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Abstract: Costal reclamation has been carried out extensively along the coastlines of the Arabian
Gulf during the last decades. As a small archipelago country, coastal reclamation continues to be
a major option for securing land to meet the needs of the expanding population and economic
development in Bahrain. Macrobenthic communities often reflect the integrity of ecosystems as they
respond to natural and anthropogenic stressors. This study characterized the community structures
of macrobenthic invertebrates in three reclaimed intertidal areas and a protected natural mudflat
in Bahrain (August 2019 and December 2020). Macrobenthic community structures and sediment
characteristics differed significantly between natural and reclaimed areas. A total of 43 species were
recorded in the four study areas, of which 38 were collected from the natural mudflat. Polychaetes
dominated macrobenthic communities, followed by molluscs and crustaceans. Polychaetes accounted
for more than 90% of the communities in the reclaimed coastal areas. Macrobenthic monitoring is
considered essential for detecting changes in coastal and marine ecosystems due to dredging and
reclamation activities along the coastlines of the Arabian Gulf. The findings of this study can provide
insights into the ecological dynamics of macrobenthic communities in reclaimed coastal areas for
environmental monitoring and coastal planning and management in the Arabian Gulf.

Keywords: benthic macrofauna; community structure; intertidal areas; coastal reclamation; Bahrain;
Arabian Gulf

1. Introduction

Coastal land reclamation for ports, industry, residences, aquaculture and agriculture
has been a common practice in many parts of the world [1–3]. Due to the land scarcity in
small countries and coastal cities, reclamation continues to be a major option for provid-
ing land to meet the needs of rapidly growing populations, urbanization and economic
development [4–6]. However, these economic and social benefits of land reclamation are
associated with environmental impacts that may affect the integrity of coastal ecosystems
and cause a decline in biodiversity and ecosystem services [7–10]. Based on the second
World Ocean Assessment, land reclamation has been identified among the main stressors
on coral reefs and muddy, sandy and rocky shores [11].

In the last decades, the Arabian Gulf countries have witnessed rapid economic, in-
dustrial and social developments associated with rapid population growth [12]. Therefore,
urbanization has increased rapidly, mainly in coastal areas, to supply infrastructure for
the increasing populations and industries [13]. Presently, more than 40% of the coasts
of the Arabian Gulf have been developed [14]. It is estimated that around 186 km2 of
the inland and coastal waters has been converted into land in Saudi Arabia during the
past 30 years [15]. Reclamation and dredging activities are regularly conducted to expand
coastal areas or to construct offshore artificial islands throughout the subtidal marine envi-
ronment of the Arabian Gulf. Examples of mega-scale coastal developments in the Arabian
Gulf include the Palm Islands and the World Islands in Dubai (United Arab Emirates),
Durrat Al-Bahrain (Bahrain), the Pearl (Qatar), Half Moon Bay (Saudi Arabia) and Sabah
Al Ahmed City (Kuwait) [12].
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Reclamation and dredging activities can cause direct and indirect physical, chemical
and biological impacts on the fragile coastal and marine ecosystems of the Arabian Gulf.
These can range from the direct burial of sensitive habitats such as mangrove swamps, mud-
flats, coral reefs and seagrass beds to the loss of nursery and feeding areas for turtles, fishes,
crustaceans and avifauna [16–18]. Reclamation and dredging can also induce changes
in circulation patterns and waterflow, alterations in the biogeophysical and hydrological
characteristics of coastal ecosystems and elevations in the levels of suspended sediment,
organic material and heavy metals [19–21].

The identity of Bahrain, as an archipelago country, has been shaped by the sea. The
marine environment in Bahrain provides immense economic, social and environmental
benefits and services [22]. The waters surrounding Bahrain’s islands support a variety of
habitats such as seagrass beds, coral reefs, mangrove swamps and mudflats that provide
important ecological goods and services. These habitats support many species of national,
regional and international importance such as turtles, dugongs, dolphins and sea birds [23].
Today, the marine environment in Bahrain contributes to food security and supports
many sectors including industry, trade, shipping, tourism, power production and water
desalination [24].

Due to the limited land area, coastal reclamation allows land expansion to support
rapid urbanization and economic growth in Bahrain. Additionally, dredging provides the
sand resource required for reclamation and construction activities [25]. Land reclamation
has been carried out in a rapid rise since the early 1960s in Bahrain [26]. According to the
Information and e-Government Authority, the total land area of Bahrain in 2020 was about
785 km2 in comparison with 667 km2 in 1963 [27]. Currently, it is estimated that more than
80% of the Bahraini coastlines have been modified [28]. Land reclamation will continue
to be a major option to secure land for large-scale projects as the population in Bahrain
continues to grow in the coming decades. According to the Land Use Planning Strategy in
Bahrain 2030, several major projects are planned to be developed on reclaimed land. This
strategy specifies the total land area of Bahrain in 2030 to be around 934.57 km2, which
indicates a 28% increase in comparison with 1963.

Given the continued extensive coastal development in Bahrain, coastal and marine
habitats can be significantly degraded. Signs of such degradation may include a decline
in mangrove trees and seagrass beds, a loss of habitats for migratory and breeding birds,
reduced primary production and a loss in corals [24]. For instance, the natural mangrove
cover has decreased from 328 ha to 48 ha, representing a loss of 95%, during the period
of 1967–2020. This is primarily attributed to coastal development [29]. Reclamation can
also affect the amenity, aesthetic, cultural and economic values associated with coastal
habitats. For instance, it has been estimated that the various marine ecosystems of Bahrain
are worth approximately US$ 2 billion per year [30], which could be affected by large-scale
coastal modifications.

Benthic communities are directly affected by reclamation and dredging activities.
Consequently, macrobenthic communities are widely used as an important bioindicator to
monitor and assess changes in estuarine and marine environments due to coastal modifica-
tion in many parts of the world [31–36]. However, the use of macrobenthic invertebrates
to assess the extent of environmental impacts associated with dredging and reclamation
activities on coastal and marine ecosystems has been limited in the Arabian Gulf [37,38].

Therefore, the aim of this study is to characterize the spatial and temporal community
structures of macrobenthic communities in two reclaimed coastal areas, a constructed
nearshore island and a natural mudflat in Bahrain. The specific objectives of the study are
to compare (a) the environmental and sediment characteristics in the reclaimed and natural
coastal areas and (b) the community characteristics of benthic macrofauna in the reclaimed
and natural coastal areas. The findings of this study can provide insights into the ecological
conditions of macrobenthic communities in reclaimed coastal areas for environmental
monitoring and coastal planning and management in the Arabian Gulf.
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2. Materials and Methods
2.1. Study Sites

The study was conducted along the northern coastline of Bahrain. As most of the
coastlines of Bahrain have been modified, initial inspection was conducted to identify the
suitable coastal areas for the study. Site selection was based on specified criteria, including:
(1) the coast is reclaimed, (2) no coastal defenses, (3) exposed to intertidal regime, (4) soft
sediment (muddy and or sandy) and (5) gentle shore profile that exposes a large part of the
intertidal zone. Google historical maps were used to estimate the approximate dates by
which these sites were reclaimed.

Selecting control sites typically involves areas that are minimally affected by the
measured disturbance. However, suitable reference sites in Bahrain are constrained due the
physical alteration by dredging and reclamation along most of the coastal areas. Arad Bay
is one of remaining natural mudflats in Bahrain. Therefore, the Arad Bay protected area
was selected as a natural site to be compared with the reclaimed study areas. Sampling
was conducted in August 2019 (Summer) and December 2020 (winter).

2.2. Description of Selected Sites

The first site is Nurana Island (N). The reclamation of this artificial island was com-
pleted in 2010. The estimated area of the island is around 1 km2. The island is separated
from the northern coastline by around 600 m of subtidal water. The eastern and northern
coasts of the island are protected by coastal defenses composed mostly of large rocks.
Sampling was conducted from the southern coast of the island. Around 10 m of the tidal
area is exposed during low tide. The second site is the Karbabad coastal area (K). This coast
was reclaimed in 2007. The intertidal area length of Karbabad is around 15 m. This area
is used by fishermen for anchoring their boats. The third site is the Sayah coastal area (S).
This coast was reclaimed in 2009. The intertidal area of this site is around 25 m. A new
causeway at the proximity of the Sayah area was being constructed during the sampling
period. The fourth site, which represents a natural intertidal mudflat, is Arad Bay (A).
This is a sheltered bay located in the northeast of Bahrain. The estimated area of this bay
is around 0.5 km2. This mudflat bay was designated as a natural marine protected area
in 2003. It is characterized by a gentle shore profile that exposes a large intertidal area
(approximately 1 km in length). This bay is considered as a feeding ground for important
shorebird populations [39]. Figure 1 shows the approximate locations of the sampling sites.
Images of the sites are presented in Figure 2.

2.3. Measurements of Environmental Variables

Salinity (psu), pH and seawater temperature (◦C) were measured in situ using the
refractometer Atago F, a model pH 82 radiometer and a glass thermometer, respectively.
Three seawater samples from each site were collected to analyze the content of the selected
nutrients (mg l−1), namely, ammonia, nitrate, nitrite, sulphate, phosphate and silicate,
in the laboratory. A Palintest photometer 800 and proprietary assay kits (Palintest Ltd.,
Tyne and Wear, UK) were used to conduct nutrient analyses. The methods of analysis are
based on measuring the intensity of the colors produced by reagents using the Palintest
photometer. This instrument calculates the test result by comparing the amount of absorbed
light with the pre-programmed calibrations. Analyses were performed according to the
Palintest manual of instructions.
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Figure 1. A map of Bahrain (A), the northern coastline of Bahrain in December 2005 (B) and the 
northern coastline of Bahrain in December 2020, showing the approximate locations of the sampling 
sites (C) (Google Earth Pro). 

 
Figure 2. Images of the sampling areas: Nurana (A), Karbabad (B), Sayah (C) and Arad (D). 

Figure 1. A map of Bahrain (A), the northern coastline of Bahrain in December 2005 (B) and the
northern coastline of Bahrain in December 2020, showing the approximate locations of the sampling
sites (C) (Google Earth Pro).

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 4 of 19 
 

 

 
Figure 1. A map of Bahrain (A), the northern coastline of Bahrain in December 2005 (B) and the 
northern coastline of Bahrain in December 2020, showing the approximate locations of the sampling 
sites (C) (Google Earth Pro). 

 
Figure 2. Images of the sampling areas: Nurana (A), Karbabad (B), Sayah (C) and Arad (D). Figure 2. Images of the sampling areas: Nurana (A), Karbabad (B), Sayah (C) and Arad (D).

2.4. Benthic Macrofaunal Sampling

Three transects (T1, T2 and T3) along the intertidal areas of each sampling site were
established. One sample was collected from the upper, mid and lower internal area of each
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transect. In total, nine samples of macrofauna were collected from each site. Another nine
sediment samples were collected for subsequent grain size analyses. The geographical
coordinates of the transects in the sampling sites are presented in Table 1.

Table 1. Geographical coordinates of transects in the sampling sites.

Sampling Site Transect 1 Transect 2 Transect 3

Nurana Island 26◦14′27.89′ ′ N
50◦30′22.08′ ′ E

26◦14′27.89′ ′ N
50◦30′35.23′ ′ E

26◦14′27.89′ ′ N
50◦30 48.30′ ′ E

Karbabad area 26◦14′34.56′ ′ N
50◦31′44.66′ ′ E

26◦14′34.15′ ′ N
50◦31′43.52′ ′ E

26◦14′33.56′ ′ N
50◦31′41.82′ ′ E

Sayah area 26◦15′51.31′ ′ N
50◦35′28.70′ ′ E

26◦15′50.00′ ′ N
50◦35′26.65′ ′ E

26◦15′48.96′ ′ N
50◦35′24.25′ ′ E

Arad Bay 26◦15′45.13′ ′ N
50◦37′43.99′ ′ E

26◦15′42.30′ ′ N
50◦37′44.52′ ′ E

26◦15′39.59′ ′ N
50◦37′45.47′ ′ E

Macrobenthic invertebrates were collected from a 20 cm × 20 cm quadrat using a
shovel for a depth of 25 cm. The collected sediments were sieved in situ using a 1 mm mesh
size sieve. Macrobenthic invertebrates were fixed using 5% buffered formalin mixed with
Rose Bengal stain and subsequently preserved using 70% ethanol. Macrobenthic organisms
were first sorted into major groups and then identified to the lowest possible taxonomic
level using a stereomicroscope with a total magnification of 10–80x (Nikon SMZ800N).
The nomenclatures of benthic organisms were verified using the World Register of Marine
Species (available online: http://www.marinespecies.org/ (accessed on 15 February 2021)).

2.5. Sediment Organic Content and Grain Size Analysis

The percentage of organic content of the sediment was calculated by incinerating
a known weight at a temperature of 450 ◦C for 24 h. Sediment grain size analysis was
conducted by dray sieving through a set of sieves ranging from 2 to 0.038 mm using a me-
chanical shaker (KARL KOLB). Individual dimensional classes were weighed and recorded.
The grain sizes were measured in millimeters (mm) or micrometers (µm); however, the
most common grade scale of size is the Wentworth Phi (Φ) scale. All of the grain sizes
were converted to the Φ scale based on conversion tables and used in plots and subsequent
calculations following Holme and McIntyre [40].

2.6. Data Analyses

The statistical programs PRIMER v7 [41,42] and IBM SPSS Statistics 21 were employed
to conduct univariate and multivariate analyses.

Environmental variables, including seawater chemistry (temperature, salinity, pH and
nutrient concentrations) and sediment characteristics (grain size particles), were tested for
normality using the Shapiro–Wilk test utilizing the SPPS. All of the variables were found to
be statistically significant (p < 0.05). Therefore, the non-parametric test of Kruskal Wallis
was used to test the significant differences of the environmental variables in the sampling
areas and seasons, followed by multiple comparisons of the areas.

The species density and relative abundance were calculated for the sampling areas
and seasons. The total density of each species (individual m−2) was estimated from the
total area sampled in each study area. The relative abundance (RA) of each species was
estimated as the percentage of individuals belonging to the total number of individuals
of all of the combined species in each study area. The relative abundances of the major
taxonomic groups were calculated for each study area and for the total individuals sampled
during the study period.

Ecological indices are widely used in ecological studies to summarize the abundance
of species in a single number reflecting the whole community status. Univariate ecological
indices, namely, the Shannon–Wiener diversity index (H’), Margalef’s species richness
index (d) and Pielou’s evenness index (J), were calculated using the DIVERSE routine in

http://www.marinespecies.org/
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PRIMER. The Shapiro–Wilk test of normality was applied on the calculated ecological
indices, which were found to be statistically significant (p < 0.05). The non-parametric
analysis of Kruskal Wallis was conducted to compare the ecological indices in the sampling
areas and seasons.

Multivariate analysis of the community structure was conducted using PRIMER. The
species abundance data were square-root-transformed to reduce the influence of numeri-
cally dominant taxa. A similarity matrix using the transformed data was constructed based
on the Bray–Curtis coefficient, which was used to generate a non-metric multi-dimensional
scaling ordination (MDS). The MDS showed the relative similarity of macrobenthic inver-
tebrates among the four sampling areas. Cluster analysis based on the similarity matrix
of species abundance was conducted to generate a similarity of 40% on the MDS. A stress
value between 0.09 and 0.1 on the MDS is considered a satisfactory ordination with no real
prospect of a misleading interpretation. Additionally, the similarity of the percentages rou-
tine (SIMPER) in PRIMER was used to identify the species responsible for the dissimilarity
between the natural mudflat and the reclaimed areas.

The BIO-ENV routine of the PRIMER was used to examine the potential influence of
environmental variables, nutrients and sediment characteristics on macrobenthic inverte-
brates. BIO-ENV computes weighted Spearman rank correlations between the macrofaunal
species Bray–Curtis similarity matrix and the Euclidean distance matrix generated from
normalized environmental data to identify the combination of variables that could best
explain the patterns of the macrobenthic community.

3. Results
3.1. Environmental Measurements

The mean measurements of the physical and chemical characteristics of the seawater
in the study areas are presented in Table 2. Significant differences between the study areas
were observed in ammonia (p = 0.010), nitrate (p = 0.042) and silicate (p = 0.001). Multiple
comparisons revealed significant differences between Arad Bay and the remaining coastal
areas in the concentrations of ammonia and silicate. Higher concentrations of silicate were
reported in the three reclaimed areas (average 3.73 mg l−1) in comparison with the natural
mudflat of Arad Bay (average 0.79 mg l−1). Seasonally, a significant variation in seawater
temperature was detected (p < 0.001) (Maximum summer: 32.3, Minimum winter: 18.5 ◦C).
Silicate also exhibited significant differences between seasons (p = 0.019).

Table 2. Environmental measurements and nutrient concentrations (mg L−1) in the four study areas
in the summer and winter seasons (N: Nurana; S: Sayah; K: Karbabad; A: Arad).

Summer Winter

N S K A N S K A

Salinity psu 44 43 43 43 43 43 43 45
Temp. ◦C 32.3 31.0 32.0 32.0 19.5 18.5 19 20

pH 7.5 7.3 7.4 7.4 7.9 7.7 7.8 7.8
Ammonia 0.39 0.49 0.42 0.52 0.41 0.47 0.42 0.50

Nitrate 0.82 0.78 0.85 0.83 0.79 0.78 0.82 0.82
Nitrite 0.04 0.02 0.02 0.03 0.04 0.04 0.04 0.04

Phosphate 0.11 0.05 0.05 0.08 0.10 0.09 0.08 0.09
Silicate 4.10 3.30 2.65 0.36 5.10 3.70 3.60 0.86

Sulphate 0.35 0.30 0.26 0.32 0.32 0.32 0.35 0.35

Sediment characteristics in the study areas are presented in Figure 3. The overall
graphic means (Φ) indicate that all the sediments of the study areas were described as fine
sand, apart from two transects in Nurana, which were predominantly medium sand. The
Nurana area differed significantly from the remaining areas in the sediment graphic means
(p ≤ 0.001).
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Additionally, it was observed that study areas exhibited a relative increase in fine
sedimentation in the second period of sampling (winter season). The highest fine sedimen-
tation, represented by the overall mean Φ, was observed in Sayah (summer: 2.15, winter:
2.50), followed by Karbabad (summer: 2.20, winter: 2.51), Arad Bay (Summer: 2.12, winter:
2.40) and Nurana (summer: 1.85, winter: 1.87). The averaged organic content was relatively
higher in sediments collected from Arad Bay (7.45%), followed by Sayah (6.65%), Nurana
(4.45%) and Karbabad (4.37%). Multiple comparisons analysis revealed that the organic
content differed significantly in Arad compared with Nurana and Karbabad (p < 0.001).

3.2. Macrobenthic Community Structure

A total of 5137 individuals belonging to 43 species were recorded in the four study
areas in the summer and winter seasons. The species represented four major taxonomic
groups, namely, polychaetes (22), crustaceans (6), bivalves (8) and gastropods (7). However,
variability in the species numbers was observed between the study areas. Higher numbers
of species were recorded in Arad Bay (total: 38, summer: 29, winter: 32), followed by
Sayah (total: 25, summer: 18, winter: 15), Karbabad (total: 20, summer: 18, winter: 10) and
Nurana (total: 17, summer: 9, winter: 13). Significant differences in the number of species
were detected between areas and seasons (p < 0.001 and 0.020, respectively). Multiple
comparisons analysis revealed that Arad differed from the other sampling areas (p < 0.001).

The polychaete Perinereis nigropunctata showed the highest density (individual m−2)
in all the study areas, with the maximum recorded in the Karbabad area during the winter
(369.4) and the minimum in the Nurana area during the summer (103.3). Arad Bay exhibited
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higher levels of density for the gastropod Cerithium scabridum (summer: 153.9, winter: 53.3)
and the bivalve Dosinia contracta (summer: 76.1, winter: 114.4).

The relative abundance of species indicated the contribution of the species to the
macrobenthic populations in the study areas. The polychaete P. nigropunctata showed the
highest relative abundance in all the study areas. The other top dominant species in Arad
during the sampling period were the gastropod Cerithium scabridum, the bivalve Dosinia
contracta and the polychaete Scoloplos sp. In Nurana the polychaetes Ceratonereis mirabilis,
Petaloproctus terricolus and Armandia sp. and the bivalve Dosinia contracta showed the
highest relative abundance. The polychaetes Ceratonereis mirabilis, Petaloprocyus terricolus
and Eulalia sp. and the bivalve Tellina sp. were dominant in Sayah. The polychaete Armandia
sp. and the bivalve Tellina sp. were dominant in Karbabad. The recorded species present
in the four study areas in the summer and winter are presented in Table 3. Details of the
recorded species and their abundance are provided as Supplementary Material (Table S1).

Polychaetes were the most abundant among the major taxonomic groups, representing
73.0% of the total individuals sampled during the study period, followed by bivalves
(15.5%), gastropods (10.0%) and crustaceans (1.5%). However, there were differences in
the occurrence of major taxonomic groups between the study areas (Figure 4). Polychaetes
dominated the populations of both Nurana and Sayah (summer: 97%, winter: 92%),
Karbabad (summer: 81%, winter: 96%) and Arad (summer: 54%, winter: 42%). Crustaceans
were not recorded in Nurana (winter and summer) and Karbabad (winter). They were
only reported in smaller percentages of the populations in Arad (5%) and the other areas
(<1%). Gastropods were not found in Nurana (winter and summer), Karbabad (winter)
and Sayah (winter).

The ecological indices for the four study areas are presented in Figure 5. The highest
Shannon–Wiener diversity index was recorded in Arad Bay (summer: 1.8, winter 2.2),
followed by Karbabad (summer and winter: 1.1), Nurana (summer: 0.87, winter: 1.0) and
Sayah (summer: 0.51, winter 0.98). Significant differences in the diversity and richness
indices were detected between the sampling areas (p = 0.010 and 0.002, respectively). There
was no significant difference in the evenness index between the sampling areas. However,
multiple comparisons analysis revealed that Arad differed from the other sampling areas
in the ecological indices (p < 0.001).
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Table 3. List of macrofaunal species recorded in the four study areas during the summer and winter
seasons (+ indicates the presence of species).

Summer Winter

Group Species N S K A N S K A

Polychaeta Eunice indica + + +
Marphysa sp. + + + +

Lumbrineris sp. + + + + +
Nephtys sp. + +

Arabella iricolor + + + + + + +
Goniada sp. + + +

Owenia fusiformis + +
Eulalia sp. + + + + + + +

Phyllodoce sp. + +
Ceratonereis mirabilis + + + + + + + +

Glycinde sp. +
Glycera alba + +

Perinereis nigropunctata + + + + + + + +
Sabella sp. +

Petaloproctus terricolus + + + +
Scoloplos sp. + + + + + + +

Paradoneis sp. + + + +
Armandia sp. + + + + + + +
Magelona sp. + + +
Polydora sp. +
Scolelepis sp. +

Cirriformia sp. +
Crustacea Diogenes avarus + + + +

Penaeus semisulcatus + +
Grandidierella exilis +

Apanthura sandalensis +
Parapenaeopsis stylifera +

Alpheus sp. +
Bivalvia Callista florida + + + + + +

Marcia cordata + + + + + +
Irus macrophylla + + +
Dosinia contracta + + + + + + +
Circenita callipyga + +

Marcia sp. +
Cardiolucina semperiana + + + +

Tellina sp. + + + + + + +

Gastropoda Clypeomorus bifasciatus
persica + + + +

Mitrella blanda + + +
Cerithium scabridum + + +
Priotrochus obscurus + +

Trochus erithreus +
Cerithium caeruleum + +

Natica sp. + +

Non-metric multidimensional scaling (MDS) and associated ANOSIM revealed a
significant difference in the macrobenthic composition between Arad Bay and the other
areas (Global R = 0.51, p = 0.001, Stress value = 0.14). Arad Bay distinctly differed from
Nurana (R = 0.95, p = 0.002), Sayah (R = 0.89, p = 0.002) and Karbabad (R = 0.84, p = 0.002).
However, there were no significant differences observed between the Nurana, Sayah and
Karbabad areas (p > 0.05). The Resemblance Matrix of 40% similarity exhibited two groups,
one for Arad Bay and the other areas aggregating together in one group (Figure 6). The
top three species contributing to the dissimilarity between the natural mudflat of Arad Bay
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and the reclaimed areas are Cerithium scabridum (gastropod), Dosinia contracta (bivalve) and
Perinereis nigropunctata (polychaete).
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Rank correlations (BIO-ENV) between the environmental, nutrient and sediment
variables in the study areas and the abundance of macrobenthos indicated that around
72% of the macrobenthic communities’ patterns were explained by the combination of four
environmental variables, namely, silt %, seawater temperature, ammonia and silicate. The
top five combinations that best explained the macrobenthic invertebrates’ patterns in the
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Figure 6. MDS of macrobenthic invertebrates in the study areas in the summer and winter revealed
two distinct clusters for Arad Bay and the remaining study areas. Cluster analysis was imposed on
the MDS, showing a 40% similarity.

4. Discussion
4.1. Environmental Variables

The hydrographical conditions of the coastal environment such as salinity and tem-
perature can result in direct and indirect effects on macrobenthic organisms [43]. The
Arabian Gulf is considered among the water bodies with the highest levels of salinity and
temperature in the world [44–46]. The average salinity is 42 psu, increasing to 50 psu
in bays and reaching 70 psu in coastal lagoons. The sea surface temperature generally
ranges between 36 ◦C in the summer and 12 ◦C in the winter [21]. The levels of recorded
salinity and temperature in the present study (43–45 psu and 13.8 ◦C seasonal difference,
respectively) reflected the harsh environmental characteristics of the Arabian Gulf. Studies
conducted in Bahrain reported similar levels of salinity and temperature [47,48].

Nutrients in the coastal environment play an important role in primary productivity
and therefore food availability for macrobenthic communities [49]. In the present study,
silicate exhibited higher levels in three reclaimed study areas. Some studies indicated that
sediment mobilization can alter the biogeochemistry of coastal regions, including silicate
levels [50,51]. Therefore, the ongoing reclamation activities along the northern coastline of
Bahrain may have contributed to the increasing levels of silicate in the seawater.

The physical characteristics of the sediment have direct physical, biological and ecolog-
ical impacts on coastal and marine ecosystems [52]. The present study reported increasing
levels of fine sediments during the second round of sampling (winter season). Particularly,
the Sayah and Karbabad areas showed the highest levels of fine sediments in the winter.
These two areas are witnessing increasing rates of ongoing reclamation and dredging
activities. The fourth new causeway linking the Capital Manama with the Muharraq
island that was being constructed during the sampling period (2019–2020) is at a close
proximity to the Sayah study area. Similarly, reclamation activities around the Karbabad
area may alter the sediment and tidal characteristics. Therefore, dredging and disposal
operations in these areas may have contributed to increasing levels of suspended solids
and subsequently fine sedimentation. Despite being confined to the immediate footprint
of projects, the dredging and disposal of sediment can increase suspended solids in the
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surrounded areas. For instance, Zainal et al. [53] investigated the spatial and temporal
variation patterns of the total suspended solids around the coastal areas of Bahrain due
to dredging activities in the period 2010–2016. The study found that around 27% of the
dredging companies carried out dewatering without allowing sufficient time for settling
during the sand disposal process [53].

4.2. Community Structure

Coastal reclamation directly occupies habitats and leads to the direct mortality of
macrobenthic invertebrates. Reclamation activities can cause severe changes in the abun-
dance, community structures and biodiversity of benthic organisms [54]. In the present
study, ecological indices revealed lower levels of the richness, diversity and evenness of
macrobenthic invertebrates in the reclaimed areas in comparison with those of the nat-
ural mudflat. Several studies indicted severe impacts of reclamation on macrobenthic
organisms. For instance, Wu et al. [55] found that reclamation was the most enduring and
significant activity among the extreme human disturbances along the Xiamen Sea area
in China. The study reported reduced benthic abundance and decreased biodiversity of
benthic organisms due to coastal reclamation [55].

Multivariate analysis revealed significant differences between the natural mudflat and
the reclaimed areas. The community structure of macrobenthic invertebrates in Arad Bay
is distinctively separated from the reclaimed areas (Sayah and Karbabad) and the artificial
island (Nurana). Similarly, significant variations in the benthic community structures be-
tween the natural and reclaimed coastal areas have been reported by several studies [35,55].

Polychaetes constitute an abundant and diverse taxonomic group of macrobenthic
communities [56]. Polychaetes are globally used as indicators for marine pollution [57].
Polychaetes exhibited a higher total abundance adjacent to wastewater and sewage out-
falls in Australian marine waters and along the west south Atlantic coastal areas [58,59].
Yang et al. [60] investigated the long-term impacts of coastal reclamation on macrobenthic
communities in the coastal wetlands of the Yellow River Delta in China and found a shift in
the dominant species from Mollusca to Polychaeta between the period from 1980 to 2000.

In the Arabian Gulf, the majority of macrobenthic communities are composed of
polychaetes. For instance, polychaetes accounted for more than 59% of the macrobenthic
communities along the Saudi Arabian Gulf coast [61]. Similarly, polychaetes comprise 69%
of the soft sediment benthos associated with the offshore oilfield in the Arabian Gulf [62].
In the present study, polychaetes accounted for 73% of the total benthic population in the
study areas. Polychaetes solely dominated more than 90% of the population in the Nurana
island and the Sayah reclaimed coast in both seasons. Conversely, polychaetes accounted
for a seasonal average of 48% of the population in the natural mudflat of Arad Bay.

Polychaetes inhabit a variety of habitats due to their ability to survive in a wide
range of environmental conditions. They are also considered pioneering species that
rapidly colonize soft bottoms [56]. For instance, Botter-Carvalho et al. [63] reported that
polychaetes were the first to recover in a defaunated sediment of a tropical estuary within
three days of the experiment. Jones and Nithyanandan [38] investigated the recovery and
colonization in artificially created soft sediment in the Arabian Gulf. The study found that
polychaetes accounted for 90% of the population during the initial settlement on newly
created soft sediments along the Kuwaiti coastline [38]. Likewise, polychaetes dominated
the macrobenthic communities around oilfields and their associated platforms in the marine
environment of the Arabian Gulf [64,65].

In the present study, the polychaete Perinereis was the dominant species in all of the
study areas. Nereididae generally inhabit all types of substrata, with the majority occurring
in shallow water. Additionally, they can survive a wide range of environmental distur-
bances [56]. Perinereis showed the highest percentage of survival (57.1%) in a microcosm
experiment conducted in order to examine the effects of mud burial on selected macroben-
thic species collected from a proposed reclaimed coastal area in Bahrain [37]. Additionally,
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several studies indicated that Perinereis was among the dominant polychaetes in the coastal
and marine habitats of the Arabian Gulf [61,66].

Molluscs are among the dominant groups within the shallow marine benthos. Molluscs
are sensitive to marine stressors and are frequently used to assess the ecological quality of
marine habitats [67]. In the present study, the bivalves Dosinia and Tellina were recorded in
relatively high averaged seasonal densities in Arad Bay (190.5 and 27.2 individual m−2,
respectively). The gastropods Cerithium and Mitrella were also abundant in Arad Bay. These
species are frequently reported along the coastline of the Arabian Gulf [66,68].

Crustaceans widely contribute to trophic chains in marine ecosystems. They are consid-
ered a sensitive indicator for environmental disturbances, including dredging activities [69].
In the present study, crustaceans were recorded in the mudflat of Arad Bay (5% of the
population). Grandidierella exilis is considered a sensitive crustacean species that associates
with healthy environmental conditions [70]. This species was reported only in Arad Bay,
with a relatively high density (70 individual m−2), suggesting healthier environmental
conditions in this bay in comparison with those of the reclaimed areas. However, the
abundance and diversity of crustaceans are generally reduced along coastlines influenced
by sedimentation due to dredging, reclamation and pollution from land-based effluents.
For instance, Naser [71] reported only 18 crustacean species in Tubli Bay, which has been
subjected to disturbance due to reclamation activities and sewage discharges. Conversely,
47 [47] and 74 [72] crustacean species were recorded in the protected area of the Hawar
islands during two environmental surveys. The remote location of the Hawar islands
makes them less vulnerable to human disturbance. These islands were also internationally
designated as a Ramsar site in 1997.

The correlation analysis between the environmental variables and the macrobenthic
invertebrates revealed that around 72% of the biota patterns are governed by a combination
of four environmental variables related to physical and sedimentological characteristics
and nutrients.

Studies showed that sediment grain size can influence the recolonization of infaunal
organisms. Although most species were able to recolonize both fine and coarse sands,
higher numbers of species and individuals were reported in coarse sand during short-term
recolonization in a defaunated sediment [73]. Conversely, Guerra-Garcia and Garcia-
Gomez [74] found no significant differences in the macrofauna recolonization of fine and
coarse sands in a harbor.

Organic input is an important factor affecting the community structure of macrobenthic
organisms. The colonization of species affected by organic enrichment from a fish-farm
was characterized by increased levels of total abundance and diversity and by peaks for
the abundance of a few opportunistic polychaete species [75]. Silicates play an important
role in the growth and diversity of phytoplankton communities, which serve as a major
source of macrobenthic organisms [76].

Due to higher seawater temperatures, macrobenthic recolonization could be faster in
tropical areas in comparison with other regions [73]. Additionally, seasonal variations in
temperature can influence the benthic community structure. For instance, Shou et al. [77]
reported significant differences between seasons in terms of species number, density and
diversity in China, which were related to the temperature in the summer.

Dredging and reclamation activities can alter seabed characteristics, release contami-
nants and increase nutrients mobility [78]. A close correspondence between the sediment
characteristics and distribution of macrobenthic invertebrates in the coastal and marine
environment has been reported [79]. Similarly, reclamation has severe impacts on the ability
of wetlands to maintain nutrients [78]. In the Arabian Gulf, temperature extremes, fine
sediments and the variability of nutrients have been found to influence the diversity and
abundance of macrobenthic communities [80,81].
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4.3. Dredging and Reclamation Management

Investigating the changes of the macrobenthic communities in reclaimed and natural
coastal areas is important to understanding marine ecosystem dynamics and predicting
associated changes due to natural and anthropogenic stressors. Therefore, integrated
monitoring is considered essential for providing insights into the changes in coastal and
marine ecosystems due to dredging and reclamation activities along the coastlines of the
Arabian Gulf. This provides important implications for several environmental management
tools related to the protection and management of the coastal and marine environment.
These tools may include adaptive management and stewardship in coastal zones [43],
environmental impact assessment [82], climate change mitigation [83], the restoration
and rehabilitation of ecosystems [84], coastal spatial planning [85] and habitat sensitivity
mapping for the coastal and marine environment [86].

Coastal and marine environments in Bahrain support some of the most productive
ecosystems, including mangroves, seagrass beds, coral reefs and mudflats. Due to rapid
modernization and economic growth, these ecosystems are under threat from multiple
stressors, including dredging and reclamation activities. The effective and holistic manage-
ment of marine dredging and coastal reclamation can ensure legitimate development while
protecting the vulnerable habitats and marine resources in Bahrain.

5. Conclusions

The present study provided a spatial and temporal characterization of the benthic com-
munities in the reclaimed and natural coastal areas in Bahrain. Higher levels of ecological
indices, including the richness, evenness and diversity of macrobenthic invertebrates, were
recorded in the natural mudflat of Arad Bay in comparison with the reclaimed areas. Addi-
tionally, the community structure of the benthic organisms in Arad Bay differed distinctly
from that of the other study areas. This work also provides an initial characterization of ben-
thic structures for future monitoring studies to assess biological and ecological alterations
associated with dredging and reclamation in the Arabian Gulf. Further studies related to
the recovery and succession of macrobenthic communities in newly reclaimed coastal areas
in the Arabian Gulf are needed. These studies can include the recovery times required for
the re-establishment of acceptable levels of diversity and ecosystem stability after the dis-
turbances of reclamation and dredging activities. This could help in establishing ecological
restoration and compensation plans for degrading habitats and coastal management.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse10070945/s1, Table S1: list of species and their abundance in
the sampling areas.
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