bivalve which produces marine
cultured pearls (Martinez-Fernandéz et al 2003). P. capensis appears to be rare among the
bivalves collected for food in Mozambique (De Boer & Prins 2002, Mafambissa et al.
2022), whereas the congeneric species Pinctada nigra is the most common bivalve
species in the shell middens (De Boer et al. 2000).

The hooded rock oyster species Saccostrea cucullata has a wide Indo-Pacific
distribution, ranging longitudinally from East (Branch & Grindley 1979) and South
Africa (Dye 1990) to the Pacific Islands, and latitudinal from Japan (Torigoe 1981) to
Australia (Roughley 1933) and New Zealand (Dinamani,1976). S. cucullata occurs all
along the Chinese coast and the Philippines and is the most widely distributed of the
species of Saccostrea (Angell 1986), widespread in the tropical Indo-Pacific region. In
Mozambique, this species is found in Pemba Bay, Palma and Mocimboa da praia
(northern Mozambique), Bazaruto Archipelago (Everett 2008), Xai-Xai beach as well as
in Maputo Bay (de Boer & Prins 2002).

S. cucullata was first described by the Czech mineralogist, metallurgist, and
malacologist Ignaz von Born in 1778. The taxonomy of this genus is unclear because of
morphological plasticity among its constituent species. Dye et al. 1994 considered S.
cucullata to represent a super species, with all other putative species of Saccostrea,
including Saccostrea mordax and Saccostrea glomerata, as its component species
(Dinamani 1976).

2.2 Life-history

Most coastal marine invertebrates begin life as dispersive planktonic larvae (Gerber et
al 2014, Levin 2006). Subject to coastal currents and turbulence, these larvae can be
transported dozens or hundreds of kilometers off- and alongshore of their parents’
habitats (Shanks 2009, Shanks et al 2003). In contrast, adults of these species are
generally slow-moving (e.g., crabs, urchins, some bivalves) or completely sessile (e.g.,
oysters, mussels, anemones) (Levin & Bridges 1995). Thus, movement during the larval
stage comprises the majority of lifetime displacement for many such organisms and is
the main driver of connectivity between coastal populations (Gerber et al 2014, Levin
2006, Pechenik 1999). The successful dispersal of a larvae typically begins with
spawning from, and ends with settling into, a nearshore habitat (Shanks 2009). The
period between spawning and settling, called the larval duration, lasts for as little as a
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few minutes (as in the tunicate Ecteinascidia turbinata) up to nearly one year (as in the
giant triton, Cymatium pathenopeum) (Shanks et al 2003). During the larval period,
individuals undergo developmental changes in preparation for metamorphosing into
post-larvae upon settling. Larvae of some species feed to acquire energy for
development and other processes (feeding, or planktotrophic, larvae), while larvae of
others are spawned with maternally supplied energy sources and are unable to eat (non-
feeding, or lecithotrophic, larvae; see Levin and Bridges (1995)). Regardless of their
feeding modes, larvae must finish dispersal in suitable habitats and with sufficient
energy to undergo metamorphosis (Elkin & Marshall 2007, Pechenik 1999).

Like others marine invertebrates, the life cycle of oysters begins with fertilization of
eggs, usually in the water surrounding the adults (Barnes 1974). Obviously, for
fertilization to be successful spawning of males and females must not only be timed to
occur simultaneously; males and females also need to live in close proximity of one
another (Bayne 2017). The eggs of oysters develop into free-swimming trochophore and
then veliger larvae. The time taken for embryonic and larval development is species
specific and temperature dependent (Gomes et al. 2014). Within 24 hours the fertilized
egg has passed through the multicellular blastula and gastrula stages and in 24 to 36
hours has developed into a motile trochophore. The early larval stage is referred to as
the straight-hinge, "D" or “Prodissoconch I” stage. Shell length of the initial straight-
hinge stage varies with species, but it is generally 80-100um (Nor Idayu et al. 2015,
Syafriadiman 2017). The larva has two valves, a complete digestive system and an organ
called the velum that is peculiar to bivalve larvae (Bayne 2017, Breton et al. 2018,
Gomes et al. 2014). Larvae continue to swim, feed and grow and within a week the
umbones, which are protuberances of the shell near the hinge, develop. Duration of the
larval stage varies with species and environmental factors such as temperature, but it can
be 18-30 days (Fig.1).

approximately 2 weeks

fertilized
egg

free-swimming larvae
egg sperm
\ ‘<

Oyster Life Cycle

2-3 years

adult males

/ and females y QS ;
oV 4
; spat attached
,‘ to shell

Figure 1: Oyster life cycle (from Dame 2016)

The larval stage is planktonic and subject to very high mortality. At metamorphosis, the
larvae settle out of the plankton and the oysters spends its remaining life as a member of
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the benthos. Consequently, the life cycle of oysters can be separated into two very
distinct stages: the planktonic pre-settlement—larval period and the post settlement
juvenile—adult period (Marques-Silva et al. 2006). The pre-settlement period is
important for dispersal of the species while the juvenile—adult period is important for
reproduction (Fraschetii et al. 2002). The two stages are spatially and temporally
separated for most of their existence, and that reduces the chances of adult-induced
mortality on the larvae through adult filter feeding (Underwood & Fairweather 1989).
The population dynamic of the pre-settlement stage is poorly studied probably because
of its short duration and the greater logistical complications of sampling plankton. Thus,
most studies of bivalve population dynamics focus on the post settlement stage and
particularly on shallow-water, commercially valuable species (Hunt & Scheibling 1997).

Despite being focus of much research, the understanding of processes affecting
recruitment in oyster species remain fragmentary, particularly those involving
interspecific interactions. Among the most studied benthic invertebrates in this regard
are reef-forming oysters in the genus Crassostrea, for which larval settlement
preferences have been shown to be influenced by physical factors, such as temperature,
light (e.g., Thorson 1964), and currents (Bushek 1988), as well as the interaction of
several physical parameters (Hidu et al. 1978). Several studies have shown that
Crassostrea virginica larvae preferentially recruit sub tidally, despite a primarily
intertidal adult distribution throughout much of its range (Osman et al. 1989; Tamburri
et al. 2008). Crisp (1967) found that oysters preferentially recruit to the smooth interior
of shells. More recently, oyster larvae have been shown to avoid substrates covered by
sediment (Tamburri et al. 2008). Gregarious settlement of oyster larvae, first reported by
Cole & Knight-Jones (1939), in response to water soluble cues produced by conspecific
and congeneric adults and juveniles have been reported in both still (Hidu 1969, Hidu et
al. 1978, Tamburri et al. 2008) and flowing water (Turner et al. 1994). Oyster reefs are,
of course, occupied by many different organisms, and the effects of only a few of those
species on oyster settlement have been investigated. Most notably, bacterial biofilms
have been shown to increase oyster larvae settlement and Pech et al. 2002 have
suggested that both oysters and bacterial biofilms produce the same or similar
metabolites which serve to induce oyster larvae to settle. Barnacles have been shown to
increase the settlement of oyster larvae on settlement plates (Butler 2011, Osman et al.
1989), and the reciprocal also appears to be true whereby oysters may similarly stimulate
barnacle settlement (Bushek 1988). Most interspecific interaction studies involving
fouling organisms have utilized artificial plates that differ from natural substrates in their
species composition and degree of fouling cover (Sutherland 1987). In addition, oyster
larvae have been shown to preferentially recruit to natural oyster shells over PVC
substrate (Tamburri et al. 2008).

Many species of oysters are protandric hermaphrodites, i.e. they first mature as males,
and in the following spawning season they may change sex and become females.
Unfortunately, sexual dimorphism does not occur, so it is not possible to determine the
sex of a given bivalve without opening it and examining the gonads (Coralie et al. 2020).

The period the larvae spend in the plankton holds numerous dangers. Oysters produce
thousands of larvae though only two (one male, one female) are necessary to maintain
the parent population size (Nor Idayu et al. 2015). The larvae depend on phytoplankton
and/or bacteria for food and their delicate bodies are usually more vulnerable than are
the adults to environmental changes such as temperature, salinity, and contaminants
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(Robert et al. 2017). They also form the food for larger predatory organisms such as
shrimps and small pelagic fish (Maathuis et al. 2020). Thus, the supply of healthy spat
depends on suitable environmental conditions, including a sufficient supply of
phytoplankton (Devakie & Ali 2000, Robert et al. 2017). The larvae have to be very
specific about selecting a site for settling. The settling period is a time when the young
oyster is very vulnerable because it has to change all of its living habits; the swimming
structure, the velum, is cast off or resorbed, but the gills have not yet developed to
become feeding structures (Gosling 2015). This means that getting enough food will be
difficult and spat that have been able to build up reserves in the form of fatty tissue will
be more successful than spat which have spent all their energy searching for a suitable
substrate (Devakie & Ali 2000). Increasing the available substrate by deploying spat
collectors may yield healthier spat. However, the site where these spat collectors are
deployed must be carefully selected to be suitable also for the adult bivalves and to
prevent pollution from other human activities (Preston et al. 2020, Smyth et al. 2020).

Pollution, particularly industrial pollution, can cause extensive mortalities in juvenile
and adult oysters (Belhabib et al. 2015). Both industrial and domestic pollution can be
problems for hatchery operations and must be avoided. Domestic pollution can increase
organic and bacterial loads in water as well as contributing a wide range of potentially
toxic materials (Mahu et al. 2022). Little is known of the combined effects of sub-lethal
levels of the wide range of organic and organo-metallic compounds of man-made origin
that may be present in such effluents.

Oysters in the larval, juvenile and adult stages are preyed upon by a wide variety of
animals that can cause severe mortalities. In the natural environment plankton feeders
probably consume large quantities of larvae (Kraeuter & Castagna 2001). Oysters are
hosts to parasites that can cause mortalities, particularly in the adult stage. Shell boring
worms, Polydora sp., and sponges burrow into the shells and weaken them, thus causing
mortalities (Suja et al. 2020).

2.3 Oysters in context of global challenges to provide food in a sustainable way. The SDG
Concept

The global human population strongly depends on the ocean as it provides as much as
two thirds of the planet’s ecosystem services natural capital (Worm et al. 2006).
However, ecosystem services often fall into the category of open access or public
services, providing little incentive for beneficiaries to manage these services sustainably
(Chee 2004). This has led to an increasing risk of habitat degradation, shifts in species
distributions and loss of ecosystem function (Arkema et al. 2015, Hattam et al. 2015).
Coasts are a focal point for human migration and economic activities and are exposed to
increasing human induced pressures (Glaser & Glaeser 2014).

Rapid exploitation of living marine resources during recent decades has been undertaken
in an unsustainable manner in several parts of the world leading to overfishing,
degradation of fish stocks, habitats, ecosystems and biodiversity (Troell et al. 2023).
The resulting economic loss is estimated at $83 billion per year for fisheries and over $6
billion per year from diseases in aquaculture (FAO 2023). This is further exacerbated by
climate change, which is likely to have a severe effect on fishing and shellfish farming
communities in many parts of the world causing loss of livelihoods, displacement and
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migration of populations because of floods, storms or changes in fisheries distributions
(Barange et al. 2018).

From ancient times, fisheries and aquaculture have been a major source of food and a
provider of employment, recreation, trade, culture and economic benefits to many people
throughout the world (FAO 2023). These activities attain greater relevance along the
coastal areas of many developing countries where there are significant obstacles for
employment and where access to fisheries and aquaculture resources sometimes remains
the only option open for earning a livelihood, improving income and the quality of lives
(Barange et al. 2018, UNFSS 2016). Unfortunately, there is evidence that easier access
to fishery resources has not always translated in the long term into better incomes and
increased well-being of coastal communities (UNFSS 2016).

Although fisheries and aquaculture contribute to several goals, in 2015 the 2030 Agenda
for Sustainable Development adopted, for the first time, a Global Goal on Oceans and
Seas. The Sustainable Development Goal 14 (SDG 14) is exclusively dedicated to
“conserve and sustainably use the oceans, seas and marine resources for sustainable
development (FAO 2018). It has ten targets relating to marine pollution, protecting
marine and coastal ecosystems, minimizing ocean acidification, sustainable
management of fisheries and ending harmful fisheries subsidies, conserving coastal and
marine areas, increasing economic benefits to Least Developed Countries (LDCs)
(UNFSS 2016).

Achieving the trade related targets of SDG 14 requires the catalysis of policies,
investment and innovations to restore the productive capacity of the oceans and increase
economic benefits to developing countries (Farmery et al. 2021). Innovations that
integrate best practices for harvesting, value addition in processing and distribution, can
benefit greatly from opportunities offered around the concepts of Oceans economy/blue

economy, eco labelling and certification, value chain analysis and seafood clusters (FAO
2018).

Meeting the 2030 global agenda for sustainable development will be challenging and
will require partnership, innovation, and holistic and harmonized approaches and
strategies at multiple scales. Shellfish aquaculture can be well-positioned to be part of
the solutions but progress toward its contribution to achieving the SDGs is dependent
on good governance at all levels (local, national, regional and international) of decision-
making Troell et al. 2023).

As marine resource managers strive to find innovative solutions to halt fisheries decline,
shellfish aquaculture has also gained increasing social acceptance in some regions as a
sustainable solution for ecosystem restoration and enhancement (Beck et al. 2011,
Jones 2017, Theuerkauf et al. 2021). Shellfish farming is an important sector
contributing to human well-being and plays an increasingly important role in efforts to
meet the SDGs (Hambrey 2017) while shellfish farming brings opportunities to
contribute to most of the SDGs, there are many factors influencing what the outcomes
for SDGs will be from different types of aquaculture systems in different situations (FAO
2018).

Shellfish farming holds huge potential to contribute positively to human and planetary
well-being when outcomes are aligned with the Sustainable Development Goals. The
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potential for the sector to further contribute to these aligned goals using frameworks
such as that developed for the UN SDGs seems large. The full potential of aquaculture
to achieve targets of the SDGs may also only be realized if brought into broader food
and natural resource systems decision-making (Troell et al. 2023).

2.4 Contribution of shellfish aquaculture to food production from the sea.

The world's population is projected to reach 9.7 billion by 2050 (United Nations, World
Population Prospect 2019) and global demand for animal proteins may rise by as much
as 88% (Cottrell et al. 2018, Searchinger et al. 2018), much of which will be consumed
at levels exceeding guidelines for healthy eating. How to feed a growing population a
healthy (nutritious) and sustainable diet is one of the greatest challenges facing humanity
today (Willett et al. 2019) and the food system connects to the SDGs in multiple ways
through resources, environments, economics, and people's well-being.

The importance of the seafood sector for nutrient and food security is increasingly being
stressed for many countries with coasts and freshwater systems (Béné et al. 2016,
Bennett et al. 2018). Recent reviews have drawn attention to the need to derive more
proteins from aquatic sources by restoring fish stocks and increasing sustainable
aquaculture development (Costello et al. 2019, Hicks et al. 2019, Willett et al. 2019).

Captured or cultured, from freshwater or marine ecosystems, aquatic foods play an
important role in food security and nutrition for billions of people and support
livelihoods, economies, and cultures all around the world (FAO 2023). Aquatic foods,
and particularly the expansion of aquaculture, may become more important as the world
seeks to create just food systems that support the health of people and the planet (Bennett
et al. 2019, FAO 2023). Global per capita seafood consumption has increased from
9.0 kg in 1961 to 20.2 kg in 2020. Fish and other seafood provide about 3.3 billion
people with almost 20% of their intake of animal protein (FAO 2022).

Seafood is the most traded food commodity in the world (by value), where a relatively
small number of seafood species and countries dominate global trade (FAO 2022).
Regardless of capture fisheries potential, the expectation that aquaculture will be
responsible for the bulk of future seafood supply is very high. At the global level, already
more than 80 million tonnes (Mt) of shellfish and fish and 30 Mt of seaweeds originate
from around 400 farmed species, reared in highly diverse systems under diverse
conditions (FAO 2020).

2.5 Use and threats to oyster populations

Recently, oyster populations are facing a range of challenges, including overfishing,
habitat loss, and pollution (Allison et al. 2011). Overfishing has led to a decline in oyster
populations, as they are a popular food source for humans and have been harvested in
large quantities for thousands of years (Christo & Absher 2006). Habitat loss is also a
significant issue, as coastal development, dredging, and other human activities have
destroyed or altered many of the shallow-water habitats where oysters live and grow
(Lenihan & Peterson 1998). Additionally, pollution is a major threat to oyster
populations. Oysters are filter feeders, meaning they ingest nutrients and pollutants from
the water as they feed. This makes them particularly vulnerable to the effects of
pollution, which can accumulate in their tissues and harm their health (Doney et al.
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2012). Pollution can also reduce the amount of oxygen in the water, which can suffocate
oysters and other marine organisms (Baker & Mann 1992).

The exploitation of coastal living resources by harvesters has adverse impacts on the
coastal ecosystems. Simple overexploitation may lead to the collapse of target
populations (de Boer et al. 2000). Since most marine invertebrates have planktonic
larvae, it has been assumed that even if a population is locally extinct, the absence of
fishing pressure will lead to re-colonisation of such species, provided the environment
remains in suitable condition (Hambrey 2017). However, this turns out not to be the case
in all systems.

In recent years, climate change is also a growing concern for oyster populations. Rising
temperatures and sea levels can alter their habitat and make them more vulnerable to
disease and other stressors (Barros et al. 2013). These challenges facing oyster
populations have significant implications for the health and sustainability of our oceans
and coastal communities (Christo & Absher 2006).

In Mozambique, the exploitation of resources by intertidal harvesters often results in
decrease in biomass and average size of exploited species (de Boer et al. 2000). A
decrease in size may result in lower fertility of the population. It has been claimed that
a low to moderate exploitation of sessile species would actually have a positive effect
on biodiversity (Hockey & Bosman 1986) because it would create a mosaic of habitats,
which could harbour more different species (“Intermediate disturbance hypothesis™).
However, other studies have failed to find significant changes in biodiversity (de Boer
et al. 2000, de Boer and Prins 2002). Previous studies on exploitation of rocky shores in
South Africa have shown that only biomass of macrofauna is affected by exploitation.
Other differences detected could not be unequivocally attributed to exploitation (Haupt
et al. 2010; Griffiths et al. 2010).

The exploitation of oysters in Maputo Bay is an activity of great importance for the
subsistence of inhabitants of the coastal zone. This activity has been increasing due to
the population growth that has occurred in recent years as a consequence of migration
to urban and coastal areas. Oysters are intensively exploited for food consumption or as
ornamental objects for collectors, tourists and other communities (de Boer et al. 2000,
Marcelino 2014, Gimo 2015, Balidy 2003). The fishing of oyster in Maputo Bay have
been suffering a very marked reduction during the last decade, since the average weight
of the individuals landed in 2019 was only 60% of that of the oysters landed in 2013
(Nafio 2019). In addition, other anthropogenic factors, such as marine pollution in the
Bay (Scarlet 2005), may exacerbate their abundance and threaten the conservation status
of the fishery and in particular the oysters. This situation generally leads to uncontrolled
catches of marine resources, which may contribute to their decline in the wild, affecting
the structure and function of communities and compromising their sustainability (de
Boer et al. 2000).

The most common oyster species collected by local communities in Maputo Bay is P.
capensis followed by S. cucullata. Oysters are part of the diet habits of these
communities. The oysters are collected using knives, machetes, hoes and other
instruments that physically damage the oyster banks. Therefore, the form of exploitation
carried out has proved to be unsustainable for both oysters and the ecosystem (Nrepo
2011, Marcelino 2014, Gimo 2015).
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There is a great difficulty in finding oysters of the species P. capensis and S. cucullata
with a satisfactory commercial size (around 90 — 100 mm and 70 -80 mm respectively)
as it is observed in several areas of Maputo Bay, particularly at the vicinity of the more
populated areas near the city of Maputo, and Inhaca Island (Marcelino 2014, Gimo
2015). This occurs primarily in the community areas where the lack of alternatives is
accentuated due to limited access to other livelihoods, aggravating the degradation of
local ecosystems with the uncontrolled capture of aquatic organisms.

Due to lack of enforcement some of the resources collected along the coast seem to be
“open access”, despite the existence of laws regulating fisheries exploitation i.e.
anybody can collect anything in any amounts at any time. This often leads to serious
conflicts among different resource users, especially between large-scale commercial
fishermen and small-scale, subsistence collectors. This problem has been referred to as
“the tragedy of the commons” (Hardin 1968). The fact that nobody “owns” a resource
means that nobody takes care of it. This eventually leads to overexploitation of
resources, and possibly to civil unrest among resource users.

Implementation of resource management systems, including constant monitoring of
resource availability and environmental state, is one way of maintaining sustainability
of resource exploitation. However, economic pressures on the people who collect these
resources often result in noncompliance with the management regulations. Aquaculture
through low-technology and low-investment culture systems could be a viable
alternative to produce commercial oysters.
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3. Material and Methods

3.1 Study area

The fieldwork was mostly carried out in the intertidal areas of Inhaca Island (latitude 25
58°S - 26°07°S, longitude 32°56’E — 33°00’E), located in southern Mozambique at the
eastern end of Maputo Bay, 32 km east of Maputo City (Fig. 2). It is separated from land by
the short, narrow and deep Ponta Torres Strait which connects the Indian Ocean to Maputo
Bay. The strait is kept open by strong oceanic wave action and tidal currents, but its shape
seems to change even on short time scales. To the west of Ponta Torres Strait and south of
Inhaca are vast tidal flats with a total area of 300 ha. Several narrow and shallow tidal
channels appear in this area. The Island has a total area of approximately 42 km? and is part
of the Ponta de Ouro Marine Park. It is located on the border between the shallow Bay of
Maputo and the open waters of the Indian Ocean, in a transition zone from tropical to sub-
tropical climate, which creates a rich diversity for both terrestrial and marine ecosystems
(Bandeira & Paula, 2014). There are two distinct seasons: the hot and rainy season (from
November to April) and the cold and dry season (from May to October) with an average air
temperature of 23°C, and the seawater temperature varying from 18°C to 32°C (de Boer and
Prins 2002).

The eastern part of the Island is characterized by strong currents and waves while the
western part is more protected (Emanuelsson & Isaksson 2016). The tides are
semidiurnal and have maximum amplitudes of about 3.1 meters in high spring tides
(Bandeira & Paula, 2014.). During low tide a large stretch of beach is exposed, making
it an interesting site for the collection of many invertebrates, including oysters
(Emanuelsson & Isaksson 2016, de Boer et al. 2000). A detailed description of the
island’s general ecology, fauna and flora is given in Kalk (1995).

. ®sangala

32:’56’ E

Indian Ocean

Legend:

Figure 2: Map illustrating the study area
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3.2. Applied Methodology

The thesis encompasses a variety of methodologies, including conventional field
surveying techniques, a manipulative field experiment, laboratory analysis and assorted
statistical concepts. An intense fieldwork effort using standard sample collection and
measurement methods in marine biology were used. Specific and detailed descriptions
of methodologies are given in the appended papers.

3.2.1 Oyster exploitation

The study was conducted in four seagrass banks with known occurrence of P. capensis
and other four rocky shores habitats with known occurrence of S. cucullata in intertidal
areas around Inhaca Island (Figure 2). At each selected sampling site, quantitative data
were collected using transects and quadrates approach (0,5 x 0,5 m), systematically
placed. For both species, density and catch per unit effort was quantified as well as the
composition in size. Semi-structured interviews to local oyster collectors and sampling
in the natural banks were used to select sites for field sampling as well as to collect data
on socio-economic value of these species. The questionnaire was designed to determine
how large and important the pearl fishery was in the past and where the most productive
grounds were located, and to assess how many oysters were currently present at which
sites.

For more details on sampling procedure, see (Paper I Appendix).

3.2.2 Reproductive status

Based on the results obtained in the first study (Paper I), two sampling sites were
selected to study the reproductive status of oysters: site I (Bangua) for P. capensis
and site II (Ponta Torres) for S. cucullata. The selection of these sites was based on
the abundance of adult oysters and their accessibility. Sampling was conducted
monthly during spring tide, over a period of 2 years.Fifty specimens of adult oysters
from each species were randomly collected monthly in each selected site. All
collected sample were processed and analysed in the Laboratory at the Department
of Biological Sciences. The detailed methodology used in the lab are given in (Paper 11
appendix).

The animals were classified histologically, according to the type of germ cells present in
their gonads, into males, females, hermaphrodites in which both oocytes and
spermatozoa were found in the same individuals and in sexual resting in which no germ
cells were found in the gonads, making sex determination impossible (Lenz & Boehs
2011).

The reproductive condition of the oysters was verified based on degree of development
and numerical density of the gametes, being determined by the examination of the
macroscopic appearance of the gonads and the microscopic examination of gonads tissue
smears. Due to a lack of external dimorphism, the shell valves were parted, and a
subjective estimation of gonad volume made. Gonad smears were examined at 100x
magnification. Each specimen was classified based on the presence or absence of mature
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or immature germ cells according to the scale modified from (Guillou et al. 1990), (Table

).

Table 2: Stages of gonadal development in oyster.

Stage Characteristics

Indifferent No gonad visible. This has two possible explanations. Adults with
recovering gonads after spawning or immature juveniles

Developing | Gonad tissues visible, but it is very difficult to distinguish sex

Developing Il Gonad tissues evident and sexes can be distinguished. Gametes are

abundant, but the majority of the spermatozoids are hardly moving,
and pedunculated oocytes are present
Ripe Gonad with rapid moving spermatozoids or spherical oocytes
Spent Gonads are empty and thin. Coexistence of cells being reabsorbed
and mature cells

3.2.3 Oyster larvae development

Adult specimens of S. cuccullata were collected manually during low spring tide on the
rocky shores of Ponta Torres (32° 57 “S, 26° 4’ E) on Inhaca Island. The oysters were
placed in a waterless plastic bucket and capped with Rachel mesh to minimize sunlight
stress and brought to the Inhaca Marine Biology Station Laboratory (EBMI). At EBMI,
the oysters were conditioned in seawater with continuous aeration prior to spawning and
fertilization experiments. For more detailed description of methods for spawning and
embryo development, see (Paper 111 appendix).

Twenty-seven culture tanks each containing 5 L of filtered (1um) and UV-treated
seawater were prepared about 24 hours after fertilization. Larvae were reared in the
combinations of three temperatures (24, 30 and 34°C) and three salinities (30, 35 and 40),
each with three replicates. The D-larvae were directly transferred to experimental tanks
in three replicates per combined temperature x salinity. Approximately 25,000 D-larvae
were transferred to each culture tank at an initial density of 5 larvae mL-1. Water volume
in each tank was maintained at 5 L. The salinities of 35 and 30 were obtained by diluting
seawater (salinity 40) with distilled water. Moderate aeration was provided using air
stones. Every 48 h, the bottom of the tanks was siphoned and 50 % of the water volume
was changed to ensure good water quality. To avoid the elimination of live larvae as well
as to select the largest diameter larvae, 60 and 40um overlapping meshes were used
(smaller mesh over the larger one). A density of 400 cells mL-1 of the microalgae
Isochrysis galbana was provided daily to the D-larvae.

Embryos of S. cucullata were reared to evaluate the combined effects of temperature
and salinity on the larval development. A factorial experimental design tested three
temperatures (24, 30 and 34 °C) and three salinities (30, 35 and 40 parts per thousand)
over a seven-day period. Larval survival and growth were assessed regularly by

sampling, counting and measuring larvae under an optical microscope equiped with a
micrometric scale.
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3.2.4 Qyster recruitment and fouling fauna

Settlement tiles (collectors) were deployed at four sites with known occurrence of adult
oysters: two sites with seagrass meadows, Bangua and Sangala for P. capensis, and two
locations, EBMI and Ponta Torres for S. cucullata (Figure 2).

The settlement collectors consisted of quadratic ceramic tiles measuring 269 ¢cm?, one
side with a smooth surface texture and the other with a rough texture. Spat collectors
were deployed in each site attached with iron poles at five-meter interval each along line
transects up to 2 m depth (Figure 3). Prior to deployment in rocky habitats, the bottom
was probed using an iron pole to ensure placement onto hard substrate.

The quantity and size of oyster spat and co-occurring fouling organisms on the collectors
were quantified during two seasons: late summer (January-April) and late winter (July
— October). In each season, 40 collectors were deployed at each of the four sites, in total
160 collectors. At intervals of 1, 2, 3 and 4 months, 10 tiles were collected from each
site. The 10 collectors removed monthly at each site were used to evaluate the size and
number of live and dead oysters together with the abundance and diversity of fouling
fauna (Papers I'V and V). Tiles collected after 1 month in both seasons were not analysed
due to lack of macroscopically visible settlement. At the end of the experiment, the size
of oysters (hinge length) was measured to assess the growth. For size measurement, only
tiles collected after 3 and 4 months were considered (Paper IV).

In the laboratory, the ceramic tiles were stored in chest freezers until analysed and
archived. Samples were examined at 20X using NIKON Stereoscope to identify and
quantify spat. Spat abundance were validated when two consecutive counts agreed
within 5%. The presence of other fouling organisms such as mussels, gastropod,
barnacles and others were also counted.

Figure 3: Deployment scheme of the tiles in the field
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3.3 Data Analysis

This thesis used a variety of statistical methods for both uni- and multivariate data.
Among univariate methodologies, we used Students’ t-tests (Paper I), a single factor
analysis of variance (one way ANOVA; Papers I and II), Kruskall-Wallis non-parametric
test (H) (Paper I), multifactorial analysis of variance (multi-factorial ANOVA models;

Papers IV and V), a chi-square test (Xz) (Paper II) and simple correlations (Paper IT and
V).

Paper I: all monthly data recorded in this study was pooled by sampling site over the 3
years sampling period. For quantitative data prior to the analysis, variables (density,
length and CPUE) were checked for homogeneity of variances using Cochran’s C
test and data were transformed as required. Paper II: data were grouped into size
classes (4.5 mm SL) to detect variations in the sexual proportion as a function of
specimen size. Sex ratio data were pooled for the whole studyperiod. In order to
identify seasonal trends in gonad development, each gonad stage (i.e., immature,
developing, ripe/mature and spent) was reported by size in proportion to the total catch
of oysters. Sizes at sexual maturity (SWso) were estimated separately using the
proportion of specimens in each 4.5 mm SL size classes with mature gonads and only
oysters considered mature (the last developing stage) were used. Paper I'V: to achieve
homogeneity of variances by Cochran tests (P<0.05), all settlement data were log(X+1)-
transformed, and normality assessed graphically using residual plots. Because overall
densities varied strongly among locations, effects of season, duration, surface texture
and interactions among those fixed factors were analyses separately for each location
(Papers IV and V). Student-Newman-Keuls test (SNK) was used as post hoc test of
means using procedures described in Underwood (1997). A simple correlation analysis
was carried out to determine whether there is a relationship between the abundance of
oysters and barnacles in the rocky habitat (Paper V).
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4. Key results and discussion

Knowledge about oyster population dynamics within a specific spatial area is vital for
the effective planning and management of this important fishery resource. The
management of fisheries is largely dependent on estimating reproduction and
development, mortality, recruitment patterns, and assessing the dynamics and
resilience of the current stocks (Kumari et al. 2006, Vivekanandan 2005). In this thesis,
I identify historic trends in oyster exploitation, reproductive activities, recruitment and
examine how fouling fauna affects oyster spat recruitment. These are all aspects of
great significance for sustainable management of naturally occurring oysters as well as
for the development of more productive aquaculture efforts.

My results suggest that the two oyster species have different levels of exploitation. The
pearl oyster has been intensively exploited and this has contributed to the low density
recorded in the sites where it occurs on the island (Paper I). The results obtained on the
reproductive cycle indicate that both species show continuous reproduction throughout
the year with high peaks in the warmer months of the year and very low peaks in the
colder months (Paper II). These findings coincided with those obtained on larval
settlement, which also showed the same pattern (Paper I'V). Environmental factors such
as temperature and salinity have been identified as crucial for the development of oyster
larvae, especially for the rock oyster S. cucullata (Paper III).

The transition from pelagic to benthic life, larvae are likely to come into contact with
many other invertebrates living in oyster habitats. Of these, fouling fauna are generally
believed to reduce the settlement of interspecific larvae through competitive exclusion
and predation. The combined roles of both positive and negative interactions between
oyster larvae and fouling fauna require evaluation under field conditions. The results
from this thesis highlight the need for clarification of these roles to more thoroughly
understand the settlement behaviour and mortality sources of recruiting oyster larvae
and consequently, to optimize oyster restoration efforts (Paper V).

4.1. Oyster exploitation

The results obtained in this study indicate that the most exploited oyster species on
Inhaca Island is the pearl oyster P. capensis. The density recorded for this species
(14 £ 6 ind. m™?) was lower than for rocky shore oyster S. cucullata (61 = 7 ind. m?).
Intense collection by local inhabitant of Inhaca Island in intertidal areas of Inhaca
Island during spring low tides could explain these differences. Among the locations
where P, capensis occurs, Nolwe and Inguane had highest densities. These locations
are areas which is difficult to access, and it are permanently submerged. The decrease
in abundance and size of the pearl oyster P. capensis throughout the study period was
evident, even in fishing grounds, which in the past yielded high densities of oysters
according to the answer of the questionnaire made by harvesters. In contrast, there was
no evidence of decreasing abundance and size of individuals of S. cucullata during the
study period. This is probably due the lower level of exploitation of this species at Inhaca
Island.

Oyster shell size frequencies varied from 21-30 mm size intervals to 81-90 mm for

P. capensis (Figure 4A) while for S. cucullata, the size frequencies varied from 11-20
mm to 71-80 mm along the sampling sites (Figure 4B). Oysters of smaller sizes were
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recorded in the shallower sites such as the seagrass banks of Bangua and Sangala.
For S. cucullata, individuals larger than 70 mm were recorded at Ponta Torres. Other
sites such as Farol and EBMI recorded the highestnumber of oysters smaller than
40 mm. The dominance of small size oyster in easily accessible areas may be
associated with the high harvesting pressure in these areas. During the field-sampling
period, we noted harvesting pressure on the pearl oyster P. capensis. Additionally, in
some shallower and more accessible areas, there is evidence of unselected oyster
harvesting. In the absence of regulations of minimum oyster size, harvesters target all
sizes, especially immature oysters, affecting natural populations to self-recruit, leading
to overexploitation (Strayer 2006). The prevalence of smaller oysters in more accessible
shallow waters poses a long-term threat to the population, as these individuals may never
attain sexual maturity and reproduce (Rius et al. 2006). Throughout the world,

unregulated harvesting of bivalves is known to adversely affect wild stocks (Haupt et al.
2010)
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Figure 4: Length frequency distribution of the shells for P. capensis (A) and Height frequency
distribution of the shells for the rocky shore oyster S. cucullata (B) from the sampling sites on
Inhaca Island.
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4.2 Reproductive status of the oysters

Reproduction is one of the most important physiological processes in the life cycle of
any bivalve including oysters (Enriquez-Diaz et al. 2009). A more thorough
understanding of these reproductive cycles allows for better determination of the optimal
moments for harvesting, with the aim of obtaining oysters with a higher meat weight
before spawning and seed collection. The results obtained in this study (Paper II),
provides new and extensive information about several life-history characteristics, in
particular reproductive aspects of two common and important oyster species in
southern Mozambique. This information can help contribute to a more sustainable
use of these valuable species in the area and may also bring some light to biological and
ecological aspects of similar speciesin tropical and sub-tropical areas.

4.2.1 Sex ratio, condition index and reproductive condition of the oysters

There was high predominance of females over males for both pearls and rocky oysters
during the study period. The sex ratio (Male:Female) was 1:1.5 for P. capensis and 1:1.6
for S. cucullata. The predominance of females over males and the occurrence of
hermaphrodites in natural populations observed in this study is consistent with what has
been found in many other studies on oysters’ reproductive activities. The pearl oyster
sex ratio showed a clear dominance change from male to females with increasing size
classes. The majority of individuals <45 mm SL were males and females were more
common from 55-60 mm to upper size of 90-95 mm. For rock oysters, most
individuals <40 mm SL were males. Above this size, the proportion of females increased
progressively, reaching 100% at the upper size classes.

Values of the condition index (CI) for both oyster species varied during the study period
and over the year. CI showed a tendency to increase with rise of temperature and
decrease in periods of low temperature. CI can be indicative of the reproductive stage
and/or nutritional status of individuals (Aswani et al. 2004). A high CI in warmer
seasons can be justified by the greater availability of food during this period. Many
studies have attempted to explain the effects of environmental parameters on gonadal
development and reproduction of different speciesof bivalve molluscs. Various factors
such as temperature, salinity, and food availability in the environment affect the
gametogenic cycle of bivalves (Kang et al. 2000).

For both species, the results indicate that a large proportion of the population spawns
in summer with a peak from January to March and a minor peak from October to
December. The remaining period of the year is characterized by a lower proportion
of spawning individuals for both species (Figures 5 and 6). The reproductive cycle of
the oysters is affected by the seasons correlating to seawater temperature. The recorded
data of temperature and histological results in this study showed that oysters at the early
development stage were first detected during the months when the temperature of
seawater was close to 21°C. Animals in the late growing stage began to appear during
October, when the average temperature rose above 24 °C. As the temperature continued
to rise from November through March, oysters reached the mature and spawning stages.
Overall, the histological analysis demonstrated that oyster gametogenesis is
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continuous during the year and tends to be more intense in the summer periods when
seawater temperature rises and lower or absent during the winter when seawater
temperature drops.

The results on the size at sexual maturity revealed that males of P. capensis
mature earlier at 26.5 mm SL compared to females at 27 mm SL and malesof S.
cucullata also mature earlier at 28.3 mm SL compared to females at 32.8 mm SL,
as is generally the case for most oyster species (Pouvreau 2000).
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Figure 5: Monthly frequency distribution of gonadal development stages (males and

females combined) of P. capensis in Inhaca Island.
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Figure 6: Monthly frequency distribution of gonadal development stages (males and
females combined) of S. cucullata in Inhaca Island.

4.3 Oyster larvae development in laboratory conditions

The growth and mortalities of S. cucullata larvae after 7 days was affected by different
combination of temperature and salinity. The results showed that S. cucullata larvae
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grew fastest at 30 °C temperature x 35 salinity. However, the highest survival of larvae
was obtained at 34 °C temperature x 35 salinity (Figure 7 and 8). 30 °C is well above
the average annual temperature of 25 £ 1 °C at Inhaca Island, where the brood stock was
collected. According to Kalk (1995) the highest average is 27.5 °C and the lowest 21.7
°C. The mean salinity level at Inhaca is 33 + 2 (de Boer et al. 2000) with a range from
32 to 42 (Pinto 1996). This confirms the findings of Kalyanasundaram & Ramamoorthi
(1986) that S. cucullata larvae tolerate a wide of temperature and salinity variation
though with different growth and survival trends.

In general, oyster larvae tolerate a wide salinity range between 25 and 40 (Lemos et al.
1994). However, this study showed that salinity affects the growth of S. cuccullata
larvae, with the lowest performance at salinity 30. It may be possible that osmotic
disturbances lead to energy allocations that ultimately impair other functions such as
growth (Deaton 2008). Temperature is regarded as the most important environmental
factor influencing bivalve culture (Robert et al. 1988, Helm et al. 2004). As shown in
Paper 11, temperature significantly affected gonad maturation and spawning for both
rock and pearl oysters.

The lowest larvae survival in the present study (26.4 %) was achieved at salinity 40,
suggesting this is a threshold salinity level for S. cuccullata larvae. All treatments at 24
°C resulted in significantly lower survival rates (Figure 8). This seems to be the lower
temperature limit tolerated by the larval stages of this species. Another factor to consider
is the abrupt submission of the larvae to low temperatures without any previous
acclimation, which may have caused a thermal shock and contributed to a decrease in
survival rates.
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Figure 7: Means (z standard deviation) of length of larvae of the rock oyster, S. cucullata
reared at combinations of temperature (24, 30 and 34) and salinity (30, 35 and 40) for
seven days. Lowercase letters represent comparison between salinities for the same
temperature and capital letters represent comparison between different temperatures for
the same salinity (p< 0.05).
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Figure 8: Percentage of survival of rock oyster, S. cucullata larvae reared at
combinations of temperature (24, 30 and 34 °C) and salinity (30, 35 and 40) after seven
days. Lowercase letters represent comparison between salinities for the same
temperature and capital letters represent comparison between different temperatures
for the same salinity (p < 0.05).

4.4 Oyster settlement

Understanding temporal and spatial variation in oyster larvae settlement and oyster
recruitment dynamics provides invaluable information on site selection and strategies
employed for oyster culture in their natural environment (MacKay et al. 2016). In this
study, I have studied seasonal patterns of P. capensis and S. cucullata spat recruitment
and growth in different habitats at Inhaca Island. Overall, the results showed that S.
cucullata recruited in larger densities (up to =100 per tile) than P. capensis (up to =3 per
tile). As shown in Paper I, the density of adult oysters of P. capensis was lower in all
sites where it was recorded. This could potentially explain the lower density of
recruitment recorded for this species in this study.

Larvae of S. cucullata and P. capensis recruited more extensively on rough surfaces in
all sites of the field experiment. Spat appear to prefer the rough surface of tile than the
smooth. Surface roughness has previously been reported to improve settlement of a wide
range of invertebrates including oyster larvae (Saucedo et al. 2005). In other species,
such as the silver-lip pearl oyster P. maxima (Taylor et al 1998) reported that roughened
texture of the PVC slats provides better tactile stimuli to crawling pediveliger or spat
than smooth surface monofilament nylon in the pearl oyster.

There were large differences in oyster spat settlement among sites, particularly for S.
cucullata (Figures 9 and 10). This illustrates the complexity of the recruitment process
and the dependence on external environmental factors. Thus, the high settlement rate
attained at EBMI in late summer compared to that recorded at Ponta Torres for S.
cucullata could be related to different environmental condition in these sites. Collectors
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deployed at EBMI remained immersed most of the time during the entire sampling
period. This may have favoured the recruitment of oysters where the level of exposure
is lower and where the collectors were exposed only in spring and low tides period.
Buttrago & Alvarado (2005) limited the encrusting organisms by exposing the collectors
out of the water for at least 3 hours each week and suggested that studies should be done
to determine the effectiveness of different periods of emersion of the collectors.

The analyses of the two temporal aspects of the experiment, season (summer vs. winter)
and duration (2, 3 and 4 months of deployment) suggested that duration was more
important than season. The largest recruitment was almost consistently observed after 4
months both in summer and winter. This indicates that larvae were available during both
seasons, even though oyster settlement was higher in late summer than in late winter for
both species. This pattern is fully consistent with what was observed in Paper I of which
the increase in temperature during the summer season was a fundamental factor in the
release of the gametes of S. cucullata and P. capensis at Inhaca Island. Increase in the
frequency of mature oysters during the later summer season (which have higher
temperature) may be related to the higher concentrations of organic matter reported in
the water during this period (Paula et al. 1998). Pouvreau et al. 2000 also suggested that
the suspended organic matter is necessary for gonadal maturation of the oyster since that
gamete production requires considerable energy input (Paper III).
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Figure 9: Number (meantse) of settled S. cuccullata and measured temperature at EBMI
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scales on y-axes).
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Figure 10: Number (meanzse) of settled P. capensis at Bangua and Sangala in different

seasons, durations and surface texture (note the different scales on y-axes).

The sizes of oyster spat recorded after 3 months and at the end of experiment were
quantified. S. cucullata spat attain a large size of 5.8 mm with an average of 3.6 mm. P,
capensis spat attain a large size of 7.6 mm with average of 5.01 mm. For P. capensis
there was a tendency towards more homogeneous size after 4 compared to 3 months of
the experiment while for S. cucullata the relative variability in size was quite similar in
both months of measurement. Overall, growth rates were 40-50% greater for P. capensis
and both species tended to have increasing growth rates the longer the duration.

4.5 Fouling fauna on oyster collectors

Fouling fauna generally reduce the settlement of larvae of different species through
competitive exclusion and predation. In Paper V fouling fauna was evaluated over 8
months period in two seasons on oyster collectors deployed in seagrass and rocky
habitats (Paper IV). The results suggest that the amount and composition of fouling
fauna varies among habitats, locations, seasons and surfaces and depend on the duration
of the deployment. Barnacles dominate among the fouling on collectors. As observed
for oysters spat settlement in Paper IV, collectors used in this study were almost fully
covered by the third month, while the collectors never had any fouling organism at the
end of the first month of immersion. In seagrass habitats, oysters and barnacles were
generally less abundant, allowing other taxa to have higher relative abundance, while
higher density of individuals was recorded in rocky habitat. (Figure 11). This is evidence
of the importance of seagrass meadows as a repository of higher diversity. Seagrasses
provide complex structural habitat and suitable environmental fauna assemblages
conditions than rocky shore habitat (Vonk et al. 2010). Structurally complex habitats
typically support dense, diverse faunal assemblages and can influence predator— prey
dynamics (Lemire & Bourget 1996).
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Figure 11: Relative abundance of fouling fauna on oyster collectors after 2, 3 and 4 months
in rocky and seagrass habitats at Inhaca Island.

4.5.1 Abundance of fouling organisms

Due to complex and large variability in the total abundance of fouling organisms, the
analyses of spatial and temporal variability revealed only significant variability among
locations within habitats (See appended Table 1, Supplement S1 Paper V). In particular,
there were large differences between the two rocky shore locations. Substantially more
fouling was found on the less exposed EBMI than at Ponta Torres. The high fouling rate
attained at EBMI in late summer compared to that recorded at Ponta Torres for oysters
and barnacles could be related to different environmental condition in these sites.
Coastal hydrodynamics can affect the dispersal of invertebrate larvae (Meyer 2021,
MacKay et al. 2016, Adams et al. 2013).

More conclusive patterns were observed for individual taxonomical groups. For
example, significantly more bivalves were found on rough than on smooth surfaces, and
bivalves, gastropods and polychaetes all showed significantly larger abundances in
seagrass than in rocky habitats. The estimated abundance of barnacles, on the other hand,
was consistently larger in rocky habitats, but similarly to the oysters, the large variability
among locations made it difficult to statistically detect a difference between habitats.

4.5.2 Abundance of oysters in relation to barnacles

To assess potential interactions between oysters and other fauna, bivariate correlations
with the other dominant competitor for space, barnacles, were done for individual
locations and seasons (Table 2). Mussels, gastropods and polychaetes occurred at very
low densities and any influence on the oyster recruitment were therefore not tested. Three
out of eight tests indicated significant relationships between abundances of barnacles and
oysters. As might be predicted from competitive interactions, all of these instances were
negative correlations. The negative correlation between oyster and barnacles recorded at
EBMI could potentially be related to ecological interactions, such as competition or
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larval predation, but they could also be due to responses to external environmental
factors, such as resistance to desiccation. Barnacles appear to be more resistant to
desiccation (Franken 2015, Marques-Silva et al. 2006, Ruwa & Polk 1994) and there is
evidence that they may displace young oysters (Bonicelli et al. 2023, Osman et al. 1989).
At Ponta Torres, there was no evidence of a correlation between the number of oysters
and barnacles. Surprisingly, in seagrass habitats, where there were generally lower
number of oysters and barnacles, two tests showed similar negative correlations (Table).
These relationships were, however, weaker than at EBMI (r*=0.15-0.20). Nevertheless,
the fact that all significant correlations were negative suggests that oysters and barnacles
occasionally influence each other either by competition or possibly predation.

Table 3: Summary of correlation analyses between the density of barnacles and oysters in
individual sites and seasons.

Habitat Site Season R T p

Rock EBMI Summer -0.48 -2.88 0.01
Rock EBMI Winter -0.06 -0.31 0.76
Rock Ponta Torres Summer 0.04 0.20 0.85
Rock Ponta Torres Winter 0.25 1.38 0.18
Seagrass Bangua Summer -0.05 -0.27 0.79
Seagrass Bangua Winter -0.47 -2.78 0.01
Seagrass Sangala Summer -0.39 -2.25 0.03
Seagrass Sangala Winter 0.17 0.90 0.38
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5. Concluding remarks

This thesis contributes to the knowledge on aspects of population dynamics of two
commercial important oyster species in the country. This information is necessary for
possible future development of small and large scale aquaculture in Southern Mozambique.
I believe that the results obtained demonstrate that the biological prerequisites are in place,
to warrant further studies addressing additional challenges for developing sustainable oyster
cultivation in these parts of Mozambique. Some of the most important findings in this study
allowed to answer the questions posed at its early stages and demonstrating that:

- The two oyster species Pinctada capensis and Saccostrea cucullata are valuable
resources for the communities living on the Inhaca Island and that the most exploited
species is the pearl oyster P. capensis. The perception of harvesters regarding their
harvesting habits and awareness about the state of the stocks have also been identified
and constitute an important component to consider when implementing management
and monitoring measures for the sustainable exploitation of oyster resources. The
analysis contributes to improving knowledge on both P. capensis and S. cucullata
fisheries and for an urgent call for the introduction of harvest management measures,
especially for the most exploited species P. capensis. It is hoped that it will provide an
incentive to value all the ecosystem services provided by oyster habitats at a local level.

- The results of the histological analysis demonstrated that oyster gametogenesis is
continuous during the year but tends to be more intense in the summer when the seawater
temperature rises and lower or absent during the winter when seawater temperature
drops. This justifies the greater numbers of recruitment recorded in summer than in the
winter. This information should also be accounted for when drawing up measures for
the sustainable use of the resource (e.g. by establishing closed seasons to allow the
oysters to reproduce and grow to commercial size).

- The optimal temperature and salinities for oyster S. cucullata larvae development range
from 27°C to 33°C and from 32ppm to 35ppm respectively. Together with the optimal
water salinity and temperature for larval rearing established here, this may contribute to
the further development of the culture of S. cucullata. These findings related to the
environmental variable thresholds for S. cucullata larvae are relevant for future studies
on recruitment, as well as to evaluate the direct impact of global warming on this species.

- Spat collection of the rock oyster, Saccostrea cucullata, and the pearl oyster, Pinctada
capensis, is possible using the simple and cheap ceramic tiles used in this study. Because
we only evaluated one type of material, we cannot exclude the possibility that other
materials may work. Higher densities of recruitment were recorded in S. cucullata than
P. capensis and both species recruited at larger densities on the roughly textured side in
the tiles used in this study. However, it is likely that a slightly roughened surface may
be advisable for both species. Furthermore, deploying these types of tiles for as little as
four months could be an efficient way to collect large numbers of S. cucullata as well as
P. capensis spat in their respective habitats. Apart from the applied aspects, these results
also improve our understanding of spatio-temporal patterns and processes affecting the
biology of the two species of oysters.

- Apart from oyster recruitment, other fouling fauna recruited on oyster collectors. The
effects of other fouling fauna on oyster abundance appear modest up to 4 months after
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tiles are placed. These results, provide valuable information on the multiple roles of the
oyster spat collectors as a suitable substrate for a variety of other species of larvae. They
serve as nursery habitats for important source of food for different species including
humans but also as a baseline for a variety of manipulative studies in the southeastern
Indian Ocean region.

- More reliable knowledge about levels of recruitment and habitat preferences in a local
context is critical for future attempts to restore and manage natural populations as well
as for developing local practices for aquaculture

- The results improve our general understanding of the spatio-temporal patterns and
processes that affect the colonization of intertidal invertebrates in the southeastern
Indian Ocean.

Overall, the results of this work provide information about spatial and temporal patterns and
fundamental population ecological parameters of the rock oyster Saccostrea cucullata and the
pearl oyster Pinctada capensis. Patterns of current use of natural oyster populations by local
residents and methods for supporting production by enhancing recruitment have also been
assessed in the Mozambican context. Used wisely, I believe that this knowledge can contribute
to a much needed ecologically, socially and economically sustainable industry in the area.
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Abstract: Oysters are important resources for the daily diet, a source of economic income for
many coastal communities and a delicacy for the tourism industry. In this study, the oysters
(Pinctada capensis and Saccostrea cucullata) were investigated with the aim to assess the catch per unit
effort, density and size composition. The study was conducted over a three-year period on Inhaca
Island, Southern Mozambique. For both species, perception of fishery trends from collectors was
carried out through habitat censuses and interviews. Transects, quadrats and daily fisheries catches
approaches were used. Results show that P. capensis is the most exploited on the island. A total
of 72.1% of respondents pointed that the oyster P. capensis is decreasing, due to excessive catching
(75.4%) followed by natural death (24.6%), while 20.9% affirmed that the resource is stable and 7.0%
are unaware about the resource trend. Oyster densities, sizes and catches per unit effort were higher
in less accessible areas only for P. capensis. The present study provides valuable baseline information
to recommend best practices to improve the exploitation, and access the need for introduction of
aquaculture, towards the sustainable management and conservation of oysters, and ultimately to
ameliorate people’s livelihoods.

Keywords: intertidal resources; pearl oyster; rock oyster; coastal communities; Western Indian Ocean

1. Introduction

Oysters are widely distributed around the world. Some oysters are key species for
the ecology of coastal and estuarine areas [1]. They provide important ecological services
such as improving water quality, helping stabilize the coastline and protecting erosion by
building their reefs, and they are also an important product of fisheries and aquaculture in
many countries [2].

In tropical regions, oysters occur in rivers and coastal areas, with most species as-
sembled in narrow bands or dense banks at a tidal range where desiccation, fouling and
predation are minimized [3]. Oysters are targeted by small-scale fisheries and their harvest
is usually handmade by residents, mainly by women and children, at the spring low tide
period [4,5].

Opysters contribute as a source of animal proteins and to the income of coastal com-
munities. Not surprisingly, their increasing demand in recent years has promoted a global
decline on stocks due to overfishing [6], pollution, habitat destruction and disease, espe-
cially in Africa where small-scale fishing is considerably unregulated [1,7].

Mozambique has a long coast with a wide diversity of habitats, providing a variety of
resources, which include fisheries’ resources, supporting the livelihood of more than half
of the coastal population [8]. Among the fisheries’ resources, the most collected bivalves
are clams and oysters. The importance of each group varies depending on their abundance
and the needs in different areas [9]. In southern Mozambique, the sand oyster or pearl
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oyster Pinctada capensis is found associated to seagrass beds, and the rock oyster Saccostrea
cucullata is associated with rocky shores [8,10], and considered the most harvested bivalves
with economical relevance [11].

On Inhaca Island, situated 32 km from Maputo city, the exploitation of P. capensis and
S. cucullata in intertidal areas has been carried out for several generations and probably for
some centuries [12]. Oyster harvesting is one of the main subsistence activities practiced by
the population living on this small island. There is a great dependence of the population
on the resource due to the lack of subsistence alternatives [13].

Besides this provisioning role to the population, oysters and oyster reefs usually
provide other relevant ecosystem services, namely, water quality improvement, seashore
stabilization, carbon burial, habitat provisioning for mobile fish and invertebrates, habitats
for epibenthic fauna and diversification of the landscape [14]. Human exploitation can
affect the distribution and abundance of bivalve populations, which can compromise the
ecosystem and fisheries’ management approaches [15].

Despite their biological and socioeconomic importance on Inhaca Island, oysters have
not been studied to assess their abundance, size distribution and perceptions of the status
of stocks by fishermen. Therefore, the present study investigated trends in P. capensis and
S. cuculata abundance, size distribution and catch-per-unit effort over a 3-year period
(January 2015-December 2016 and January-December 2019). This information is critical
to improve knowledge of the fisheries and support management decisions regarding the
sustainable exploration of these living resources.

2. Materials and Methods
2.1. Study Area

The study was carried out on Inhaca Island (latitude 26°07’ S, longitude 32°56' E),
southern Mozambique, located 32 km off Maputo City, Mozambique (Figure 1). The Island
has a total area of approximately 42 km? and is part of the Ponta de Ouro Partial Marine
Reserve. It is located on the border between the shallow Bay of Maputo and the open
waters of the Indian Ocean, in a transition zone from tropical to sub-tropical climate, which
creates a rich diversity of both terrestrial and marine ecosystems [16].

There are two distinct seasons: the hot and rainy season (from November to April)
and the cold and dry season (from May to October) with an average air temperature of
23 °C, and the sea water temperature varying from 18 °C to 22 °C and 23 °C to 32 °C for
the cold and hot season, respectively [12]. The eastern part of the Island is characterized
by strong currents and waves while the western part is more protected [17]. The tides
are semidiurnal and have maximum amplitudes of about 3.1 m in high spring tides [16].
During low tide, a large stretch of beach is exposed, making it an interesting site for the
collection of many invertebrates, including oysters [10,17].

The sampling sites were defined along the eastern and western sides of the Island
and comprised eight main study areas: 4 in the seagrass meadows (P. capensis) and 4 in
rocky shore (S. ucullate), (Figure 1). Two sites, selected (Sangala & Inguane) for P. capensis
sampling, were located along the intertidal accessible during low tides, while Nolwe and
Banga are located in a bank reachable only by boat during low tides. For S. cucullate, both
sites were on rocks along the intertidal areas with direct accessibility.
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Figure 1. Map of study area showing sampling sites.

2.2. Data Collection

Data on oyster exploitation were collected using two different approaches in a sub-
tropical setting on Inhaca Island. Semi-structured interviews with the local oyster harvesters
were conducted using questionnaires to gather data on the socio-economic value of these
species. Overall, 73 harvesters were interviewed in the course of the study: 63 harvesters
regarding P. capensis while only 10 harvesters for S. cucullata. The lower number of har-
vesters for S. cucullata is representative with regard to the frequency in the area and reflects
the low interest to exploit this species due to the difficult collecting method and being
time consuming. Questions focused on obtaining data on harvesting effort (numbers of
harvesters per site), catch per harvester and perception of the current state of the resource.
Catch (kg) per harvester was obtained by weighing the total product collected daily.

Data obtained during the application of the questionnaires was used to select sites for
field work. Sampling was conducted over a three-year period (January 2015-December
2016 and January—-December 2019) within four seagrass banks for the pearl oyster P. capensis,
and at four rocky shore habitats for S. cucullala. Samples were collected every spring tide
(full and new moons) during the study period. Species abundance, composition in size
as well as catch per unit effort were evaluated. In general, subsequent sampling was
done at sites that were utilized for harvest. At each selected sampling site, quantitative
data were collected using a systematic (0.5 x 0.5 m) quadrats-based approach, placed
along randomized 10 m transects (parallel to the coastline as well from the artisanal daily
catches). The rocky shore species S. cucullata was sampled in the selected locations of the
Island by means of (0.5 x 0.5 m) quadrats using a digital camera and samples from the
artisanal daily catches. Samples from the digital camera were processed using the Image
J Program software version 1.43. Overall, 5 random transects were made for each pearl
oyster occurrence site and 5 transects on each site of occurrence of rocky shore oysters.
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In each sampling site for both species, biomass per collector (Kg/person/day), number
of collectors and oyster sizes were recorded from the catches of the artisanal collectors.

The abundance for each oyster species was assessed determining the density (ind /m?)
by counting all individuals present in the quadrats allocated along the transect.

Shell size (dorsoventral measurement or shell length for P. capensis and dorsoventral
measurement or shell height for S. cucullata) was measured with a caliper to 0.01 mm
precision. Shell sizes were measured for all living individuals present in the quadrats and
30 individuals selected randomly from the catches of each collector interviewed. The mean
shell size and size distribution frequency were compared between the sampling sites.

2.3. Data Analysis

For statistical analysis, all monthly data recorded in this study was pooled by sampling
site over the 3 years sampling period.

Percentages and frequencies were used to analyze the harvester’s perception level of the
current state of the resources. For quantitative data prior to the analysis, variables (density,
length and CPUE) were checked for homogeneity of variances using Cochran’s C test and
data were transformed as required. One way ANOVA was used to compare variations
in density, length and CPUE between sites for P. capensis followed by Turkey’s post hoc
test [18] to assess the significance of difference in the variables (density, length and CPUE).
The Kruskall-Wallis non-parametric test (H) was used to compare the S. cucullata densities, as
data were not normally distributed after transformation [18]. The values of the mean shell
size were also compared between the sampling sites. To compare the mean shell size among
the sampling sites for S. cucullata, one-way ANOVA was used followed by Turkey’s post hoc
test. T-student tests were used to compare P. capensis mean shell size obtained from sampling
and oyster harvesters. CPUE (Kg/Harvester/day) per site was estimated after the sum of all
weighted catches divided by the number of harvesters. The results are represented as a mean
(Estandard deviation) and the significance level used for the tests was p = 0.05. Statistical
analysis was performed using SPSS for windows version 20.

3. Results
3.1. Interviews

The results obtained in this study indicate that the most exploited oyster species on
Inhaca Island is the seagrass pearl oyster P. capensis. According to the questionnaire, the
exploitation of oysters on Inhaca Island is dominated by women (more than 90%). Age of
collectors varied from 15 to 58 years old with an average age attaining 37 years. The activities
of oyster harvesting and other invertebrates is mostly done during spring low tides.

Of the 73 respondents in the interviews, about 72.1% answered that the pearl oyster
P. capensis is decreasing in number due to excessive catching (75.4%), followed by natural
death (24.6%), while 20.9% meant that the resource is stable and about 7% were unaware
about the resource trend (Figure 2A,B).

B 25%

72% 75%

Decreasing : Stable = Unaware Excessive catch = Natural death

Figure 2. Perception of oyster harvesters about the trend (A) and cause of decreasing (B) of the
resources on Inhaca Island.
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3.2. Field Sampling

The densities recorded during the three year period of study for both species are
presented in Table 1. Maximum density for pearl oyster P. capensis with 14 + 6 ind/m? was
recorded at Inguane and lower density occurred at Sangala with 4 + 3 ind/m?. The density
of S. cucullata was higher than P. capensis, with higher values recorded at EBMI compared
to other sites. There were statistically significant differences among sites in density for both
oyster species (p < 0.05).

Table 1. Mean (£SD) density of the oyster P. capensis and S. cucullata recorded in each sampling sites
on Inhaca Island. (Different letters in the same column indicate significant differences p < 0.05).

Pinctada capensis Saccostrea cucullata
Site Density (ind/m?) Site Density (ind/m?)
Bangua 11+28¢2 EBMI 61+7%
Inguane 14+6° Farol 50+ 5P
Nolwe 11+352 Ponta Ponduine 35+4¢
Sangala 4+3b Ponta Torres 51+ 8P

Size distribution of the oysters for both species varied among different sites. Overall,
for P.capensis oysters, length varied from 19 at Sangala to 88.8 mm at Nolwe (Table 2).
Higher mean size length was recorded at Nolwe while the lower mean size was found at
Bangue (Table 2).

Table 2. Mean (£SE), minimum and maximum shell length of pearl oyster P. capensis in the sampling
sites on Inhaca Island. (Different letters in the same column indicate significant differences p < 0.05).

Site Mean + SE (mm) Minimum (mm) Maximum (mm)
Bangua (n = 364) 319+992 215 56.6
Inguane (n = 466) 353+834 19 70.2
Nolwe (n = 360) 59.8 +18.6P 24.9 88.8
Sangala (n = 176) 32+17.8¢2 20.7 60

S. cucullata varied in length from 13 at EBMI to 79.4 mm at Ponta Torres (Table 3). The
higher mean size for this species was recorded at Ponta Torres while the lower mean size
was reported at EBMI (Table 3).

Table 3. Mean (£SE), minimum and maximum shell height of rocky shore oyster S. cucullata in the
sampling sites on Inhaca Island. (Different letters in the same column indicate significant differences
p <0.05).

Site Mean + SE (mm) Minimum (mm) Maximum (mm)
EBMI (n = 105) 30.1+622 13 51.3

Farol (n = 245) 306£72 21.6 63

Ponta Punduine (n = 102) 33.2+69% 229 55.4
Ponta Torres (n = 106) 429 +88P 24 79.4

Oysters of smaller sizes were recorded in the shallowest sites such as the seagrass
banks of Bangua and Sangala (Figure 3). For S. cucullate, individuals larger than 70 mm
were recorded at Ponta Torres. Other sites such as Farol and EBMI recorded the highest
number of oysters smaller than 40 mm.
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Figure 3. Length frequency distribution of the shells for P. capensis (A) and Height frequency distribution
of the shells for the rocky shore oyster S. cucullata (B) from the sampling sites on Inhaca Island.

Opyster shell size frequencies varied from 21-30 mm size intervals to 81-90 mm for
P. capensis (Figure 3A) while for S. cucullate, the size frequencies varied from 11-20 mm to
71-80 mm along the sampling sites (Figure 3B).

The modal size frequencies varied between sites. Nolwe presented the higher modal
size at 61-70 mm, for Bangue and Sangala at 31-40 mm while Inguane was at a 51-60 mm
size interval for P. capensis (Figure 3A). For S. cucullata oysters, higher modal size frequency
was recorded at 51-60 mm at Ponta Torres, 31-40 mm at EBMI and Ponta Punduine, while
for Farol, they were at a size interval of 41-50 mm (Figure 3B).

Overall, mean shell sizes of oysters harvested by collectors were higher than the
oysters collected from the sampled quadrats. However, statistical analysis only showed
significant differences between the sizes of P. capensis collected at the Nolwe site (p < 0.05)
(Figure 4).
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Figure 4. Mean shell size of the oyster P. capensis recorded from quadrats sampling and from the
harvesters in the sampling sites on Inhaca Island. (* There was statistical significance difference).

In the shallower areas (Bangua, Inguane and Sangala), there were no significant
differences between the oyster size harvested by collectors and that recorded in the field

(p > 0.05) (Figure 4).
Capture per unit effort of P. capensis from the sampling sites on Inhaca Island are

presented in Figure 5. The CPUE along the sites showed very low catches in 3 sites
(Sangala, Inguane and Bangue 7-15 Kg/collector/day) comparatively to Nolwe where
catches attained a 5-10 times higher number (75 kg/collector/day), Figure 4. Catch per
unit effort (CPUE) among sites was significantly different (Anova I, p < 0.05).

120
100
80
60

40

CPUE (kg/collector/day)

20

. mm ] e

Bangua Inguane Nolwe Sangala

Location
Figure 5. Capture per unit effort of P. capensis from the sampling sites recorded on Inhaca Island.

As there was a low preference for collecting the rocky shore oyster S. cucullata, it was
not possible to determine catch per unit effort for each sampling sites for this species.
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4. Discussion

This study is the first attempt to assess catch per unit effort, density and size composi-
tion of the pearl oyster P. capensis and rocky shore oyster S. cucullata occurring at the coastal
areas of Inhaca Island, Mozambique.

The densities recorded in this study for P. capensis (4-14 oyster/m?) were lower than
those recorded in other regions of Mozambique such as Vilanculos and Inhassoro with
9-20 oyster/m? [19], Bazaruto Island with 21-260 oyster/m? [20] and in other geographic
regions such as the Qatar Gulf of Arabia with 32-45 oyster/m? [21], EL Gimsha bay of Red
Sea with 164 oysters/ m? [22] and Venezuela with 16 to 50 oyster/ m? [23]. Two explanations
could be given for this. Firstly, intensive searching for this species in intertidal areas during
spring tides, as reported previously for the area [12], increases the total stress load of the
substrates and thereby affects the abundance. Secondly, both P. capensis and S. cucullata
have specific environmental and physical habitat requirements such as the type of sediment,
habitat composition and hydrodynamic condition of the site. These factors are crucial for
the abundance and distribution of benthic invertebrates [24] and may not be optimal at the
studied sites. Other factors that can influence the density of oysters are predation in their
natural environment as well as mortality, larval dispersion [25] and lack of appropriate
substrate for settlement [26].

The higher densities recorded in Nolwe and Inguane are explained by low harvesting
pressure, due to their remote location and difficult access. The remaining areas are located
near the village, where they are closer and more accessible by the communities living on
Inhaca island. The decrease in abundance of the pearl oyster P. capensis throughout the
study period was evident, even in fishing grounds, which in the past yielded high densities
of oysters [12]. This suggests that the level of harvesting observed during the present study
have negative implications for the oysters’ stocks.

In contrast, there was no evidence of decreasing abundance and size of individuals of
the rocky shore oyster S. cucullata during the study period. This is probably due the lower
level of exploitation of this species on Inhaca.

Previous studies suggest that decrease in oyster mean shell size is also an indicator
of stock decline and overfishing [12]. The average size of oysters recorded on Inhaca in
this study for P. capensis (39.75 = 5 mm) was lower than those recorded in the same area in
2000 where the size was 48.8 £ 4.3 mm [13] and from other regions of the country such as
Vilanculos and Inhassoro, 55 & 7.1 mm [20]; Bazaruto Island, 47.3 & 3 mm [27]. Oysters
over 40 £ 6.2 mm in size were lower in number in all sampled sites except for Nolwe bank.
The low number of large size pearl oysters observed during this study is consistent with
the results of the survey undertaken on Salomon Island, Australia [28]. On the other hand,
there was a tendency for reduction in the percentage of oysters of larger size (>40 mm)
during the study period, which resulted in the reduction of the average size in all sampled
sites. The cause of this reduction may indicate that the stock is being intensively exploited.
The decrease of mean size of oysters from difficult access sites to ease access sites suggests
a negative impact of unregulated exploitation of oyster stocks. This finding is supported by
evidence from South Africa where size of oyster specimens of protected zones was higher
than oysters of unregulated zones in relation to human pressure degree [29]. A similar
trend is reported for mussels whose size was smaller in open access zones than in protected
sites [30]. Despite Inhaca Island being a marine protected area, the harvesting of oysters is
open to the communities without restrictions for capture.

Data obtained from the questionnaire of the collectors suggests that the pearl oyster
P. capensis is decreasing in the natural banks when compared to its yield in the past.
According to [11,25], human exploitation is a factor that can disturb the distribution and
affect the reproduction, growth and development of the bivalves. Pearl oysters of larger
mean shell size were more abundant in the catch from the harvesters than those obtained
from field sampling. This suggests selectivity of oyster harvesters preferring larger oysters
and corroborates previous observations [12]. Despite lesser oysters ever reaching adult size,
they reach the maturity stage very early, starting at 6 months (about 27 mm) and larvae
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production may not be affected [31-33]. Similarly, to other studies, there is evidence that
pearl oyster population can be reduced to a point at which recovery is barely possible [28].
The yield is affected, since it is in the second year of the life cycle that pearl oysters
considerably increase their body weight [34,35].

The variations of size frequency distribution among sites indicate a higher proportion
of smaller oysters in shallower and accessible sites; it is hypothesized that in absence of size
selection, indiscriminate harvesting is occurring. The consequent dominance of smaller
individuals in shallower accessible sites constitutes a threat for the oyster population in the
future [30].

Throughout the world, unregulated harvesting of bivalves is known to adversely
affect wild stocks [29]. During the field-sampling period, we noted harvesting pressure
on the pearl oyster P. capensis. Additionally, in some shallower and accessible areas, there
is evidence of unselected oyster harvesting. In the absence of minimum oyster size, the
exploitation by harvesters targets all sizes, especially immature oysters, affecting natural
populations to self-recruit, and leading to overexploitation [36,37].

A community-based management approach of exploited oyster populations is consid-
ered as one of the most promising ways to link sustainability and economic growth [38].
Appropriate management strategies are required to overcome threats to pearls oysters on
Inhaca Island with the support and involvement of the local community. Previous studies
have demonstrated that size limits can be established as useful tools for harvest regulations,
mainly in cases where management data was not available [37], such as in the case of Inhaca
island. Maximum catch per person, closed harvesting seasons or areas are among other
most-used measures for protection and sustainable management of oyster fisheries [39].

Another important management measure to implement would be to return the empty
shells to the intertidal areas. It has been demonstrated that conspecific shells were preferred
substrates for larval settlement and stock recovery [40].

Despite the multitude of stressors that can impact oyster populations and oyster reefs
such as overharvesting, pollution and diseases [7], the anthropogenic pressure from catchers
is likely the most relevant for the decline of abundance, individual size and catch per unit
effort of P. capensis on Inhaca island. Our study involved the perception of harvesters
regarding their harvesting habits and awareness about the condition of stocks. They are
an important ecosystem component to consider when implementing management and
monitoring measures for the sustainable exploitation of the oyster resources. The analysis
presented here contributes to improved knowledge on both P. capensis and S. cucullata
fisheries and for an urgent call for the introduction of harvesting management measures for
the former species. Hopefully, it will provide an incentive to value the whole ecosystems’
services provided by the oyster habitats at the local level.

Author Contributions: M.J.M., C.A.G. and A.A.M., have conceptualized the study and designed
the methodology; M.J.M. and C.A.G. collected the field data and analyzed the data; M.].M. led the
manuscript writing. M.J.M., CP.A. and A.A.M. contributed critically to the drafts and approval
of the manuscript for publication. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the UEM-ASDI program on “sustainability and management
of marine resource”, grant number 1.3.2.

Institutional Review Board Statement: Ethical review and approval were waived for this study
due to the lack in our country of Ethic Committee in studies involving marine animals, especially
marine invertebrates.

Informed Consent Statement: All interviewees, received a written statement explaining the propose
of the study. The informed consent statement highlighted that participation in the study was voluntary
and there were no known risks to participation beyond those encountered everyday life. It was also
underlined that participants could decline or leave any question they did not wish to answer and
their responses would remain confidential and anonymous.

Data Availability Statement: Not applicable.



Life 2023, 13, 83 10 of 11

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Quan, W,; Fan, R;; Wang, Y.; Humphries, A.T. Long-Term Oyster Recruitment and Growth are not Influenced by Substrate Type in
China: Implications for Sustainable Oyster Reef Restoration. J. Shellfish Res. 2017, 36, 79-86. [CrossRef]

2. Guo, X, Li, C.; Wang, H; Xu, Z. Diversity and Evolution of Living Oysters. |. Shellfish Res. 2018, 37, 755-771. [CrossRef]

3. Angel, C.L. The Biology and Culture of Tropical Oysters; ICLARM Studies and Reviews: Manila, Philippines, 1986; 42p.

4. Akele, G.D.; Montcho, S.A.; Chikou, A.; Mensah, G.A; Laleye, P.A. Traditional exploitation of edible freshwater oyster Etheria ellip-
tica (Lamarck, 1807) in Pendjari River (Benin-West Africa): Assessment of income, human pressure and options for management.
Int. J. Biol. Chem. Sci. 2015, 9, 246-258. [CrossRef]

5. DNAC. Plano de Maneio da Reserva Marinha Parcial da Ponta do Ouro, 1st ed.; Ministerio do Ambiente: Maputo, Mozambique,
2011; 66p.

6.  FAO. The State of World Fisheries and Aquaculture 2018—Meeting the Sustainable Development Goals; FAO: Rome, Italy, 2018.

7. Beck, M.\W,; Brumbaugh, R.D.; Airoldi, L.; Carranza, A.; Coen, L.D.; Crawford, C.; Defeo, O.; Edgar, G.J.; Hancock, B.;
Kay, M.C; et al. Oyster reefs at risk and recommendations for conservation, restoration, and management. Bioscience 2011,
61, 107-116. [CrossRef]

8.  Hoguane, A.M. Perfil Diagnéstico da Zona Costeira de Mocambique. Rev. Gestdo Costeira Integr. 2008, 7, 69-82. [CrossRef]

9. Barnes, D.K.A.; Corrie, A.; Whttington, M.; Carvalho, M.A.; Gell, E. Coastal shellfish resource use in the Quirimba Archipelago,
Mozambique. J. Shellfish Res. 1998, 17, 51-58.

10. Pereira, I.].E; do Nascimento, F.R. Avaliacdo dos Recursos Naturais na Ilha Da Inhaca (Oceano Indico, Mogambique): Primeira
Aproximagio. Bol. Goiano Geogr. 2016, 36, 307-325.

11.  Scarlet, M.PJ. Clams as a resource in Maputo Bay—Mozambique. Master’s Thesis, Department of Marine Ecology, Goteborg
University Sweden, Gothenburg, Sweden, 2013; 23p.

12.  De Boer, W.E; Prins, H.-H.T. The community structure of a tropical intertidal mudflat under human exploitation. ICES J. Mar. Sci.
2001, 59, 1237-1247. [CrossRef]

13.  De Boer, W.E; Pereira, T.; Guissamulo, A. Comparing recent and abandoned shell middens to detect the impact of human
exploitation on the intertidal ecosystem. Aquat. Ecol. 2000, 34, 287-297. [CrossRef]

14. Hwang, J.J.; Yamakawa, T.; Aoki, I. Growth of wild pearl oysters Pinctada fucata, Pinctada margaritifera and Pinctada sugillata
(Bivalvia: Pteriidae) in Taiwan. Fish. Sci. 2007, 73, 132-141. [CrossRef]

15. Mcdonald, S.; Essington, T.E.; Davis, J.P.; Galloway, A.W.E; Stevick, B.C.; Jensen, G.C.; Vanblaricom, G.R.; Armstrong, D.A.
Distribution, Abundance, and Habitat Associations of a Large Bivalve (Panopea generosa) in a Eutrophic Fjord Estuary. J. Shellfish
Res. 2015, 34, 137-145. [CrossRef]

16. Kalk, M. A Natural History of Inhaca Island, Mozambique, 3rd ed.; Witwatersrand University Press: Johannesburg, South Africa, 1995.

17.  Emanuelsson, A.; Isaksson, D. Inhaca Marine Biology Research Station Mozambique, Sweden. 2016. Available online: www.
globalreporting.net (accessed on 4 December 2022).

18.  Zar, ].H. Biostatistical Analysis, 5th ed.; Prentice Hall: Upper Saddle River, NJ, USA, 2010; p. 947.

19. Nrepo, M.A.A. Distribui¢ao, Abundancia e Avaliagao da Exploracdo Humana da Ostra de Areia (Pinctada imbricata) na Costa dos
Distritos de Inhassoro e Vilanculos, Inhambane. Bachelor’s Thesis, Departamento de Ciéncias Biologicas, Faculdade de Ciéncias,
Universidade Eduardo Mondlane, Maputo, Mozambique, 2011; p. 37.

20. Videira, E.J.S. A Exploragao, Crescimento e Ciclo Reprodutivo da Ostra Perlifera Akoya (Bivalvia: Pteriidae) num Banco de Ervas
Marinhas, Ilha de Bazaruto, Mogambique. Master’s Thesis, Universidade Eduardo Mondlane, Maputo, Mozambique, 2011; p. 67.

21. Al-Khayat, J.A.; Al-Ansi, M.A. Ecological features of oyster beds distribution in Qatari Waters, Arabian Gulf. Asian J. Sci. Res.
2008, 1, 544-561. [CrossRef]

22.  Yassien, M.H.; El-Ganainy, A.A.; Hasan, M.H. Shellfish fishery in the North Western part of the Red Sea. World |. Fish Mar. Sci.
2009, 1, 97-104.

23. Mackenzie, C.L., Jr.; Troccoli, L.; Leén, L.B. History of the Atlantic pearl oyster, Pinctada imbricata, industry in Venezuela and
Colombia, with biological and ecological observations. Mar. Fish. Rev. 2003, 65, 1-20.

24.  Armstrong, C.W.,; Falk-Petersen, J. Food for Thought—Habitat-fisheries Interactions: A Missing Link? ICES J. Mar. Sci. 2008, 65,
817-821. [CrossRef]

25.  Christo, S.W. Biologia Reprodutiva e Ecologia de Ostras do Género Crassostrea (Sacco, 1897) na Baia de Guaratuba (Parana—Brasil):
Um Subsidio ao Cultivo. Ph.D. Thesis, Tese Doutorado Em Ciéncias Biologicas- Zoologia, Universidade Federal do Parana,
Curitiba, Brazil, 2006; p. 146.

26. Frederick, P; Vitale, N.; Pine, B.; Seavey, J.; Sturmer, L. Reversing a rapid decline in oyster reefs: Effects of durable substrate on
oyster populations, elevations, and aquatic bird community composition. J. Shellfish Res. 2016, 35, 359-367. [CrossRef]

27. Filipe, O.J. Estado actual da ostra de areia Pinctada imbricata, na zona norte da Ilha do Bazaruto. Bachelor’s Thesis, Depar-
tamento de Ciéncias Biologicas, Faculdade de Ciéncias, Universidade Eduardo Mondlane, Maputo, Mozambique, 2006; 28p.
(In Portuguese).

28. De Boer, W.E; Blijdenstein, A.F; Longamane, L. Prey Choice and Habitat use of People Exploiting Intertidal Resources. Environ.

Conserv. 2002, 29, 238-252. [CrossRef]


http://doi.org/10.2983/036.036.0110
http://doi.org/10.2983/035.037.0407
http://doi.org/10.4314/ijbcs.v9i1.22
http://doi.org/10.1525/bio.2011.61.2.5
http://doi.org/10.5894/rgci11
http://doi.org/10.1006/jmsc.2002.1287
http://doi.org/10.1023/A:1009957409421
http://doi.org/10.1111/j.1444-2906.2007.01311.x
http://doi.org/10.2983/035.034.0117
www.globalreporting.net
www.globalreporting.net
http://doi.org/10.3923/ajsr.2008.544.561
http://doi.org/10.1093/icesjms/fsn092
http://doi.org/10.2983/035.035.0210
http://doi.org/10.1017/S0376892902000140

Life 2023, 13, 83 11 of 11

29.

30.

31.

32.

33.

34.
35.

36.

37.
38.

39.
40.

Haupt, TM.; Griffiths, C.L.; Robinson, T.B.; Tonin, A.F.G.; de Bruyn, P.A. The History and status of oyster exploitation and culture
in South Africa. J. Shellfish Res. 2010, 29, 151-159. [CrossRef]

Rius, M.; Kaehler, S.; McQuaid, C.D. The relationship between human exploitation pressure and condition of mussel populations
along the south coast of South Africa. S. Afr. J. Sci. 2006, 102, 130-136.

Tranter, D.]. Reproduction in Australian Pearl oyster (Lamellibranchia). I. Pinctada albina (Lamarck): Primary Gonad Development.
Aust. . Mar. Freshw. Res. 1958, 9, 135-146. [CrossRef]

Rao, G.S. Growth and biometric relationship of the Indian pearl oyster Pinctada fucata (Gould) under long term onshore rearing
system. . Mar. Biol. Assoc. 2007, 49, 51-57.

Tenjing, S.Y. Population dynamics of the edible rock oyster Saccostrea cucullate (Born, 1778) along the south-west coast of India.
Indian |. Fish. 2020, 67, 12-22. [CrossRef]

Gervis, M.H.; Sims, N.A. The Biology and Culture of Pearl Oysters (Bivalvia: Pteriidae); ODA /ICLARM: Manila, Philippines, 1992.
Gu, Z.; Wang, Q.; Fang, ].; Ye, N.; Mao, Y.; Shi, Y.; Wang, Y.; Wang, A. Growth of cultured pearl oyster (Pinctada martensii) in Li’an
Lagoon, Hainan Island, China. J. Shellfish Res. 2009, 28, 465—470.

Hartill, B.W,; Cryer, M.; Morrison, M.A. Estimates of biomass, sustainable yield, and harvest: Neither necessary nor sufficient for
the management of non-commercial urban intertidal shellfish fisheries. Fish. Res. 2005, 71, 209-222. [CrossRef]

Strayer, D.L. Challenges for freshwater invertebrate conservation. J. N. Am. Benthol. Soc. 2006, 25, 271-287. [CrossRef]
Carranza, A.; Defeo, O.; Beck, M. Diversity, conservation status and threats to native oysters (Ostreidae) around the Atlantic and
Caribbean coasts of South America. Aquat. Conserv. Mar. Freshw. Ecosyst. 2009, 19, 344-353. [CrossRef]

FAO. Aquaculture Development-Use of Wild Fishery Resources for Capture-Based Aquaculture; FAO: Rome, Italy, 2011; 81p.
Tamburri, M.N.; Luckenbach, M.W.; Breitburg, D.; Bonniwell, S. Settlement of Crassostrea ariakensis larvae: Effects of substrate,
biofilms, sediment and adult chemical cues. J. Shellfish Res. 2008, 27, 601-608. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.2983/035.029.0109
http://doi.org/10.1071/MF9580135
http://doi.org/10.21077/ijf.2019.67.1.82239-03
http://doi.org/10.1016/j.fishres.2004.08.032
http://doi.org/10.1899/0887-3593(2006)25[271:CFFIC]2.0.CO;2
http://doi.org/10.1002/aqc.993
http://doi.org/10.2983/0730-8000(2008)27[601:SOCALE]2.0.CO;2




diversity

Article

Gametogenic Cycle of the Oysters Pinctada capensis
(Sowerby I11, 1890) and Saccostrea cucullata (Born, 1778)
(Class Bivalvia) in Inhaca Island, Southern Mozambique:
A Subsidy for Bivalve Culture in the Region

Mizeque Mafambissa 1'*, Mery Rodrigues !, Torres Taimo !, Carlos Andrade 2(", Mats Lindegart 3

and Adriano Macia !

check for
updates

Citation: Mafambissa, M.;
Rodrigues, M.; Taimo, T.;

Andrade, C.; Lindegart, M.; Macia, A.
Gametogenic Cycle of the Oysters
Pinctada capensis (Sowerby III, 1890)
and Saccostrea cucullata (Born, 1778)
(Class Bivalvia) in Inhaca Island,
Southern Mozambique: A Subsidy
for Bivalve Culture in the Region.
Diversity 2023, 15, 361. https://
doi.org/10.3390/d15030361

Academic Editor: Bert W. Hoeksema

Received: 16 January 2023
Revised: 24 February 2023
Accepted: 24 February 2023
Published: 2 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Biological Sciences, Faculty of Science, Eduardo Mondlane University,

Maputo 1100, Mozambique

MARE—Marine and Environmental Sciences Centre/ ARNET—Aquatic Research Network, Agéncia Regional
para o Desenvolvimento da Investigagdo Tecnologia e Inovagdo (ARDITI), Caminho da Penteada Edif
Madeira Tecnopolo, 9020-105 Funchal, Portugal

Department of Marine Sciences-Tjarno, University of Gothenburg, 405 30 Gothenburg, Sweden

*  Correspondence: mafambissa82@gmail.com; Tel.: +258-845506211 or +258-823859302

Abstract: This study describes reproductive aspects of the Pinctada capensis (pearl oyster) and
Saccostrea cucullata (rocky shore oyster) in Inhaca Island, southern Mozambique (Western Indian
Ocean). Adult oysters were collected monthly over two years within seagrass banks for P. capensis
and rocky shore habitats for S. cucullata. The animals were evaluated using biometric and histological
analyses of the gonads. Of the total population, females were predominant among larger individuals
(>55 mm) and males were more dominant among smaller individuals (<55 mm) for both species. The
sex ratio was (1 M-1.5 F) for Pinctada capensis and (1 M-1.6 F) for Saccostrea cucullata. Five gonad
maturation stages were identified: indifferent, developing I, developing II, ripe and spent. The size at
first maturity was mm and 26.2 mm for pearl oysters females and males, respectively, whereas for
rocky shore oysters was 32.8 and 28.3 mm for females and males, respectively. We conclude that the
reproduction of S. cucullata and P. capensis occurs mainly in summer, with a short resting period in
winter, when many oysters are in the indifferent stage. These results provide valuable information to
fisheries for management of both species in the area.

Keywords: Maputo Bay; reproductive biology; mollusca; pear oyster; rocky oyster; Western Indian Ocean

1. Introduction

Opysters are key species for the ecology of coastal and estuarine areas [1]. They provide
important ecological services such as improving water quality, helping to stabilize the
coastline and protecting erosion by building their reefs, and they are also an important
product of fisheries and aquaculture in many countries [2]. These invertebrates are widely
distributed around the world. In tropical regions, oysters occur in rivers and coastal
areas, and most species occur in narrow bands or form dense banks at a tidal range where
desiccation, fouling and predation are minimized [3].

Although most of the biological aspects of tropical oysters are comparable to that of
temperate oysters, the effects of environmental factors on reproductive activity are not
well documented. The sex ratio in oysters may vary from species to species due to factors
such as organ age and genetic differences, and the gametogenic cycle could be influenced
by environmental parameters [4,5]. The development of the gametes is a process that
consumes a lot of energy depending on the nutrients obtained in the recent feeding or the
reserves accumulated during the period of reproductive rest [3].
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The reproduction activity of oysters can occur at any time of the year, greatly influenced
by the changes in water temperature and the availability of food [6]. Spawning is related to
water temperature fluctuations (25 to 30 °C), reaching a peak when temperatures are very
high [7]. Additionally, spawning cycles in bivalves are related to food availability, which
is often measured as seasonal variations in chlorophyll a or suspended particulate matter
(SPM) [8].

The most reliable method for evaluating the development of the reproductive cycle of
oysters is based on the histology of the gonads [9]. Histological methods categorize the
reproductive cycle of the oysters according to the characteristics of tissue cells observed
at different stages of gonadal development [10]. However, this type of analysis tends to
be subjective and should be used in conjunction with quantitative methods, such as the
condition index (CI), for a better assessment of the reproductive aspects [7,10].

Studies of the reproductive cycle, spawning periods, and occurrence of larvae of oyster
species are essential in understanding the population dynamic of wild stocks, a basic
requirement for the management of natural banks and application of conservation and/or
exploitation of commercial marine/food species [11]. Moreover, a better understanding of
the reproductive cycle of the native oysters and its relation to the environment is needed for
farming [12], as this will permit the development of more effective and efficient techniques
for the maintenance of the oyster and breeding conditions in the laboratory and for the
successful production of seed.

Among the oysters, the pearls oyster Pinctada capensis (G.B. Sowerby, 1890) inhabits
tropical and sub-tropical waters. This species is abundant along the western coast of Africa,
where it occurs associated with seagrasses beds in sheltered lagoons, channel, intertidal reef
platforms and other habitats [13]. Saccostrea cucullata (Born, 1778) has a wide Indo-Pacific
distribution, ranging longitudinally from East and South Africa [14], to the Pacific Islands,
and latitudinal from Japan [15] to Australia [16] and New Zealand [17]. This species is
abundant in the eastern African coast, where it forms a distinct band in the mid to upper
balanoid zone. Spawning has been reported to be continuous except for the monsoon time
in India, and continuous but peaked during the rainy season in East Africa [18].

In Mozambique, P. capensis is found in the Bazaruto Archipelago and Maputo Bay. It
thrives in shallow and relatively clear waters, generally fixed in substrates within seagrass
beds, at depths from 5 to 30 m [4]. S. cucullata is found in Pemba Bay, Palma and Mocimboa
da praia (northern Mozambique), Bazaruto Archipelago [19], Xai-Xai beach as well as in
Maputo Bay [20]. These species stand out due to the important role they play as a protein
source for local communities as well as in the use of shells in art craft. In Inhaca Island,
P. capensis is more important for the local community than S. cucullata, because its harvest
is higher as it is collected at more accessible sites [21].

Information on the reproductive activity of P. capensis and S. cucullata is not available
in Mozambique despite their biological and socioeconomic importance as a component of
benthic fauna in Inhaca Island. This paper is part of research on the population dynamics
of these oyster species in Maputo Bay aimed at providing information for possible use in
the development of oyster culture in the region. Therefore, the present study aimed to
report baseline information on their reproductive biology by investigating the reproductive
activity, sex ratio and its relation to size and size at first maturity.

2. Materials and Methods

This study was carried out in Inhaca island (latitude 26°07" S, longitude 32°56’ E),
which is located 32 km in front of Maputo City, Mozambique (Figure 1). The Island has a
total area of approximately 42 km? and is part of the Ponta de Ouro Marine Park. The area
mediates the shallow Maputo Bay and the open waters of the Indian Ocean, a transition
zone from a tropical to a sub-tropical climate with a rich diversity of both terrestrial and
marine ecosystems [22].
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There are two distinct seasons—the hot and rainy season (from November to April)
and the cold and dry season (from May to October)—with an average air temperature of
23 °C and a sea water temperature varying from 18 °C (July) to 32 °C (January) [18].
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Figure 1. Map illustrating the study area (Inhaca Island).

The eastern part of the Island is characterized by strong currents and waves while
the western part is more sheltered [23]. The tides are semidiurnal and have maximum
amplitudes of approximately 3.1 m in high spring tides [22]. During low tide, a large stretch
of beach is exposed, making it an interesting site for the collection of many invertebrates,
including oysters [23,24].

Two sampling sites were established in Inhaca Island based on occurrence and
accessibility: site I (Bangua) for P. capensis and site II (Ponta Torres) for S. cucullata
(Figure 1). Sampling was conducted monthly during spring tide, over a period of 2 years
(November 2016-December 2017 and January to October 2019) within seagrass banks
for pearl oyster P. capensis exposed during low tides (around 3 m deep in high waters)
and rocky shore habitats for S. cucullata. Data on seawater temperature throughout
the year were obtained from existing records (Asia Pacific Research Data Center Home—
http:/ /apdrc.soest.hawaii.edu/data/data.php accessed on 27 March 2020). Fifty specimens
of oysters from each species were randomly collected in the two defined sampling sites,
they were transported to the Ecology Laboratory, Department of Biological Sciences at Ed-
uardo Mondlane University and were kept in a freezer at 4 °C for further processing. In the
Lab, the oysters were cleaned, and shell length (SL) and shell width (SWi) were measured
using a digital caliper (precision of 0.001 mm), while total wet weight (TW), tissue weight
(TiW) and shell weight were weighed using a digital scale (precision of 0.001 g) [25].

The animals were classified histologically, according to the type of germ cells present in
their gonads, into males, females, hermaphrodites (in which both oocytes and spermatozoa
were found in the same individuals) and in sexual resting (in which no germ cells were
found in the gonads, making sex determination impossible), according to [26].

For all individuals, soft tissues were carefully separated from shells and washed in
distilled water. Both soft tissue and shells were put in an oven at 80 °C for 24 h and then
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weighed. The condition index (CI) was calculated individually as the ratio of dry weight of
soft tissues divided by the dry weight of shell x 100 using the following formula [27]

WS()ft tissue

total

CI =100 *

The reproductive condition of the oysters was verified on the basis of degree of devel-
opment and numerical density of the gametes, being determined by the examination of the
macroscopic appearance of the gonads and the microscopic examination of gonads tissue
smears. Due to a lack of external dimorphism, the shell valves were parted, and a subjective
estimation of gonad volume made. Gonad smears were examined at 100x magnification.
Each specimen was classified based on the presence or absence of mature or immature
germ cells according to the scale modified from [28] (Table 1). The sex ratio (expressed as
number of females per number of males F:M) was determined.

Table 1. Stages of gonadal development in oyster.

Stage Characteristics
Indifferent No gonad visible. This has two possible explanations—adults with recovering gonads after spawning
or immature juveniles
Developing I Gonad tissue visible, but it is very difficult to distinguish sex
. Gonad tissue are evident and sexes can be distinguished. Gametes are abundant, but the majority of the
Developing II . .
spermatozoids are hardly moving and pedunculated oocytes are present
Ripe Gonad with rapid moving spermatozoids or spherical oocytes
Spent Gonads are empty and thin. Coexistence of cells being reabsorbed and mature cells

To estimate the minimal size of first maturation, the relative frequencies of juvenile
(immature) and adults (mature) were distributed by length classes (4.5 mm interval) of
individuals in both sexes, analyzed separately. The minimum size at first maturation
corresponds to the size at which 50% of individuals are sexually active [21].

The data were adjusted to a dose-response model to determine the size at which at
least 50% of the individuals in the population can reproduce (L50). The data obtained were
adjusted to the following logistical curve:

P 1
- 1+exp[—r(L— Lsp)]

where P is the proportion of mature specimens in each class of shell length (SL), r is the
slope of the curve and Ls is the length of the first maturation [29].

Data Analysis

Data were grouped into size classes (4.5 mm SL) to detect variations in the sexual
proportion as a function of specimen size. Sex ratio data were pooled for the whole study
period. The chi-square test (X?) was used to determine differences in sexual proportions. In
order to identify seasonal trends in gonad development, each gonad stage (i.e., immature,
developing, ripe/mature and spent) was reported by size in proportion to the total catch of
oysters. Sizes at sexual maturity (SW5q) were estimated separately using the proportion of
specimens in each 4.5 mm SL size classes with mature gonads and only oysters considered
mature (the last developing stage) were used.

Data analysis was performed using SPSS software [30]. Normal distribution of the
data was tested using the Shapiro—Wilks test. The variance homogeneity was evaluated
using Cochran’s test.

Monthly averages of CI were calculated for each species. ANOVA, followed by Tukey’s
post hoc test [31], was used to confirm monthly critical differences in the reproductive



Diversity 2023, 15, 361 50f12

variables (CI). The results are presented as the means (£standard error) and the significance
level used for the tests was 5%. In addition, simple Pearson correlation analyses were used
to test whether monthly average CI could be related to variability in temperature.

3. Results
3.1. Sex Ratio

A total of 2400 individuals were collected during the study period, 1200 specimens
of P. capensis and 1200 specimens of S. cucullata. From all P. capensis sampled, 374 (31.2%)
specimens were males, 558 (46.5%) were females, 247 (20.6%) were indeterminate, while
21 (1.8%) had both sperm and eggs present in the gonad (Figure 2A). Bisexuality was not
common for this species. Additionally, these specimens showed no evidence that both
gonads were functional (i.e., intersexes). The sex ratio (male:females) for this species was
1:1.5. Statistically significant differences were found in the proportions of the overall sex
ratio (p < 0.05). For S. cucullata, 405 (33.8%) were males, 643 (53.6%) were females, 70 (5.8%)
undetermined and 82 (6.8%) had both sperm and eggs (Figure 2B). There was a greater
predominance of females than males for the overall samples during the study period. The
sex ratio (M:F) was 1:1.6 (1 M-1.6 F). Significant differences were found in the proportions
of the sex ratio (p < 0.001).

A

H Male Females H Male Females

Undetermined m Hermafrodite Undetermined B Hermafrodite

Figure 2. Proportion of males, females, undetermined sex and hermaphrodites of Pinctada capensis
(A) and Saccostrea cucullata (B).

The pear oyster sex ratio showed a clear dominance change from male to females with
increasing size classes. The majority of individuals <45 mm SL were males and female were
more common from 55-60 mm to upper size of 90-95 mm (Figure 3A). For rocky shore
oysters, the majority of individuals <40 mm SL were males. Above this size, the proportion
of females increased progressively, reaching 100% at the upper size classes (Figure 3B).
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Figure 3. Size frequency distribution of males and females of the species Pinctada capensis (A) and
Saccostrea cucullata (B) from Inhaca Island.
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3.2. Temperature and the Condition Index

Water temperature in this study area ranged between 21.5 and 23.6 °C in winter
and between 24.4 and 27.8 °C in summer. The highest value (27.9 °C) was recorded in
January 2019, whereas the lowest value (21.5 °C) was recorded in July 2017 (Figure 4).

S ,f’ 10

[1%]

Condition Index
Temperature

NIDIJ|FIMAIM J1|]J|A|5| 0 N|D JIFIM(AM| ] |1[A 5|0
2016 2017 2018 2019

S, cuculicta = =P, capensis Temperature

Figure 4. Monthly changes in temperature and the condition index of Pinctada capensis and
Saccostrea cucullata from Inhaca Island (sample size per month is 50).

Changes on condition index (CI) of the oyster P. capensis and S. cucullata are illustrated
in Figure 4. Condition index varied over the study period for both species. The major peaks
occurred in December 2016 and January 2017 and 2019 while a minor peak occurred in
July 2017 and 2019 for pear oyster. For the rocky shore oyster, a major peak was recorded
in January 2017 and February 2019 and the minor peak were recorded in May 2017 and
August 2019. Statistical analysis showed significant change in CI between the months over
the study period for P. capensis (ANOVA, F =7.12 p < 0.05) and for S. cucullata (ANOVA,
F =6.31 p < 0.05). Additional correlation analyses, showed that for both species, there
was a strong correlation between monthly average temperature and average CI (Figure 5).
Temperature explained 72% (p < 0.001) and 63% (p < 0.001) of the variability in CI for
S. cucculata and P. capensis respectively. This indicates that, despite some variability in
temperature and CI among years, the condition of both species is tightly linked to season
and temperature.

Overall, results obtained in this study indicate that a large proportion of the popu-
lation spawns in summer season with a peak from January to March and a minor peak
from October to December. The remaining period of the year is characterized by lower
proportions of population spawns for both species (Figures 6 and 7). During the winter
season from May to July, more s are in the indifferent stages; and from August, the oysters
begin to develop their gonad into developing stage 1. In the early warm season, when the
water temperature starts to increase, more oysters of both species are in developing stage 2.
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Pinctada capensis Saccostrea cucullata
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Figure 5. Correlation between temperature and the condition index (CI) of Saccostrea cucullata and
Pinctada capensis from Inhaca Island.
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Figure 6. Monthly frequency distribution of gonadal development stages (males and females com-
bined) of Pinctada capensis in Inhaca Island.
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Figure 7. Monthly frequency distribution of gonadal development stages (males and females com-
bined) of Saccostrea cucullata in Inhaca Island.
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3.3. Minimum Size at First Maturity

The relationship between the percentage of mature P. capensis and total shell length
(SL) for females and males is presented in Figure 8. Size at first maturation was 27 mm SL
and 26.52 mm SL for female and males, respectively. For S. cucullata, the minimum size at
first maturation was estimated as a size of 32.8 mm SL and 28.3 mm SL for females and
males, respectively (Figure 9).

Female Male

Lsp=26.52 mm

: 0 45 9 135 18 225 27 31.5 36 40.5 45 49.5 54 585 63 67.5 0 45 9 13518 225 27 31.5 36 40.5 45 49.5 54 585 63 67.5

Figure 8. Percentage of mature individuals and the total shell length (SL) for females and males of
Pinctada capensis from Inhaca Island.

Female Male
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0 45 9 135 18 22.5 27 31.5 36 40.5 45 49.5 54 585 63 67.5 0 45 9 135 18 225 27 315 36 405 45 495 54 585 63 675

Figure 9. Percentage of mature individuals and the total shell length (SL) for females and males of
Saccostrea cucullata from Inhaca Island.

4. Discussion

This study provides new and extensive information about several life-history charac-
teristics, in particular reproductive aspects of two common and important oyster species,
pear oyster Pinctada capensis and rocky shore oyster Saccostrea cucullata, in Inhaca Island in
southern Mozambique. This information can help contribute to a more sustainable use of
these valuable species in the area but may also be put in the perspective of similar species
in tropical and sub-tropical areas.

For example, in the sex ratios observed for both oyster species in this study, with
a predominance of females over males and the occurrence of hermaphrodites in natural
populations is consistent with what has been found in many other studies on oysters. This
includes a study [32] on Crassostrea gigas from Korea, a study [33] on Crassostrea rhiziphorae
from Guaratuba Bay, a study [34] on Crassostrea brasiliana from Guaratuba Bay, Brazil, a
study [35] on Pinctada radiata from northern Karkennah Island, Tunisia, a study [36] on
P. radiate and P. margaritifera from southwestern and a a study [37] on Saccostrea cucullata
from Maharashtra, India.

Similarly, females were larger than males, being more common in upper size classes of
shell length. The authors of [38] found that 39% of oysters of the species P. imbricata less
than 71 mm shell height were females but this ratio for oysters bigger than 70 mm was
reversed (66% females). This coincides with our results in which females outnumbered
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males for pear oyster above 55 mm and rocky shore oyster above 50 mm in shell length,
respectively. The authors of [2] used diocious and hermaphroditic C. gigas individuals to
determine the genetic control of the coexistence of protandric sex change and observed
different ratios of females. The ratio according to the authors was related to the age of
the animal: a significant proportion of the oysters matured first as males and changed to
females in later years (i.e., prontandrous hermaphroditism). Several authors suggested that
these sexual changes are known to be potentially related to food availability. The authors
of [8] suggested that good conditions will favor females, whereas bad conditions, or stress,
favor males.

The presence of gonads with both male and female gametes may indicate a pathologi-
cal finding. In this case, the animals were termed “intersex” (i.e., both reproductive systems
were not functional) by [32], a phenomenon that, according to the authors, was induced by
aquatic pollutants and chemical endocrine disruptors. These authors also suggested that
the increase in intersex individuals within a population could serve as a bioindicator of
environmental quality.

The lower proportion of males compared with females for both P. capensis and
S. cucullata poses no risk to population maintenance within the environment because,
according to [25], males may release gametes more frequently than females due to faster
gonadal recovery.

In the present study, values of the condition index (CI) for both oyster species varied
during the study period and over the year. This index, showed a tendency of increase with
rise of temperature and decrease in period of low temperature. Values of the Condition In-
dex (CI) can be indicative of the reproductive period or nutritional status of individuals [39].
In the summer (October-March), the increase in temperature increase the metabolic rate of
many invertebrates including oysters and consequently increasing their consumption of
microalgae and suspended particulate matter, contributing to the storage of energy in form
of glycogen, lipids and proteins that will be used for reproduction [40].

A high condition index in warmer seasons can be justified by the greater availability of
food that is obtained in this period. The authors of [41], in a study on the seasonal cycle of
planktonic communities on the Island of Inhaca, found that the concentration of nutrients
is higher in the warmer months (summer), a time when rain brings a greater flow of
nutrients through the rivers flowing into Maputo Bay. Following the peak of nutrients, the
authors of [41] also registered maximum values of chlorophyll-a in March, with a tendency
to decrease in the colder months. Many studies have attempted to explain the effect of
environmental parameters on gonadal development and reproduction of different species
of bivalve mollusks. Various factors such as temperature, salinity, and food availability in
the environment can affect the gametogenic cycle of bivalves [42].

Seasonal spawning activity observed in this study also correlates with observations of
recruitment of other species in other tropical and sub-tropical regions which peaks in the
summer, from February to April [43]. The reproductive activity of the oysters is affected
by the seasons and, therefore, by increases in seawater temperature. The observations
of temperature and histological data showed that oysters at the early development stage
first were found during the months when the temperature of seawater was close to 21 °C.
Animals in the late growing stage began to appear during October, when the average
temperature rose above 24 °C. As the temperature continued to rise from November
through March, oysters reached the mature and spawning stages. These events occurred at
the beginning and the end of this period, respectively. This information is consistent with
previous findings that the periods of gametogenesis of the same species may vary among
geographical areas [44]. Studies performed in different locations showed that the time
required for gametogenesis and for maturation of the sexual cells increase with latitude [45].

The results here obtained on the size at sexual maturity revealed that males of
P. capensis mature earlier at 26.5 mm SL compared to females at 27 mm SL and males
of S. cucullata also mature earlier at 28.3 mm SL compared to females at 32.8 mm SL, as
is generally the case for most oyster species [8]. Early maturity in males may confer ad-
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vantages in competition in egg fertilization from highly fecund females. This might be the
biological factor to ensure that all eggs are fertilized because of the protandrous situation
experienced by these species.

The results of the histological analysis demonstrated that oyster gametogenesis is
not continuous during the year and tends to be more intense in the summer periods
when seawater temperature rises and lower or absent during the winter when seawater
temperature drops. Here, we provided valuable baseline information in a wide plan
to decrease exploitation and introduce aquaculture practices, towards the sustainable
management and conservation of P. capensis and S. cucullata, and ultimately to ameliorate
people’s livelihoods.
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Abstract

Temperature and salinity are among the critical factors affecting the survival and growth of
bivalve larvae. The combined effects of temperature and salinity on the embryonic and lar-
val development of the rock oyster Saccostrea cuccullata (von Born, 1778) in culture conditions
were investigated in a laboratory study on Inhaca Island, Mozambique. A factorial experimental
design tested three temperatures (24, 30 and 84 °C) and three salinities (30, 35 and 40 parts
per thousand) over a seven-day period. Larval survival and growth (in height and length) were
assessed by regular sampling by counting and measurement of larvae under an optical micro-
scope equipped with a micrometric scale. Significantly higher larval survival was observed at
the combination of 30 °C and 385 salinity. However, the mid-range temperature (30 °C) and
highest salinity (40) resulted in faster growth of the larvae. The lowest temperature (24 °C) nega-
tively affected growth regardless of salinity level and survival decreased linearly with increasing
salinities. The present results will aid in the understanding of the environmental factors behind
the natural recruitment of spat of S. cuccullata and contribute to the optimization of rearing
protocols for the larval culture of this oyster species.

Keywords: temperature, salinity, rock oyster, larvae, growth, survival

Introduction

depth, where it is usually attached to rocks, roots and

The rock oyster Saccostrea cuccullata (Born, 1778) is a
widely distributed species in the Indo-Pacific and
Eastern Atlantic Oceans and has been introduced into
the Eastern Mediterranean Sea (Cevik et al., 2001).
S. cuccullata is an intertidal species mainly found in
brackish water environments between 0 and 5 m

trunks of mangrove trees and on pier piles (Dye et al.,
1994; Carpenter et al., 1997; Poutiers, 1998). The rock
oysters are a popular food consumed throughout its
distribution area, but the overexploitation of their
natural beds is reducing the catches in different coun-
tries, including South Africa (Dye, 1989), Kenya (Tack,
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1999), Mozambique (Everett, 2008) and India (Ten-
jing, 2020). In Bangladesh, the decline of the rock
oyster beds is leading to the collapse of breakwater
reefs (Chowdhury, 2019). It is widely acknowledged
that shellfish reefs provide relevant ecosystem ser-
vices such as coastal protection, nursery grounds to
enhance fisheries production, contributing to blue
carbon capture, and pollutant removal and detoxifi-
cation (Nagelkerken et al., 2015; Waltham ef al., 2020).

S. cucculata is also an interesting species for aquacul-
ture purposes due to its high commercial value, tol-
erance to extreme environmental conditions and fast
growth. Most recent research and development efforts
on S. cuccullata have focused on improving rock oys-
ter natural populations through the development of
improved substrates for spat collection and juvenile
growth (Racuyal et al., 2016; Chowdhury, 2019).

However, the culture requirements for S. cuccullata
during their early life stages are poorly known, which
seems to be a major bottleneck for the development
of the culture of this species. Major advances thus far
on the larviculture of S. cuccullata were the production
of embryos (Awati and Rai, 1931), and the description
of the embryological development and suitable tem-
perature and salinity conditions for the production of
straight-hinge veliger larvae (Kalyanasundaram and
Ramamoorthi, 1986). Sukumar and Joseph (1988a,
1988b) provided a general insight on the natural
breeding cycle of S. cuccullata, including gonadal mat-
uration and the description of the factors influencing
the spawning cycle. Recently Thanormjit et al. (2020)
characterized the gametes and early development of
S. cuccullata.

Temperature and salinity are major environmental
factors that affect the survival and growth of bivalve
molluscs during early life stages (Robert et al., 1988).
Considering the natural occurrence of S. cucculata in
the intertidal zone, where environmental parameters
are likely to reach extreme values, the current research
tested a range of water salinity and temperature com-
binations to evaluate the most suitable conditions for
larval culture of the rock oyster.

Materials and methods

Breeding and experimental animals

Adult specimens of S. cuccullata were collected man-
ually with a concave iron tool during low spring tide
on the rocky shores of Ponta Torres (32° 57 * S, 26°
4’ E) on the island of Inhaca (Maputo, Mozambique).
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Only specimens larger than 20 mm were selected
(Nascimento and Pereira, 1980; Dang et al., 2010).
During collection, water temperature (26.5 + 1.0 °C)
and salinity (35.5) were measured. The oysters were
placed in a waterless plastic bucket and capped with
Rachel mesh to minimize sunlight stress and brought
to the Inhaca Marine Biology Station (EBMI).
At EBMI, the oyster shells were cleaned using a nylon
brush and a knife, washed with distilled water and
transferred to a 50 L aquarium with natural seawater
at constant temperature (25 * 2 °C) and salinity (40).
Aeration was continuous and illumination was based
on natural light and photoperiod.

Ten oysters were randomly selected and their valves
were opened through the sectioning of the adduc-
tor muscle (Legat et al., 2017; Santos et al., 2020;
Thanormjit et al., 2020). The oysters were then
washed with filtered (1 pm) and UV-treated seawater to
remove microorganisms lodged in the inner layer of
the valves. The sex of oysters was identified by gonad
biopsy using an optical microscope (Olympus model
CK40; magnification of 40 x).

The gonadal tissue was cut with a scalpel and the gam-
etes were collected using a Pasteur pipette. They were
then transferred to a 100 mL beaker (male gametes)
and a 1 L container (female gametes) filled with filtered
(1 pm) and UV-treated seawater (Absher et al., 2000).
The viability of the gametes was examined under the
microscope, i.e., the sperm cells were mobile and the
shape of the oocytes became spherical 20 min after
being exposed to water. In vitro fertilization was per-
formed adding 2.5 mL of the sperm solution in 1 L
of oocyte suspension. Through microscopic observa-
tions, the necessary adjustments were made to estab-
lish a ratio of about 8 to 5 spermatozoa for each female
gamete to avoid polyspermy. Of the 10 sacrificed adult
oysters, only four females and two males were used to
obtain the required number of gametes for use in the
experiment. Each female contained on average 5 to
10 million eggs and males about 2 million sperm. For
fertilization, gametes (spermatozoa and oocytes) were
evaluated through microscopic examination accord-
ing to Helm (2004): mature gametes were considered
all ovules normally pear-shaped when removed for
the first time and round-shaped in contact with sea
water within 20 minutes; the sperm was considered
mature when it was motile. Embryos of approxi-
mately 40-45 pm were transferred to a 10 L tank filled
with 5 L of filtered (1 pm) and UV-treated seawater
with moderate aeration at the density of 204 embryos
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mL, estimated using an optical microscope by count-
ing the embryos present in 1 ml. The temperature was
set at 28 °C with the use of thermostats (Dophin 50W).
The embryos remained under these conditions until
the appearance of D-larvae 24h after fertilization.
Since the time required to reach the D-larvae stage
was previously unknown, the stages of embryonic and
larval development were observed every five minutes.

Experimental design

Twenty-seven culture tanks each containing 5 L of fil-
tered (1 pm) and UV-treated seawater were prepared
about 24 hours after fertilization. Larvae were reared
in the combinations of three temperatures (24, 30 and
34°C) and three salinities (30, 85 and 40), each with
three replicates. The D-larvae were directly trans-
ferred to those experimental treatments in three rep-
licates per combined temperature x salinity. Approx-
imately 25,000 D-larvae were transferred to each
culture tank at an initial density of 5 larvae mL". Water
volume in each tank was maintained at 5 L. The salin-
ities of 85 and 30 were obtained by diluting seawater
(salinity 40) with distilled water. Moderate aeration
was provided using air stones. Every 48 h, tank bot-
toms were siphoned (50 % water volume exchange) to
ensure good water quality. To avoid the elimination
of live larvae as well as to select the largest diameter
larvae, 60 and 40 pm overlapping meshes were used
(smaller mesh over the larger one). A density of 400
cells mL"! of the microalgae Isochrysis galbana was pro-
vided daily to the D-larvae. A reduction of 50 % on
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the number of microalgae was provided in the days
when no water was exchanged. Microalgal density was
estimated daily with a Neubauer chamber. Growth
was measured daily by sampling 30 larvae accord-
ing to Hillerbrand et al. (1999). An optical microscope
equipped with an ocular micrometric scale (Olym-
pus CK40) was used to measure height (maximum
distance between the dorsal and ventral regions) and
length (maximum distance between the anterior and
the posterior regions) (Hu et al., 1993). The mean (*
SD) initial length and height of the larvae were 50.28
+0.30 pm and 51.30 * 0.25 pm, respectively. Survival
was estimated as the number of larvae alive at the end
of the experiment in relation to the initial number.
Transparent larvae, which presumably indicated the
absence of tissues, were considered dead (Ponis et al.,
2003). The trial lasted seven days. The data obtained
on length, height and survival of oyster larvae were
initially tested for normality and homogeneity of var-
iances by the Kolmogorov-Smirnov (distance) test and
the Spearman’s test, respectively. The data presented
a normal distribution and homogeneous variances
(p<0.05), therefore they were later submitted to para-
metric tests. A two-way analysis of variance (ANOVA)
was used to verify the influence of temperature and
salinity on larval growth and survival. If there were
significant differences, the Tuckey test was applied for
detailed comparison of the differences (Zar, 2010).
A significance level of 5 % (a=0.05) was adopted. Sta-
tistical treatment was carried out with the aid of the
GraphPad Prism V. 8.01.
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Figure 1. Means (+ standard deviation) of length of larvae of the rock oyster, Saccostrea cuccullata, reared at
combinations of temperature (24, 30 and 84 °C) and salinity (80, 35 and 40) for seven days. Lowercase letters
represent comparison between salinities for the same temperature and capital letters represent comparison
between different temperatures for the same salinity (p < 0.05).
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Results

Five minutes after the sperm solution was added to
the oocyte suspension, sperm cells were observed sur-
rounding the oocytes. The polar bodies were visible
after 20 minutes. The different stages of embryonic
development (2, 4, 8, 16 cells, the morula and blas-
tula stages) were all observed within 2 h after fertili-
zation. Trocophora larvae were observed 16 h after
fertilization and were characterized by the presence
of cilia and circular movements. The D-veliger stage
appeared 24 h after fertilization and was characterized
by the formation of the D-shaped larval shell.

At the end of the 7 day-long trial, means (+ SD) of
length (Fig. 1) and height (Fig. 2) of larvae after expo-
sure to the different combinations of salinity and
temperature were significantly different with ANOVA
F,i5 = 6647, p <0.0001 for length and F, , = 380.5,
p < 0.0001 for height. The largest larvae (117.30 +
0.36 pm length and 125.08 + 0.38 pm height) were
observed at 80 °C x 385, while the smaller ones (53.30
+ 0.86 pm length and 54.69 + 0.40 pm height) were
those from treatment 24 °C x 30. The differences in
survival rates among treatments were also significant
(Fig. 3) with ANOVAF o = 1309, p <0.0001. The mean
(+ SD) survival ranged from 26.4 + 0.4 % in treatment
24 °C x 80 to 35 salinity to 78.2 + 0.2% in treatment 34
°C x 35 salinity. The highest survival was observed at
34 °C x 35 salinity. All treatments at 24 °C resulted in
significantly lower survival rates.
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Discussion

The present study suggests that S. cuccullata larvae can
grow well at 30 °C temperature x 35 salinity to obtain
largest larvae, however to obtain higher survival of
larvae, they must be grown at 34 °C temperature x 35
salinity. The temperature of 80 °C is well above the
average annual temperature of 25 + 1 °C for the brood
stock collection area at Inhaca Island, where (according
to Kalk, 1995) the highest average is 27.5 °C and the low-
est 21.7 °C. The mean salinity levels at Inhaca are 33 + 2
(de Boer et al., 2000) with a range from 32 to 42 (Pinto,
1996). This confirms the findings of Kalyanasundaram
and Ramamoorthi (1986) that S. cuccullata larvae toler-
ate a wide temperature and salinity variation though
with different growth and survival trends.

Temperature and salinity are among the main envi-
ronmental factors affecting the growth (Robert ef al.,
1988; His et al., 1989; Manoj Nair and Appukuttan,
20083) and survival of bivalve larvae (Yuan et al., 2016;
Verween et al., 2007; Manoj Nair and Appukuttan,
2003; Robert et al., 1988). In this study, embryos and
larvae reached all developmental stages defined by
Kalyanasundaram and Ramamoorthi (1986). However,
due to the distinct culture conditions of the treat-
ments, the life stages were reached at different times.

The highest larval growth was observed at salin-
ity 85, coinciding partly with the results obtained by
Kalyanasundaram and Ramamoorthi (1986) which
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Figure 2. Means (+ standard deviation) of height of larvae of the rock oyster, Saccostrea cuccullata, reared
at combinations of temperature (24, 30 and 34 °C) and salinity (30, 35 and 40) for seven days. Lowercase
letters represent comparison between salinities for the same temperature and capital letters represent
comparison between different temperatures for the same salinity (p < 0.05).
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Figure 3. Percentage of survival of rock oyster, Saccostrea cuccullata larvae reared at combinations of tem-
perature (24, 30 and 34 °C) and salinity (30, 35 and 40) after seven days. Lowercase letters represent
comparison between salinities for the same temperature and capital letters represent comparison between

different temperatures for the same salinity (p < 0.05).

reported good larval development of S. cuccullata at
salinities from 20 to 35. In contrast, Sudrajat (1990)
determined an optimum salinity of 25 for embryonic
development of S. cuccullata. In general, oyster lar-
vae tolerate a wide salinity range between 25 and 40
(Lemos et al., 1994). However, this study showed that
salinity affects the growth of S. cuccullata larvae, being
the lowest at salinity 30. It may be possible that osmotic
disturbances lead to energy allocations that ultimately
impair other functions such as growth (Deaton, 2008).
Temperature is regarded as the most important envi-
ronmental factor influencing bivalve culture (Robert
etal.,1988; Helm et al., 2004). Temperature increments
accelerate the growth of oyster larvae (Doround et al.,
1999). The highest growth recorded here at 80 °C sup-
ports previous observations by Kalyanasundaram and
Ramamoorthi (1986) that larval growth of S. cuccullata
is higher at 30 °C. Yukihira et al. (2000) reported that
the influence of temperature on the metabolism and
physiological processes of oysters creates an optimal
temperature range for each species providing a maxi-
mum rate of growth as well as survival. In fact, a sim-
ilar trend was observed in the present study, where
the maximum temperature tested (34 °C) resulted in
reduced larval growth.

The greatest survival (78 %) obtained at the com-
bination of salinity 35 x 84 °C, was higher than the
one from the microalgae feeding experiments by
Martinez-Fernandez and Southgate (2007) in Pinctada
margaritifera with 70.5 %. It was also greater than the
50 % larval survival obtained by Mafambissa (2009)

for Crassostrea rhizophorae. Other oyster species such
as Crassostrea gigas have shown higher larval survival
rates of up to 87 % (Ponis et al., 2008).

The results from this study are in partial agreement
with Nell and Holliday (1988) who reported higher
larval survival of S. commercialis in salinities ranging
between 23 and 89. However, the current results dif-
fer from those obtained by Coeroli et al. (1984) where
they reported higher survival of Saccostrea echinata lar-
vae at salinities ranging from 25 to 80 and tempera-
tures from 25 to 29 °C. Heral and Deslous-Paoli (1990)
demonstrated that C. gigas larvae tolerate higher salin-
ities (from 45 to 50) with significant mortality above
50. These differences reflect the genetic variability
among different species of oysters and their high
adaptability to different environmental conditions.
The lowest larvae survival in the present study (26.4 %)
was achieved at salinity 40, suggesting this is a thresh-
old salinity level for S. cucculata larvae.

All treatments at 24 °C resulted in significantly lower
survival rates. This seems to be the lower tempera-
ture limit tolerated by the larval stages of this species.
Another factor to consider is the abrupt submission
of the larvae to low temperatures without any previ-
ous acclimation, which may have caused a thermal
shock and contributed to a decrease in survival rates.
Opposite to what was previously reported by Kent
et al. (1999), the fertilization method used here was
very effective as high survival of larvae was observed
in treatments where appropriate environmental



conditions were provided. Together with the opti-
mal water salinity and temperature for larval rearing
established here, this may contribute to the further
development of the culture of S. cuccullata. These find-
ings related to the environmental variable thresholds
for S. cuccullata larvae are relevant for future studies
on recruitment, as well as to evaluate the direct impact
of global warming on this species.
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ARTICLE INFO ABSTRACT

Keywords: Temporal and spatial variation in oyster larvae settlement is a crucial factor determining the abundance and
P. capensis success of adult populations in their natural environment. The overall understanding of oyster recruitment
5. C“Cf‘llam provides information on site selection and strategies employed for obtaining spats for oyster culture. In this
;e:;z;n‘]‘;r; study, spat of Pinctada capensis and Saccostrea cucullata were collected from four selected sites in a sub-tropical

setting at Inhaca Island, Southern Mozambique during an experimental period of 8 months to assess the effect of
different factors (season, duration and surface) on spat settlement and abundance. Ceramic tiles were deployed
as artificial substrates from the surface to 5 m depth. They were replaced monthly. Overall, settlement on
ceramic tiles was higher for S. cucullata than for pearl oyster P. capensis. There was a tendency for higher numbers
of spat settling during the summer than winter for both species. For both species larger numbers of recruits were
found on tiles deployed for four months than for two months and on the roughly textured surfaces compared to
smooth. The results have also indicated that the ceramic tiles could be used as substrate for rocky shore oyster

Artificial collectors
Tropical habitat

S. cucullata settlement in the late summer.

1. Introduction

The life-history of bivalves involves a reproductive phase, in which
gametes or larvae are released into the water, disperse and then settle
within hours, days or weeks depending on species and larval feeding-
mode (Dame, 2016). Natural populations of bivalves can be sustain-
ably harvested, on the condition that there is a supply of larvae and that
enough larvae settle, metamorphose, survive and are recruited into the
adult, reproductive part of the population (e.g. Underwood and Fair-
weather, 1989; Chavez-Villalba et al., 2022). Settlement of marine bi-
valves is a complex process influenced by the physical and chemical
characteristics of available substrates and environmental factors such as
water temperature, light intensity and currents (Dame, 2016; Ruwa and
Polk, 1994). Although many bivalve larvae can actively select or reject a
particular surface for settlement, it is clear that the process of recruit-
ment is also largely determined by external factors that are beyond the
control of the individual larva, such as currents and availability of
suitable habitat. (Anderson and Underwood, 1994).

Oysters are a diverse (paraphyletic) group of bivalves, which in-
cludes the families Osteridae (true oysters) and Pteriidae (pearl oysters).
Historically these families are valuable resources to coastal communities
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as both nutritious and accessible food, but also for decoration and as a
sign of social status (Michaelis, 2020). Because stocks of oysters are
limited and often threatened, efforts to enhance natural populations or
to cultivate are a growing business in developing as well as industri-
alised countries in different parts of the world (FAO, 2014; Zhu et al.,
2019). Oyster spat, i.e., settled and metamorphosed juvenile oysters,
represent the main supply for oyster culture. These can sometimes be
purchased from specific hatcheries that produce spat but are often
extracted directly from natural banks or obtained using artificial col-
lectors introduced in the natural environment for their recruitment
(Martinez-Fernandez et al., 2003). Within bivalve aquaculture, spat
collection with artificial substrates is quite widespread and many
traditional oyster producers, as in some regions of Italy, France, China
and Japan, still depend to some degree on capturing spat from artificial
substrates (Funo et al., 2019). The collection of wild spat is critical to the
success of the culture of many commercial bivalves. Attachment to
substrate by bivalve larvae is not a completely random event and larval
metamorphosis requires the availability of a suitable substrate to occur
(Martinez-Fernandez et al., 2003; Zhu et al., 2019).

The production of spat in hatcheries is a more delicate and laborious
process. It requires appropriate facilities, good water quality, production
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of microalgae for live feed, good maintenance of the systems and a
highly qualified workforce. Hatchery production is justified when the
capture in the natural environment is insufficient to meet production
targets, when the species to be cultivated is of high value, or when it is
an exotic species, as is the case of the Pacific oyster Crassostrea gigas
(Martinez-Fernandez et al., 2003). Due to the difficulty and high cost of
spat production in hatcheries, the culture of native oysters in many
coastal areas in developing countries depends on spat recruited from the
natural environment using artificial collectors (Castilho-Westphal et al.,
2015).

Oyster farming can represent opportunities for income and
employment, contributing to the improvement of community living
conditions and for preservation of oyster populations in the wild. Pro-
duction and growth of oysters from early to adult life stages have been
carried out in several countries for the purpose of replenishing natural
stocks in the wild (Zhu et al., 2019). In oyster cultures, a variety of
materials have been used for collection of oyster spat. These include
bivalve shells, hood, granite, concrete, fiberglass, rope, PET bottles and
PVC material (Taylor et al., 1998). Many collectors have been consid-
ered inadequate because they are expensive, difficult to build or made of
non-durable material, or due to difficulties in removing young oysters
from the material. A suitable material for spat collectors must be
economically accessible, biologically acceptable and environmentally
favourable (Soniat and Burton, 2005). In general, rough surface sub-
strates seem to be more attractive for larval settlement than smooth
surfaces. Similarly, poorly illuminated surfaces are generally preferred
to clear or illuminated surfaces (Taylor et al., 1998; Doroudi and
Southgate, 2002).

For benthic invertebrates in general, it has been shown that specific
chemicals associated with collectors can induce settlement and meta-
morphosis of oyster larvae (Crusot et al., 2021; Taylor et al., 1998). For
example, biofouling on the surface of collectors by certain bacterial
colonies positively influenced larvae settlement. Furthermore, encour-
aging the growth of diatomaceous films on the collectors’ surface
increased the settlement and early growth of some bivalve species
(O’Foighil et al., 1990; Fogarty et al., 1991). A species-specific under-
standing of how the design and surface properties of collectors influence
settlement and post settlement survival is important for optimisation of
spat collection in the field or production in hatcheries.

In coastal areas of Southern Mozambique, such as on the Inhaca Is-
land, two species of oysters are common: the pearl oyster Pinctada
capensis (Sowerby III, 1890) and the rocky shore oyster Saccostrea
cucullata (Born, 1778). Reproduction in these species is greatly influ-
enced by changes in water temperature and can occur at any time of the
year. Results obtained on Inhaca Island indicate that a large proportion
of the population in both species spawns in summer with a peak from
January to March and a minor peak from October to December. A lower
proportion of the population spawns throughout the remainder of the
year in both species (Mafambissa et al., 2023). While the pearl oyster is
commonly exploited for local consumption, the rocky shore oyster is
valued and sold in other localities of Southwestern Africa. In this region,
however, it is very difficult to exploit naturally growing oysters due to
their very strong attachment to rocky surfaces. Development of suitable
artificial collectors could provide opportunities to also utilize S. cucullata
for human consumption. The pearl oyster populations, at Inhaca Island
in particular, have suffered great reductions in abundance and size
(Mafambissa et al., 2022). Despite the high commercial value of the
oysters occurring at Inhaca Island (De Boer et al., 2000), studies to un-
derstand oyster settlement and recruitment in Mozambique are
non-existent. More reliable knowledge about levels of recruitment and
habitat preferences in a local context is critical for future attempts to
restore and manage natural populations as well as for developing local
practices for aquaculture.

To address these knowledge gaps, we have studied seasonal patterns
of spat recruitment and growth in different habitats at Inhaca Island. The
purpose of the study was to evaluate the potential of using artificial
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collectors for settlement of the two native oyster species P. capensis and
S. cucullata for future culture of these species that can reduce pressure of
collection in the field. More specifically, we assess the effect of season,
site and surface of tile on the recruitment potential of these oysters in the
selected areas (two areas for each species) at Inhaca Island.

2. Materials and methods
2.1. Study area

The study was carried out in the vicinity of the Marine Biology Sta-
tion (EBMI) on Inhaca Island (latitude 26°02’S, longitude 32°56’E),
located 32 km east of Maputo City, Mozambique (Fig. 1). The island has
a total area of approximately 42 km? and is part of the Ponta de Ouro
Marine Park. It is located on the border between the shallow Bay of
Maputo and the open waters of the Indian Ocean in a sub-tropical
climate, which creates a rich diversity for both terrestrial and marine
ecosystems (Kalk, 1995).

There are two distinct seasons: the hot and rainy season (from
November to April) and the cold and dry season (from May to October)
with an average air temperature of 23 °C, and the sea water temperature
varying from 18 °C to 32 °C (De Boer and Prins 2002). The eastern part
of the island is characterized by strong currents and waves while the
western part is more protected (Emanuelsson and Isaksson, 2016). The
tides are semidiurnal and have maximum amplitudes of about 3.1 m in
high spring tides (De Boer et al., 2000; Kalk, 1995). During low tide, a
large stretch of beach is exposed making it an interesting site for the
collection of many invertebrates, including oysters (Emanuelsson and
Isaksson, 2016).

2.2. Experimental design

Settlement tiles were deployed at four sites with known occurrence
of adult oysters (Mafambissa et al., 2022). Two sites with seagrass
meadows, Bangua and Sangala, were selected due to the occurrence of
the pearl oyster Pinctada capensis and another two sites, EBMI and Ponta
Torres, were selected due to the occurrence of the rocky shore oyster
Saccostrea cucullata (Fig. 1).

The settlement collectors consisted of quadratic ceramic tiles
measuring 269 cm?, one side with a smooth surface texture and the
other with a rough texture. Collectors were deployed in the seagrass
meadows attached with iron poles at five-meter intervals along line
transects up to 2 m deep (Fig. 2). The rocky shores at one site (EBMI)
were frequently covered by a thin layer of mobile sediments (1-2 cm).
Therefore, prior to deployment, the bottom was probed using an iron
pole to ensure placement onto hard substrate.

Measurements of number and size of spat were performed in two
seasons, starting in the late summer (January-April) and late winter
(July — October). In each season, 40 collectors were deployed at each of
the four sites, totalling 160 tiles. At intervals of 1, 2, 3 and 4 months, 10
tiles were collected from each site. The 10 collectors removed monthly
at each site were used to evaluate the number of oysters settled and
mortality. Tiles collected after 1 month in summer and winter were not
processed due to lack of macroscopically visible settlement. At the end of
the experiment, the size of oysters (hinge length) was measured to assess
growth. For size measurement, only tiles collected after 3 and 4 months
were considered. In the laboratory, the ceramic tiles were stored in chest
freezers until processed and archived. Samples were examined at 20X
using a NIKON Stereoscope to identify and quantify spat. Spat abun-
dance was validated when two consecutive counts agreed within 5%.
The presence of other fouling organisms such as mussels, gastropod,
barnacles and others was also counted.

2.3. Data analysis

Settlement patterns were analysed using multifactorial analyses of
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Fig. 2. Deployment scheme of the tiles in the field.

variance (ANOVA) and Student-Newman-Keuls test (SNK) as post hoc and the package GAD (Sandrini-Neto and Camargo, 2023).
test of means using procedures described in Underwood (1997). Because

overall densities varied strongly among locations, effects of season 3. Results
duration, surface texture and interactions among those fixed factors
were analysed separately for each location. To achieve homogeneity of 3.1. Settlement
variances by Cochran tests (P<0.05), all settlement data were log
(X+1)-transformed and normality was assessed graphically using re- 3.1.1. Saccostrea cucullata
sidual plots. All analyses were performed using R (R Core Team, 2022) Settlement of S. cucullata was highly variable between the two sites
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Fig. 3. Number (mean=se) of settled S. cucculata and measured temperature at EBMI and Ponta Torres in different seasons, durations and surface texture (note the
different scales on y-axes).
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EBMI and Ponta Torres (Fig. 3). At all sampling dates, the number of
oysters per tiles was 1-2 orders of magnitude larger at EBMI (largest
density & 110 per tile after 4 months on rough tiles in the summer) than
at Ponta Torres (largest density ~ 5.5 per tile after 4 months on rough
tiles in the winter).

Despite large differences in overall settlement/recruitment between
the two sites, the responses to experimental factors were qualitatively
similar (Table 1). Larvae of S. cucculata settled more extensively on
rough surfaces in both sites. At EBMI seasonal differences were larger
and therefore the differences between rough and smooth surfaces were
larger in the summer than in winter (Fig. 3). Thus, at EBMI there are
interactive effects between season and surface which are not observed at
Ponta Torres where the effect of surface is relatively consistent among
seasons (Table 1). Furthermore, there was a significant effect of duration
at both sites meaning that tiles deployed for 4 months always had higher
abundances than those collected after 2 months. The difference in
duration varied among sites and surfaces, and the mean abundance after
4 months was ~10 times higher than after 2 months.

Pinctada capensis. Both average settlement and difference between
sites was generally smaller for P. capensis than that of S. cuccullata
(Fig. 4). The largest average densities (2-3 per tile) were observed after
4 months on rough surfaces in the summer at both sites. Similarly to
S. cucculata, analyses of variance revealed significantly larger settlement
on rough surfaces than on smooth (Table 2).

As reported previously for S. cucullata larvae, the responses to
experimental factors were also qualitatively similar for P. capensis larvae
(Table 2). Larvae settled more on rough surfaces in both sites. At Sangala
there were interactive effects between duration and surface which were
not observed at Bangua where the effect of surface was relatively
consistent among seasons (Table 2). There was also a difference in the
number of larvae of P. capensis settled after 2, 3 and 4 months in the
summer at both sites but only at Sangala in the winter. (Fig. 4).

3.2. Size

The sizes of oyster spat recorded after 3 months and at the end of
experiment are shown in Table 3. The largest size of spat attained for
S. cucullata at the end of the experiment was 5.8 mm with an average of
3.6 mm. The largest size recorded for P. capensis was 7.6 mm with
average of 5.01 mm. The relative variability in size, measured as coef-
ficient of variation (CV = standard deviation / mean), was generally 20 —
30%. For P. capensis there was a tendency towards more homogeneous
size after 4 compared to 3 months of the experiment while for
S. cucullata the relative variability in size was quite similar in both
months of measurement. Overall, growth rates were 40-50% greater for
P. capensis and both species tended to have increasing growth rates the
longer the duration.

Table 1
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4. Discussion

This study provides new, valuable information about the recruit-
ment, growth and potential benefits of collection of the native rock
oyster Saccostrea cucullata and the pearl oyster Pinctada capensis on
inexpensive and readily accessible artificial tiles. The major findings
showed that (1) S. cucullata recruited in larger densities (up to ~100 per
tile) than P. capensis (up to ~3 per tile), (2) both species recruited at
larger densities on the roughly textured side in the tiles than on the
smooth, (3) despite settlement of both species in both seasons, spat
recruited in greater numbers in the summer than in the winter, (4)
substantially larger number of recruits were found on tiles deployed for
four months than for two months, and (5) growth rates were ~50%
greater for P. capensis than for S. cucullata during the first four months.
Overall, this work confirms that deploying these types of tiles for as little
as four months could be an efficient way to collect large numbers of
S. cucullata as well as P. capensis spatin their respective habitats. Apart
from the applied aspects, these results also improve our understanding
of spatio-temporal patterns and processes affecting the two species of
oysters.

First, even though we deployed tiles of standardised size, shape and
texture, there were large differences among sites, particularly for
S. cucullata (Fig. 3). This illustrates the complexity of the recruitment
process and the dependence on external environmental factors. Thus,
the high settlement rate attained at EBMI in late summer compared to
that recorded at Ponta Torres for S. cucullata could be related to different
environmental conditions in these sites. Collectors deployed at EBMI
remained immersed throughout most of the sampling period. This may
have favoured the recruitment of oysters where wave-exposure is less
intense and where the collectors were exposed only in spring and pe-
riods of low tide. Buitrago and Alvarado (2005) limited the encrusting
organisms by exposing the collectors out of the water for at least 3 hours
each week and suggested that studies should be done to determine the
effectiveness of different periods of emersion of the collectors. On the
other hand, lower settlement rate was recorded in summer than in
winter at Ponta Torres on rough surfaces and at 4 months. However, it is
also possible that differences among seasons and sites were caused by
more complex mechanisms involving interspecific competition. For
example, competition could arise from barnacles, which were more
abundant at Ponta Torres, particularly in the late summer when there
are normally peaks of spawning of invertebrates including native oyster
species. Some invertebrate species such as barnacles are more tolerant to
desiccation as reported by (Foster, 1971) and there is evidence that they
may displace young oysters (Bonicelli et al., 2023; Osman et al., 1989).
These characteristics could confer an advantage over oyster spats at
Ponta Torres in summer. Moreover, studies conducted reveal that bar-
nacles are strong competitors of the oysters, mainly in the initial colo-
nization phase. There is evidence that barnacles can also remove the

Results of multifactorial ANOVA and post hoc Student-Newman-Keuls (SNK) test for settlement of Saccostrea cucullata.

Source df EBMI Ponta Torres

MS F p MS F p
Season 1 71.86 36.39 0.00 0.21 0.70 0.41
Duration 2 8.34 4.22 0.02 1.57 5.27 0.01
Surface 1 62.82 31.81 0.00 3.22 10.84 0.00
Season*Duration 2 0.14 0.07 0.93 0.20 0.67 0.52
Season*Surface 1 16.98 8.60 0.00 0.01 0.02 0.89
Duration*Surface 2 0.07 0.04 0.96 0.77 2.61 0.08
Season*Duration*Surface 2 6.23 3.15 0.05 0.57 1.92 0.15
Residuals 108 1.97 0.30
Post hoc EBMI Ponta Torres
SNK of Season Winter<Summer ns
SNK of Duration M2=M3=M4 M2<M3=M4
SNK of Surface Smooth<Rough Smooth<Rough

SNK of Season*Surface

Summer: Smooth<Rough
Winter: Smooth=Rough
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Table 2
Results of multifactorial ANOVA and post hoc Student-Newman-Keuls test for settlement of Pinctada capensis.
Bangua Sangala
Source Df MS F P MS F P
Season 1 0.454 2.14 0.15 0.152 0.81 0.37
Duration 2 0.207 0.98 0.38 1.167 6.18 0.00
Surface 1 2.850 13.47 0.00 3.135 16.59 0.00
Season*Duration 2 0.080 0.38 0.69 0.202 1.07 0.35
Season*Surface 1 0.256 1.21 0.27 0.004 0.02 0.88
Duration*Surface 2 0.106 0.50 0.61 0.62 3.31 0.04
Season*Duration*Surface 2 0.107 0.50 0.61 0.0181 0.10 0.91
Residuals 108 0.212 0.189
Post hoc Bangua Sangala
SNK of Duration ns M2<M3=M4
SNK of Surface Smooth<Rough Smooth<Rough
SNK of Duration*Surface ns Rough: M2<M3=M4
Smooth: M2=M3=M4
Table 3

Size and growth of S. cucullata and P. capensis recorded after 3 and 4 months of collector deployment. To assess the variability independently of average size, relative

dispersion (i.e. coefficient of variation) was used.

Species Duration Average (mm) (4% Min (mm) Max (mm) Growth (mm month ') n

S. cuccullata 3 months 2.44 0.23 1.4 4.0 0.8 120
4 months 3.60 0.23 1.9 5.8 0.9 134

P. capensis 3 months 3.68 0.31 2.2 6.2 1.2 32
4 months 5.01 0.21 3.5 7.6 1.3 43

oyster spats from the substrate (Ruwa and Polk, 1994; Ross, 2001). The
strength and direction of prevailing winds may influence the extent of
successful settlement between seasons. The south-western coast of
Inhaca Island is subject to south-easterly (longshore) winds in summer
and north-easterly (offshore) winds in winter (Sigauque et al., 2021).
The nature of the Ponta Torres, a coast with numerous craters and pools,
results in a complex pattern of coastal currents, many of which can be
localised. This situation, largely influenced by the winds, can result in
variable larval settlement patterns, which can differ considerably be-
tween the different groups of organisms.

Second, despite unpredictable variability among sites, indicating
dominance of physical factors and possible modification due to
ecological interactions, the results also showed that larvae recruited
more often on rough surfaces than on smooth surfaces. Thus, spat appear
to prefer the rough surface of tile than the smooth. Roughness surface
has previously been reported to affect settlement of a wide range of
invertebrates including oyster larvae (Saucedo et al., 2005). In other
species, such as the silver-lip pearl oyster P. maxima, (Taylor et al.,
1998) reported that roughened texture of the PVC slats provides better
tactile stimuli to crawling pediveliger or spat than smooth surface
monofilament nylon in the pearl oyster. This phenomenon may be

explained by several existing models: (1) surface roughness is thought to
provide a better tactile stimulus to settling larvae or crawling spat and to
aid the physical retention of the larvae (Anderson and Underwood,
1994); (2) larvae can also settle preferentially in microsites of low shear
created by bumps and crevices on a surface (Bushek, 1988); (3) crevices
and pits in rough surface may provide protection from predators for
small organisms (Hadfield, 2011; Ishengoma et al., 2011). Finally, the
rough surface has a greater area and potentially greater microhabitat
than smooth surfaces (Anderson and Underwood, 1994). Whatever the
exact mechanism, it is striking that for both species and at all four sites,
the overall recruitment was larger on rough than on smooth surfaces.
This indicates that active choice or possibly behavioural constraints
interact with the physical environment to create the observed patterns of
recruitment.

Additionally, the analyses of the two temporal aspects of our
experiment, season (summer vs. winter) and duration (2, 3 and 4 months
of deployment) often suggested that duration was more important than
season. The largest recruitment was almost consistently observed after 4
months both in summer and winter. This indicates that larvae were
available during both seasons even though oyster settlement was higher
in late summer than in late winter for both species. This pattern is fully
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consistent with what was observed by Mafambissa et al. (2023) who
concluded that the increase in temperature during the summer was a
fundamental factor in the release of the gametes of S. cucullata and
P. capensis at Inhaca Island. Increase in the frequency of mature oysters
during the late summer (which have higher temperature) may be related
to the higher concentrations of organic matter reported in the water
during this period (Paula et al., 1998). Pouvreau et al. (2000) also
suggested that the suspended organic matter is necessary for gonadal
maturation of the oyster since that gamete production requires consid-
erable energy input (Marcelino et al., 2023). These results are similar
with those obtained at all sampling sites for both oyster species, given
that concentrations of particulate organic matter and Chlorophyll-a
were significantly higher in the late summer.

We conclude that spat collection of the rock oyster, Saccostrea
cuculllata, and the pearl oyster, Pinctada capensis, is possible using the
ceramic tiles deployed here. Because we only evaluated one type of
material, we cannot exclude the possibility that other materials may
work. However, it is likely that a slightly roughened surface may be
advisable for both species. Clearly, many additional aspects determine
whether this would be a practically feasible and economically viable
activity for one or both species (i.e. adult growth and survival, logistics,
material- and production costs and sales prices). To assess these aspects
and to develop viable business models is beyond the scope of this study.
Nevertheless, we believe that this study demonstrates that the biological
prerequisites are in place to warrant further studies addressing addi-
tional challenges for developing sustainable oyster cultivation in these
parts of Mozambique.
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ARTICLE INFO ABSTRACT

Keywords: In the transition from pelagic larva to benthic adult, larvae likely encounter a diverse assemblage
Settlement of resident invertebrates in their habitat, which may also compete for space during post-
Recruitment

settlement periods. Fouling fauna in rocky and seagrass habitats on Inhaca Island, southern
Mozambique, was evaluated over 4 months in each of two seasons on oyster collectors fixed at 2
Epibenthic fauna cm above the bottom. As expected, two species of oysters recruited to tiles: the rock oyster
Sub-tropical habitat Saccostrea cucullata in rocky habitats and the pearl oyster, Pinctada capensis in seagrass habitats.
Maputo bay The composition and density of other fouling fauna varied among habitats, location, seasons and
surfaces and depending on the duration of the deployment. In seagrass habitats, oysters and
barnacles were generally less abundant, allowing other taxa to have higher relative abundance,
while higher density of individuals was recorded in rocky habitat. Barnacles dominate among
fouling fauna on collectors in both habitats. Despite evidence consistent with negative in-
teractions between oysters and barnacles, the effects of other fouling fauna on oyster abundance
appear modest up to 4 months after tiles are placed. Overall, the results help improve our general
understanding of the environmental processes that affect the colonisation of intertidal in-
vertebrates, particularly in the southwestern Indian Ocean.

Pearl oysters
Rocky oyster

1. Introduction

One of the most striking characteristics of intertidal tropical habitats is the variations in fouling community structure. Spatial and
temporal variations of larvae recruitment generally result from a number of factors, both physical and biological interaction [1]. The
physical factors that affect the zonation and distribution of marine organisms are related to the regular cycles of inundation and
exposure caused by tides [2,3]. Biological interactions such as competition for space and food, grazing and predation may also affect
the zonation patterns of marine invertebrates [4]. Several studies have indicated that these interactions are complex and vary
considerably from one area to another, giving rise to both small- and large-scale heterogeneity [5,6].

Recruitment may also vary throughout the year and, in many cases, showing a seasonal pattern [7], which is reflected in the
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composition and abundance of epibenthic fauna in each season [8,9]. Variation is ultimately explained by the geographical distri-
bution of the species [10,11]. [5] Defined this variation as the sum of pre and post-settlement events. The pre-settlement events depend
on sea water processes and cause differential larval transport and as a consequences affecting larval supply due to larval advection and
mortality [4,5]. Post settlement events are largely influenced by the mortality of established benthic adult, affecting early post-larval
supply, or realized recruitment [12].

Larval recruitment is very complex and most of the processes affecting it are poorly understood, especially in the case of inter-
specific interactions [13]. Oysters of the genus Crassostrea and Saccostrea are the most studied group of benthic invertebrates, and it
has been reported that various factors such as the presence of conspecifics [8], biofilms [14], substrate heterogeneity and sedimen-
tation influence larval settlement [15].

Several artificial collectors have been used in studies on oyster’s settlement in the wild; however, other fouling species compete
with the oysters for the space, negatively influencing their settlement. These organisms settle in the structures of the collectors and/or
on the oysters [16]. Research indicates that larval recruitment is higher on substrates where there has been previous settlements.
Furthermore, some authors argue that the presence of specific microorganisms tends to increase the preference for a given substrate
over the presence of adults of the same species [17].

Fouling fauna associated with oysters in artificial collectors includes representatives of different taxonomic groups such as porifera,
hydrozoans, polychaetes, molluscs, crustaceans [18-16]. Oysters and other fouling species could compete for the same space and food
[19].

The fauna and flora of the intertidal seagrass and rocky shore habitats, which is flooded by the tide every spring high tide and neap
tides on Inhaca Island, is dominated by crabs, gastropods, algae, filter feeder as barnacles and bivalves [3]. For example, the barnacles
[20] are the dominant component of the fouling fauna on high intertidal rocky habitats in the Island while gastropods and bivalves are
dominant in lower intertidal habitats.

Two commercially important oyster species occur on Inhaca Island: the pearls oyster Pinctada capensis and the rocky oyster Sac-
costrea cucullata [21]. The oysters P. capensis is mainly exploited for consumption, by local inhabitants of the Inhaca Island and around
Maputo City [3-21], while S. cucullata is exploited for sale in South Africa and Maputo City [13-22]. Populations of pearl oysters, in
recent years, have suffered reductions in size and abundance on this Island [21]. As a result of decline in stocks and economic value,
interest in promoting culture of some oyster’s species such as P. capensis and S. cucullata is growing on Inhaca Island and eastern Africa
region [19]. Using tiles as substrates, we aimed to determine the spatial and temporal variability of fouling fauna on artificial collectors
used for recruitment of the two commercial important oyster’s species at Inhaca Island southern Mozambique. More specifically we
tested how the recruitment of two species of oysters and other fouling organisms is affected by differences in surface roughness,
duration and season. Thus, providing valuable information on the multiple role of the oyster spat collectors as suitable substrate for a
variety of other species of larvae, serving also as nursery habitats for important source of food for different species including humans
but also can serve as a baseline for a variety of manipulative studies in the southwestern Indian Ocean region.
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Fig. 1. Map of study area showing the locations of spat collection at Inhaca Island.



M. Mafambissa et al. Heliyon 10 (2024) 35420

2. Material and methods
2.1. Study area

The field study was performed in the eastern part of Inhaca island, located (latitude 26°07'S, longitude 32°56'E) at a distance of 32
from Maputo City, Mozambique (Fig. 1). The total area of the Island is approximately 42 km? and it is part of the Maputo National Park.
The Island constitutes the border between the shallow Bay of Maputo and the open waters of the Indian Ocean, in a transition zone
from tropical to sub-tropical climate, which creates a rich diversity for both terrestrial and marine ecosystems [20].

The climate of Inhaca is characterized by two seasons, hot and rainy (from November-April) and warm and dry (from May—Oc-
tober) with an average sea water temperature of 22 °C and 29 °C for cold and hot season respectively [22]. The eastern part of the
Island is characterized by strong currents and waves while the western part is more protected [23]. The tides of Inhaca Island are
semi-diurnal with a mean spring and neap tidal range of 3.1 m and 0.7 m respectively [3]. During low spring tides, large extension of
the intertidal area is exposed in the eastern part of the island, and used by locals for collection of a variety of invertebrates including
oysters [23-3].

2.2. Study design

A series of settlement tiles were deployed at four defined locations with known occurrence of adult oysters [21]. Two locations with
seagrass meadows, Bangua and Sangala, were selected for collection of the pearl oyster, Pinctada capensis, and another two locations,
EBMI and Ponta Torres, were selected for the rocky shore oyster Saccostrea cucullata (Fig. 1).

The settlement collectors consisted of square ceramic tiles with an area of 269 cm?, and one smooth and one rough textures sides.
Collectors were deployed in the seagrass meadows attached with iron poles at 5-m intervals along line transects 2 cm above the bottom
at depths of 4-5 cm above MWL. The rocky shores at one location (EBMI) were frequently covered by a thin layer of mobile sediments
(1-2 cm). Therefore, prior to deployment in rocky habitats, the bottom was probed using an iron pole to ensure placement onto hard
substrate. The tiles were attached by drilling 5 cm holes in the rock (Fig. 2).

Sample collection were performed in two seasons: in late summer (January-April 2021) and in late winter (July-October 2021). In
each season, 40 collectors were deployed at each of the four locations, totalling 160 tiles. At intervals of 1, 2, 3 and 4 months, 10 tiles
were collected from each location. Collectors removed monthly at each location were used to assess composition and abundance of
fouling fauna. Due to lack of macroscopically visible settlement organisms tiles collected after 1 month in both seasons, were not
processed. Sample collected from the second month until the end of the study were subsequently processed. All mobile fauna was
identified and counted in the study location and the sessile fauna was transported to laboratory and stored in chest freezer for later
analysis.

In the laboratory, samples were examined using 20 x magnification, in a NIKON Stereoscope to identify and quantify fouling fauna.
Sessile fauna abundance was validated after two consecutive counts confirmed the same results.

2.3. Data analysis

Recruitment patterns were analysed separately for each of six response variables with a five-factor analysis of variance (ANOVA)
[24], habitat, season, duration, and surface texture (all fixed an categorical) and locations within each of the two habitats (random and
categorical), and all possible interactions among factors. The response variables were oysters, other fouling organisms (excluding
oysters), barnacles, mussels, gastropods and polychaetes. To achieve homogeneity of variances by Cochran tests (P < 0,05), all
recruitment data were log(X+1)-transformed and normality was assessed graphically using residual plots. On the other hand, a simple
correlation analysis was carried out to determine whether there is a relationship between the abundance of oysters and barnacles in the

Fig. 2. Image showing the layout of the tiles at the study location.
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rocky habitat. All analyses were performed using R [25] and the package GAD [26].
3. Results
3.1. Overall composition and abundance of fouling communities

Fouling communities analysed from the field oyster spat collectors at Inhaca Island, include functional groups such as: barnacles,
oysters, gastropods, mussels, polychaetes and algae. Of the organisms collected the barnacles and oysters were the dominant groups.
The mobile organisms observed on the oyster collector at all four research locations were mainly composed of gastropods (Fig. 3).

The collectors used were almost fully covered by the third month, while the collectors never had fouling benthic fauna at the end of
the first month of immersion. Visual inspections suggest that the diversity and evenness of fouling fauna was higher in seagrass habitats
in summer as well as in winter compared to that recorded in collectors deployed in rock shore habitats (Fig. 3). Because some groups
were only identified to a coarse taxonomic resolution, these patterns were not evaluated with rigorous statistical analyses.

In terms of relative abundance, at the end of the field study, the results of this study show that in rocky shore habitats in summer,
more than 50 % of the individuals recruiting to the tiles were oysters followed by barnacles (>40 %), gastropods and mussels (<3 %;
Fig. 3). In the winter, barnacles dominated with more than 80 % of total individual and ~10 % were oysters. Similarly, for seagrass
habitats the most abundant groups of organism were oysters and barnacles in the collectors. In contrast, to what was observed in rocky
habitats, barnacles were more abundant than oysters in the seagrass habitat in summer and the number of individual were more than
50 % and oyster were more than 12 %.

3.2. Abundance of oysters

The main aim of this paper was to analyse the composition and abundance of fouling organisms and how these interact with oysters.
Nevertheless, it is clear that overall the collectors successfully attracted oyster spat both in rocky and seagrass habitats both in summer
and winter (Fig. 4).

The largest number of oysters were collected in rocky habitats (1-60 tile ™! compared to 0.5-1 tile™! in seagrass habitats). The
number of spat increased significantly from two to four months of deployment but there was also a strong and significant variability
among locations (Fig. 4, Table 1 and Supplement S1).

3.3. Abundance of fouling organisms

Due to complex and large variability in the total abundance of other fouling organisms (i.e. excluding oysters), the analyses of
spatial and temporal variability revealed only significant variability among locations within habitats (Table 1, Supplement S1). In
particular, there were large differences between the two rocky locations. Substantially more fouling was found on the less exposed
EBMI than at Ponta Torres (Fig. 4). While none of the fixed factors revealed any statistically significant effects, the estimated dif-
ferences would potentially be of ecological importance if they are in fact representative. For example, the average abundance of fouling
organisms was more than six times larger in rocky as compared to seagrass habitats and the difference between the largest and the
smallest abundance was on average 2.5 times for the different durations (Fig. 4). The fact that none of these differences were detected
as statistically significant indicate that conclusions about effects on fouling abundance aggregated among all taxa may not be so
informative.

More conclusive patterns were observed for individual taxonomical groups (Fig. 5, Table 1). For example, significantly more
mussels were found on rough than on smooth surfaces, and mussels, gastropods and polychaetes all showed significantly larger
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Fig. 3. Relative abundance of fouling fauna on oyster collectors after 2, 3 and 4 months in rocky and seagrass habitats at Inhaca Island.
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Fig. 4. Abundance of oysters (upper panels) and other fouling fauna (lower panels) on the rough and smooth side of oyster collectors (left panel)
and after 2, 3 and 4 months (right panel) in rocky and seagrass habitats at Inhaca Island.

Table 1

Summary of significance tests of multifactorial analyses of variance for total abundance and conspicuous groups. ***, **, * and ‘. represent sig-
nificance levels of <0.001, <0.01, <0.05 and < 0.1 respectively. Details on degrees of freedom, F-ratios and appropriate error-terms are given in

Supplement S1.
Source Oysters Other fouling Barnacles Mussels Gastropods Polychaetes
Surface, =Su Ns ns ns i ns ns
Season, =S Ns ns ns ns ns
Duration, = D el ns ns ns ns ns
Habitat, =H Ns ns ns ok * *
Su*S Ns ns ns ns ns
Su*D Ns ns ns ns ns ns
Su*H Ns ns ns ns ns ns
S*D Ns ns ns ns ns
S*H Ns ns ns ns ns ns
D*H Ns ns ns ns ns ns
Location, = L(H) ok Rk R ns ns ns
Su*L(H) ke ns ns ns ns ns
S*L(H) el ns ns * ns ns
D*L(H) Ns ns ns ns ns ns
Su*S*D Ns ns ns ns ns *
Su*S*H Ns ns ns ns ns ns
Su*D*H Ns ns ns ns ns ns
S*D*H Ns ns ns ns ns ns
Su*S*L(H) i ns ns ns ns
S*D*L(H) Ns ns ns ns ns ns
Su*S*D*H Ns ns ns ns ns *
Su*D*L(H) Ns ns ns ns ns ns
Su*S*D*L(H) ns ns * ns ns
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Fig. 5. Abundance of the most common fouling organisms on oyster collecting tiles in different habitats, seasons and surface roughness. (Gastropods
were counted in the field and bivalves include mussels).

abundances in seagrass than in rocky habitats. The estimated abundance of barnacles, on the other hand, was consistently larger in
rocky habitats, but similarly to the oysters, the large variability among locations made it difficult to statistically detect a difference
between habitats. No other significant pattern was observed for the mobile gastropods, while the sessile mussels and polychaetes
showed additional complex interactive patterns involving seasons, surfaces, duration, habitats and locations (Table 1).

3.4. Abundance of oysters in relation to barnacles

In order to assess potential interactions between oysters and other fauna, bivariate correlations with the other dominant competitor
for space, barnacles, were done for individual locations and seasons (Table 2). Mussels, gastropods and polychaetes occurred at very
low densities and any influence on the oyster recruitment were therefore not tested. Using pooled data for the three durations within
sites and seasons, three out of eight tests, indicated significant relationships between abundances of barnacles and oysters. As might be
predicted from competitive interactions, all of these instances were negative correlations. On rocky habitat at EBMI, a negative
correlation was observed in the summer indicating that the number of oysters decrease when the number of barnacles increase (Fig. 6).
Furthermore, it is clear that only a small fraction, ~24 % of the variability in oyster spat can be accounted for by this relationship (r? =
0.24). At Ponta Torres, no evidence of correlation between the number of oysters and barnacles was observed. Surprisingly, in seagrass
habitats, where there were generally lower number of oysters and barnacles, two tests showed similar negative correlations (Fig. 6).
These relationships were, however, weaker than at EBMI (r2 = 0.15-0.20). Nevertheless, the fact that all significant correlations were
negative gives some support to the hypothesis that oysters and barnacles occasionally influence each other either by competition or
possibly predation. Note, however, that these correlative patterns are based on data where tiles deployed for 2, 3 and 4 months were
pooled (i.e. N = 30, rqjt = 0.36). This was done to increase statistical power and to minimize the number of tests, but it also means that
assumptions about independence may be violated. Thus, to assess the robustness of these results we also performed correlation an-
alyses for each duration separately (i.e. N = 10, rq;t = 0.63). As expected, this resulted only in fewer significant correlations despite the
fact that many of the observed correlation coefficients were more extreme (Supplement S2). Nevertheless, the fact that 18 out of 21
coefficients clearly suggest that the number of recruiting oysters and barnacles are negatively correlated to an extent that is not random

Table 2

Summary of correlation analyses between the density of barnacles and oysters in individual locations and seasons.
Habitat Location Season R T p
Rock EBMI Summer —0.48 —2.88 0.01
Rock EBMI Winter —0.06 —0.31 0.76
Rock Ponta Torres Summer 0.04 0.20 0.85
Rock Ponta Torres Winter 0.25 1.38 0.18
Seagrass Bangua Summer —0.05 -0.27 0.79
Seagrass Bangua Winter —0.47 —2.78 0.01
Seagrass Sangala Summer —0.39 —2.25 0.03
Seagrass Sangala Winter 0.17 0.90 0.38
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Fig. 6. Correlation between oysters and barnacles in rocky (left) and seagrass (right) habitats in summer and winter at Inhaca Island.

(p < 0.01 using a two-tailed binomial test). Despite this prevailing pattern, we cannot fully exclude the possibility that the negative
correlations are caused by differences in spatio-temporal patterns of settlement between oysters and barnacles rather than direct
interactions.

4. Discussion

This study demonstrates that apart from collecting oysters, the easily accessible artificial tiles used in this study, also attracts a
variety of fouling fauna when deployed in rocky and seagrass habitats. The results show that the amount and composition of fouling
varies among habitats, locations, seasons and surfaces and depending on the duration of the deployment. The fact that there are
prevailing negative correlations between the number of oysters and barnacles on our tiles, indicate that other fauna may a mild
negative influence on the recruitment of oysters. This pattern may or may not indicate direct interactions, but in the aquaculture
context the most important aspect of these findings is that it may influence the collection of these species and future use of collectors for
commercial purposes or ecological studies in Maputo Bay and particularly on Inhaca Island.

Larvae of fouling fauna recruited in higher numbers on rough surfaces than smooth surfaces.

This result has also been previously reported to occur for recruitment of a variety of invertebrates and oyster larvae [27]. Surface
roughness is referred to provide a better tactile stimulus to setting larvae or crawling juvenile and to aid the physical retention of the
larvae, larvae settle preferentially in microsites of low shear created by bumps and crevices on a surface, crevices and pits in rough
surface may provide protection from predators for small organisms [28,29].

Rough surface has been associated to greater area and potentially greater microhabitat than do smooth surface [8]. It is important
to highlight that this result was consistent at all four sites, with overall recruitment larger on rough than on smooth surfaces, an
indication that active choice and behavioural and physical interaction may be responsible for this pattern of fouling settlement re-
ported in this study.

In this study, six broad taxonomic groups reached at least 95 % of the total abundance in seagrass habitats, but only 2 (oysters and
barnacles) showed this pattern in rocky habitats. This pattern could of course reflect that oysters and barnacles were generally less
abundant in the seagrass habitat, allowing other taxa to have higher relative abundance According to Ref. [30] seagrasses meadows
provide structural complexity habitat and environmental conditions suitable for settlement of a variety of faunal assemblage than
rocky shore habitat. Structurally complex habitats also influence predator- prey dynamics [31] reducing predator foraging efficiency
by reducing prey encounter rate [13, 32-33.

Despite the standardised size, shape and texture of the tiles used, there were large differences among locations, particularly for
oysters and barnacles (Figs. 4 and 5). This demonstrate that the larval recruitment process is complex and depends on external
environmental factors. However, the relative abundance of species depended on the type of habitat and the season; for example,
gastropods, mussels, algae and polychaetes were more abundant in collectors deployed in seagrass habitats than in collectors deployed
in rocky shore habitats. The high fouling rates of oysters and barnacles recorded at EBMI in late summer compared to that reported at
Ponta Torres may be associated to differences on environmental condition in these locations. Coastal hydrodynamics can affect the
dispersal of invertebrate larvae [34-36]. The nature of the Ponta Torres, a coast with numerous craters and pools, results in a complex
pattern of coastal currents, many of which can be localised. This can result in variable larval settlement patterns, which can differ
considerably between the different groups of fouling organisms.

The results obtained does not reveal any marked seasonal patterns for fouling species. These findings are consistent with previous
studies, which have shown that seasonal patterns of fouling fauna in tropical habitats are not particularly evident compared to those of
temperate regions [4,37,38]. Similarly, in terms of spatial patterns, our findings are consistent with research undertaken at Inhaca
Island [20,22-39], which suggest that barnacles and bivalves are the dominant group of invertebrates on intertidal rocky habitat,
whereas gastropods and polychaete dominate the invertebrates of seagrass habitats.

The negative correlation between oyster and barnacles in summer found at EBMI could potentially be related to ecological in-
teractions, such as competition or larval predation, but they could also be due to responses to external environmental factors, such as
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resistance to desiccation. Barnacles appear to be more resistant to desiccation [4,40,41] and there is evidence that they may displace
young oysters [42,43]. Mussels, tube-dwelling polychaetes, barnacles and algae may compete with oyster seeds for space and/or food
[44,45]. However in other environmental situations, fouling organisms may attract oyster larvae [43] and our results suggest a
negative correlation between the density of barnacles and that of oysters at EBMI. This could be related to difference in recruitment
intensity of fouling organisms between seasons. Although barnacle recruitment occurs in both season, the largest recruitment was
recorded in late winter in rock habitats. The prevailing winds at that time on Inhaca Island may influence the success of larval set-
tlement. The south-western coast is subject to south-easterly (longshore) winds in summer and north easterly (offshore) winds in
winter [46]. Previous studies also reveals that prevailing winds were the major factor resulting in differences in barnacle settlement
between rocky shores [46,47].

We conclude that easily accessible and inexpensive tiles can be used to collect oysters in both rocky (Saccostrea cucullata) and
seagrass habitats (Pinctada capensis) at Inhaca Island. Thus, this method can enhance the availability, and offer better opportunities for
practical handling of valuable resources, which may otherwise scarce (e.g. P. capensis) or impossible to use for local communities due
to extremely strong attachment in natural habitats (e.g. S. cucullata). The increasing proportion of oysters, compared to other types of
fouling organisms, from two to four months also indicate that the yield of oysters may increase through time. Overall, despite some
evidence consistent with negative interactions between oysters and barnacles, the effects of other fouling organisms appear modest.
This does not exclude the possibility that other types of fouling fauna should be minimised. Therefore, in this context these results may
contribute to improve our general understanding of the spatio-temporal patterns and processes that affect the colonisation of intertidal
invertebrates, particularly in the south Eastern Indian Ocean.
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