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Abstract

Arabian Gulf oyster reefs, dominated by the pearl oyster Pinctada radiata, function simultaneously as
ecological keystones and cultural touchstones. Rapid coastal urbanization and escalating pollution
now threaten reef integrity. This systematic review of 1400 publications distilled 42 rigorously
screened studies (3%) that document reef distribution, ecological roles, contaminant burdens, and the
socio-historical context. The results show that reef structures stabilize sediments, enhance water
clarity through exceptional filtration rates, and furnish nursery habitats for commercially important
fisheries, while heavy metal bioaccumulation in oyster tissues indicates widespread coastal
contamination. The Gulf's economy and identity were historically anchored in pearling;
contemporary restoration initiatives already deploying dozens of sustainable reef modules across
hundreds of traditional dive sites seek to revive this heritage and bolster ecological resilience.
Persistent knowledge gaps include comprehensive spatial mapping, the effects of climate change and
pollutant interactions, and long-term restoration success in hypersaline conditions. An integrated
management framework that couples stringent monitoring, pollution mitigation, adaptive
restoration, and heritage-centered community engagement is essential to safeguard Gulf oyster
ecosystems and the cultural narratives entwined with them.

Keywords: oysters; Arabian Gulf; systematic review; conservation; ecosystem services; pearl oyster

Introduction

1.1. Background and Significance

The Arabian Gulf (Figure 1), also known historically as the Persian Gulf, is a shallow,
semi-enclosed extension of the Indian Ocean bordered by the Arabian Peninsula to the southwest
and Iran to the northeast [1]. Spanning approximately 1000 km in length and 200-300 km in width,
the Gulf’'s bathymetry is characterized by broad continental shelves rising sharply to depths
exceeding 90 m in the central trough [1,2]. The region experiences some of the most extreme
physicochemical conditions found in tropical marine systems: surface temperatures vary from near
15 °C in winter to over 36 °C in summer, while salinity values routinely exceed 42 psu levels, which
would be lethal to most temperate marine organisms [3,4]. These conditions are being exacerbated
by ongoing climate change, with recent studies demonstrating significant impacts of rising seawater
temperatures on the reproductive cycles of keystone species like the pearl oyster Pinctada radiata [5].
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Figure 1. Geographic extent of the Arabian Gulf. The map highlights the Gulf's semi-enclosed marine
environment, bordered by several Gulf states, and serves as the spatial context for studies included in this

review.

Annual evaporation rates surpass inflow, leading to hypersaline deep waters, while limited
exchange through the Strait of Hormuz reduces the flushing of pollutants and nutrients, contributing
to episodic hypoxia in poorly circulated bays [1,6].

Despite these stark environmental constraints, the Arabian Gulf supports a rich mosaic of
habitats, including intertidal sandflats, subtidal seagrass meadows, extensive soft-sediment
expanses, coral patch reefs, and mangrove stands in sheltered areas [1,2]. Anthropogenic hard
substrates ranging from traditional stone jetties to modern oil platforms further diversify the
available habitats [7,8]. Within this heterogeneous seascape, bivalve mollusks, particularly oysters,
have emerged as critical ecosystem engineers [9,10]. Oyster habitats in the United Arab Emirates, for
instance, are highly diverse marine ecosystems with significant historical, cultural, and industrial
importance, providing essential fish habitats and improving water quality through their filtering
activity [9]. Opysters colonize hard substrates and, through successive generations, build
three-dimensional reef frameworks that bind sediments, attenuate wave energy, and create
microhabitats for a multitude of sessile and mobile organisms [8,9].

The most ecologically and culturally significant oyster species in Gulf waters is the pearl oyster
Pinctada radiata, a resilient bivalve capable of surviving in salinities up to 60 psu and temperatures
exceeding 40 °C during acute heat events [2,11,12]. The United Arab Emirates (UAE) alone is home
to at least 11 species of oysters, with Pinctada radiata being the most common [9]. These oysters employ
byssal threads to attach firmly to substrates, forming dense aggregations known historically as oyster
beds [9]. Within these beds, oysters exhibit high rates of suspension feeding, filtering particulate
organic matter (POM) and phytoplankton at rates exceeding 1 L h™ per individual under optimal
conditions [13,14]. At reef densities of 200-350 m?, this filtration can process volumes of water
equivalent to the overlying water column every few days, thereby enhancing water clarity, reducing
turbidity, and regulating nutrient dynamics [13,14].

Ecologically, oyster reefs in the Gulf function as biodiversity hotspots [15]. Their complex
architecture provides attachment surfaces for encrusting organisms—sponges, bryozoans,
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tunicates—and shelter for cryptic fauna, including polychaetes and small crustaceans [16]. Juvenile

fish species, such as groupers (Epinephelus spp.) and snappers (Lutjanus spp.), utilize reef interstices

for refuge and foraging, contributing to local fisheries’ productivity [15]. Comparative surveys reveal
macrofaunal abundances and species richness on oyster reefs that are two to three times greater than
adjacent unconsolidated sediments, underscoring the reefs’ role in supporting the benthic

community’s structure [16].

Historically, Gulf oyster beds have had profound socioeconomic importance [17]. For millennia,
coastal communities harvested oysters for meat, shell, and pearls [17]. From the early Bronze Age
through the medieval period, Pinctada radiata populations became the foundation of a prosperous
pearling industry [17]. During the late 18th and early 19th centuries, Gulf pearling fleets of traditional
sailing vessels (dhows) numbered in the thousands, each manned by divers who harvested tens of
thousands of oysters per season, supplying up to 80% of the world’s natural pearls [18]. Shell
middens and archeological sites along the coasts bear witness to this long-standing human-oyster
relationship [17].

Over the past century, the pearling economy declined dramatically with the advent of cultured
pearls and the discovery of petroleum, but the ecological legacy of oyster reefs endures [19]. In recent
decades, increasing recognition of oysters’ ecosystem services has spurred nascent restoration efforts,
including pilot programs involving the deployment of artificial reef modules to revive degraded beds
[10,20]. However, restoration faces challenges unique to the Gulf: extreme salinity and temperature
regimes, coastal land reclamation that has altered over 40% of the shoreline, chronic pollution from
desalination brine and industrial discharges, and gaps in the baseline knowledge of reef distribution
and larval connectivity [21]. For example, the UAE has experienced a drastic reduction in oyster
habitat areas over the last two decades, with causes identified as coastal development, industrial
wastes, dredging, fishing, thermal bleaching, and harmful algal blooms [9].

Against this backdrop, a systematic appraisal of existing knowledge is essential to inform
conservation and management. This review integrates findings from 42 selected studies to perform
the following;:

1. Characterize the species composition and spatial distribution of oyster beds across Gulf
subregions, identifying habitat affinities and depth ranges.

2. Evaluate ecological functions, including reef geomorphology, filtration performance, and
associated biodiversity support.

3. Assess environmental threats, focusing on contaminant bioaccumulation, habitat loss, climate
stressors, and invasive species risk.

4. Examine cultural dimensions, tracing the historical pearling industry’s rise and decline and
current heritage preservation initiatives.

5. Synthesize conservation actions and recommendations, highlighting restoration outcomes,
policy frameworks, and research priorities necessary to safeguard Gulf oyster reefs for future
generations.

By situating oyster reef ecology within the Gulf's unique physicochemical context and rich
cultural tapestry, this review provides a holistic foundation for integrated management strategies
that honor both ecological integrity and heritage values.

1.2. Rationale for the Systematic Review

Despite the ecological and cultural importance of oysters in the Arabian Gulf, research on these
species has been fragmented across disciplines and geographical areas. No comprehensive synthesis
of the current state of knowledge has been conducted to date, limiting the development of evidence-
based conservation and management strategies. This systematic review addresses this gap by
collating and analyzing the available literature on oysters in the Arabian Gulf region.

The timing of this review is particularly relevant given the increasing research interest in oysters
in the Arabian Gulf, as evidenced by the significant rise in publications in recent years. The statistical
analysis of publication trends shows a strong positive correlation between time and publication
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output (correlation coefficient = 0.48, p = 0.038), with 52.4% of all publications occurring between 2018
and 2025 (Figure 2). This surge in research activity provides an opportunity to synthesize emerging
knowledge and identify critical research gaps.

Furthermore, the increasing recognition of the ecosystem services provided by oyster habitats,
combined with growing concerns about marine biodiversity loss in the face of climate change and
other anthropogenic pressures, underscores the need for a comprehensive understanding of oyster
ecology and conservation status in this unique marine environment. This review aims to provide a
foundation for future research, conservation planning, and the sustainable management of oyster
resources in the Arabian Gulf.

Number of Publications

o =
1908 [N

DO A NDTFTOHDONOHROANMIEI N ONODDNDO dN®MT WO
DO OO0 O0OO0O000O0 ™™™ ™o o o A AN AN
OO0 0000000000000 0000O00O000C 0O
HAANANANANANNNANNNNNANNNNNNANNNANNNN

Figure 2. Annual distribution of the 42 oyster research studies from the Arabian/Persian Gulf included in the
final synthesis. Each bar represents the number of studies, by year, that passed both title/abstract and full-text
screening stages. Research output was sporadic before 2010, increased markedly thereafter, and peaked between
2021 and 2024.

1.3. Research Questions and Objectives

This systematic review addresses the following primary research questions:

6. What is the current state of knowledge regarding oyster species diversity, distribution, and
taxonomy in the Arabian Gulf?

7. What ecological functions and ecosystem services do oysters provide in the Arabian Gulf marine
environment?

8.  What are the major threats and stressors affecting oyster populations in the region?

9.  What is the current conservation status of oyster habitats, and what management measures are
in place?

10. How has the cultural and economic significance of oysters in the Arabian Gulf evolved over
time?

11. What are the critical knowledge gaps and research priorities for oyster conservation in the
region?
The specific objectives of this review are as follows:

12. Synthesize the current understanding of oyster taxonomy and species diversity in the Arabian
Gulf.

13. Characterize the ecological roles and ecosystem services provided by oyster habitats.

14. Evaluate the evidence on the impacts of specific environmental stressors on oyster populations.

15.  Assess the effectiveness of existing protection measures for oyster habitats.

16. Document the historical and contemporary cultural significance of oysters.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1511.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 July 2025 d0i:10.20944/preprints202507.1511.v1

5 of 22

17. Identify critical knowledge gaps and research priorities.
18. Formulate evidence-based recommendations for conservation and sustainable management.
The geographical scope of this review encompasses the waters of the Arabian/Persian Gulf
proper, the Strait of Hormuz as a connecting waterway, and the adjacent Gulf of Oman, where
relevant for comparative purposes. It includes coastal areas of all countries bordering these waters:
United Arab Emirates, Saudi Arabia, Qatar, Bahrain, Kuwait, Iraq, Iran, and Oman. The temporal
scope focuses primarily on research conducted in the past 30 years (1995-2025), while also
incorporating historical studies and archeological evidence where relevant for establishing baselines
and historical context.

2. Methods

2.1. Systematic Review Protocol

This review adhered to a PRISMA-based protocol, ensuring transparency and reproducibility at
each stage: identification, screening, eligibility, and inclusion. Protocol elements included predefined
search queries, explicit inclusion/exclusion criteria, standardized data extraction templates, and
quality assessment metrics for each study. This protocol guided the selection of 42 studies from an
initial pool of 1400 records [22]. The process is presented in Figure 3.

Initial Search
Results: 1850

Duplicate Removal Excluded: 450

Unique Records: 1400

Initial Screening:

. >
Title/Abstract Excluded: 1282

Papers after initial
screening: 118

Full text
Assessment

Excluded: 87

Papers marked relevant
in assessment: 31

Additional
relevant sources
identified: 11

Excluded: 0

Total Included: 42

Figure 3. PRISMA-style flow diagram illustrating the systematic literature search and selection process. The

initial database search yielded 1850 records. After duplicate removal, 1400 unique records were screened at the
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title and abstract level, resulting in 118 papers for full-text assessment. Of these, 87 were excluded based on
relevance criteria, leaving 31 relevant studies. An additional 11 sources were identified through reference list

screening and expert consultation, bringing the total number of included studies to 42.

2.2. Search Strategy

Between January and March 2025, we conducted comprehensive searches in Web of Science,
Scopus, PubMed, Google Scholar, and regional repositories (Arabian Gulf Digital Archive; Kuwait
Institute for Scientific Research). Search terms combined geographical identifiers (“Arabian Gulf,”
“Persian Gulf,” individual country names) with biological and functional keywords (“oyster,”
“Pinctada,” “bivalve reef,” “filtration”). Boolean operators (AND, OR) and truncation symbols
captured term variants. Duplicate records were removed prior to screening (Table 1).

Table 1. Search queries used for reference identification.

Number of Number Inclusion

Search Query Results Included Rate (%)

Geographical distribution, species diversity, environmental impact, and
. . . 420 13 3.1

conservation management of oyster beds in the Arabian Gulf

Ecological roles and restoration practices of oyster beds in the Arabian Gulf 380 11 2.89

Impacts of environmental change and management strategies on oyster reef

1 2.

ecosystems in the Arabian Gulf 310 8 8
Ecological implications and management strategies for enhancing species

o . . 290 10 3.45
diversity and conservation of oyster beds in the Gulf
Recent oyster restoration projects Arabian Gulf UAE Qatar Kuwait 180 6 3.33
Environmental assessment oyster beds northern Arabian Gulf 150 4 2.67
Opyster restoration projects Qatar Arabian Gulf 120 3 2.5
Total (with duplicates removed) 1400 42 3

In addition to electronic database searches, the following supplementary search methods were

employed:

e Reference lists of included studies were checked (backward citation tracking).

o  Citations of key papers were searched for (forward citation tracking).

¢  Key journals in marine biology, ecology, and conservation were searched.

e  Gray literature searches, including conference proceedings, technical reports, and theses, were
performed.

e  Regional experts were consulted to identify additional relevant sources.

2.3. Inclusion and Exclusion Criteria

Titles and abstracts of 1400 unique records were independently screened by two reviewers. Full-
text assessment followed for 118 articles. Inclusion criteria were as follows: (1) primary focus on
oysters in Arabian Gulf waters; (2) study types including field surveys, laboratory experiments,
reviews, modeling studies, or historical analyses; (3) publication between 1995 and 2025; and (4)
English language or Arabic with English abstract. Exclusion criteria included peripheral mentions of
oysters, culinary-only studies, non-scientific commentaries, and duplicate publications. Reasons for
inclusion and exclusion are summarized in Figures 4 and 5, respectively.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Broader ecological context
with oyster relevance, 3

-

Environmental assessment
of oyster habitats, 6 ™,

Direct focus on Arabian Gulf

\ oyster ecology, 20

Oyster restoration in
Arabian Gulf, 6

Focus on Arabian Gulf oyster __ /
cultural significance, 7

Figure 4. Thematic distribution of the 42 studies that met the inclusion criteria for this systematic review on
oysters in the Arabian Gulf. The majority of studies (1 = 20) provided a direct ecological focus on Arabian Gulf
oyster populations. Other studies covered the cultural significance of oysters (1 =7), oyster restoration initiatives
(n=06), environmental assessments of oyster habitats (1 = 6), and broader ecological studies with oyster relevance
(n = 3). This classification highlights the primary research themes relevant to Arabian Gulf oyster science.
Methodological papers
without relevant findings, 31

Duplicate or redundant
information, 56

Insufficient ecological/cultural

information, 98
Focus on other marine
species/ecosystems, 203 y

Figure 5. Reasons for exclusion of studies during the screening process. Out of the initially retrieved records, the

AN No specific mention of
Arabian Gulf oysters, 982

largest proportion (n = 982) were excluded due to having no specific mention of Arabian Gulf oysters. Other
common reasons for exclusion included focus on other marine species or ecosystems (1 = 203), insufficient
ecological or cultural information (1 = 98), duplicate or redundant information (1 = 56), and methodological
papers lacking relevant findings (n = 31). This highlights the strict screening criteria applied to ensure relevance

to Arabian Gulf oyster research.

2.4. Data Extraction and Quality Assessment

A standardized data extraction form captured bibliographic information, study location, species
examined, methodological approach, key findings (e.g., reef metrics, filtration rates, contaminant
concentrations), and study limitations. Two reviewers extracted data independently; discrepancies
were resolved through discussion or by a third reviewer. Study quality was assessed using adapted
Critical Appraisal Skills Program (CASP) checklists to evaluate methodology robustness and
reporting clarity [23].

2.5. Narrative Synthesis and Quantitative Summaries

Given the heterogeneity of methods and outcomes, we employed a narrative synthesis to
integrate findings across thematic areas: taxonomy and distribution, ecological functions, threats,
conservation efforts, and cultural significance. Quantitative summary figures were generated to
visualize research trends in the temporal distribution of publications (Figure 6), methodological
approaches (Figure 7), reference selection workflow (Figure 8), and reference types (Figure 9). These
figures guided the interpretation of research gaps and potential biases in geographic or thematic

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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coverage. Figure 10 visualizes the keyword co-occurrence network for the screened corpus, showing
how frequently used terms such as habitat, species, and reef cluster together within Arabian/Persian
Gulf oyster research. To complement the keyword overview, Figure 11 plots the citation trajectory of
these studies, highlighting seminal Gulf papers (upper-left) and their influence on more recent oyster-
focused work (lower-right).

Before 2005, 5%
2005-2009, 4%

_———2020-2025, 43%
2010-2014, 24% ——

2015-2019, 24%

Figure 6. Temporal distribution of the 42 included studies based on their publication year. The majority of
studies (42.86%) were published between 2020 and 2025, followed by equal contributions in the periods 2010
2014 and 20152019 (23.81% each). Earlier research was limited, with only 4.76% of studies published between
2005 and 2009 and another 4.76% before 2005. This distribution reflects the increasing attention on Arabian Gulf

‘. Fleld surveys/sampling,

Figure 7. Methodological approaches used in the 42 included studies on Arabian Gulf oysters. Field surveys and

oysters in research in recent years.

Modeling/simulation, 2
Intewlewslstakeholder
engagement, 3

Remote
sensing/mapping, 3 N

Laboratory |
analysis, 6

Literature review/synthesis, 11

sampling were the most common approaches (n = 17), followed by literature reviews and syntheses (1 = 11) and
laboratory analyses (1 = 6). Remote sensing and mapping, as well as interviews and stakeholder engagement,
were each used in 3 studies. Modeling and simulation approaches were the least represented, appearing in only

2 studies. This highlights the dominance of field-based empirical research in the current literature.
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Initial search results (with duplicates removed)

Papers after initial screening

Papers marked relevant in assessment

Additional relevant sources identified

Total included

[ ] Number of References [ Percentage of Initial Pool (%)

Figure 8. Overview of the reference selection process. The initial search yielded 1400 records. After title and
abstract screening, 118 papers remained for full-text review, after which 31 were deemed relevant. An additional
11 relevant sources were identified through reference list screening and expert consultation, resulting in a final
total of 42 included studies.

Other (theses), 1

Conference papers, 3
Reports, 3
Book chapters, 4 —— \

Figure 9. Types of sources included in the systematic review. The majority of the 42 included references were

- Journal articles, 31

peer-reviewed journal articles (n = 31), followed by book chapters (1 = 4), reports (n = 3), and conference papers
(n = 3). One thesis was also included under the category “Other.” This reflects the predominance of peer-
reviewed literature in research on Arabian Gulf oysters.
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Figure 10. Keyword co-occurrence network (fractional counting; Lin-Van Eck layout) based on the 42 papers
that met our final inclusion criteria (2000-2025), displaying only author-supplied keywords appearing in more
than five papers. Node size reflects total link strength, edge thickness represents co-occurrence frequency, and
node color follows a publication—year gradient from blue (early 2000s) to red (2025), revealing long-standing
focal terms such as “persian gulf,” “arabian gulf,” “oyster,” and “pinctada radiata,” a left-hand cluster centered
on contamination topics (“heavy metal,” “sediment,” “distribution”), and a right-hand cluster highlighting

”ou

newer impact- and climate-related themes (“impact,

“ s

uae,” “iran”). The prevalence of yellow-to-orange nodes shows that the majority of references (= 70%) were

climate change,” together with regional labels “bahrain,”

published after 2015, underscoring a recent surge toward climate-aware, regionally focused research on Gulf

pearl oysters.
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Figure 11. Citation landscape of the 42 studies retained in our systematic review, visualized in Litmaps: each
node represents a paper (node radius scales with total citation count), its horizontal position indicates
publication recency (left — older, right — newer) and its vertical position reflects relative citation influence
(higher — more cited). Node interiors are proportional pie charts showing the topical mix assigned to that article
(legend, upper-left), thereby depicting how research has progressively diversified from early, heavily cited
environmental and taxonomy-oriented work (e.g., de Mora 2004 [24]; Sheppard 2010 [2]) toward more recent,
yet less-cited studies on climate change, restoration, and habitat mapping (e.g., Smith 2022 [25]; Fieseler 2023 [6];
Hazeem 2024 [26]). The concentration of nodes in the right-hand half of the plot confirms that most references
(#70%) were published after 2015, while the gradient in node size underscores the foundational influence of a

few seminal Gulf studies that continue to anchor the field’s citation network.

3. Ecological Significance

The ecological significance of oyster reefs in the Arabian Gulf manifests through their roles in
habitat engineering, water quality regulation, and trophic support. Despite extreme environmental
conditions, including temperature fluctuations from 15 °C to over 36 °C and salinities surpassing 42
psu, oyster assemblages persist and shape benthic communities [3,4].

3.1. Oyster Species and Habitat Distribution

Five oyster taxa inhabit Gulf waters: Pinctada radiata, Saccostrea cucullata, Pinctada margaritifera,
Pteria penguin, and mixed-species aggregations, and possibly Ostrea oleomargarita, recently described
in Kuwait [11]. Among these, P. radiata is dominant, featuring in 60% of studies as the primary reef-
former due to its tolerance of hypersaline and thermal extremes. S. cucullata occupies intertidal to
shallow subtidal zones, often on mangrove roots; P. margaritifera and P. penguin are less common, and
are found at greater depths (10-30 m) on hard substrates [9] (Figure 12).
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Pteria penguin (Penguin's
wing pearl oyster), 1

r Multiple oyster species, 2

Pinctada margaritifera
(Black-lip pearl oyster), 4

I

Saccostrea cucullata
(Hooded oyster), 9

4 Pinctada radiata
(Gulf pearl oyster), 26

Figure 12. Oyster species that were research focuses among the 42 included studies. The majority of studies (n =
26) focused on Pinctada radiata (Gulf pearl oyster), followed by research on Saccostrea cucullata (hooded oyster,
n =9), and Pinctada margaritifera (black-lip pearl oyster, n = 4). Two studies addressed multiple oyster species,
while Pteria penguin (penguin’s wing pearl oyster) was the focus of one study. This distribution reflects the

ecological and economic prominence of Pinctada radiata in the Arabian Gulf region.

Geographically, reef occurrences concentrate along the UAE coast (40% of studies), particularly
in Abu Dhabi’s offshore islands and Dubai’s Gulf of Oman fringe, followed by Qatar (20%), Kuwait
(13.3%), Bahrain (10%), and Iran (6.7%). Multi-country assessments account for 10% of the literature,
reflecting collaborative mapping efforts. The reef densities vary by substrate type: natural patch reefs
support 200-350 oysters m2, while artificial structures (e.g., revetments, oil platform legs) host 150
250 oysters m= [8]. Recent surveys in Bahrain have mapped its historical pearl banks (e.g., Hayr Bu
Amam and Fasht Al Adham) to establish population baselines [24] (Figure 13).

Multiple Gulf

countries, 4 \

Iran, 3 —_
_—— United Arab Emirates, 16
Bahrain, 4 ——

Kuwait, 6 —

L Qatar, 9

Figure 13. Geographical distribution of study areas among the 42 included studies. The United Arab Emirates
was the most represented location (1 = 16), followed by Qatar (1 =9), Kuwait (n = 6), Bahrain (n =4), and Iran (n
= 3). Four studies covered multiple Gulf countries. This highlights a spatial research bias towards the southern
Arabian Gulf, particularly the UAE and Qatar.

3.2. Reef Architecture and Biodiversity Facilitation

Opyster reef frameworks create complex three-dimensional habitats, elevating shell elevations
0.2-1.5 m above surrounding sediments [10]. The interstitial spaces between oysters provide refuges
for epifauna (sponges, bryozoans, tunicates) and infauna (polychaetes, small bivalves) [16].
Quantitative surveys document >200 taxa per reef, including commercially important species such as
scallops (Amusium spp.) and pen shells (Pinna bicolor) [16]. Juvenile fish assemblages dominated by
groupers (Epinephelus spp.) and snappers (Lutjanus spp.) utilize reefs as nursery habitats, with
densities up to 50 individuals 100 m2, compared to <15,100 m in adjacent soft sediments [27]. Such
biodiversity enhancements underscore reefs’ keystone status in ecosystem functioning [9].
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3.3. Filtration and Biogeochemical Influence

Individual oysters filter at rates exceeding 1 L h™! under optimal phytoplankton concentrations
[10,14]. At reef-scale densities, total filtration can amount to 100-200 m?® day~ per hectare of reef,
significantly reducing turbidity and suspended POM [13]. Filtration enhances light penetration,
benefiting seagrass meadows and microphytobenthos [13]. Oyster biodeposits (pseudofeces and
feces) contribute to benthic carbon and nitrogen cycling, with deposition rates of 5-10 g organic C
m=2 day”, stimulating detritivore productivity [21]. These processes are critical in the Gulf’'s
semi-enclosed basins, where water exchange is limited and nutrient inputs from coastal population
centers are high [28].

3.4. Contaminant Bioaccumulation and Indicator Role

Opysters in the Gulf function as bioindicators for heavy metals and organic pollutants [29,30].
Opyster tissue concentrations of cadmium, lead, and mercury frequently exceed World Health
Organization safety thresholds [24,30,31], with mean Cd levels of 2.5 mg kg™ dry weight—150%
above permissible limits in some sites. Spatial analyses reveal higher metal burdens near urbanized
and industrialized coastlines, particularly around desalination outfalls and oil terminals [32].
Hydrocarbon residues from shipping and minor oil spills are detectable in oyster tissue lipid
fractions, with polycyclic aromatic hydrocarbon (PAH) concentrations averaging 0.8 ug g7,
indicative of chronic low-level contamination [33]. These patterns emphasize the dual role of oysters
in ecosystem services and contaminant monitoring.

Collectively, the ecological functions of habitat provision, biodiversity support, filtration, and
contaminant bioaccumulation highlight oyster reefs as foundational components of Gulf marine
ecosystems. Their persistence amid extreme conditions attests to the resilience of these systems, yet
it also underscores their vulnerability to anthropogenic stressors that may overwhelm their natural
adaptive capacity.

4. Environmental Challenges and Threats

4.1. Climte Change

Among the most pressing contemporary threats to Gulf oyster populations is climate change,
particularly rising seawater temperatures. A recent study by Khalifa et al. [5] in Qatar documented a
significant shift in Pinctada radiata’s reproductive cycle compared to that according to historical data
from the early 1990s. This research found a contraction and earlier timing of the main spawning
period, coinciding with an increase in maximum sea surface temperatures from 34 °C to 37 °C over
three decades [5]. This alteration in reproductive phenology, potentially driven by thermal stress,
could have profound implications for recruitment success and long-term population viability,
highlighting the vulnerability of Gulf oysters to ocean warming. The broader impacts of climate
change on marine biodiversity and fisheries in the Arabian Gulf, which could invariably affect oyster
ecosystems, have also been assessed [34].

4.2. Pollution and Contaminants

Oyster populations in the Arabian Gulf face considerable threats from pollution, including
heavy metals and organic contaminants, which can lead to bioaccumulation and adverse
physiological effects [33]. Studies have documented the contamination of pearl oyster beds, reporting
significant heavy metal and PAH uptake by oysters [24]. The cadmium, lead, and mercury
concentrations in Gulf oysters have, in some instances, exceeded the World Health Organization’s
safety thresholds [31]. Naser [31] provided a review of heavy metal pollution in the marine environment
of the Arabian Gulf, underscoring the widespread nature of this issue. More recent environmental
assessments continue to monitor these contaminants in and around oyster beds [13].
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The impacts of these pollutants can manifest at the molecular level. Jafari et al. [34] demonstrated
that the exposure of Pinctada radiata to phenanthrene (a PAH), in combination with stressors like
elevated temperature and seawater acidification, significantly downregulated genes crucial for shell
and pearl formation.

This indicates that current and predicted levels of combined stressors can impair fundamental
biomineralization processes. Furthermore, environmental stress from contaminants like heavy metals
can drive local adaptation and population differentiation. Rajaei et al. [35] found that Pinctada radiata
populations from islands with higher heavy metal concentrations (Fe, Mg, Zn, Cd, Mn, Cr) exhibited
distinct morphological and genetic characteristics, suggesting pollution as a selective pressure. The
general decline of the Gulf’s marine environment, partly due to pollution, further exacerbates these
threats [2].

4.3. Coastal Development and Habitat Loss

Coastal development, including extensive land reclamation, which has reportedly altered over
40% of the Gulf shoreline, poses a severe threat to oyster habitats [2,7]. Such alterations can lead to
direct habitat loss, changes in water flow and sedimentation, and the overall degradation of
conditions suitable for oyster survival and reef formation [2]. The fragmented distribution of species
like the black-lip pearl oyster (Pinctada persica), which is confined to a few islands and exhibits chaotic
genetic patchiness, may be a consequence of such habitat fragmentation and the scarcity of suitable
environments [37].

The need for the active restoration of oyster reefs and associated habitats like mangroves and
seagrass beds, as highlighted in feasibility studies in the UAE [20], implies significant prior habitat
loss and degradation.

While artificial marine habitats are being used in the Gulf, their role in mitigating the loss of
natural oyster habitats requires careful consideration in the context of overall environmental
management [8]. The broader ecological decline of the Gulf [1,2] is intrinsically linked to habitat loss
driven by coastal development.

4.4. Fishery and Harvesting Pressure

Historically, pearl oyster populations in the Arabian Gulf endured intense harvesting pressures,
primarily driven by the extensive pearl trade. During the 19th century, pearl hunting was a dominant
economic activity for coastal communities, with thousands of vessels and divers involved [17,38].
This immense pressure supplied a significant portion of the world’s natural pearls [38]. While the
commercial pearling industry collapsed by the mid-20th century with the advent of cultured pearls
and the discovery of oil sources [19], the legacy of such intensive historical harvesting may have long-
term consequences for the natural recovery and resilience of oyster beds.

Regarding the current pressures imposed by fisheries, the provided references do not offer
extensive detail on direct oyster harvesting for food or other purposes, nor on the impacts of general
fishing activities (e.g., trawling, bycatch) specifically on oyster reefs in the Arabian Gulf. However,
the Blue Marine Foundation report [20] mentions expertise in “combating overfishing” in a general
sense, and studies on the spatial management of fisheries and climate change impacts on fisheries
suggest broader fishery management concerns in the region that could indirectly affect oyster
ecosystems if not properly controlled [20].

5. Cultural Significance

Opyster reefs in the Arabian Gulf not only underpin ecological processes but also embody
centuries of human interaction, economic enterprise, and cultural expression. This section traces the
evolution of pearling from prehistoric subsistence to global trade, examines how oyster-based
livelihoods shaped identity and heritage, and explores modern initiatives that revive traditional
practices for conservation and community empowerment.
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5.1. Historical Pearl Industry

Evidence from shell midden deposits dated to 4555 + 70 BP> demonstrates that coastal inhabitants
exploited Pinctada radiata as a protein source millennia ago [17]. By the late 18th century, pearling had
transformed into a sophisticated seasonal economy centered on natural pearl recovery [38]. Each
year, from June to September, fleets of 35004500 dhows departed coastal ports—Muscat, Ras al-
Khaimah, Doha, and al-Manama—under the sponsorship of merchant families. A typical dhow crew
comprised a captain (nukhidha), a diver (ghawsin), an assistant (saqi), and deckhands; divers made
50-70 breath-hold descents per day, reaching depths of 12-20 m with only nose clips and finger
guards [17,18].

The 19th century represented a critical period for the Gulf’s pearl trade, which became a primary
economic activity for many coastal communities as traditional maritime trade systems faced
challenges from European fleet dominance [38]. Key pearling centers and markets during this era,
such as those in Bahrain, Qatar, Dalma Island, and Lengeh, flourished due to their strategic locations
and abundant pearl oyster beds [38], underscoring the widespread socioeconomic reliance on this
resource before the discovery of oil. In particular, Bahrain’s pearling industry, centered on Muharraq
Island, became a global hub by the late 19th century [26].

At the industry’s 19th-century zenith, Gulf pearls commanded premium prices in Bombay and
Marseille markets, with top-quality white and golden pearls fetching up to 1200 rupees per ounce,
equivalent to a month’s wages for skilled artisans [38]. Annual harvests totaled 20-30 metric tons of
pearls, representing ~80% of the global supply [38]. Pearl trading networks extended through India,
Iran, the Ottoman Empire, and Europe, linking Gulf economies to global luxury markets [39].

However, the industry faced risks: severe storms, diver mortality from decompression and shark
attacks, and piracy on high seas. Economic downturns triggered by the Great Depression and
competition from Japanese cultured pearls (post-1916) precipitated the industry’s decline [19]. By the
1930s, oil discoveries offered alternative livelihoods, leading to the swift collapse of commercial
pearling by 1940 [19].

5.2. Heritage Preservation and Identity

Although commercial pearling waned, its cultural resonance persisted. Nabati poetry and tribal
songs recorded the lore of pearl diving, valorized divers” courage, and mourned lost comrades [40].
These oral traditions, along with archival documents and navigational charts, underpin maritime
heritage. Architectural vestiges of pearling merchants’ majlis (meeting halls), diver settlements in
Muharraq (Bahrain), and coral-stone warehouses in Dubai form tangible links to the pearling era [40].

In 2012, UNESCO inscribed “Pearling, Testimony of an Island Economy” on the World Heritage
List, encompassing 17 buildings in Muharraq’s historic district, 3 oyster bed locations, and the
traditional pearling seafront. This site recognizes the integrated system: oyster reefs as biophysical
assets; dhows as cultural vessels; and trading hubs as socioeconomic nodes [40]. National museums
including the Bahrain Maritime Museum, Qatar National Museum, and Etihad Museum (UAE)
curate artifacts (diving weights, pearl chests, navigational instruments) and host interactive exhibits
on reef ecology and pearling techniques.

5.3. Contemporary Revitalization

In recent decades, Gulf states have leveraged pearling heritage for cultural tourism and
community engagement. Annual events such as the Al Dhafra Festival (Abu Dhabi), Katara Pearl
Festival (Doha), and Bahrain Pearl Festival recreate dive competitions, pearl appraisal
demonstrations, and dhow races, attracting thousands of visitors and reinforcing local pride.

Conservation-oriented revival merges heritage with ecology: community oyster gardening
programs enlist volunteers to hatch and rear spat on rope-supported substrates [20]. After 4-6
months, juvenile oysters are redeployed onto depleted reefs, simultaneously restoring the habitat and
transmitting traditional knowledge [20]. Pilot programs in Sharjah and Ras al-Khaimah report 25-40%
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spat survival on deployed shells [20], with local school curricula incorporating reef ecology modules
and hands-on reef restoration [27].

Social enterprises market eco-certified pearl jewelry, linking modern design to sustainable reef
stewardship. Divers trained in historical techniques are engaged as reef ambassadors, guiding
educational tours and conducting citizen-science projects to monitor reef health [41]. These initiatives
foster multigenerational connectivity to the sea, ensure cultural continuity, and embed reef
conservation within community values [41].

By recognizing reef ecosystems both as living heritage and as vital ecological infrastructure, Gulf
nations are forging a pathway where cultural preservation and marine conservation advance hand
in hand.

6. Conservation and Management

The effective conservation of Arabian Gulf oyster reefs requires a multi-tiered approach that
integrates restoration practice, threat reduction, and regional coordination. This section synthesizes
current pilot programs, policy-based threat mitigation efforts, and recommendations for an
integrated management framework.

6.1. Restoration Trials

Recent restoration pilot programs demonstrate the technical feasibility and ecological benefits
of augmenting degraded beds [14]. In Abu Dhabi, the authors of [42] deployed 64 reef modules—
concrete units seeded with cultured P. radiata spat—across 150 historic pearl diving sites. After six
months, the mean spat settlement reached 35%, and the fish assemblages doubled in density
compared to the control plots [42]. Simultaneously, the benthic cover of macroalgae and sessile
invertebrates on the modules increased by 45%, indicating rapid ecosystem development.

In Qatar, a collaborative project between Qatar University and the Ministry of Environment
utilized side-scan sonar to map 20 km? of subtidal reefs, identifying priority restoration zones [43].
Pilot program deployments of limestone aggregate racks yielded 28% oyster recruitment within four
months and enhanced water filtration rates by 15% relative to unrestored sites [43]. These trials
highlight the importance of substrate selection [34]; limestone proved superior to crushed shell for
spat retention under the Gulf’s salinity and temperature conditions.

Kuwait’s Environment Public Authority initiated community-based restoration at Failaka
Island, mobilizing local volunteers to attach juvenile oysters on polyrope lines suspended from fixed
pilings. Survival rates of 40% after one year surpassed the initial expectations and provided
workforce training in reef monitoring. Together, these restoration trials develop best practices
tailored to the Gulf’s conditions and build local stewardship capacities [10].

6.2. Knowledge Gaps and Research Needs

Despite a recent uptick in Gulf oyster research, several critical gaps still constrain evidence-
based conservation:

e  Distribution and status: Comprehensive, Gulf-wide maps of the extent of live reefs are still
lacking; the most detailed benthic surveys to date cover only the Northern Emirates of the UAE
and a handful of historical pearling grounds in Qatar and Bahrain at a decadal scale [9]. For
example, Bahrain’s environmental agencies have recently mapped its key pearl oyster banks
(such as Hayr Shtayyah and Hayr Bu Amam) to establish baseline distributions [26]. Limited
data exist outside these areas, and synoptic side-scan and drop-camera surveys (with a unified
geodatabase) are needed to track oyster reef loss and recovery across the Gulf.

e  Population dynamics: Key life history parameters—annual recruitment rates, growth
trajectories, size-specific fecundity, and natural mortality —remain unquantified for the Gulf’s
pearl oyster (Pinctada radiata) and rock oyster (Saccostrea cucullata). Without long-term tagging
or cohort-tracking studies, population bottlenecks cannot be identified, and biologically realistic
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restoration targets cannot be set. Long-term mark-recapture or size—-frequency studies would
fill these gaps.

e  Climate thresholds: Gulf oysters survive extreme conditions (temperature >36 °C, hypersalinity)
that kill most Indo-Pacific oysters, but the upper tolerance limits are still unresolved. Recent
experiments show that exposing P. radiata to elevated temperatures, high CO: (low pH), and
pollutants downregulates genes for shell formation [35], indicating stress near predicted future
conditions. Controlled multi-stressor trials (simultaneous heat, salinity, acidification) are
therefore essential to project reef persistence under climate change [35].

e  Restoration engineering: Pilot program deployments in the Gulf have tested various substrates
(e.g., crushed shell, limestone, 3D concrete modules) [14]. However, comparative data are scarce:
systematic studies comparing substrate longevity, spat retention, and post-settlement growth
across salinity or turbidity gradients are lacking. Standardized before-after monitoring of
multiple substrates and seeding densities is needed to determine which designs perform best
under the Gulf’s conditions.

e  Socio-ecological integration: Effective reef restoration will require engaging the coastal
communities whose heritage includes pearl diving. To date, no published study has
systematically documented the traditional ecological knowledge of retired pearl divers or
fishing communities in the Gulf. Incorporating this local knowledge into site selection,
monitoring, and outreach could improve both the ecological outcomes and social legitimacy of
restoration projects.

Addressing these gaps through coordinated, Gulf-wide research will transform today’s
patchwork of promising pilot projects into a strategic, science-driven restoration program capable of
reversing a century of reef decline.

6.2.1. Methodological Limitations

Current research on Arabian Gulf oysters faces several practical and analytical challenges that
complicate robust synthesis and evidence-based decision-making;:

e  Sampling in extreme environments. Summer air temperatures above 45 °C, high turbidity, and
strong tidal currents restrict dive time and bias field work toward easily accessed reefs, leaving
remote shoals in Qatar, Saudi Arabia, and Iran under-sampled.

e  Standardization across studies. Species-identification keys, quadrat sizes, and filtration rate
assays vary widely between projects, hindering direct comparisons. A Gulf-wide monitoring
handbook modeled on the National Oceanic and Atmospheric Administration (NOAA) “Oyster
Habitat Restoration Monitoring and Assessment Handbook” would greatly improve coherence.

e Analytical constraints. The limited local capacity for next-generation sequencing, trace-metal
speciation, and histopathology means that many genomic and ecotoxicological questions still
rely on samples exported to overseas labs, increasing cost and turnaround time.

e  Data sharing and accessibility. Valuable reports are scattered in government gray literature or
regional Arabic-language journals with low digital visibility, making systematic reviews
laborious and risking the duplication of efforts.

6.2.2. Emerging Research Questions

Building on those limitations and the gap analysis above, five priority questions emerge:

e  Climate trajectories. How will Gulf oyster populations respond to the IPCC SSP-5 temperature
pathway, and what cascading effects will this have on reef filtration capacity, shoreline stability,
and fishery productivity?

. Habitat baselines. What is the current distribution, extent, and structural condition of oyster
beds across all eight Gulf countries, and how have these metrics shifted since the mid-1900s?

e  Restoration efficacy. Which substrate types and seeding densities optimize survival and growth
under hypersaline (42 psu) and hyperthermal (>34 °C) regimes, and how can successes be
scaled from pilot program plots (<0.1 ha) to the landscape level (>10 ha)?
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e Multiple-stressor interactions. How do warming, acidification, brine salinity, and metal loads
interact additively or synergistically to influence oyster physiology, reef accretion rates, and
larval connectivity?

¢ Knowledge integration. How can the oral histories and site-selection heuristics of former pearl
divers be systematically captured and blended with remote sensing data to refine restoration
siting?

6.3. Threat Mitigation

To sustain reef health and restoration gains, addressing environmental stressors is imperative.
Coastal land reclamation has modified over 40% of Gulf shorelines, eliminating natural substrates
[2,7]; regulatory setbacks of 100 m from key reef sites have been proposed to limit further losses.
Pollution control frameworks require modernization: current desalination brine discharge standards
permit salinity increases of up to 5 psu [4], which can exceed oysters’ tolerance levels; green
desalination technologies using membrane distillation and zero-liquid discharge should be
incentivized to reduce the impacts of brine.

Industrial and municipal effluent standards across Gulf Cooperation Council states should be
harmonized to limit transboundary heavy metal and nutrient pollution [21,32]. Given the
documented elevated lead and cadmium concentrations in Gulf marine sediments and oyster tissues
[24,33], it is recommended that desalination and wastewater outfalls are regularly monitored in an
effort to maintain heavy metal concentrations at levels consistent with internationally accepted water
quality criteria. Oil spill contingency protocols must prioritize rapid responses near oyster reefs due
to their high ecological sensitivity and vulnerability to pollution [10,13]. Furthermore, marine spatial
planning should designate reef sanctuaries prohibiting dredging and anchoring activities to mitigate
physical disturbances and elevated turbidity, aligning recommendations for sustainable marine
resource management in the region [1,27].

6.4. Integrated Management Framework

A cohesive management framework should operate at the local, national, and regional scales.

Key elements include the following:

19. Protected Area Designation: Existing Marine Protected Areas (MPAs) should be expanded to
encompass critical oyster reef habitats, establishing core no-take zones and buffer areas.
Enforcement must involve patrols, community rangers, and satellite vessel monitoring.

20. Eco-engineered Infrastructure: Seawalls, breakwaters, and jetties should be retrofitted with
textured surfaces and prefabricated modules that facilitate oyster settlement, creating ‘living
shorelines’ that combine coastal defense with reef habitat.

21. Community Engagement and Citizen Science: Oyster restoration networks should be formalized
that train volunteers and fishers in reef monitoring protocols, data entry via mobile applications,
and early-warning reporting of disease or bleaching events.

22. Regional Coordination under the Regional Organization for the Protection of the Marine
Environment (ROPME): A Gulf Oyster Restoration Network (GORN) should be established
under the Regional Organization for the Protection of the Marine Environment. A GORN would
standardize monitoring methodologies, coordinate cross-border funding proposals, and
disseminate restoration toolkits and genetic stock information.

23. Adaptive Governance: Iterative policy cycles should be implemented, where restoration
outcomes and threat assessments inform regulatory adjustments. Transdisciplinary working
groups comprising scientists, traditional pearl divers, policymakers, and private sector
stakeholders should meet biannually to update action plans.

By combining hands-on restoration with robust policy measures and community ownership,
this integrated approach aims to reverse historical reef degradation, enhance ecosystem resilience,

and preserve the cultural heritage of Gulf oyster reefs [44].
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7. Conclusions

Opyster reefs in the Arabian Gulf are more than clusters of resilient bivalves clinging to hard
substrates; they are biogenic breakwaters, living water-treatment plants, and cultural time capsules,
all rolled into one. The thirty studies synthesized in this review confirm that dense assemblages of
Pinctada radiata and allied species still engineer three-dimensional reef frameworks that (i) stabilize
unconsolidated sediments and slow coastal erosion [8]; (ii) filter hundreds of cubic meters of water
per hectare each day, thereby improving the water clarity and moderating nutrient surpluses in an
otherwise poorly flushed sea [13]; and (iii) provide a structural refuge that more than doubles local
fish and macro-invertebrate richness relative to adjacent soft bottoms [10].

However, long-term datasets also depict a habitat in retreat. Remote sensing and field surveys
suggest that at least 40% of historical reef areas have been lost or heavily degraded since the mid-
twentieth century as land reclamation, dredging, and shoreline armoring has accelerated [2].
Surviving beds show worrying tissue burdens of cadmium, lead, and mercury frequently above
World Health Organization thresholds, particularly in the vicinity of desalination outfalls and
industrial ports [24,32]. Climate projections indicate a rise in the frequency of summer marine
heatwaves that already push surface waters beyond 36 °C, a temperature envelope that leaves little
physiological headroom for even the Gulf’s heat-tolerant oysters [28,34].

Despite these pressures, the region is witnessing a quiet renaissance in oyster stewardship. Pilot
projects in the United Arab Emirates and Qatar have successfully deployed limestone and concrete
modules seeded with hatchery-reared spat, achieving survival rates above 30% after six months and
measurable improvements in local water transparency [42,43]. Of equal importance is that these
initiatives weave ecological repair into a broader effort to rekindle communal ties to the sea: former
pearl divers guide tourists across restored beds, school groups monitor spat growth, and national
festivals celebrate the dhow culture that once made Gulf pearls the envy of Bombay jewelers and
Parisian couturiers [18,27]. UNESCO’s 2012 listing of “Pearling, Testimony of an Island Economy”
has further galvanized public interest, reminding policymakers that conservation outcomes are
strongest when ecological and heritage values are advanced together [40].

Three priorities emerge from the evidence base:

24. Scale up science-based restoration. Early trials show promise, but the gulf between pilot project
plots and the hundreds of square kilometers of historical reef footprint remains vast. A regional
hatchery network, common genetic management guidelines, and unified performance metrics
are prerequisites for cost-effective expansion [10].

25. Shrink cumulative stressors. Even the best-designed reefs will fail if overlaid by chronic
pollution and unchecked coastal infill. Harmonized discharge limits for heavy metals (<50 pg
L for Pb and Cd) and salinity offsets (<2 psu above ambient levels) at desalination outfalls,
coupled with 100 m coastal-setback zones around extant reefs, are minimum safeguards [2,32].

26. Institutionalizing regional cooperation. The proposed Gulf Oyster Restoration Network under
ROPME could coordinate larval-connectivity studies, share spat-production technology, and
channel international climate-adaptation finance toward reef projects that deliver both
biodiversity gains and cultural revitalization [34].

In short, Arabian Gulf oyster reefs stand at a crossroads: erode quietly into memory or re-emerge
as flagship examples of nature—culture restoration in an era of rapid environmental change. The
science reviewed here demonstrates that recovery is technically feasible and socially resonant; what
remains is the collective will across ministries, municipalities, and coastal communities to transform
scattered pilot project successes into a coherent, basin-wide program. Doing so will secure not only
the ecological services of these remarkable reefs but also the living heritage of a seafaring culture that
once hinged on the iridescent spheres hidden within their shells.
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