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Introduction

Pearl oyster ecosystems have played a central role in Bahrain’s marine economy and cultural heritage for centuries. Despite their ecological importance, systematic research on Bahrain’s pearl oyster beds is lacking since the early 1990s. In this study a detailed assessment of the benthic composition, pearl oyster community structure, population size, and pearl yield on pearl oyster beds is provided for Bahraini waters.


Methods

Between January and May 2024, field surveys were conducted at ten sites across Bahrain’s northern, eastern, and western waters to assess benthic composition, pearl oyster community structure, population size structure, and pearl yield. A total of 1,973 pearl oysters were collected and studied.


Results

Nine species of pearl oysters were recorded, with Pinctada radiata dominating across all sites. Pinctada species richness was highest in the north (six species) with greater oyster densities (34 ± 4.9 oysters/m2) compared to the east (6 ± 2.7 oysters/m2) and west (10 ± 2.9 oysters/m2). Oyster beds were associated with coral in the north (up to 22.6 ± 2.3% cover), algae in the upper eastern (75.6% ± 4.4%) and western (65.8% ± 4.2%) sites, and seagrass mixed with algae in the lower eastern (27.9% ± 4.9% seagrass) and western (33.1% ± 4.2% seagrass) sites. Pearl yield was highest in the Northern and western sites, with Hayr Bu Amamah (14.3%) and Hayr Bul Thamah (11.1%) showing the highest incidence of pearls.


Discussion/Conclusion

This study provides the first comprehensive quantitative assessment of Bahrain’s pearl oyster beds in over three decades. Given that these oyster beds inhabit some of the most extreme marine environments on the planet, where temperatures fluctuate annually between 16 °C to 36 °C and salinity exceed 50 ppt in certain areas. These findings provide critical baseline data to inform sustainable management, conservation planning and marine heritage protection in Bahrain and the wider Gulf region.
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1 Introduction

Pearl oyster ecosystems have been central for the marine economy and cultural heritage of the Kingdom of Bahrain for centuries resulting in them being deeply intertwined with the history of the region. The pearling industry, which flourished in Bahrain, and the surrounding Arabian Gulf during the pre-modern era, once served as the foundation of the country’s prosperity (Carter, 2018). However, with the introduction of cultured pearls in the 20th century added to the discovery of oil and other factors, the natural pearls industry experienced a sharp decline, leading to the eventual collapse of the industry (Burdett, 1995; Carter, 2005). Despite this significant reduction, pearl oyster ecosystems remain crucial due to their valuable ecological services as they contribute towards sustaining marine biodiversity, improve water quality, act as essential habitat for fisheries species, and contribute towards the stability of the islands and their coastal habitats (Hemraj et al., 2022; Grabowski and Peterson, 2007; Coen and Luckenbach, 2000). In addition, these oyster beds exist in the hottest sea in the world harboring a uniquely extreme ecological niche, where temperatures fluctuate annually between 16 °C to 36 °C and salinity exceed 50 ppt in certain areas (AlMealla et al., 2024; Hume et al., 2015). Such harsh conditions surpass those experienced by most marine bivalve habitats worldwide, positioning Bahrain’s pearl oyster beds, as a natural laboratory for studying species resilience and adaption. However, despite their historical and cultural significance, pearl oyster beds in the island nation of Bahrain and the populations they host remain poorly studied, especially in the context of modern ecological pressures (Ali, 2022).

Pearl oysters are broadcast spawners with a planktonic larval phase that rely on successful recruitment and settlement on hard substrates for population persistence (Lal et al., 2020). Their dynamics are shaped by a combination of environmental stressors, predation, harvesting pressure and disease (Johnson and Smee, 2014; Kuchel et al., 2011). They provide critical ecosystem services including water filtration, nutrient cycling, shoreline stabilization, and biodiversity support through their ability to create complex benthic habitats as reef-forming bivalves (Thomas et al., 2022; Richardson et al., 2022). Recent studies have also shown that pearl oysters exhibit physiological plasticity and genetic variability that confer resilience to extreme temperature and salinity regimes, traits that are particularly relevant for populations in the Arabian Gulf (Navarro et al., 2020; Li et al., 2018).

As climate change intensifies and marine ecosystems worldwide face increasing thermal stress compounded by other environmental factors, understanding the status and ecological roles of species living in extreme habitats, like pearl oysters, is more urgent than ever. Although, oysters contribute to the structure of marine habitats, particularly through their interaction with other species and their role in sediment stabilization and nutrient cycling (Koch et al., 2015), ecosystems such as mangroves and coral reefs have recently become the focus of scientific inquiry and conservation efforts within the Gulf region. Moreover, the number of species of pearl oysters present in the region adds to the challenges posed. The lack of consensus among scientists stems from the difficulty in distinguishing between species solely based on morphological characteristics and lack of regional studies that utilize modern technological genetic tools. One of the first attempts to establish a comprehensive list of species in Bahrain was conducted three decades ago by Khamdan (1988). However, this study is considered outdated for several reasons including, the study sites where samples were sourced do not represent the current delimitation of Bahrain’s waters and the latest taxonomy. For example, Pinctada anomioides is now accepted and considered as Pinctada maxima (as reported by the WoRMS database – World Register of Marine Species).

The need for contemporary and accurate research is further emphasized by the fact that no scientific articles have been published on pearl oysters in Bahrain in the past two decades (Supplementary Material 1). This absence of current data highlights a critical gap in understanding pearl oyster populations in Bahrain’s territorial waters. Establishing baseline survey data on biodiversity and habitat composition is essential not only for assessing the health of these beds but also for supporting the Kingdom’s strategy and effort to transition towards sustainable development. As a means of regulating the trade, Bahrain, as per our knowledge, remains the only nation in the world to ban the trade of cultured pearls, as governed by royal decree (10) of 1990 regarding the regulations of pearls and gemstones, later superseded by decision (65) of 2014, in an effort to preserve the legacy of natural pearls in the Kingdom. Moreover, three of Bahrain’s largest oyster beds (Hayr Shtayyah, Hayr Bu Amamah, and Hayr Bul Thamah), known as the “Northern Hayrat” were inscribed as a UNESCO world heritage site in 2012 (Table 1; UNESCO, 2025). In 2017, the Northern Hayrat were officially declared as a Marine Protected Area (MPA) as per Ministerial Order (3) of 2017. While Bahrain’s national plan for the revival of the pearling trade mandates the sustainable management of these protected beds, pearl oyster populations remain largely overlooked despite their ecological importance, underscording the urgent need to better understand their dynamics including their seasonal distribution, habitat preferences, and vulnerability to environmental change.


Table 1 | Definition of local terminologies used to refer to oyster bed areas (*the letters in parentheses indicates pluralNB: Although there is some debate among seafarers regarding the origins of these terms, the definitions provided here are derived from a combination of local knowledge and the geological characteristics of the areas).


	Local term
	Definition



	Fasht
	A shallow area in the sea, typically less than 10 meters in depth. While commonly associated with coral reef habitats, Fasht’s can also host pearl oyster, seagrass, and sandy beds.


	Najwa(t)*
	Shallow peak of a sea mound that is typically less than 10 meters deep. Differs from a Fasht as it resembles the sample of an underwater mountain surrounded by deep water. Strong currents contribute to high levels of biodiversity of Najwa’s, usually associated with thriving fish communities as well as pearl oyster beds and coral reefs.


	Hayr(at)*
	A flat, rocky seabed exceeding 10 meters in depth that is dominated by pearl oyster bed habitat.



The present study performed in 2024 provides the first comprehensive data driven study on the ecological characteristics of pearl oyster beds in the Kingdom of Bahrain. The specific objectives were to assess the: (1) benthic composition of the pearl oyster beds, (2) pearl oyster community structure by providing an overview of the species of pearl oysters based on morphology, (3) pearl oyster densities, (4) population size structure and (5) incidence of pearls. This manuscript provides contemporary baseline data on the ecological characteristics of pearl oyster habitats, filling a significant knowledge gap in our understanding of pearl oyster populations in Bahrain and offering insights that can be extrapolated to the wider region of the Arabian Gulf. They also provide valuable insights that will enable stakeholders to make informed, evidence-based, decisions for the sustainable management and conservation of these species, further addressing both ecological and cultural aspects of pearl oyster populations in Bahrain. Moreover, since pearl oysters are globally distributed, insights into their ecology and reef dynamics can be useful on a wider scale.


2 Materials and methods


2.1 Study sites

Bahrain is a small archipelago nation in the Arabian Gulf made up of 33 natural islands, located off the eastern coast of Saudi Arabia and western coast of Qatar. It has a total land area of 786.8 km2 and a territorial water area of 7482.2 km2 (Bahrain National Portal, 2025). In this study ten sites were surveyed between January and May 2024 across Bahrain’s Northern, eastern, and western waters were surveyed (Figure 1). These sites were purposively selected based on their ecological, historical, and management significance. This ensures representation across different environmental gradients including topography, depth, distance from shore, and protection status (i.e., within or outside a MPA). Local ecological knowledge and historical records were also considered in the selection process, particularly with respect to sites known to be actively targeted by traditional pearl divers and artisanal fishers.

[image: Three-panel map illustration. Panel A shows a world map highlighting the Arabian Gulf in a red box. Panel B zooms into the Arabian Gulf, displaying Saudi Arabia, UAE, Qatar, Bahrain, and Iran. Panel C further zooms in, marking several specific locations with red dots labeled NA01, T12, A19, T01, S28, S72, Y01, FK01, FJ01, and RM01. A scale bar indicates 0 to 40 kilometers.]
Figure 1 | Location of study sites (A) Location of Arabian Gulf (AG); (B) Location of Bahrain within the AG; (C) Location of selected study sites within Bahrain [Site codes: Northern Hayrat Waters: (1) Hayr Shtayyah (S28); (2) Hayr Shtayyah (S72); (3) Hayr Bu Amamah (NA01); (4) Hayr Bu Amamah (A19); (5) Hayr Bul Thamah (T01); (6) Hayr Bul Thamah (T12); (B) Eastern Waters: (7) Falkland, Fasht Al Adhm (FK01); (8) Fasht Al Jabbari (FJ01); (C) Western Waters (9) Yassouf (Y01); (10) Ras Al Mumtallah (RM01)].
Six of the surveyed sites are located within the Northern Hayrat (Figure 1) - specifically, Hayr Shtayyah (S28, S72), Hayr Bu Amamah (NA01, A19), and Hayr Bul Thamah (T01, T12) which in terms of area represents double the size of Bahrain’s land mass. These beds are among the most historically important oyster habitats in Bahrain, having served as primary sources of natural pearls for centuries. Together they represent one of the country’s most biodiverse and productive marine regions, which is recognized for their importance to artisanal fisheries. Notably, these sites are part of a designated MPA (Ministerial Order (3) of 2017) and were inscribed as a UNESCO World Heritage Site in 2012, underscoring their cultural and ecological value.

Two additional sites were selected in Bahrain’s eastern waters: Falkland, Fasht Al Adhm (FK01) and Fasht Al Jabbari (FJ01). These areas are shallower, located closer to shore, and are known to contain mixed habitats that include seagrass beds, sand patches, and coral communities. The assessment of these sites allow the understanding of oyster bed dynamics outside the jurisdiction of the MPA and which are frequently used by artisanal fishers.

Lastly, Yassouf (Y01) and Ras Al Mumtallah (RM01) sites, located in western Bahrain, offer a distinct environmental gradient due to their proximity to the Saudi border and slightly higher turbidity. These areas have historically supported both oyster and finfish fisheries, although they remain comparatively under-studied.

In addition, at each site, we conducted benthic surveys (photoquadrat and transect assessments of benthic composition) and ecological surveys (in situ observations of pearl oyster populations in relation to benthic features, combined with measurements of water parameters. This integrated approach was adopted to assess both habitat composition and ecological associations.

These in situ water quality measurements were conducted at each site, approximately 1 meter below the surface using a portable ThermoScientific Orion Star A329 pH meter, A323 DO meter which also measured water temperature while salinity was measured using a refractometer.


2.2 Habitat characteristics and benthic community composition

At each site, scientific dives were performed at depths ranging from 3.6 to 20.6m, with the exception of Yassouf and Falkland, which were done through wading and supported by a scuba tank respectively. During each dive, 6 x 20m underwater transects were placed parallel, with a 4m distance between each transect. Along each transect, five 0.25 m² photoquadrats were systematically placed at intervals of 0, 5, 10, 15, and 20 meters, resulting in a total of 30 quadrats per site and covering an area of 120 m² at each site. This systematic design follows standard methods in ecological surveys, ensuring comparability across sites while minimizing potential spatial autocorrelation by spacing transects and quadrats evenly within the survey area.

During the dives, both qualitative and quantitative observations of the epibiota were made within each quadrat and along the transects at each site. These observations were documented through photographs to assess benthic community composition which was classified into major life form groups: hard corals, soft corals, seagrasses, macroalgae, sponge, sand, and others (includes living and non-living categories such as rock, rubble, ascidians, hydroids, crustose coralline algae and bivalves). For the purposes of this study, the term benthic hereafter refers specifically to these defined life form groups.


2.3 Pearl oyster community structure

From within each quadrat (i.e. a total of 30 quadrats per site defining the survey area representing 120 m2 at each site), all pearl oysters were collected regardless of size or species. After collection, the oysters were: (1) allocated a specimen number; (2) photographed; (3) opened for pearl search and extraction – if a pearl was found, it was photographed, recorded, following which the pearl and shell would be stored separately; (4) identified to species level where possible; and (5) shell measurements were taken. The pearl community structure was determined based on the number of different species classified based on morphological characteristics (Supplementary Material 2).

Due to large local and global variation within species, a consensus regarding morphological traits was required for Pinctada radiata, Pinctada maculata, Pinctada nigra, Pinctada maxima, and Pinctada sugillata. For the purposes of this study, the primary references used were “The Gulf Encyclopedia in Pearls and Oysters” by Khamdan (2004) and the World Register of Marine Species (WoRMS). Refer to Supplementary Material 2 for the developed identification approach agreed upon by the co-authors as a first attempt to provide an overview of species composition of pearl oysters in Bahrain.


2.4 Pearl oyster abundance & population size structure

Although abundance and size structure are recognized as integral components of community structure, they are presented separately here to ensure clarity of data presentation to highlight detailed patterns in each. The number of pearl oysters belonging to the Pinctada genus within each quadrat were counted regardless of species present to assess abundance. To determine the population size structure of pearl oysters at each site, external shell measurements of all pearl oysters collected were recorded as an indicator of oyster size during specimen processing at the lab. Measurements include: (1) dorsal-ventral measurement (DVM) commonly referred to as shell length/height (SL), (2) anterior-posterior measurement (APM) commonly referred to as shell width (SW), (3) hinge length (HL) (4) oyster thickness (OT) which is measured at the thickest point of a whole unopened oysters and (5) shell thickness (ST) which is measured on the thickest shell. Measurements were taken in millimeters (mm) using a 0–150 mm digital calipers (model HDCD01150, INGCO) calibrated daily and were accurate to 0.01mm. The specific size parameters recorded for this subsection were limited to Pinctada spp.

For the purposes of defining pearl oyster size structure, the oysters were grouped into six size ranges based on their DVM as outlined in Table 2. This was used to gauge the estimated age of pearl oysters in order to group and analyze population size structure at each site.


Table 2 | Estimated oyster age based on size range (Mohammed, 1994; Mohammed and Yassien, 2003; Nayar and Al-Rumaidh, 1993a, b).


	Oyster age
	< 1 year (spat)
	1–2 years
	2–3 years
	3–4 years
	4–5 years
	> 5 years



	Estimated size range (cm)
	0.1-3
	3-5
	5-6.5
	6.5-7.5
	7.5-7.75
	> 7.75




2.5 Pearl yield

After species identification and measurement collection, all pearl oysters were meticulously searched for pearls through a visual inspection. The oyster surface flesh inspection was done following which a thumb was run across the mantle to feel for any pearls, then a shucker is used to flip over the muscle and search underneath. This was done for both sides of the oyster. In the case a pearl was found, a photo was taken in its place of discovery before being transferred into a glass bottle (Figure 2). The presence of pearls, number of pearls found in the specimen, the specimen number, site, date collected and date processed were recorded.

[image: Two close-up images of a person wearing gloves inspecting an oyster. The oyster is opened to reveal its interior, with a blurred background showing handwritten notes on what appears to be a container. The interaction is focused on the examination of the oyster's contents.]
Figure 2 | Naturally occurring pearls found inside pearl oysters during specimen examination.

2.6 Data analysis

All data analyses were conducted using the software “R” and “RStudio” version 12.1 (2024). The benthic community composition was assessed by calculating the percent relative cover of major life form categories (HC = hard corals, SC = soft corals, SG = seagrasses, MAC = macroalgae, SP = sponge, SD = sand, and Others = includes rock, rubble, ascidians, hydroids, crustose coralline algae and bivalves). Multivariate analyses were performed on these relative abundance data using the Bray–Curtis similarity index to quantify and visualize differences in benthic communities between sites and areas. To test for statistically significant differences in benthic community composition, a one-way permutational analysis of variance (PERMANOVA) was conducted. Additionally, non-metric multidimensional scaling (NMDS) was used to visually represent patterns in community similarity, while similarity percentage (SIMPER) analysis identified which lifeforms contributed most to dissimilarities between groups. The assumptions of homogeneity of multivariate dispersions were also validated.

To evaluate differences in oyster density, Generalized Linear Models (GLMs) with a negative binomial distribution and a log link function were fitted to account for overdispersion in count data (Bolker, 2008). Two models were constructed: one testing the effect of site and another examining the effect of area.

log(E[Density])=β0+β1(Site or Area)+ϵ

To examine differences in oyster morphology across sites and areas, a series of Generalized Linear Models (GLMs) were applied to each measured morphological trait (shell length, shell width, shell thickness, oyster thickness, and hinge length), using the Gaussian family with an identity link function (Bolker, 2008). Separate models were fitted for site and area to test their effects on each trait, with the general model expressed as

Trait =β0+β1(Site or Area)+ϵ

Where β0 is the intercept, β1 is the effect of the categorical predictor (site or area), and ϵ is the normally distributed error term.

Model fit was assessed using analysis of deviance with an F-test to determine whether morphological measurements differed significantly among sites or areas. Statistical significance was evaluated at α=0.05. Diagnostic plots (residuals vs. fitted values and Q–Q plots) were used to verify model assumptions, and data transformations (e.g., log or square root) were applied when necessary to improve model fit and meet assumptions.

To further classify oysters based on morphometric traits, hierarchical clustering analysis was performed. All morphometric variables were first standardized (z-score normalization) to account for differences in scale. A Euclidean distance matrix was computed, and clustering was carried out using the complete linkage method, which defines inter-cluster distance as the maximum distance between points from different clusters. The resulting dendrogram was delimitated to form three distinct clusters (i.e. small, medium, and large), selected based on prior biological knowledge and visual inspection of clustering patterns.

To assess whether the distribution of oyster size categories and oysters species differed significantly among sites, a Chi-square test of independence was applied to the contingency tables. Because some cells had expected counts less than five, which violates the assumptions of the traditional Chi-square test, a simulation-based approach was used to approximate the p-value. A significance level of α = 0.05 was used throughout. Pearl yield was calculated as the proportion of oysters with pearls at each site, defined as the number of pearl-containing oysters divided by the total number of oysters sampled. These percentages were used to assess spatial variation in pearl formation across sites.

To examine the relationship between pearl incidence (presence/absence) and oyster morphometrics, we performed multiple logistic regression using the glm() function in R. The binary response variable was Presence (1 = pearl present, 0 = absent), and candidate predictors included shell length (SL, mm), shell width (SW, mm), oyster thickness (OT, mm), hinge length (HL, mm), and shell thickness (ST, mm). We first fitted a full model containing all five predictors:

logit(P(pearl presence))=β0+β1(SL)+β2(SW)+β3(OT)+β4(HL)+β5(ST).

To identify the most parsimonious model, we sequentially compared nested models by likelihood ratio tests using the anova function and by evaluating the Akaike Information Criterion (AIC). Starting from the full model, we removed non-significant predictors one at a time to create reduced models, retaining variables that improved model fit (lowest AIC and significant likelihood ratio tests). The final selected model included shell length, oyster thickness, and hinge length as predictors. Model coefficients were interpreted as log-odds, and odds ratios (OR) with 95% confidence intervals (CI) were derived to quantify the effect of each morphometric variable on the probability of pearl presence. We did not develop any new models in this study but applied well-established statistical approaches widely recognized and validation in ecological and population studies.


3 Results


3.1 Habitat characteristics, benthic community composition & environmental characteristics

Environmental parameters varied across the surveyed sites (Table 3). The Northern Hayrat (all sites are within a MPA) were characterized by deeper waters (~ 11–21 m), with moderate salinity (40–42 ppt) and stable pH (8.1-8.2), with water temperatures generally between 21-23 °C except for T01 where 25.1 °C was recorded (Table 3). These values are typical of the winter to early spring season in Bahrain, when sea surface temperatures are at their lower annual range. On the contrary, the Eastern oyster beds (FK01 and FJ01) were shallow (1-4m) with slightly higher salinity levels (43–45 ppt) and similar temperatures (~21 °C). The Western sites (Y01 and RM01) were also shallow in nature (<4m) and exhibited extreme salinity (54 ppt), with temperatures of 21-22 °C. Dissolved oxygen (DO) values were relatively consistent across sites (~ 6.4-6.9 mg/L. Overall, the Northern Hayrat were observed to harbor clear and deeper waters while the eastern and western oyster beds live in opposite conditions as they exist in shallow and more environmentally extreme turbid waters particularly in terms of salinity (Table 3). Benthic communities also varied across sites with sand as the dominant (>50%) feature across all sites except for FK01 (15.5 ± 4.4%), Yassouf (33.1 ± 4.2%) and FJ01 (39.4 ± 3.0%) (Figures 3, 4). The majority of the Northern pearl oyster sites were associated with hard corals (e.g., Coscinaraea monile, Porites lutea, Dipsastraea speciosa), specifically Hayr Shtayyah (site S28) whereby corals (22.6 ± 2.3%) are the second most dominant benthic group at this site followed by others (including rock, rubble, ascidians, hydroids and bivalves) (Figure 3). Sites NA01, T01, T12 and S72 all had significantly lower coral cover (3.1 ± 0.9%, 1.0 ± 0.8%, 0.2 ± 0.1% and 0.1 ± 0.1% respectively) with no coral cover observed at site A19 (Figures 3, 4).


Table 3 | Environmental characteristics of the study sites.


	Site
	Site code
	Site depth (m)
	Temp. (°C)
	Salinity (ppt)
	DO
	pH
	Protected area



	Northern Hayrat


	Hayr Shtayyah
	S28
	12.1
	21.5
	41.2
	6.8
	8.2
	Y


	S72
	10.9
	21.5
	41.6
	6.9
	8.1
	Y


	Hayr Bu Amamah
	NA01
	16.9
	21.0
	40.8
	6.7
	8.2
	Y


	A19
	15.9
	21.4
	40.7
	6.8
	8.2
	Y


	Hayr Bul Thamah
	T01
	20.6
	25.1
	40.7
	6.9
	8.1
	Y


	T12
	16.2
	23.2
	40.6
	6.9
	8.1
	Y


	Eastern Oyster beds


	Falkland, Fasht Al Adhm
	FK01
	1.3
	21.6
	43.2
	6.4
	8.3
	N


	Fasht Jabbari
	FJ01
	3.6
	21.0
	44.7
	6.8
	8.2
	N


	Western Oyster beds


	Yassouf
	Y01
	0.5
	20.7
	53.8
	6.7
	8.3
	N


	Ras Al Mumtallah
	RM01
	4.1
	22.0
	54.5
	6.6
	8.2
	N



[image: Panel A shows box plots of benthic cover percentages for different sites (NA01, A19, T01, etc.) across North, East, and West areas for categories like HC, MAC, and others. Panel B presents an NMDS scatter plot with points colored by site, and ellipse lines representing areas North, East, and West.]
Figure 3 | Benthic composition of the pearl oyster beds in the kingdom of bahrain. (A) Box plots showing the distribution of the percent cover of major benthic groups (i.e. HC = hard corals, SC = soft corals, SG = seagrasses, MAC = macroalgae, SP = sponge, SD = sand, and Others = includes rock, rubble, ascidians, hydroids, crustose coralline algae and bivalves) across ten reef sites - (I) Northern Area are represented by sites: NA01 and A19 (Hayr Bu Amamah); T01 and T12 (Hayr Bul Thamah); S28 and S72 (Hayr Shtayyah); (ii) Eastern Area: FK01 (Falkland, Fasht Al Adhm) and FJ01 (Fasht Al Jabbari); (iii) Western Area: Y01 (Yassouf) and RM01 (Ras Al Mumtallah). The unfilled circles within each plot represent the mean percent cover for that benthic group at the site. (B) Non-metric multidimensional scaling (NMDS) plot visualizing the differences in benthic community structure among Eastern, Northern, and Western oyster beds. Each point represents a quadrat, coloured by site, and ellipses indicate 95% confidence intervals around area groupings, highlighting spatial separation in benthic composition.
[image: Ten underwater frames, each numbered, show various marine environments on the ocean floor. Frames display different sea life, including corals, algae, and sea urchins, set within sandy and rocky seabeds. The frames illustrate the diversity of marine vegetation and organisms across different sections.]
Figure 4 | Benthic features of pearl oyster beds in the kingdom of Bahrain. Northern Hayrat Sites (1) Hayr Shtayyah (S28); (2) Hayr Shtayyah (S72); (3) Hayr Bu Amamah (NA01); (4) Hayr Bu Amamah (A19); (5) Hayr Bul Thamah (T01); (6) Hayr Bul Thamah (T12); Eastern Sites (7) Falkland, Fasht Al Adhm (FK01); (8) Fasht Al Jabbari (FJ01); Western Sites (9) Yassouf (Y01); (10) Ras Al Mumtallah (RM01).
In general, amongst the three Hayrs (i.e. Hayr Bu Amamah, Hayr Bul Thamah and Hayr Shtayyah), Hayr Bu Amamah was characterized with bedrock covered with coarse grained sand, broken shells and scattered rubble. Site A19 located on the eastern side of the Hayr exhibited low biodiversity with scattered rubble, sponge, and ascidian colonies present, whereas in the upper western side of the Hayr (Site NA01) additional taxa was supported including solitary or individual colonies of hard coral (e.g., Turbinaria peltata), soft coral (e.g., Junceella sp.), sponges, ascidians, anemones (e.g., Stichodactyla haddoni) and urchins (e.g., Prionocidaris baculosa).

Hayr Bul Thamah also characterized with bedrock covered with coarse grained sand, scattered rubble and broken shells. Biodiversity at sites T01 and T12 was similar to Hayr Bu Amamah with individual coral colonies (e.g. Porites lutea, Turbinaria peltata and Favites chinesis) scattered across the sites along with sponges, ascidians and soft corals (e.g., Antipatharia spp. (black coral)). On the contrary, Hayr Shtayyah, supported the highest observed biodiversity with abundant hard coral (e.g., Cyphastrea microphthalma, Porites lobata, Platygyra daedalea) and soft coral colonies, sponges, and anemones (e.g., Entacmaea quadricolor).

The general benthic composition of the nearshore sites Y01, RM01, FK01 and FJ01, were fairly similar. These sites were dominated by coarse sand (Y01 had fine sand). Broken shells were recorded at RM01 and scattered rubble was abundant at FJ01. While the sites host similar benthic characteristics, the species of macroalgae were diverse across sites. In the western (Y01, RM01) and eastern (FK01) sites, macroalgae was seen to be the dominant benthic group (65.8 ± 4.2%, 69.0 ± 2.9.0% and 75.6 ± 4.4% respectively) associated with pearl oysters while the benthic composition of site FJ01 was observed to be dominated by a mixture of seagrass (27.9 ± 4.9%) and algae (26.6 ± 5.5%) (Figures 3, 4). Lastly, sponges were also observed to be present at all sites except for RM01 (Figure 3).

Overall, there is a significant difference in the benthic composition among sites (PERMANOVA: F9,285 = 55.17, R² = 0.6353, p< 0.01) and areas (PERMANOVA: F2,292 = 96.49, R² = 0.3979, p< 0.01) (Figure 3). Results illustrate that the Northern oyster beds are associated with coral while the western and eastern beds are associated with algal beds and the south-east, a mixture of seagrass and algal beds. SIMPER analysis revealed that differences in benthic composition were primarily driven by macroalgae, sand, and seagrass. Between eastern and western oyster beds, macroalgae (19.09%, p = 0.001), sand (16.35%, p = 0.261), and seagrass (8.89%, p = 0.001) accounted for 92.6% of dissimilarity. The difference in the benthic composition between eastern and Northern oyster beds were explained by sand (24.04%, p = 0.001), macroalgae (21.88%, p = 0.001), and seagrass (8.87%, p = 0.001), totaling 84.1%. Macroalgae (22.22%, p = 0.001) and sand (16.89%, p = 0.020) contributed 79.8% of the dissimilarity in the benthic composition between western and Northern oyster beds.


3.2 Pearl oyster community structure

A total of 1,973 pearl oysters were collected from the quadrats across the eastern, Northern, and western sites. In total nine pearl oyster species were identified by morphology within the quadrat-transect area: (1) P. radiata; (2) P. nigra; (3) P. maculata; (4) P. maxima; (5) P. sugillata; (6) P. spp.; (7) Malleus regula; (8) Isognomon legumen and (9) Pinna bicolour (Figures 5, 6).

[image: Bar chart showing the relative abundance percentage of various mollusk species across three regions: North, East, and West. The North region has several species, with “Pinctada maculata” and “Pinctada nigra” showing notable presence. In the East and West, “Pinctada maculata” dominates. The species are color-coded, with a legend indicating each species.]
Figure 5 | Relative abundance of pearl oyster community structure across all sites in Bahraini waters, where Northern Waters are represented by sites: NA01 and A19 (Hayr Bu Amamah); T01 and T12 (Hayr Bul Thamah); S28 and S72 (Hayr Shtayyah); Eastern Waters: FK01 (Falkland, Fasht Al Adhm) and FJ01 (Fasht Al Jabbari); Western Waters: Y01 (Yassouf) and RM01 (Ras Al Mumtallah).
[image: Various shell species are displayed in pairs, showcasing both the outer and inner surfaces. The species include Pinctada radiata, Pinctada maxima, Pinctada maculata, Pinctada nigra, Pinctada sugillata, Pinna bicolor, Isognomon legumen, Malleus regula, and Pinctada spp. The shells vary in color and texture, with some featuring iridescent interiors and others having rough, textured exteriors. Each pair is labeled with its respective species name.]
Figure 6 | Specimens of pearl oysters recorded and grouped based on morphological characteristics in the Kingdom of Bahrain. Specimens include: (a) Pinctada radiata; (b) Pincatada maxima; (c) Pincatada maculata; (d) Pinctada nigra; (e) Pinctada sugillata; (f) Pinna bicolor; (g) Isognomon legumen; (h) Malleus regula; (i) Pincatada spp.
Oyster species composition differed significantly across sites (χ² = 387.1, p< 0.001) and areas (χ² = 300.19, p< 0.001) indicating non-uniform distribution of size classes by geographic location. The Northern sites exhibited the highest species richness, with six species of Pinctada identified, whereas the eastern and western sites were primarily dominated by P. radiata, P. maculata and an unidentified P. sp (Figure 5).

In the eastern waters, P. radiata had the highest relative abundance at site FK01 (97.8%) and FJ01 (82.6%), however, the remaining species were noted to be absent from these sites with the exception of Pinctada maculata which was present at both sites but in much lower numbers (2.2% at FK01 and 4.3% at FJ01) (Figure 5). In addition, an unidentified Pinctada sp. was recorded at FJ01, contributing 13.0% to the community (Figure 5). In the western waters, site RM01 had the highest relative abundance of M. regula (8.7%), P. maculata (3.3%) while all pearl oyster species recorded at Yassouf were P. radiata (100%) (Figure 5).

In terms of species richness, the Northern Hayrat sites hosted the highest species richness (Figure 5). Site A19 in Hayr Bu Amamah had the second highest relative abundance recorded for Malleus regula (4.0%), and P. maculata (1.4%) after the western waters. P. maxima (1.2%), P. nigra (0.7%) and an unidentified Pinctada sp. (8.8%) were also recorded in this site with P. radiata (81.3%) having the highest relative abundance.

Moreover, P. sugillata occurred at very low abundance and recorded only at Hayr Shtayyah at site S72 (0.2%) and Hayr Bu Amamah at site A19 (1.9%) (Figure 5). Lastly, I. legumen was only observed at site A19 (0.7%) while, P. bicolour was recorded at only one out of the ten surveyed sites i.e., at Hayr Bul Thamah, site T12 (5%).


3.3 Pearl oyster density

A total of 1,855 Pinctada spp. oysters were collected from all quadrats across all sites, 1,612 from the Northern Hayrat, 68 from the eastern waters and 175 from the western waters. Comparing across the Northern sites, Hayr Shtayyah was noted to have the largest density of pearl oysters (S28: mean = 67 ± 8.6 oysters/m2, N=6; S72: mean = 54 ± 11.5 oysters/m2, N=6; Figure 7A). Densities within Hayr Bul Thamah (T12: mean = 30 ± 3.4 oysters/m2, N=6; T01: mean = 2 ± 1 oysters/m2, N=6) and Hayr Bu Amamah (A19: mean = 47 ± 4.5 oysters/m2, N=6; NA01: mean = 1 ± 0.4 oysters/m2, N=6) were variable depending on the area (Figure 7A).

[image: Box plots showing density of individuals per square meter at various sites grouped into North, East, and West areas. Panel A displays individual site comparisons, while Panel B provides area comparisons. Colors indicate areas: blue for North, pink for East, yellow for West.]
Figure 7 | Pearl oyster (pinctada spp.) densities in the kingdom of bahrain (A) At each study site (n=6; area=20 m2 per transect) and (B) Between areas (Eastern Waters: FK01 (Falkland, Fasht Al Adhm) and FJ01 (Fasht Al Jabbari); Northern Waters are represented by sites: NA01 and A19 (Hayr Bu Amamah); T01 and T12 (Hayr Bul Thamah); S28 and S72 (Hayr Shtayyah); Western Waters: Y01 (Yassouf) and RM01 (Ras Al Mumtallah)).
Densities varied across sites with higher densities observed in the south-west site of RM01 (mean = 19 ± 2.8 oysters/m2, N=6) and north-east site of FK01 (mean =10 ± 6.2 oysters/m2, N=4) while the opposite was observed in the north-west site (Y01: mean = 2 ± 0.5 oysters/m2, N=6) and south-east site (FJ01: mean = 3 ± 1.2 oysters/m2, N=6) which were recorded to have lower densities of oysters (Figure 7A).

In general, the highest pearl oyster density was found in the Northern areas with densities of 34 ± 4.9 oysters/m2 (N=36). Areas in the West were the second most dense with 10 ± 2.9 oysters/m2 (N=12) and the Eastern areas had the lowest densities of 6 ± 2.7 oysters/m2 (N=10)(Figure 7B). Generalized linear models using a negative binomial distribution were fitted to assess differences in oyster density across sites and areas. The analysis of deviance indicated a statistically significant effect of site (χ²9,48 = 403.63, p< 0.001) and area (χ²2,55 = 69.44, p< 0.001) on oyster density. This suggests that oyster density varied significantly among the different sites and areas.


3.4 Pearl oyster population size structure & distribution


3.4.1 Morphometric trait variation

Overall, oyster morphometric traits showed significant variation across both sites and areas (Figure 8). GLM analyses revealed strong spatial effects across all five traits. Shell length differed significantly across sites (F9,1845 = 47.86, p<2.2 × 10-16) and areas (F2,1852 = 16.98, p=4.95 × 10-8). Similarly, shell width differed significantly among sites (F9,1845 = 48.78, p<2.2 × 10-16) and areas (F2,1852 = 20.69, p=1.30 × 10-9). Significant differences were also observed in shell thickness across sites (F9,1845 = 16.65, p<2.2 × 10-16) and areas (F2,1852 = 34.52, p=1.92 × 10-15). Oyster thickness showed significant variation by site (F9,1845 = 36.66, p<2.2 × 10-16) and by area (F2,1852 = 18.74, p=8.74 × 10-9). Lastly, hinge length significantly differed among sites (F9,1845 = 62.37, p<2.2 × 10-16) and areas (F2,1852 = 29.46, p=2.54 × 10-13). These patterns demonstrate that population-level morphological variability extends beyond size classes to other shell dimensions, reflecting local environmental or ecological influences.

[image: Box plots illustrating measurements of shell length, shell width, shell thickness, oyster thickness, and hinge length. Panel A compares sites NA01, A19, S28, S72, T12, T01, FJ01, FK01, Y01, RM01 in North, East, and West areas with distinct colors representing each site. Panel B compares North, East, and West areas directly. Measurements are in centimeters, with a legend indicating site and area colors.]
Figure 8 | Variation in oyster morphometric traits. Boxplots showing the distribution of five oyster morphological traits—Shell Length, Shell Width, Shell Thickness, Oyster Thickness, and Hinge Length—measured in millimeters across different (A) sampling sites and (B) areas (Eastern Waters: FK01 (Falkland, Fasht Al Adhm) and FJ01 (Fasht Al Jabbari); Northern Waters are represented by sites: NA01 and A19 (Hayr Bu Amamah); T01 and T12 (Hayr Bul Thamah); S28 and S72 (Hayr Shtayyah); Western Waters: Y01 (Yassouf) and RM01 (Ras Al Mumtallah)). Diamonds indicate group means; boxes represent the interquartile range, and whiskers extend to 1.5× IQR.

3.4.2 Population size structure and age inference

Results illustrated that there is variability in the population size structure of Pinctada spp. across the study sites, with age inferred from shell length following the size-age categories in Table 2 (Figure 9; Supplementary Material 3). The Northern pearl oyster beds exhibit a broader range of size classes compared to the eastern and western beds, with individuals spanning a more diverse range of age (Figure 9; Supplementary Material 3). Notably, the Northern sites of Hayr Bul Thamah (Sites: T01 and T12), contain the largest individuals recorded in our dataset (8.2cm and 8.1cm respectively which correspond to >5 years old), followed by Hayr Bu Amamah (Sites: A19 and NA01) suggesting the presence of older cohorts and potentially more stable environmental conditions (Figure 9; Table 2; Supplementary Material 3). In addition, site T01 in Hayr Bul Thamah was recorded to have the largest mean oyster length (6.1 ± 0.3cm (N=18) corresponding to ~3 years old) while Hayr Shtayyah was noted to have the smallest mean oyster length (Sites: S28 = 3.5 ± 0.1cm (N=442) and S72 = 3.1± 0.1cm (N=433), corresponding to ~1 years old) indicating younger cohorts (Figure 9; Table 2; Supplementary Material 3).

[image: Grouped bar charts labeled A, B, C, and D display abundance and relative abundance by size class across different regions. Each bar is divided into sections for small, medium, and large size classes, marked in blue, pink, and yellow respectively. Panels A and B show overall abundance across North, East, and West regions, while C and D depict relative abundance percentages for the same regions.]
Figure 9 | Size Class Composition of Oysters. Stacked bar plots showing (A, B) the absolute abundance and (C, D) the relative abundance (%) of oysters classified into size classes (Small, Medium, Large) across sampling sites (A, C) and areas (B, D) - Eastern Waters: FK01 (Falkland, Fasht Al Adhm) and FJ01 (Fasht Al Jabbari); Northern Waters are represented by sites: NA01 and A19 (Hayr Bu Amamah); T01 and T12 (Hayr Bul Thamah); S28 and S72 (Hayr Shtayyah); Western Waters: Y01 (Yassouf) and RM01 (Ras Al Mumtallah). These visualizations highlight spatial variation in oyster population structure based on shell size distribution.
In contrast, the eastern and western oyster beds support a younger oyster population compared to the Northern oyster beds. Both areas predominantly consist of juvenile and sub-adult oysters (mean shell length: FK01 (4.8 ± 0.2cm, N=45); FJ01 (5.3 ± 0.3cm, N=23); Y01 (4.4 ± 0.1cm, N=38); RM01 (3.8 ± 0.1cm, N=137) (Figure 9; Table 2; Supplementary Material 3). It is worth noting that the largest individuals recorded in the eastern sites were 7.1cm and 7.0cm at FJ01 and FK01 respectively while the western sites had the smallest adult individuals at 6.9cm and 5.7cm at RM01 and Y01 indicating that, while considered adults, the cohorts do not exceed the age of 3.5 years as per the size-age estimation based on shell length (Figure 9; Table 2; Supplementary Material 3). Interestingly, the age structure across the sites, indicates that the largest percentage of spats (<3cm) are at Hayr Shtayyah (Sites: S72 = 55% and S28 = 41.9%), while Yassouf (Y01) had the lowest amount of spats (2.6%). Lastly, no spats were recorded at Site T01.


3.4.3 Size class composition

Further confirmation of significant differences in oyster size class composition among sites (χ² = 387.1, p< 0.001) and areas (χ² = 106.82, p< 0.001) (Figure 9). Sites in the north supported the greatest number of individuals (n=1612), with large oysters making up a substantial proportion particularly at A19, T12 and S28, where medium and large size classes each accounted for ~30-70% of the population. On the contrary, S28 and S72 were strongly dominated by smaller size classes, i.e. >50% of the oysters (Figure 9). The eastern sites supported small populations (n=68 combined), dominated by large size classes (~42% at FK01 and ~78% at FJ01), with only a small fraction of small individuals (<8%). The western sites exhibited a mixed structure (n=175 combined) dominated by medium sized oysters (~58% at RM01 and ~60% at Y01). When comparing across areas, the Northern Hayrat were characterized by a broader and more balanced spread across small, medium and large size classes (Figures 9C, D), thereby supporting both higher abundance and more diverse size structures reflecting both ongoing recruitment (e.g. spats at S28 and S72) alongside persistence of older cohorts (e.g. A19 and T12). In contrast, both the eastern and western beds were dominated by sub-adults and adults, with small size classes comprising<22% of the total) suggesting limited recent recruitment and a more mature population structure (Figure 9).


3.5 Incidence of pearls

Out of the 1,855 Pinctada spp. oysters collected from across the ten study sites in Bahrain, 3.6% [95% CI: 2.8–4.6%] of oysters had pearls in them. The proportion of oysters with pearls varied across sampling sites (Figure 10). The highest percentage of pearl presence was observed in Hayr Bu Amamah at site NA01 (14.3% [95% CI: 0.4–57.9%]) followed by Hayr Bul Thamah at site T01 (11.1% [95% CI: 1.4–34.7%]) and T12 (6.3% [95% CI: 3.8–9.7%]), while other sites such as FJ01, S28, A19, and RM01 exhibited moderate pearl yields ranging between 3.5% and 4.5%. In contrast, Y01, S72, and FK01 showed the lowest proportions, with FK01 recording no pearl incidence. These findings indicate variability in pearl occurrence across different oyster bed regions, with selected sites within the Northern Hayrat beds showing generally higher pearl percentages compared to the Eastern and Western beds. In addition, significant differences in the pearl yield across sites (χ² = 80.094, df = 9, p< 0.001), and areas (χ² = 96.608, df = 2, p< 0.001) were detected.

[image: Bar chart showing the percentage of oysters with pearls from different sites in North, East, and West regions. The North region shows the highest percentages, especially at site NA01, followed by A19, T01, T12, S28, and S72. The East region shows one bar for FJ01, and the West region has two bars for sites Y01 and RM01. A color legend indicates site codes.]
Figure 10 | Percentage of oysters with pearls indicating incidence of pearls in Bahraini waters, where Northern Waters are represented by sites: NA01 and A19 (Hayr Bu Amamah); T01 and T12 (Hayr Bul Thamah); S28 and S72 (Hayr Shtayyah); Eastern Waters: FK01 (Falkland, Fasht Al Adhm) and FJ01 (Fasht Al Jabbari); Western Waters: Y01 (Yassouf) and RM01 (Ras Al Mumtallah).
The logistic regression analysis showed that oyster morphometrics were significant predictors of pearl incidence. The final model, selected based on likelihood ratio tests and the lowest AIC, retained shell length, oyster thickness, and hinge length as key variables. Pearl presence increased significantly with greater shell length (OR=1.07, 95% CI: 1.02–1.12, p<0.05) and greater oyster thickness (OR=1.15, 95% CI: 1.07–1.24, p<0.01). In contrast, hinge length was negatively associated with pearl presence (OR=0.92, 95% CI: 0.88–0.97, p<0.05), indicating that oysters with shorter hinge lengths were more likely to contain pearls. The model intercept (OR=0.003, 95% CI: 0.001–0.010) reflects the low baseline probability of pearl formation when morphometric predictors are at their reference values. These findings suggest that oysters with longer shells and thicker bodies, but relatively shorter hinges, have a higher likelihood of pearl formation.



4 Discussion

Pearl oyster beds in the hottest sea on the planet were investigated to assess their ecological characteristics providing insights into the benthic composition, oyster community structure, pearl yield, and population size structure across multiple sites and geographic areas. The pearl oyster beds around Bahrain were shown to harbor different and distinct ecological habitats, which are clearly influenced by their location, depth, and other environmental factors. Sand was the dominant benthic feature across all oyster bed areas, with the exception of Falkland (FK01) in the northeast and Yassouf (Y01) in the northwest. On the other hand, the eastern and western waters were seen to be more dominated by algal beds and, to a lesser extent, seagrass. Sponges were observed across several sites but played a relatively minor role in the benthic community composition. This aligns with previous findings that report the ecological role of sponges is context-dependent, and in some systems, they strongly contribute to nutrient cycling and habitat structure while in other, they may play a relatively minor role (Kandler et al., 2019; Ruzicka and Gleason, 2009). This pattern reinforces the broader latitudinal gradient observed, with higher coral cover in the north and increased algal and seagrass dominance in the east and west with extensive seagrass areas existing around Fasht Al Jabbari (FJ01) in addition to areas surrounding Yassouf (Y01) and Ras Al Mumtallah (RM01). Coral was observed to play a significant role in shaping the benthic environment at the Northern sites, with a high percentage of coral association observed at Hayr Shtayyah (site S28: mean = 23.4%), indicating strong reef cover in an area dominated by pearl oysters. This could be influenced by ecological connectivity to a coral reef locally known as Najwat Bul Thamah (Reef Bul Thamah) (AlMealla and Hepburn, 2024; Ministerial Order (3) of 2017). While coral associations with oyster species have been reported previously (Richardson et al., 2022; Kleemann et al., 1992), the ecosystems in the Arabian Gulf differ from the traditional perspective, reflecting the unique environmental pressures and adaptations in this region (Coles and Riegl, 2013). Understanding population dynamics in extreme environments such as the Arabian Gulf may offer broader lessons for managing oyster populations facing climatic stressors globally.


4.1 Environmental gradients and pearl oyster beds

Regional (i.e., north, east and west) differences in benthic composition are closely tied to underlying environmental gradients (Table 3). The Northern Hayrat occur in deeper (~ 11–21 m) and clearer waters with moderate salinity (40–42 ppt) in addition to stable conditions which likely facilitate greater habitat complexity and higher oyster densities. In contrast, the Eastern and Western oyster beds are much shallower (<5m) and more environmentally extreme with elevated salinity (43–45 ppt in the east; >53 ppt in the west). Differences in depth, water clarity and salinity regimes are important drivers of both habitat composition and oyster population structure (Tolley et al., 2005).

Salinity differences across the study sites may also explain the observed patterns in benthic composition and oyster community structure (Mrozińska et al., 2021; Broman et al., 2019; Kennish et al., 2009). In particular, the western waters of Bahrain, Yassouf (Y01) and Ras Al Mumtallah (RM01), exhibited extremely high salinity levels i.e., >50 ppt. This could be attributed to the enclosed nature of these areas, which resemble bay environments. Their shallow depth, combined with higher evaporation rates (1.5–2 m/yr) and limited water exchange (Ghazi et al., 2017; Xue and Eltahir, 2015), likely contributes to increased salinity. Such hypersaline conditions not only shape benthic composition but also directly affect oyster populations by limiting larval settlement success and favoring smaller-bodied, stress-tolerant cohorts (Pérez-Velasco et al., 2022; Marshall et al., 2021). This may explain why these sites were dominated by juvenile or ‘dwarf’ oysters and exhibited lower overall densities compared to the Northern Hayrat, where salinity is relatively lower. Nevertheless, the variation observed in community structure of pearl oyster beds across Bahraini waters reflected clear regional differences in species composition and relative abundance, which similar to the benthic composition may be influenced by a latitudinal gradient and local environmental factors on oyster community structure.

It is important to note that the temperatures recorded during our surveys (21-25 °C) reflect the winter to early spring season (January–April). Although winter temperatures drop annually to as low as 16 °C (late December–February), the Gulf summer peaks of 34–36 °C (July–September) combined with hypersaline conditions, define it as the hottest sea on the planet and exert a strong influence on oyster population dynamics.


4.2 Diversity patterns in pearl oyster community structure

Despite ongoing differences regarding the number of pearl oyster species present in Bahraini waters (Ali, 2022; Khamdan, 2004; Nayar and Al-Rumaidh, 1993a), an effort was made to document the species of pearl oysters encountered at the study sites based on their morphological features. The community structure of the pearl oyster beds across all sites revealed a total of nine pearl oyster species within the quadrat-transect areas. These species included P. radiata, P. nigra, P. maculata, P. maxima, P. sugillata, Pinctada spp., M. regula, I. legumen, and P. bicolour. Khamdan (2004) previously reported eight species in Bahraini waters, and our results are broadly consistent with his findings while also indicating the possible presence of additional taxa.

The Northern sites exhibited the highest species richness, with six species of Pinctada identified, suggesting greater habitat complexity and potentially more favorable environmental conditions for oyster diversity. Notably, P. sugillata was among the least abundant species across all sites, recorded only in the Northern areas at site S72 in Hayr Shtayyah (0.2%) and site A19 in Hayr Bu Amamah (1.9%). Similarly, I. legumen and P. bicolour were recorded at single locations: site A19 (0.7%) and site T12 in Hayr Bul Thamah (5%), respectively. This localized presence of rare species highlights the importance of specific microhabitats and environmental conditions in supporting unique oyster assemblages.

In contrast, the eastern and western sites were dominated by three species (P. radiata, P. maculata, and an unidentified species of Pinctada), indicating a more homogenous community structure in these areas. Notably, P. radiata dominated the community structure across all sites, underscoring its role as a foundational species in the Gulf. Its ability to tolerate wide salinity and temperature ranges likely provides a competitive advantage under extreme conditions allowing it to monopolize spaces and responses (Mohammed and Yassien, 2003; Al-Wedaei et al., 2011). This ecological dominance has cascading implications, while it supports bed persistence, it may also reduce overall diversity by competitively excluding less tolerant species. Understanding the balance between resilience and homogenization is therefore central to managing Gulf oyster beds under climate stress.

In addition, in the eastern waters, P. radiata exhibited the highest relative abundance at site FK01 (97.8%) and FJ01 (82.6%), underscoring its dominance in this region. However, species diversity was low in the eastern sites, with P.maculata being the only other species recorded at both sites, albeit in much lower numbers (2.2% at FK01 and 4.3% at FJ01). In addition, an unidentified Pinctada species was recorded at FJ01, contributing 13.0% to the community, which suggests the presence of cryptic diversity or potentially misidentified species in this area. In the western waters, site RM01 demonstrated a more diverse community structure, with M. regula (8.7%) and P. maculata (3.3%) contributing to the community alongside P. radiata. However, at Yassouf (Y01) P. radiata dominated the entire community structure (100%), suggesting environmental factors or competitive advantages favor this species in the western sites. Unfortunately, to date, no study has specifically focused on species richness in Bahrain thereby limiting direct comparison of our findings with historical data.


4.3 Patterns in pearl oyster association with coral, algal and seagrass

Coral structures in the Northern sites may offer suitable substrate for larval settlement and their complex habitat provide protection to juveniles from predation and support higher long-term survival (Bartol et al., 1999), thus supporting higher oyster densities and greater species richness. On the other hand, algal and seagrass-prevalent sites like those in the eastern and western waters may offer different ecological niches that could host less stable substrate and higher competition for space, favoring fast-growing, stress tolerant species such as P. radiata thereby, influencing the distribution and abundance of oysters. The variation in benthic composition and environmental conditions across sites reinforces the importance of localized management strategies that account for habitat-specific dynamics. Similar latitudinal and environmental patterns have been observed in other oyster systems worldwide. For example, Pinctada margaritifera and P. maxima in the Great Barrier Reef and French Polynesia are strongly influenced by temperature and food availability with the greatest abundance occurring in deeper, clearer coral reef and atoll lagoon habitats (Yukihira et al., 2006, 2000, 1999, 1998; Pouvreau et al., 1999). In addition, previous studies have showcased that the role of oysters as ecosystem engineers varies with habitat setting, with stronger facilitative effects on rocky shores under greater thermal stress compared to mangroves (McAfee et al., 2016). These global observations are mirrored in Bahrain’s oyster systems whereby the Northern sites with the higher species richness and oyster densities are in coral-associated areas in comparison to the algal and seagrass dominated eastern and western sites. The coral habitats in the north likely provide more structurally complex and stable habitats that support diverse oyster assemblages, whereas the shallower hypersaline and turbid conditions of the east and west select for stress-tolerant species such as P. radiata. These findings highlight that both latitude and habitat type interact with environmental stressors to shape oyster community structure, a pattern consistent with ecological theory (Bertness and Callaway, 1994) and global oyster studies (Kimbro et al., 2020; McAfee et al., 2016; Yukihira et al., 2006).


4.4 Densities of pearl oysters: the present & historical comparison

Variations in pearl oyster densities across Bahraini waters highlights distinct regional differences in habitat suitability and oyster aggregation patterns. A total of 1,855 individuals of the genus Pinctada were collected across all surveyed sites, with the Northern Hayrat contributing the majority (1,612 individuals), followed by the western waters (175 individuals) and the eastern waters (68 individuals). The highest pearl oyster densities were recorded in the Northern sites, particularly at Hayr Shtayyah, also considered the largest Hayr amongst the Northern Hayrat.

When compared to historical estimates from the survey report produced by Arfa et al. (2012), our results show both consistencies and notable changes. For example, at Hayr Shtayyah, site S28, the present density of 67 ± 8.6 oysters/m² aligns well with what was previously reported (i.e. Abundant category using the SACFOR method, characterized by >100 oysters/m²). This consistency suggests that S28 continues to function as one of Bahrain’s most productive oyster habitats, providing highly favorable conditions for pearl oyster settlement and survival including optimal water temperatures, appropriate salinity levels, food availability, clearer waters and depth (Khalifa et al., 2024; Kimbro et al., 2020; Ishikawa et al., 2020; Tolley et al., 2005). In contrast, site S72, classified previously as Occasional (≤1 oysters/m²), now supports a much higher densities (54 ± 11.5 oysters/m²) indicating a possible recovery or local recruitment event. In Hayr Bu Amamah (the smallest Hayr), site A19 was previously categorized as Common (9–100 oysters/m²) while our present measured density of 47 ± 4.5 oysters/m² falls within this range, suggesting relative stability in oyster abundance. Similarly, although NA01 was not surveyed in 2012, a site close to its location was classified as Frequent but locally Common (1–100 oysters/m²) and our recorded density of 1 ± 0.4 oysters/m² indicates persistence but at the lower end of this range. In Hayr Bul Thamah, both sites surveyed were historically categorized as Frequent but locally Common (T01) and Common (T12) while our recorded densities showed them at only 2 ± 1 oysters/m² suggesting localized declines. Overall, these historical comparisons show that some Northern sites illustrate persistence of high-density oyster populations such as S28 and A19 while some indicate potential declines or shifts (e.g. T01 and T12). This variability underscores the importance of localized environmental conditions, recruitment dynamics and harvesting pressures in shaping present-day oyster population structures in Bahrain.

In the western waters, densities were highest at site RM01 (mean = 19 ± 2.8 oysters/m²), which may reflect more stable environmental conditions or greater availability of suitable substrate compared to the eastern sites, where lower densities were observed at FK01 (mean = 10 ± 6.2 oysters/m²) and FJ01 (mean = 3 ± 1.2 oysters/m²). The lowest recorded density was at Yassouf (Y01) in the northwest (mean = 2 ± 0.5 oysters/m²), further supporting the pattern of reduced oyster aggregation in more exposed or environmentally extreme locations. The overall trend of higher densities in the Northern sites (mean = 34 ± 4.9 oysters/m²), followed by the western sites (mean = 10 ± 2.9 oysters/m²), and the lowest in the eastern sites (mean = 6 ± 2.7 oysters/m²) suggests that environmental gradients, such as substrate availability, hydrodynamics, and possibly food availability, may be influencing pearl oyster distribution. The significant difference in oyster densities across sites and areas, as indicated by the GLM analysis, revealed the importance of regional environmental conditions and localized habitat features in shaping oyster community structure.


4.5 Size-structure of pearl oysters

While density comparisons provide insight into temporal shifts, our population size-structure data illustrate an additional dimension of population dynamics. Hayr Bu Amamah supports both stable densities and older cohorts, whereas Hayr Bul Thamah, despite reduced densities, still harbors long-lived individuals indicative of residual population stability. The broader range of size classes at these two sites, including individuals >8cm in length (corresponding to >5 years of age) suggests the persistence of older cohorts and relative population stability. However, when this is considered alongside historical density estimates (Arfa et al., 2012), a more informative picture emerges. While Hayr Bu Amamah appears relatively stable in both size, structure and density, Hayr Bul Thamah shows evidence of containing large and older individuals despite an overall decline in density. This divergence between density and size structure demonstrates that population stability is multi-dimensional, requiring both abundance and age structure to be assessed together. Declining densities may mask the presence of older residual cohorts, while high densities alone may not guarantee long-term persistence-underscoring the importance of integrating both metrics in evaluating recovery potential.

In contrast, the eastern and western sites were dominated by smaller oysters, with mean shell lengths corresponding to younger cohorts (<3.5 years), highlighting that these populations are primarily composed of juvenile and sub-adult oysters. The higher proportion of younger oysters in the eastern and western sites could be indicative of recent recruitment or higher turnover rates, possibly due to increased environmental stress or harvesting pressure. Hayr Shtayyah had the highest percentage of spats (<3cm), suggesting that this site may serve as an important recruitment ground, whereas the absence of spats at site T01 could indicate limited recruitment or high post-settlement mortality. The significant variation in shell length across sites, emphasizes the spatial differences in population structure, but the lack of significant differences between broader areas suggests that local-scale factors such as habitat quality, recruitment success, and harvesting pressure are more influential in shaping size structure. These results examining population size structure reiterate the importance of the need for localized management strategies. Previous studies in neighboring countries such as in Qatari waters, have reported Pinctada radiata shell length to be between 5.6 to 8.4cm (Mohammed and Yassien, 2003).


4.6 Pearl yield

The overall pearl occurrence of 3.6 ± 0.4% across all sites is consistent with historical reports of 3.3% in 2012 exclusively for the Northern Hayrat sites (Arfa et al., 2012) and 4.6% in 1993 from 15 sites including Hayr Bul Thamah, Hayr Bu Amamah, Hayr Shtayyah and the areas in close proximity to Falkland (Nayar and Al-Rumaidh, 1993a). Pearl yield was highest at Hayr Bu Amamah (NA01: 14.3%) and Hayr Bul Thamah (T01: 11.1%) likely reflecting the presence of older cohorts, since larger, long-lived oysters are more prone to pearl oyster formation under prolonged exposure to environmental stressors that trigger nacre deposition (Ishikawa et al., 2020). In contrast, Hayr Shtayyah exhibited the lowest pearl yield, particularly at S72 (0.9%), consistent with its younger size structure, indicating that younger oysters are less likely to produce pearls (Ishikawa et al., 2020). The absence of pearls at FK01 (eastern site) could be due to the small sample size at the historically heavily targeted and overharvested site while the low yield at Y01 (north-west site) could be a reflection of environmental or genetic factors influencing pearl production, such as water quality, nutrient availability, or disease pressure since this site endures extreme conditions such as high salinity levels (55.1ppt), shallow waters (<2m) and large annual temperatures fluctuations (16-36 °C) (Al-Wedaei et al., 2011). Oysters from the western waters as mentioned previously are also notably smaller (“dwarf oysters”, ≤3.5 years old at RM01 and Y01), a trait local scientists attribute to genetic adaptation to extreme conditions.

Overall, pearl yield was higher in the western sites (3.4%) compared to the eastern sites (1.5%) suggesting site-specific factors, particularly environmental stability, population structure, harvesting intensity, all of which shape pearl formation potential. These findings also reflect the historical importance of Hayr Bu Amamah, Hayr Bul Thamah, and Falkland as highly productive pearl beds and have been heavily targeted by pearl divers for generations (Nayar and Al-Rumaidh, 1993a). The accessibility and environmental conditions of these sites likely amplify differences in both oyster densities and yield. Hayr Bu Amamah, Hayr Bul Thamah, and Hayr Shtayyah are located approximately 58km, 57km and 30km respectively from the mainland (Arfa et al., 2012), and are >10m deep, making them difficult to access during rough weather conditions. Harvesting at these sites requires larger boats and specialized diving equipment, which may reduce the frequency and intensity of pearling activity. It is however important to note that when pearl divers do access these sites, harvesting is practiced heavily. In contrast, Falkland is located less than 2km from the mainland and at a shallow depth of less than 2 meters, allowing for easy access and pearling without the need for dive equipment. This ease of access likely increases harvesting pressure, which could explain the low oyster densities recorded at this site. The combined effects of historical overharvesting and varying accessibility may be key factors driving the observed differences in oyster densities across these traditionally productive beds.


4.7 Policy recommendations

To enhance the sustainability of Bahrain’s pearl oyster beds, particularly in the Northern Hayrat which are already designated as MPAs, more targeted regulatory measures and on-field monitoring are recommended. Our findings support the following measures to ensure the recovery of oyster populations where relevant and maintain the ecological and economic value of Bahrain’s pearl beds:

	Adoption of a Rotational Zonation Strategy: The persistence of high densities at sites such as in Hayr Shtayyah (e.g. site S28) and Hayr Bu Amamah (e.g. site A19), alongside declines at Hayr Bul Thamah (e.g. sites T01 and T12), underscores the importance of reducing localized harvesting pressure. Rotational zonation would allow exploited areas to recover while maintaining access to stable sites.

	Designation of New Protected Areas: Sites in the Northern Hayrat area, especially the coral-associated sites, showed higher species richness and oyster densities compared to the eastern and western sites. Protecting ecologically, historically and economically important sites such as Falkland and Fasht Al Jabbari would conserve productive habitats and reduce harvesting pressure.

	Establish a National Oyster Database & Monitoring: Comparisons with Arfa et al. (2012) revealed both consistencies (e.g. S28, A19) and declines (e.g. T01 and T12) thereby highlighting the importance of comparative data built through a long-term monitoring program. The establishment of a centralized national database to track oyster catch data, including daily harvest records and site-specific trends will enable early detection of overharvesting and shifts in population structure, supporting adaptive management.

	Habitat-Specific Management Strategies: Our findings of stress-tolerant dwarf oysters in hypersaline western sites versus older, stable cohorts in the Northern sites highlight the need for strategies tailored to local ecological conditions.

	Strengthen Enforcement and Compliance: Current harvesting regulations covered under Ministerial Order (3) of 2017 regarding designating Hayr Bul Thamah, Hayr Shattayah, and Hayr Bu Amamah as Marine Protected Areas dictate that only those holding a pearling permit issued by the Directorate of Marine Wealth and the Directorate of Reserves at the Supreme Council for Environment are allowed to harvest oysters. However, there is no catch limit or regulation to track landing data or site-specific harvesting rates. Given observed site-specific declines, introducing catch limits and mandatory reporting of landing data would improve monitoring and resource management thereby ensuring sustainability.

	Introduce Seasonal Bans: While our study did not assess seasonal variability, evidence from other oyster fisheries shows that temporary closures during spawning seasons support recruitment and stock recovery (Marquardt et al., 2025; Beentjes, 2023; van Overzee and Rijnsdorp, 2015). Similar approaches could be explored in Bahrain especially noting that pearl diving historically was based on a pearl diving season not all year harvesting.

	Regulate Tourist Harvesting: Currently, tourists are allowed to collect up to 60 oysters per person when accompanied by authorized dive centers based on Decision No. (43) of 2017 on regulating pearl fishing and extraction. Although not assessed in our study, tourist collection may add pressure to already stressed beds. Lessons from global fisheries suggest reviewing and adjusting recreational harvest limits (e.g. daily bag limits, size thresholds, harvest seasons, or closures) to reflect local sustainability thresholds (Fisheries New Zealand, 2025; Hilker and Liz, 2020; Peters et al., 2017).



4.8 Limitations

While this study provides an initial overview of species composition based on morphological traits, it is important to acknowledge the inherent risk of misidentification when relying on shell morphology alone. Pearl oyster species in the Gulf are known for considerable phenotypic plasticity, and the presence of cryptic species cannot be ruled out. Moreover, regional endemism may contribute to morphotypes that do not align neatly with existing taxonomic descriptions. For these reasons, future work should incorporate molecular validation (e.g., DNA barcoding and genomic approaches) to confirm species identities and resolve uncertainties in regional taxonomy. Such approaches are critical to disentangle cryptic diversity, refine species boundaries, and provide a more robust basis for biodiversity assessments and management. Similar challenges in other regions have benefited with important insights derived from molecular techniques (Lal et al., 2018; Sun et al., 2016; Arnaud-Haond et al., 2008). It is important to acknowledge that our sampling was limited to the period between January and May, and therefore does not capture potential seasonal or interannual variation in pearl oyster populations. The patterns presented here should thus be interpreted as a temporal snapshot rather than representing year-round dynamics. Multi-seasonal studies from multiple regions have shown that density, reproductive activity and size structure of pearl oysters can vary seasonally, often linked to spawning cycles and temperature fluctuations (e.g. Khalifa et al., 2024; Pafras et al., 2024; Gómez-Robles et al., 2023; Yigitkurt, 2021). Furthermore, monitoring across multiple seasons in Bahrain will be essential to determine whether similar temporal trends occur in this extreme environment.


5 Conclusion and future research

Our results highlight that oyster densities are not shaped by environmental conditions alone but by the interaction of ecology and human pressure. Sites with favorable environmental conditions, such as the deeper and more stable Northern Hayrat sites can sustain higher oyster densities when accessibility limits harvesting frequency. On the contrary, shallow and easily accessible sites like Falkland show low densities despite seemingly suitable substrates, illustrating how harvesting pressure can override environmental suitability. This interplay between natural and anthropogenic drivers is critical for understanding present-day oyster distributions in Bahrain. Beyond the local context, these findings also hold broader relevance for oyster population resilience in extreme environments worldwide. Similar patterns of environmental stress shaping oyster community structure, recruitment, and persistence have been documented in regions such as the Great Barrier Reef, French Polynesia, and intertidal oyster reefs in Australia (Leong et al., 2024; McAfee et al., 2016; Yukihira et al., 2006). Bahrain’s pearl oyster beds therefore serve as a natural laboratory for testing global predictions on how foundation species respond to combined environmental extremes and harvesting pressures, offering insights for the conservation and management of oyster systems under future climate change.

The ecological patterns observed in Bahrain’s pearl oyster beds ranging from their association with coral, algal, and seagrass habitats to their responses under hypersaline and thermally extreme conditions offer insights of global importance. As pearl oysters are distributed across tropical and subtropical regions, understanding their ecological dynamics in the world’s hottest sea provides a natural laboratory for predicting how similar ecosystems may respond to future climate extremes. Moreover, the dynamic between traditional resource use, cultural heritage, and conservation in Bahrain mirrors challenges faced by coastal communities worldwide.

This study is the first to quantify and define the benthic composition, community structure, population size, and pearl yield of Pinctada spp. across Bahrain’s pearl oyster beds. The patterns observed here provides important ecological insights into the distribution of oyster beds and the associated benthic communities, highlighting that Northern sites exhibit higher species richness and larger oyster sizes, likely due to more stable environmental conditions and association with coral structures. In contrast, variation in oyster densities and pearl yield across sites reflects localized environmental factors and harvesting pressures. These findings add to the growing recognition that site-specific ecological data, particularly from underrepresented regions, are critical for informing global models of marine ecosystem resilience and guiding adaptive management in light of climate change. Future research should focus on investigating the drivers of these patterns, including the role of temperature, salinity, and nutrient availability, to better understand the resilience of pearl oyster populations in a rapidly changing environment. Integrating molecular tools such as DNA barcoding and population genomics would help clarify species boundaries, detect cryptic diversity and assess adaptive potential under extreme environmental stressors.
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