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Introduction: Artificial substrates are increasingly employed in marine

ecosystems to support benthic communities by providing habitat and

enhancing biodiversity, particularly in areas where natural substrates are

limited. Understanding the ecological role of these structures is essential for

conservation and management, especially in regions undergoing industrial

development, such as offshore oil and gas areas.

Materials and methods: To investigate the vertical distribution of mobile

epifaunal assemblages, stainless-steel settlement plates were deployed across

depths ranging from 10 to 44 meters for a duration of 13 months. The study was

conducted between the Al Shaheen Oil Platforms and nearby offshore natural

reefs within the Qatari Exclusive Economic Zone (EEZ).

Results: The survey recorded a total of 2,302 individuals from 42 operational

taxonomic units (OTUs), including the first documented presence of Galathea sp.

in Qatari waters. Distinct patterns of species distribution were observed, with

polyclads and sipunculids predominantly occurring in shallow waters, while

deeper sections showed reduced abundance, diversity, and biomass. Although

no significant horizontal patterns were detected between reef sites, strong

ecological connectivity was evident, indicating that the artificial substrates

acted as effective "stepping stones" for mobile fauna.

Discussion: The dominant functional groups included surface deposit feeders

(sipunculids), carnivorous flatworms, and polychaetes. Notable depth-related

associations were found, such as sipunculids and flatworms with sessile bivalves

in shallow areas, and crabs with dead barnacles at deeper depths. These findings

provide valuable baseline data on mobile benthic communities inhabiting

offshore artificial reefs and highlight their role in promoting biodiversity and

connectivity between natural reef habitats. The study also offers important

implications for the design, commissioning, and decommissioning of oil and

gas infrastructure, with relevance to reef restoration and fisheries enhancement

strategies in the region.
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Introduction

Artificial structures have been introduced into marine

environments for purposes like coastal protection, fisheries

enhancement, or oil and gas exploration, with their use dating back

to ancient times, such as the Persians deploying artificial reefs to

block pirates (Williams, 2006). These structures, such as oil platforms

and offshore wind farms, provide hard substrates that support diverse

marine communities and contributing to ecosystem restoration and

fisheries improvement (Friedlander et al., 2014; Page et al., 2009). The

importance of artificial reefs is heightened by the global decline of

coral reefs, which, despite covering only 0.2% of the marine

environment, host nearly one-third of all marine species and

provide critical services (Veron et al., 2009). Coral reefs face

significant threats from overfishing (Shantz et al., 2020), pollution

(Li et al., 2021), invasive species (Peller and Altermatt, 2024), and

climate-related stressors (e.g. Bouwmeester et al., 2020), leading to

widespread degradation, as seen in the 2024 Great Barrier Reef

bleaching event (Reimer et al., 2024). Meanwhile, artificial reefs

increasingly substitute for degraded natural reefs, providing habitat

that supports increased biomass, as shown by studies like Polovina

and Sakai (1989) in Japan, where artificial reefs boosted the Pacific

giant octopus catch. This highlights that fish populations are often

habitat-constrained, affecting food availability, reproduction, and

predation dynamics (Macreadie et al., 2011). Research on artificial

reefs has evolved from focusing on colonization to examining their

role in ecosystem restoration, hydrodynamics, and food webs,

emphasizing their potential in mitigating reef loss and supporting

marine biodiversity (Lee et al., 2018).

Offshore oil and gas platforms, which contribute approximately

one-third of global oil and gas production, serve not only industrial

purposes but also function as artificial habitats for diverse marine

communities (Torquato et al., 2017). With over 8,000 active

platforms globally, these structures provide extensive vertical

surfaces throughout the water column, supporting fouling

organisms and marine species despite occupying a small seafloor

footprint. Platforms in regions like the Gulf of Mexico, the Santa

Barbara Channel, and the Arabian Gulf have facilitated high marine

biodiversity, with recruitment densities surpassing most marine

ecosystems (Claisse et al., 2014). These platforms are often located

in offshore areas that may experience relatively lower direct coastal

human impact compared to nearshore zones, particularly in deeper

waters with strong currents, which can facilitate species dispersal

and enhance genetic connectivity for corals and associated species

(Molen et al., 2018); however, this pattern can vary regionally, as in

the Gulf of Mexico, where platforms span a wide depth range from

shallow to deep waters. However, they also pose risks, including

facilitating the spread of invasive species that can disrupt local

ecosystems. Variations in macrofaunal assemblages on platforms

are influenced by factors like temperature, food availability, and

current-driven larval dispersal, with distinct vertical patterns

observed at different depths (Page et al., 2008). Geographical

gradients also play a role, with southern platforms supporting

more diverse benthic communities, while older northern

platforms host higher fish diversity (Friedlander et al., 2014).
Frontiers in Marine Science 02
Despite differences in physical conditions, these platforms

resemble natural reefs in their ecological structure, providing

valuable insights for conservation, restoration, and climate

change studies.

Offshore oil and gas platforms provide structurally complex

habitats that support diverse marine communities (e.g., Friedlander

et al., 2014; Riera et al., 2023). These artificial structures can serve as

important substrates for invertebrate colonization and reef-associated

species, contributing to local biodiversity. Studies have documented

successful colonization on steel components of platforms, including

corals and other sessile fauna (Fitzhardinge and Bailey-Brock, 1989;

Bell and Smith, 1999; Torquato et al., 2021). In regions experiencing

significant habitat loss, such artificial substrates may offer valuable

opportunities for benthic community development and ecosystem

enhancement. Our study, conducted near the Al Shaheen oil

platforms, focuses on understanding mobile epifaunal assemblages

on these artificial structures, providing baseline data crucial for future

ecological assessments in the region.

The Arabian Gulf, a shallow and semi-enclosed marine basin, is

one of the hottest and saltiest open seas, with summer temperatures

exceeding 35°C and salinities over 45 psu due to high evaporation and

limited freshwater input. Spanning 1,000 km in length and bordered

by deserts, the Gulf connects to the Gulf of Oman through the Strait

of Hormuz, driving a unique seasonal circulation. Despite these harsh

conditions, the Gulf supports diverse macrofaunal invertebrates

crucial to benthic food webs and fisheries. However, over 70% of

its coral reefs are degraded due to high temperatures, salinity, and

anthropogenic pressures, i.e., overfishing and pollution. Offshore oil

platforms, like those in the Al Shaheen Oil Field, have become vital

artificial reefs, providing hard substrates for coral and fish

communities and enhancing fisheries productivity. These platforms

also function as biodiversity hotspots, supporting species new to the

region, and help reduce anthropogenic impacts, i.e., fishing. This

study aims to investigate the biological connectivity between natural

reefs and oil platforms in offshore Qatari waters by examining mobile

macrofauna recruited on settlement plates, assessing spatial

variations in recruitment, and exploring the relationship between

mobile epifauna and sessile assemblages. The results will inform oil

platform decommissioning strategies, emphasizing their role in

enhancing local productivity and ecological connectivity

(Maghsoudlou et al., 2008; Feary et al., 2011; Torquato et al., 2017;

Riera et al., 2023).
Materials and methods

Study area

The study focused on the Al Shaheen oil field, located

approximately 70–80 km (about 40 miles) off the Qatari coast,

where natural coral reefs coexist with oil platforms that also

function as artificial reefs (Figure 1). Umm Al Arshan, one of the

most diverse reefs in the southern Arabian Gulf, was identified near

Block 5 and is relatively less impacted by past coral bleaching events

(Burt et al., 2016, Burt et al., 2017). The area, also less affected by
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anthropogenic activities such as fishing, was selected to examine

connectivity between natural and artificial reef structures in

offshore deep waters. As this study investigates connectivity

between these two habitat types, we agree that reporting spatial

relationships is essential. The closest natural reefs lie approximately

50 km west of the Al Shaheen oilfield, and six arrays of settlement

plates were deployed along a spatial gradient to capture recruitment

patterns across varying distances from both natural and artificial

sources. Arrays 1, 2, and 3 were situated nearer to the natural reefs,

while arrays 4, 5, and 6 were positioned closer to the oil platforms

within the Al Shaheen field. Inter-array distances varied between 10

and 15 km, and all relevant distances can be inferred from the

Figure 1. This spatial configuration was explicitly designed to

investigate recruitment dynamics and potential larval connectivity

between the two reef types.
Deployment of settlement plates

Stainless-steel settlement plates (20 × 20 cm) were deployed in

October 2016 at six offshore locations situated between the Al

Shaheen oil platforms and nearby natural reefs, approximately 70–

80 km from the coastline. These six arrays were strategically

distributed to create a gradient of distance between the artificial

structures and natural reef habitats, allowing for the assessment of
Frontiers in Marine Science 03
spatial patterns in larval recruitment and potential connectivity. At

each site, a mooring line was secured to the seafloor using concrete

anchors and acoustic release systems, and held 30 plates spaced 1 m

apart. The plates were suspended at depths ranging from 10–15 m

(top) to 45–48 m (bottom), with the deepest plates positioned

approximately 1–2 m above the seafloor (Table 1; Figure 1). This

configuration enabled sampling across a depth gradient while

maintaining consistency across sites. The plates were constructed

to mimic the material and surface texture of oil platform pillars, and

were not cleaned prior to deployment to allow for natural biofilm

development and realistic settlement conditions.
TABLE 1 Sites and their geo-coordinates and maximum depth, as
recorded by research vessel janan upon sample retrieval on 3–6
nov 2017.

Site name Latitude Longitude Max depth (m)

1 N26 49 40.1 E51 19 39.8 43

2 N26 45 54.8 E51 26 41.8 46

3 N26 44 09.8 E51 33 20.8 43

4 N26 41 56.0 E51 38 08.5 41

5 N26 41 15.1 E51 42 32.5 44

6 N26 38 59.2 E51 45 56.4 45
FIGURE 1

Map of the study area showing the six sites of deployment (numbered 1 to 6), between the Al-Shaheen oil field, within Block 5, and the natural coral
reefs in the North of the EEZ of Qatar.
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Sampling and retrieval of substrates

All sampling for this study was conducted during a single survey

in November 2017, approximately 13 months after deployment. In

November 2017. The plates were retrieved using an acoustic release

system during a research cruise aboard the RV Janan. Photographs

were taken of the retrieved plates using a Nikon D7100 camera with

paired strobes. Half of the plates from each depth were collected for

biological analysis, while the remaining plates were redeployed at

the same locations for potential future (not included in this study)

long-term monitoring.

Upon retrieval, plates were transferred to the vessel’s washing

room, where macrofauna was scraped off using a paint scraper,

ensuring minimal damage. The collected organisms were washed

with seawater and filtered through dual mesh (500 and 50 microns).

The macrofauna was then preserved in plastic containers, half in

absolute ethanol and the other half in a 5% buffered formalin

solution. The samples were labeled, refrigerated at -1°C, and

transported to Qatar University’s laboratories for further analysis.

This methodology aimed to assess the biological connectivity

between natural reefs and oil platforms by analyzing macrofaunal

recruitment and community structure.

Additionally, vertical profiles were obtained at each site using

the Vessel CTD (Sea-Bird Electronics SBE911plus). Variables

measured included Depth, Temperature, Salinity, Density,

Dissolved Oxygen, Fluorescence, Turbidity, PAR/Irradiance, pH,

Oxidation Reduction Potential and Pressure.
Sample analysis

Upon arrival at the lab, themacrofauna sampleswere emptied using

funnels and50-micron sieves.Ethanol sampleswereprocessedpromptly

to prevent distortion, while formalin-fixed samples were processed later

in a fume hood. Samples were transferred to plastic trays for sorting

under magnifying glasses (MAGNASCOPE R1-89-01). Sorting was

done in two stages: first, separating sessile organisms from mobile

fauna, and then sorting the mobile fauna into major taxonomic

groups (e.g., Annelids, Mollusks, Crustaceans). Organisms were

preserved in falcon tubes or eppendorfs, properly labeled for

subsequent taxonomic identification.

Taxonomic identification of mobile fauna was done based on

morphology, using stereo microscopes (Zeiss SMZ-168 and

Olympus SZ2-ST). The identification was cross-checked through

taxonomic guides (Jones, 1986; Richmond, 2002; Al Omari, 2011;

Alomari, 2016; Naderloo, 2017). Identified taxa were preserved in

smaller vials and labeled for dry biomass measurement.
Data analysis

Although plates were deployed at 1 m intervals, for analysis

purposes they were grouped into 5 m depth intervals (e.g., 10–14 m,

15–19 m, etc.), resulting in seven depth categories. This grouping

allowed for consistent comparisons across depths while reducing
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potential variability among closely spaced plates. The raw data were

organized in Microsoft Excel and analyzed using two fixed factors:

Site (6 levels) and Depth (7 levels, grouped in 5 m intervals). The

taxa were transformed into operational taxonomic units (OTUs) to

standardize identification at varying taxonomic levels. Non-metric

multidimensional scaling (nMDS) and Permutational Multivariate

Analysis of Variance PERMANOVA (Anderson et al., 2014) were

applied to analyze community structure using the Bray-Curtis

similarity matrix. SIMPER analysis highlighted the taxa

contributing most to observed dissimilarities (Range et al., 2014).

Ecological indices, including species richness, abundance, and

diversity (d and J’), were calculated using the DIVERSE routine.

Distance-Based Linear Models (DistLM) were used to analyze the

relationship between mobile epifauna and sessile fauna. The BEST

procedure identified the most significant explanatory variables for

variation in mobile fauna. Distance-based redundancy analysis

(dbRDA) was used to visualize these relationships, applying non-

parametric permutation methods (McArdle and Anderson, 2001).

Abundance-Biomass Comparison (ABC) curves were plotted to

assess whether the community structure reflected a disturbed or

undisturbed ecosystem. All the multivariate analyses were

performed using the PRIMER v6 statistical software with

PERMANOVA+ add-on (PRIMER-E, Plymouth Marine

Laboratory). Statistically significant difference between the means

was chosen at p<0.05. Graphs were plotted using SigmaPlot

software (V 11.0, Systat System, Inc.).
Results

Environmental variables

Chlorophyll concentrations, measured through fluorescence,

peaked between 10–20 m and were lowest at greater depths (40–50 m)

(Figure 2). Temperature records from the data loggers showed clear

thermal stratification,withadaily thermoclineof5-6°Conaverage, anda

maximum gradient of 10°C observed in September 2017. Stratification

intensified from March to November 2017, with notable temperature

fluctuations at shallow (10–15 m) and deep (45–50 m) layers across all

sites (Figure 3).
Macrofauna

A total of 42 different operational taxonomic units (OTUs) of

macro-benthic recruits were recorded from 2,302 mobile epibenthic

individuals collected across six sites at various depths. Of these,

1,553 specimens were identified at the family level, while 663 were

identified to genus or species level, and 86 to higher taxonomic

levels (class or order), due to incomplete or damaged specimens.

The most diverse group was the annelids, represented by 14 families

(e.g., Chaetopteridae, Eunicidae, Nereididae, and Terebellidae),

followed by arthropods (8 families), echinoderms (5 families),

mollusks (2 families), and a few individuals from Sipunculida and

Platyhelminthes. The most abundant taxa included the sipunculid
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Phascolosoma sp., polyclad Stylochidae, and brittle-stars belonging

to the families Ophiotrichidae and Ophiocomidae. Among

crustaceans, the family Pilumnidae was abundant, while

gastropods like the genera Cerithium sp. and Conus sp. were

present across sites, although Conus was absent at one site. To

our knowledge, the crustacean Galathea sp. was firstly recorded in

Qatari waters.
Frontiers in Marine Science 05
There is a general trend of total abundance decreasing with

depth (Figure 4), reflecting the strong influence of depth on

macrofaunal community structure. Taxa distribution revealed that

sipunculids, polyclads, and polychaetes were most abundant in the

upper layers, with polychaetes being particularly diverse at sites 1-

AF and 2-DE. Echinoderms were more diverse at site 4-GH, while

crustaceans dominated in abundance at this site. Nudibranchs were
FIGURE 3

Seawater temperature records from Hobbo© data loggers deployed at 10–15 m (red) and 45–50 m (blue) in each of the 6 vertical structures.
FIGURE 2

Vertical profiles (0–60 m) for chlorophyll-fluorescence at each of the six deployment sites (1 – 6) obtained using the vessel CTD.
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observed at sites 1-AF and 4-GH, typically within the 20–24 m

depth range. PERMANOVA analysis confirmed that site, depth,

and their interaction significantly influenced mobile macrofaunal

community structure in terms of both abundance and biomass

(Tables 2, 3). Notably, depth exhibited the highest Pseudo-F values,
Frontiers in Marine Science 06
reinforcing its role as the key driver of community variation. This

depth-related structuring likely reflects the combined effects of

abiotic factors, such as the pronounced temperature gradient in

the study region, and biotic factors, including species-specific

habitat preferences and interactions.
FIGURE 4

Overall abundance per plate (mean + SE) at each site and depth interval.
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The nMDS plots in Figure 5 highlight the taxa contributing most

to dissimilarities in abundance among depth intervals at each site.

The sipunculid Phascolosoma sp. 1 and the polyclad Stylochidae were

dominant at shallower depths (10–19 m) across all sites, displaying

strong positive correlations with these layers. Intermediate depths

(20–34 m) supported high abundances of polychaetes from families

such as Terebellidae, Syllidae, Ophiotrichidae, and Ophiocomidae,

while deeper layers (30–44 m) were characterized by increased

abundances of Terebellidae, Lumbrineridae, bristle worms

(Eunicidae, Nereididae), and decapods (Pilumnidae) (Table 4).

Notable horizontal distribution patterns included Polynoidae and

Syllidae being abundant at site 1-AF, while the flatworm family

Discocelidae was present at sites 1-AF and 5-LJ (Figure 5).

The best DistLM solution identified 8 sessile taxa (bivalves

Malleus regula,Modiolus barbatus, Pinctada radiata, Pinna bicolor;

the barnacle Amphibalanus amphitrite, dead barnacles; sponges;

and tube polychaetes) as explanatory variables. Seven mobile taxa

(the sipunculid Phascolosoma sp. 1, the polyclad Stylochidae, and

the polychaetes Polynoidae, Syllidae, Lumbrineridae) showed

strong positive correlations with these sessile taxa at shallow to

moderate depths (Figure 6). Decapods Pilumnidae and Etisus

demani were positively correlated with dead barnacles at greater

depths. Notably, the sipunculid Phascolosoma sp. 1 showed a strong

correlation with Pinna bicolor (Pearson’s r = 0.80), The decapod

Pilumnidae with dead barnacles (r = 0.78), and the crustacean Etisus

demani with the barnacle Amphibalanus amphitrite (r = 0.73).

Crabs, sipunculids, and polyclads were strongly correlated, with

increasing counts of dead barnacles correlating with greater crab
Frontiers in Marine Science 07
abundance. Shallow depths with abundant bivalves also supported

high numbers of sipunculids and polyclads, whereas deeper depths

with lower light penetration showed minimal bivalve presence and

fewer mobile taxa (Figure 7).
Discussion

This study provides important insights into the spatial

dynamics of mobile recruits on offshore artificial reefs, specifically

examining the role of oil platforms as artificial habitats in Qatari

waters. By deploying stainless-steel plates resembling submerged

sections of oil platforms across six sites along a transect from

natural reefs to oil platform clusters, we documented 32 taxonomic

families representative of the local benthic fauna. Our results

highlight depth as a primary factor structuring the mobile

epifaunal community, significantly influencing both abundance

and biomass alongside site location. The strong influence of depth

is likely due to associated environmental gradients—such as

temperature stratification, light attenuation, hydrostatic pressure,

and substrate variability—that change markedly with increasing

depth and affect species’ physiological tolerances, habitat

preferences, and resource availability. For example, warmer, well-

lit shallow waters support higher abundances of taxa such as

sipunculids (Phascolosoma sp. 1) and polyclads (Stylochidae),

while deeper, cooler, and darker environments favor ophiuroids

and decapods. Polychaetes exhibited a broad vertical distribution,

reflecting their ecological adaptability and potential dependence on
TABLE 2 PERMANOVA on the abundance of all taxa based on a Bray–Curtis resemblance matrix.

PERMANOVA table of results on abundance

Source df SS MS Pseudo-F P (perm) Unique perms

Si 5 29816 5963.2 3.0483 0.001 998

De 6 64691 10782 5.5114 0.001 998

SixDe** 27 71880 2662.2 1.3609 0.001 995

Res 40 78251 1956.3

Total 78 2.5429E5
Factors: Si, Site; De, Depth; df, degrees of freedom; SS, sum of squares; MS, mean squares. Bold letters denote significant differences (p < 0.05). Type III Sum of Squares was used, and permutations
were based on the residuals under a reduced model. ** denotes that not all depths were represented at all sites.
TABLE 3 PERMANOVA on the biomass of all taxa based on a Bray–Curtis resemblance matrix.

PERMANOVA table of results on biomass

Source df SS MS Pseudo-F P (perm) Unique perms

Si 5 28920 5784 2.5733 0.002 998

De 6 66288 11048 4.9153 0.001 997

SixDe** 27 86604 3207.5 1.4271 0.009 999

Res 37 83164 2247.7

Total 75 2.7843E5
Factors: Si, Site; De, Depth; df, degrees of freedom; SS, sum of squares; MS, mean squares. Bold letters denote significant differences (p < 0.05). Type III Sum of Squares was used, and permutations
were based on the residuals under a reduced model. ** denotes that not all depths were represented at all sites.
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habitat structures provided by sessile organisms. Although

significant horizontal variation in community composition

occurred, no clear spatial patterns emerged relative to proximity

to natural reefs or oil platforms, indicating that vertical

environmental gradients associated with depth have a stronger

role in shaping these benthic assemblages than horizontal spatial

factors. Understanding how depth and related environmental

variables drive community structure is essential for interpreting

benthic biodiversity patterns and will inform future efforts to assess

recruitment dynamics and ecosystem function across natural and

artificial reef habitats in this rapidly developing marine region.

The spatial distribution of mobile macrofauna in offshore

artificial reefs is influenced by several ecological mechanisms,

including feeding guilds and biological competition. For example,

bivalves appear to exclude barnacles from colonizing the upper

layers of the 20x20 cm plates, likely due to competition (Hardin,

1960). An unpublished study on the sessile communities associated

with the Al Shaheen oil field platforms reported that the upper 10 m

from the sea surface were dominated by encrusting organisms,

particularly from the phyla Bryozoa and Porifera. This biological

competition likely explains the scarcity of these organisms deeper in

the water column. The vertical distribution of species such as

sipunculids (Phascolosoma sp. 1) and polyclads (Stylochidae) can

be partly attributed to their feeding behaviors. Sipunculids are

deposit feeders, extracting organic matter from surface sediments

(Jumars et al., 2015), while polyclads are active predators,

sometimes exhibiting parasitic behavior (Cannon, 2003). Bivalves,
Frontiers in Marine Science 08
which are filter-feeders dependent on phytoplankton and

suspended organic particulates, were most abundant in the 10–19

m depth range, where chlorophyll levels peak. Phytoplankton are

key to the marine food web (Fehling et al., 2012), and higher

primary productivity likely drives the occurrence of bivalves at

these depths.

The relationship between mobile macrofauna and their sessile

precursors is significant. Sipunculids feed on the organic-rich

sediments released by bivalves, such as faeces and pseudo-faeces,

which form the primary food source for these deposit-feeding

worms (Kędra et al., 2018; Murina, 1984). This relationship is

particularly evident in the abundance of Phascolosomatids in

Qatar’s subtidal reefs, where they are commonly found among

pearl oysters (Al-Khayat and Al-Ansi, 2008). Polyclads, in contrast,

are carnivores that prey on a variety of sessile organisms, including

oysters, which are abundant in the SE Arabian Gulf (Riegl & Purkis,

2012). Their parasitic feeding behavior, specifically targeting

oysters, may explain their association with bivalves at deeper

depths. A study by Landers and Rhodes (1970) found that some

polyclads attack small oysters, reducing their populations

significantly. These findings align with the current study’s

observations of polyclads’ preference for bivalves, including pearl

oysters, as their primary food source.

Feeding strategies and vertical distribution patterns also suggest

a connection between certain species and depth-related habitat

availability. For instance, mussels like Mytilus edulis are more

abundant in shallower depths (0–20 m) due to the high
FIGURE 5

Non-metric multi-dimensional scaling (nMDS) analysis of the entire macrofaunal assemblage based on abundances of all operational taxonomic
units (OTUs) across all depth intervals. Each point represents a sample, and the spatial arrangement reflects similarities in community composition.
Stress value is provided to indicate the goodness of fit.
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concentration of particulate organic carbon, similar to the

abundance of bivalves observed in the 10–19 m range in this

study. Sipunculids and polyclads likely depend on these bivalves

for food and habitat. Crustaceans, such as shrimps, crabs, and

lobsters, are commonly found on reefs in the SE Gulf (George,

2012). The crustacean families Pilumnidae and Xanthidae, for

instance, are known to hide in crevices and coral rubble during

the day and emerge at night to feed. These crustaceans’ association

with barnacles may also be due to the shelter these barnacles

provide from predators. Crustacean larvae, which are sensitive to
Frontiers in Marine Science 09
light cycles, may explain the preference for deeper waters where

they can seek refuge in barnacle colonies to avoid predation.

Polychaetes, with their diverse feeding strategies, are present

across a wide range of depths. Their omnivorous and carnivorous

feeding behavior allows them to adapt to varying conditions and

exploit different habitats. The distribution of their prey, such as

algae, decaying matter, and other invertebrates, influences their

vertical distribution. Gastropods, like the carnivorous Conus sp. and

the algae-eating Cerithium sp., also exhibit distinct depth

preferences. In particular, the cone gastropod Conus sp. feeds on
TABLE 4 Species similarity percentages across different depth ranges (10–44 m).

Depth range Species Average similarity Contribution (%) Cumulative (%)

10–14 m Phascolosoma sp1 9.12 16.08 16.08

Stylochidae 6.61 11.66 27.73

Nereididiae 6.51 11.48 39.22

Polynoidae 6.51 11.48 50.70

Syllidae 6.30 11.11 61.81

15–19 m Phascolosoma sp1 13.88 30.89 30.89

Stylochidae 9.91 22.06 52.95

Lumbrineridae 7.78 17.32 70.27

Polynoidae 3.56 7.92 78.19

Syllidae 3.18 7.08 85.27

20–24 m Phascolosoma sp1 16.02 35.87 35.87

Stylochidae 5.84 13.08 48.95

Syllidae 5.71 12.79 61.75

Ophiotrichidae 5.64 12.63 74.37

Terebellidae 2.98 6.68 81.05

25–29 m Phascolosoma sp1 12.58 32.47 32.47

Ophiocomidae 9.50 24.52 56.99

Ophiotrichidae 6.58 16.98 73.97

Nereididae 2.93 7.56 81.53

30–34 m Ophiocomidae 5.01 22.52 22.52

Nereididae 4.54 20.41 42.93

Ophiotrichidae 2.22 10 52.93

35–39 m Nereididae 8.66 44.75 44.75

Eunicidae 3.42 17.69 62.45

Polynoidae 2.27 11.74 74.18

Pilumnidae 1.48 7.66 81.85

40–44 m Nereididae 23.16 47.02 47.02

Pilumnidae 19.70 39.99 87.02

Eunicidae 2.98 6.04 93.06
Only species contributing significantly to the similarity are included.
“Contributing significantly to the similarity” refers to species identified in SIMPER analysis as having the highest percentage contributions to within-group similarity, typically based on a
cumulative contribution threshold of approximately 70%.”
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herbivores like bivalves and deposit-feeders like sipunculids, which

were abundant in the shallower layers of the study sites.

Environmental disturbances can alter community composition,

and feeding guilds are often used as indicators of such

disturbances (Fauchald and Jumars, 1979; Metcalfe and Glasby,

2008). The high diversity and even distribution of taxa across the

study area suggest that the ecosystem remains relatively

undisturbed, indicating a healthy, functioning ecosystem in the

offshore waters. Polychaetes, in particular, are often used as

indicators of environmental health due to their wide range of

reproductive and feeding strategies, which allow them to adapt to

changing conditions and pollutants like organic matter, heavy
Frontiers in Marine Science 10
metals, and pesticides (Dean, 2008). The diverse polychaete

families observed in this study, such as Ampharetidae, Eunicidae,

Nereididae, Lumbrineridae, and Polynoidae, reflect the minimal

anthropogenic disturbance in the studied area. The deeper waters

(35–44 m) were dominated by polychaete families such as

Nereididae and Eunicidae, which are common associates of reef

platforms in the Gulf waters (George, 2012). The high diversity and

wide distribution of these polychaetes suggest a healthy ecosystem.

The abundance-biomass comparison curves also support this,

showing a consistently higher biomass than abundance, which is

indicative of an undisturbed system characterized by slow-growing,

“k-strategist” species. In particular, the dominance of the sipunculid
FIGURE 6

Distance-based redundancy analysis (dbRDA) on untransformed data on the entire macrofaunal assemblage. For mobile fraction (top) and sessile
habitat (bottom) vectors represent the correlations between the dbRDA ordination and densities in each depth interval (Count per 20x20 cm Plate)
of taxa contributing >10% to overall dissimilarities.
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Phascolosoma sp. 1 at site 6-IM, where smaller individuals were

present, suggests a potential change in population structure,

possibly due to delayed recruitment rather than pollution

or competition.

Ocean currents play a key role in larval dispersal, as invertebrate

larvae are generally poor swimmers and rely on current patterns for

horizontal movement (Daigle and Metaxas, 2011). Differences in

recruitment across depths—specifically, the greater taxa diversity

observed in shallower waters (10–19 m) compared to deeper ones

(35–44 m)—may be influenced by depth-related hydrodynamic

conditions, although water current data were not directly

measured in this study. Recruitment likely occurred in the winter

months, when significant mixing of the water column occurred,

allowing for the transport of planktonic larvae to the recruitment

sites (Verspagen et al., 2004). This mixing, coupled with the lack of
Frontiers in Marine Science 11
thermocline during winter, facilitated the recruitment process.

However, the onset of thermal stratification in March 2017 may

have limited the migration of species to different depths, except for

those species with a wider temperature tolerance.

The findings from this study, while largely consistent with

known patterns of epifaunal recruitment in the Arabian Gulf

(Torquato et al., 2021), also highlight several important

distinctions and raise additional questions. When compared to

previous studies on artificial reefs such as oil and gas platforms in

the region, the community assemblages observed on the stainless-

steel settlement plates showed comparable taxonomic diversity,

especially in terms of bivalves, polychaetes, and sipunculids

(Lozano-Cortés et al., 2019; Torquato et al., 2021). However,

notable differences were observed in relative abundance and

biomass distribution, likely influenced by the orientation and
FIGURE 7

Association of the three most abundant mobile taxa groups with dominant sessile taxa across depth. Each circle represents a sample, with circle size
proportional to the abundance of the mobile taxon. Top-left: Crabs (Pilumnidae) abundance in relation to dead barnacle cover.; Top-right: Sipuncula
abundance in relation to total bivalve count; Bottom: Platyhelminthes abundance in relation to total bivalve count. Depth (m) is shown on the y-axis
(increasing downward), and the x-axis shows sessile group abundance.
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limited surface area of the plates compared to complex reef

structures. The long incubation period (~13 months) likely

favored the establishment of slow-growing, k-strategist species

over opportunistic r-strategists, which tend to dominate short-

term colonization studies (Schoener and Schoener, 1981; Garcıá

and Salzwedel, 1995; Langhamer et al., 2009, among others). This

prolonged exposure may also explain the high frequency of dead

barnacles recorded, especially at deeper sites. The presence of

numerous empty barnacle tests could indicate post-settlement

mortality, potentially driven by competition with bivalves for

space or changes in environmental conditions such as hypoxia,

sedimentation, or predation. Barnacle mortality may also be

attributed to overgrowth by fouling organisms or the

physiological stress of prolonged submersion without access to

light and primary productivity in deeper zones.
Conclusions

The results revealed clear patterns in species distribution, with

taxa such as polyclads and sipunculids being dominant at shallower

depths and scarce in deeper water columns. Abundance, diversity,

and biomass of the assemblages showed a negative correlation with

depth, indicating a decline in these metrics with increasing depth.

However, no distinct horizontal gradient patterns were observed

between reefs, suggesting that further investigation into population

structure and recruitment dynamics is warranted. Importantly, the

limited size and orientation of the stainless-steel plates—deployed

independently and not fully aligned with the platform structures—

may have influenced the accuracy of settlement patterns, potentially

underrepresenting the effects of local current energy and

spatial variability.

The study suggests that the mobile epifaunal assemblages

colonizing the plates are characteristic of an undisturbed offshore

environment. Our findings also support the idea that offshore

artificial substrates, such as oil platforms, may function as

ecological “stepping stones,” facilitating connectivity among

spatially separated habitats (Bram et al., 2005; Adams et al.,

2014). This concept aligns with the Stepping Stones Hypothesis,

which posits that artificial structures can enhance dispersal and

gene flow by providing intermittent habitat patches in otherwise

unsuitable environments. The observed similarity in species

composition, vertical biomass patterns, and abundance across the

six structures suggests a high degree of connectivity, potentially

supporting this hypothesis—though further studies integrating

genetic and larval dispersal data are needed to test this explicitly.

Dominant functional groups included surface deposit feeders,

carnivorous flatworms, and taxa such as polychaetes and

ophiuroids, which reflect a range of feeding strategies and indicate

the ecological versatility of colonizing assemblages. The study

provides valuable baseline data for understanding macro-benthic

community recruitment on artificial substrates in offshore

environments. These insights will be important for comparing

spatial distribution patterns, investigating competition for limited

substrate, and guiding best practices for the commissioning and
Frontiers in Marine Science 12
decommissioning of oil and gas platforms. Additionally, this work

lays important groundwork for future research on the ecological

roles of artificial reefs in Qatari waters, with implications for reef

restoration strategies and fisheries management.
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