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Abstract

The Red Sea has been consistently exposed to pollution from industrial waste, and ship activities, raising apprehensions
about the potential ecological consequences for its marine ecosystems. Benthic ostracods, small crustaceans inhabiting
surface sediment of shallow marine environments that are highly sensitive to environmental changes, were utilized in
this study due to their usefulness as bioindicators. Thus, 47 sediment samples collected from Sharm Obhur, northern
Jeddah, Saudi Arabia have been examined to assess the repercussion of environmental stresses on benthic ostracods.
Spatial distribution patterns of heavy metals and organic pollutant exhibit significantly high concentrations around sta-
tions anthropogenically influenced at the sharm head and decline toward the Red Sea entrance. Moreover, these stations
rendered low living ostracods percentage suggesting deterioration of their environment. Statistically, redundancy analysis
categorized stations and benthic ostracods communities as well as environmental factors into two ecological biotopes.
Biotope I comprises stations from the sharm head (i.e., Ol1, and O16) influenced by elevated heavy metals, and organic
pollutants contents. High ostracod percentages of the tolerant-living Hemicytheridea paiki and Alocopocythere reticulata
dominate these stations, while species diversity is low. Biotope II consists of stations near the Red Sea entrance (i.c.,
047, and O44), and is populated by Loxocorniculum ghardagensis, Cyprideis torosa, Moosella striata, and Xestoleberis
spp. These taxa are accompanied by three controlling factors, CaCO,%, water depth, and sand%. The study revealed an
environmental system already expressing symptoms of anthropogenic degradation, emphasizing urgent need for prioritized
recovery. Such information is crucial for effective management and conservation strategies in the Sharm Obhur ecosystem.
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Abbreviations

A.r  Alocopocythere reticulata
H.p  Hemicytheridea paiki

M.s  Miocyprideis spinulosa

L.o  Loxoconcha ornatovalvae
L.e  Lankacythere elaborata

L.a  Leptocythere arenicola

C.p  Cytherella punctata

R.d  Ruggieria danielopoli

M.st  Moosella striata

L.gh  Loxocorniculum ghardaqgensis
Jb Jugosocythereis borchersi
Tg Tanella gracilis

Ct Cyprideis torosa

X Xestoleberis rotunda

X.xo  Xestoleberis rhomboidea

P.f Paranesidea fracticorallicola
P.s Pontoparta salina

C.a  Callistocythere arcuata

L.g  Loxoconcha gurneyi. Dead: The dead ostracod%
Liv.  The living ostracod%

Div.  The species diversity

1 Introduction

The quality of shallow marine ecosystems in urban coastal
regions is often significantly diminished due to the impact
of human activities such as domestic and industrial waste
discharge, aquaculture, and tourism (Lu et al. 2018). Coastal
and nearshore marine areas, such as the Red Sea, are vulner-
able to pollution from contaminants resulting from human
activities (Monier et al. 2023). These contaminants have the
potential to induce substantial disturbances across multiple
trophic levels within marine ecosystems (Tuuri and Leterme
2023). Consequently, there has been a burgeoning interest
in employing bioindicators to assess the ramifications of
anthropogenic activities on these environments spanning
the last few decades.

Bioindicators have gained global attention for monitor-
ing the quality of an ecosystem (Parmar et al. 2016). While
water quality analysis is a widely utilized method for moni-
toring pollution, it may not always detect all pollutants
or identify the early stages of negative biological impacts
(Ghetti 1980; Parmar et al. 2016). By analyzing the com-
position, abundance, and structure of bioindicator popula-
tions, valuable insights can be obtained on the prevailed
environmental conditions (Rinderhagen et al. 2000). Ben-
thic ostracods, a type of crustacea with a calcified carapace,
are well-documented and inhabit a wide range of aquatic
environments, comprising marine, brackish, and freshwa-
ter habitats (Mohammed and Keyser 2012). They can be
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regarded as a part of the microfauna that have been utilized
as bioindicators for episodically stressed environments
(Anadon et al. 2002; Boomer and Eisenhauer 2002). Ostra-
cods have been employed to assess environmental changes
caused by natural processes such as changes in salinity, pH,
and temperature, as well as anthropogenic impacts like sew-
age discharge, agricultural and industrial activities, urban
effluent waters, and heavy metals dispersions (Ruiz et al.
1997; Bodergat et al. 1998; Eagar 1999; El-Kahawy et al.
2021). Furthermore, benthic ostracods assemblage of low
salinity levels such as brackish waters display morphologi-
cal nodes and/or punctate forms (Kiilkoyliioglu et al. 2023).
On the other hand, anthropogenic impacts can cause benthic
ostracods to relocate from polluted to unpolluted locations
(Samir 2000).

Heavy metals, known for their potentially toxic charac-
teristics, pose a significant threat to aquatic life, particularly
biota (e.g., Kumar et al. 2019). Various types of pollut-
ants, including heavy metals, toxic organic components,
and crude oil, can impact the abundance and distribution
of benthic ostracods (Sundelin and Elmgren 1991; Samir
2000; El-Kahawy et al. 2021). High levels of heavy met-
als in sediments negatively affect benthic ostracods, lead-
ing to a decrease in species diversity as well as numbers of
individuals, and changes in the composition of the ostracod
community (Samir 2000; Ruiz et al. 2005, 2013; Cibic et al.
2012; El-Kahawy et al. 2021). However, it has been shown
that marine environments may include highly diversified
ostracod assemblages with exceptionally elevated levels of
heavy metals (Aiello et al. 2020, 2021).

Among the anthropogenic organic pollutants, polycyclic
aromatic hydrocarbons (PAHs) and total petroleum hydro-
carbon (TPH) are of significant environmental concern due
to their potential toxicity and carcinogenicity to both eco-
system and human health (Scott et al. 2012; Liang et al.
2020). The accumulation of PAHs and TPH in sediments is
influenced by sediment composition, particularly the con-
tent of organic matter (Goswami et al. 2016). PAHs have
the potential to enter the food chain when they are trans-
ferred from polluted sediments to the surrounding water or
to bottom-dwelling organisms that consume organic matter
(Eek et al. 2008). This bioaccumulation through the food
chain may increase the risk of cancer and other adverse
human health effects (Liu et al. 2016). Studies have shown
that PAHs hinders bacterial growth and leads to reduced
cell production (Johnsen et al. 2002); further, PAHs and
their epoxides exhibit significant toxicity, carcinogenicity,
and mutagenicity for microorganisms (Abdel-Shafy and
Mansour 2016). The Red Sea, particularly Sharm Obhur,
has been subjected to anthropogenic and natural sources
of petroleum hydrocarbons (Rushdi et al. 2019; Bantan et
al. 2024). Anthropogenic inputs from offshore oil fields,
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petrochemical plants, liquid refineries, sewage effluents,
and shipping operations pose significant threats to the broad
Red Sea ecosystem (Mandura 1997; El Nemr et al. 2014).
Sewage discharge is threatening marine biota due to con-
taminant composition of the effluent. The Red Sea is suffer-
ing from oil ships, cargo vessels, and private yacht sewage
as well as domestic sewage (Hees 1977; Badr et al. 2009).
Benthic ostracods have shown a significant negative corre-
lation with organic contaminants ‘petroleum hydrocarbon’
in terms of species numbers and faunal abundance (Carman
et al. 2000), highlighting their sensitivity as bioindicators,
particularly ostracods and copepods (Peterson et al. 1996).
Consequently, the presence of petroleum hydrocarbon con-
taminants is known to impact the composition of the benthic
community (Carman and Todaro 1996).

To the best of our knowledge, studies focusing on the
utilization of ostracods as bioindicators for pollution in
Sharm Obhur are currently lacking. While there have been
numerous investigations into the marine life and ecology
of the area, none have specifically addressed the potential
of ostracods as a biomonitoring tool for ecosystem threat.
Considering the sensitivity of ostracods to environmental
changes and their proven efficacy as pollution indicators in

other marine ecosystems, further exploration in this domain
could yield valuable insights into the marine environment’s
condition in Sharm Obhur. Consequently, this study has
multiple objectives, including: (1) evaluating the levels and
sources of pollution in the marine environment of Sharm
Obhur, encompassing heavy metals, and organic pollut-
ants, (2) identifying the areas most impacted by pollution
and assessing the potential consequences on the health the
marine ecosystem, (3) investigating the viability of ostra-
cods as a biomonitoring tool in the Red Sea region.

2 Study Area Description

Sharm Obhur, situated~35 km north of Jeddah City, Saudi
Arabia, is a coastal coralline limestone lagoon naturally
cut in the Red Sea region (Fig. 1). The sharm is an attrac-
tive and over-crowded area for recreational activities and
marine cruises. It is a semi-enclosed system occupied by
several shipyards, sewage discharges from restaurants, and
marinas as well as touristic villages. During the field survey,
the bottom surface of the sharm was occupied by dumped
litters such as plastics and cans (Basaham et al. 2006),

Fig.1 A. Google Earth map shows
the location of the study area, B.
Sampling stations spatially mapped
along Sharm Obhur

z
°
o
B
o

o
&
z
o
Y
<
S

e
N
z
o
©
<
S

o
&
=z
e
3
3
3

<
~
z
°
&
<
3

<
N
£
°
o
5
3

o
~
Z
°
%
I
§

o
~

E

39°5'0"E  39°5'50"E  39°6'40"E  39°7'30"E  39°8'20"E

@ Springer



M. H. Aljahdali et al.

which in turn may influence the marine biota negatively.
Furthermore, huge number of ships docking and oil changes
for motors engine is also observed, hence may impact on
marine life if effluent into water. On the other hand, Sharm
Obhur is suffering from uncontrolled coastal urbanization
and over development human activities (Basham et al.
2006). They reported that the surface area of Sharm Obhur
declined by 800,000 m? due to land reclamation, urbaniza-
tion, and construction of recreational and tourism amenities
along its beaches.

Sharm Obhur ecosystem is characterized by its diversi-
fied marine habitat, which includes coral reefs, seagrasses,
and a wide range of marine organisms such as fish, sharks,
and sea turtles. The coral reefs community of Sharm Obhur
was investigated by Wilson et al. (2017). They recognized
a fringing reef structure that houses a wide variety of coral
genera, including Acropora, Porites, and Montipora. The
study also highlighted the prevalence of seagrass dominated
by Halodule uninervis and Halophila ovalis, which play a
crucial role as micro-habitats for a wide range of marine
organisms. The water depth of the Sharm Obhur stations
exhibits a range from 1 m to 30 m (Table 1), where it is
connected to the Red Sea through a narrow inlet measuring
approximately 250 m in width (Rasul 2015). The coastal sec-
tors of the lagoon are made up of Quaternary sandy beaches
and rocky cliffs. Surface water temperature measurements
ranged between 24.4 °C and 32.2 °C, while water salinity
fluctuates between 39.11%o and 40.14%o during winter and
summer, respectively (Basaham and El-Shater 1994; AlSaa-
fani et al. 2017). Sharm Obhur experiences mixed semidi-
urnal tides characterized by a relatively small tidal range of
approximately 0.3 m (Ahmad and Sultan 1993; Shamji and
Vineesh 2017). The wind and wave patterns in Sharm Obhur
are influenced by the local and regional meteorological con-
ditions, as well as the topography of the area. According to
Al-Farawati et al. (2019), the Red Sea undergoes a predom-
inant northerly wind, known as the Shamal, which blows
from the north and northwest during the winter months
(October to April) and can reach speeds of up to 20 knots.
During the summer months (May to September), the winds
are typically lighter and more variable, with occasional
southerly winds blowing from the south and southeast.

3 Materials and Methods

3.1 Sampling Procedure

In November 2021, a northeast-southwest transect consist-
ing of 47 sites was sampled (Fig. 1). The sediment samples

(uppermost 1-2 cm) were collected using a Van Veen grab
sampler (15x15%30 cm) deployed from a small fishing
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boat. The sediment sample of the coastal station (<3 m water
depth) were collected, by divers, via hand-held plastic cor-
ing tube whose inner diameter is 8§ cm. From each site, trip-
licates were acquired allowing reliable and informativeness
dataset of the benthic ostracod assemblage for biomonitor-
ing work (Bouchet at al. 2012). The sediment replicates of
stations deeper than 3 m were acquired using grab sampler,
while the coastal stations (<3 m) were captured by different
deployments from three nearby places at the same site. The
water depth was measured using a UWTEC Eco-sounder,
while salinity, temperature, and pH were measured in situ
using a YSI 556 MPS instrument (Table 1). The coordinates
of each site were determined using a hand-held Garmin II
GPS device.

The collected samples were placed in clean, labelled
polyethylene bags, stored in a freezing icebox, and trans-
ported to the laboratory. In the lab, samples were dried at
room temperature, homogenized, and divided into aliquots
for textural, chemical, loss on ignition (LOI), and micro-
paleontological analyses, following the FOBIMO protocol
(Schonfeld et al. 2012).

To distinguish living ostracods from dead ones, a stain-
ing process using a rose Bengal solution was employed as
well as a careful examination of soft tissues was conducted
during the identification process. The rose Bengal solution,
prepared at a concentration of 2 g/L in 95% ethanol (Schon-
feld et al. 2012), selectively stained the appendages of
living ostracods in the sediment sample. Using a Leica ste-
reomicroscope (60X magnification), the stained shells were
examined, counted, and the presence or absence of dense,
vividly rose-stained protoplasm within the shells indicated a
living ostracod was noted (Walton 1952; Barras et al. 2014).

3.2 Laboratory Analyses

20 g of each sediment sample were utilized for the purpose
of conducting grain size analysis. The analysis followed the
method proposed by Folk and Ward (1957) and employed
the standard sieve and sedimentation technique for granu-
lometric analysis.

A weight-loss method based on acid treatment was used
to assess the total carbonate content, as reported by Gross
(1971). The dried sediments were treated with a dilute
hydrochloric acid solution (2.5 N), and the residue was col-
lected on a 0.45 um filter. After drying the filter, the observed
weight loss was converted into a percentage to represent the
carbonate content.

The determination of organic matter in the sediment
was carried out using a sequential weight loss method at a
temperature of 550 °C, following the procedure outlined by
Dean (1974).
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Table 1 The stations latitudes and longitudes, environmental factors (pH, Temperature, water depth, Salinity, total organic matter (TOM%), and
CaC03%), and sediment grain size% (Gravel, Sand, and Mud) of Sharm Obhur stations

Station Latitude (°N) Longitude (°E)  pH Tempera- Water Salinity  Total CaCO;, Gravel Sand Mud
ture (°C)  depth %0 organic (%) % % %
(m) matter
(%0)
0O1 21°45.839 039°08.138 8.08 31.11 1 39.95 6.75 8.26 1.09 61.78 37.13
02 21°45.791 039°08.179 8.02 31.16 5 39.85 5.41 6.42 0.23 64.02 35.75
03 21°45.746 039°08.233 8.11 31.24 5 39.88 6.9 23.28 42 52.03 43.77
04 21°45.657 039°08.158 8.09 31.11 5 39.85 7.01 8.22 0.22 62.01 37.77
05 21°45.664 039°08.092 8.19 31.15 6 39.82 5.65 6.07 0.12 55.3 44.58
06 21°45.696 039°08.042 8.15 31.15 3 39.81 5.61 56.79 27.24 47.07 25.69
o7 21°45.620 039°08.019 8.12 31.14 7 39.84 6.67 39.46 0.29 63.64 36.07
08 21°45.588 039°08.005 8.14 31.14 7 39.78 5.83 7.8 0.17 54.45 45.38
09 21°45.576 039°08.119 8.15 31.12 5 39.8 5.51 47.48 7.33 74.13 18.54
010 21°45.491 039°08.065 8.11 31.12 7 39.76 3.54 45.49 9.29 79.1 11.61
Ool11 21°45.498 039°08.007 8.12 31.1 9 39.74 7.56 10.82 0.1 57.03 42.87
012 21°45.521 039°07.949 8.11 31.1 8 39.76 6.55 74.64 8.4 66.24 25.36
Oo13 21°45.333 039°07.873 8.13 31 12 39.73 7.33 19.3 0.06 25.64 74.3
Ol14 21°45.324 039°07.915 8.14 31 11 39.75 83 13.22 0.1 19.89 80.01
Oo15 21°45.297 039°07.944 8.14 30.95 10 39.72 6.15 10.78 0.17 30.53 69.3
016 21°45.094 039°07.915 8.08 30.95 11 39.68 8.84 17.99 0 14.31 85.69
017 21°45.095 039°07.862 8.16 30.85 12 39.65 591 19.46 0 14.74 85.26
018 21°45.118 039°07.803 8.12 30.85 7.5 39.63 4.4 84.23 1.26 88.7 10.04
019 21°44.956 039°07.716 8.2 30.85 2 39.62 4.05 78.73 8.23 64.64 27.13
020 21°44.924 039°07.796 8.19 30.8 12 39.64 8.76 31.38 0 14 86
021 21°44.872 039°07.856 8.16 30.8 18 39.61 6.64 42.74 1.01 36.63 62.36
022 21°44.659 039°07.683 8.15 30.8 17 39.6 8.51 27.94 0 10.84 89.16
023 21°44.692 039°07.619 8.2 30.76 15 39.58 5.24 77.02 7.35 69.49 23.16
024 21°44.318 039°07.385 8.14 30.76 17 39.62 10.04 40.08 2.67 7.82 89.51
025 21°44.342 039°07.243 8.17 30.72 16 39.56 5.78 80.69 0 71.64 28.36
026 21°43.955 039°06.750 8.23 30.65 1.5 39.55 3.85 91.67 325 63.46 4.04
027 21°43.915 039°06.875 8.21 30.6 22 39.53 12.76 47.92 0.1 7.19 92.71
028 21°43.865 039°06.961 8.18 30.65 18 39.55 11.02 41.08 0 3.32 96.68
029 21°43.638 039°06.932 8.15 30.65 13 39.51 9.92 29.63 0 14.26 85.74
030 21°43.611 039°06.86723 8.18 30.62 23 39.54 10.25 43.82 0 8.07 91.93
031 21°43.537 039°06.778 8.19 30.62 3 39.5 2.63 88.89 31.26 64.66 4.08
032 21°43.298 039°06.393 8.2 30.55 5 39.45 3.82 83.45 4.42 66.74 28.84
033 21°43.208 039°06.428 8.21 30.6 25 39.45 9.29 58.39 0 6.81 93.19
034 21°43.133 039°06.487 8.17 30.55 25 39.47 9.51 53.07 0.19 27.59 72.22
035 21°43.057 039°06.304 8.2 30.52 3 39.45 6.14 80.18 0.7 68.16 31.14
036 21°43.189 039°06.219 8.15 30.47 24 39.45 11.61 50.64 0 6.44 93.56
037 21°43.292 039°06.116 8.16 30.52 3 39.4 3.13 89.79 20.78 74.29 4.93
038 21°43.228 039°06.030 8.23 30.5 3 39.35 3.9 90.1 37.73 58.27 4
039 21°43.166 039°06.075 8.2 30.45 27 39.35 8.7 50.94 0 3.87 96.13
040 21°43.075 039°06.037 8.21 30.5 4 393 4.18 90.71 1.23 92.94 5.83
041 21°42.945 039°05.735 8.18 30.4 27 39.25 9.02 64.49 0.89 36.35 62.76
042 21°42.934 039°05.796 8.21 30.38 23 39.25 5.04 91.42 18.19 73.68 8.13
043 21°42.789 039°05.750 8.23 304 25 39.21 11.74 55.96 0 5.23 94.77
044 21°42.606 039°05.702 8.2 30.35 25 39.16 5.26 75.24 1.72 52.98 453
045 21°42.581 039°05.751 8.21 30.38 28 39.16 5.24 75.96 6.53 56.14 37.33
046 21°42.417 039°05.635 8.19 30.3 30 39.15 7.87 60.1 0.31 50.75 48.94
047 21°42.438 039°05.588 8.2 30.25 3 39.15 3.49 88.89 10.82 79.93 9.25
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3.2.1 Ostracod Analysis

20 g of each sediment sample were sieved through a 500 um,
300 um, 250 pm, 125 pm, and 63 pm mesh sieves. The
sieved samples were subsequently placed into an oven for
drying at 50 °C for 2 h, to facilitate the isolation of the ostra-
cod individuals. The benthic ostracods were picked using
a 000-sable hairbrush under a binocular stereomicroscope
(60X). The collected specimens, including both individual
valves and connected carapaces, were quantified. In the
counting process, each individual valve was considered as
0.5 specimen, while each complete carapace was treated as
a single specimen. The identification process was performed
on the ostracod taxa> 125 um. The ostracod individuals
were identified using internal and external valve character-
istics, as described in taxonomic literature Moore (1961);
Hartmann (1964), Bonaduce et al. (1976); Bonaduce et al.
(1980); Bonaduce et al. (1983), Mostafawi (2003), Helal
and Abd El Wahab (2004); Martens and Horne (2009),
Mohammed and Keyser (2012), El-Kahawy et al. (2021),
Keyser and Mohammed (2021). The identified ostracod

100pm

100pm

Fig. 2 Photomicrographs for the most abundant benthic ostracods
species of Sharm Obhur site, the white arrow oriented toward ante-
rior direction, 1-2. Paranesidea fracticorallicola Maddocks, 1969,
1- external view, 2- internal view, right valve, sample 044, 3. Moo-
sella striata Hartmann 1964; external view, left valve, sample 021,
4. Leptocythere arenicola (Hartmann 1964), external view, left valve,
sample O47, 5. Loxocorniculum ghardagensis Hartmann 1964; exter-
nal view, left valve, sample O41, 6. Lankacythere elaborata Whatley
and Zhao, 1988, external view, left valve, sample 026, 7. Loxoconcha
ornatovalvae Hartmann 1964; external view, left valve, sample 040,
8. Loxoconcha gurneyi Bate and Gurney, 1981, external view, right
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taxa were photographed using scanning electron micro-
scope (JSM 6063LA) at the Egyptian Mineral Resources
Authority (EMRA) and illustrated in Fig. 2. The incident
beam energy focused on the specimen surface (coated by
thin gold layer) is 20 keV.

3.2.2 Heavy Metals, TPH, and PAH in Sediments

The heavy metals such as Copper (Cu), Chromium (Cr),
Nickel (Ni), Cobalt (Co), Zinc (Zn), Lead (Pb), Arsenic
(As), and Vanadium (V) in the sediment samples were ana-
lyzed in Acme labs (Vancouver, Canada) via inductively
coupled plasma-mass spectrometry (ICP-MS). Samples
were processed by grinding to yield particles smaller than
0.25 mm. To leaches the sulphides, and some oxides, 0.5 g
of each sample followed a careful partial digestion using
aqua regia solution, involving 0.6 ml concentrated Nitric
acid (HNO;), 1.8 ml concentrated Hydrochloric acid (HCI),
and 0.5 ml Water (H,O) is performed. The digestion was
carried out for a duration of 2 h at 95 °C. The sample residue
was dissolved by heating with 5 ml of a 1:1 HNO3 solution.

‘2’00 m

- 16 100pm
100pm

valve, sample 039, 9. Jugosocythereis borchersi (Hartmann 1964),
external view, right valve, sample 036, 10. Alocopocythere reticulata
(Hartmann 1964), external view, left valve, sample 023, 11. Hemi-
cytheridea paiki Jain, 1978, external view, right valve, 12. Cyprideis
torosa (Jones 1850), external view, right valve, sample O19, 13. Rug-
gieria danielopoli Hartmann 1964; external view, right valve, sample
021, 14. Pontoparta salina Harding, 1954, external view, right valve,
sample O17, 15. Xestoleberis rotunda Hartmann 1964; external view,
left valve, sample O44, 16. Xestoleberis rhomboidea Hartmann 1964,
external view, right valve, sample 043
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The sample was cooled after digestion and acid elimination,
diluted to 10 ml with de-ionized water, and homogenized.
Subsequently, 5 ml of a 4 ppm Indium standard solution was
added. The resulting mixture, consisting of the sample and
reference solutions, was then introduced into the ICP-MS
instrument using a peristaltic pump set at a flow rate of 0.18.
The samples were analyzed using a Perkin-Elmer Sciex Elan
5000 ICP-MS for the heavy metal suite. Before each mea-
surement, the nebulizer and spray chambers were subjected
to a thorough washing procedure. This involved introducing
a solution into the system for a duration of 3 min., with a
0.5 revolutions per minute (rpm). Following that, an addi-
tional 30-second washing step was conducted at 0.18 rpm.
These meticulous cleaning steps ensured the removal of any
potential contaminants or residues, thereby maintaining the
integrity and accuracy of subsequent measurements.

The hydrocarbon concentrations measurements, total
petroleum hydrocarbons (TPH) and polycyclic aromatic
hydrocarbons (PAHs), were determined using the USEPA
3540 C method for extracting and cleaning sediments.
Briefly, approximately 20 g of each sediment samples
were cleaned and labelled in an extraction thimble. Sedi-
ment samples were extracted using a soxhlet apparatus with
a 400 ml of an isotropic mixture of dichloromethane and
methanol (93:7 v/v) for 48 h. Prior to extraction, an internal
standard (1-eicosene) was included in the sediment to assist
with quantification and to enhance the elucidation of satu-
rated hydrocarbons. Activated copper turnings were added
to clean the extract and remove elemental sulphur. The
extracts were dried by adding anhydrous sodium sulfate. The
concentrations of total petroleum hydrocarbons (TPH) were
quantified by UV-spectrofluorometer (Shimadzu RF-5000)
measurement of the compound fluorescence intensity (exci-
tation at 310 nm and emission at 360 nm). Quantification
and standardization were conducted on light Arabian oil.

Clean up and isolation of hydrocarbon fractions were
carried out by column chromatography with activated sil-
ica gel. Elution with hexane- dichloromethane (50:50 v/v)
yielded the aromatic hydrocarbon fraction (Jeffrey and Sai-
tas 2001). Gas chromatography-flame ionization detection
(GC-FID) was used for quantitative and qualitative analy-
sis of PAHs. The polycyclic aromatic hydrocarbons (PAHs)
were determined by measuring their fluorescence intensity
(excitation 310 nm and emission at 360 nm) using UV-spec-
trofluorometer (Shimadzu RF-5000). Standardization and
quantification were performed using chrysene substance
(Law and Whinnet 1992).

3.3 Statistical Analysis

The relative abundances of ostracod assemblages were sta-
tistically processed, focusing on the living taxa that had an

occurrence of more than 2%. Using XLSTAT software, a
hierarchical cluster analysis was generated to visually indi-
cate the correlation coefficient values in a matrix of vary-
ing degrees. The dendrogram of the samples (Q-mode)
and species (R-mode) was illustrated based on their simi-
larity index. The dataset was transformed and normalized
in a reduced model and centred standardization type. The
clustering method was created using non-specific filtering
feature which screens poor variation among individuals,
thereby improving the readability of the dendrogram; 0.25
interquartile range was used for filtering the dataset. The
agglomeration of the dendrogram was performed via Euclid-
ean dissimilarity measurement with noisy observation <0.5.

Redundancy analysis (RDA), specifically multivariate
ordination method, was applied to explore the relationships
between environmental (response) and biological (explana-
tory) variables. This method reveals linear combinations
of data that explain the variation in environmental vari-
ables, while accounting for the effects of other variables. A
principal procedure involved in conducting RDA analysis
involved performing Pearson correlation analysis to iden-
tify which oceanographic variable had a significant influ-
ence on the ostracod distribution pattern. Only the variables;
CaCO;, and water depth showed significant strong positive
coefficients due to their high variations, thereby included in
the RDA analysis. On the other hand, the salinity, pH, and
temperature exhibited weak coefficients, hence were omit-
ted from the analysis due to their low variations among dif-
ferent stations. The RDA technique was chosen due to the
response data having a gradient 1.4 standard deviations units
long, making the linear method the recommended strategy
(Smilauer and Leps 2014). To assess the significance of the
explanatory variables individually, a permutation test with
499 iterations was applied. The dataset of the response
variables was square root transformed, centered, and stan-
dardized. These calculations were done using CANOCO
software, version 5.15.

The comprised association among species richness and
species abundance is delineated through diversity indices.
The calculation of diversity indices was accomplished using
the Paleontological Statistics software V. 4.08 (Hammer et
al. 2009).

4 Results

4.1 Oceanographic Parameters

The water temperature, salinity, and pH measurements
recorded in November 2021 at Sharm Obhur are pre-

sented in Table 1. The mean water temperature measured
at Sharm Obhur was 30.76 °C. Concurrently, the average
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salinity of the water was recorded at ~39.6%o, and the pH
level averaged at ~8.2. At 047, near the Sharm Obhur head,
the temperature dropped to a low of 30.25 °C, meanwhile,
03, located towards the head of the sharm, experienced the
highest temperature of 31.24 °C. The data in Table 1 clearly
indicates a slight decrease in water temperature towards the
southwest. The salinity values varied among the sampling
stations, with 046 and 047 (sharm mouth) recording the
lowest values of 39.15%o, whereas O1 (sharm head) record-
ing the highest value of 39.95%o.. In addition, the pH values
at the sampled stations ranged from 8.02 at O2 to 8.23 at
038 and 043 (Table 1).

4.2 Environmental Variables
4.2.1 Bottom Sediments Characteristics

The sediment grain size analysis conducted in the study area
revealed that the proportion of the gravel fraction (>2 mm)
is low, with a mean value of 5.2% (Fig. 3A). Furthermore, at
several stations, it is not detected as shown in Fig. 3A. How-
ever, at O38, the gravel fraction is found to be the highest
(>37%), with the main contribution coming from biogenic
remains of corals and molluscs.

In contrast, the sand fraction (2-0.063 mm) is also rela-
tively high in the sediment samples, encompassing an aver-
age of 45% of the total sediments (Fig. 3B). This fraction is
found to be predominant at all of the studied stations, with
a maximum of up to 96% at certain stations (Fig. 3B). Bio-
genic remnants of benthic foraminifera, corals, small mol-
luscs, and calcareous algae are the primary contributors to
the sand fraction.

The mud fraction (< 0.063 mm) is the most prevalent sed-
iment grain size, with an average value of 49.5% (Fig. 3C).
However, it reached the highest values in sheltered stations
028 (96.7%), while the lowest value is observed beyond
038 (4%) (Fig. 3C).

4.2.2 Total Organic Matter (TOM) and Carbonate Content

The total organic matter analysis exhibited a high TOM
value in the southwestern direction (sharm entrance) and
certain stations in the northeastern sector (sharm head,;
016), with a mean value of 6.8% (Fig. 3D). The highest
value of organic matter (~13%) is observed at 027, while
the lowest value is recorded beyond 032 (3.82%).

The CaCO; content displayed a consistent increasing
trend in the vicinity of the sharm entrance stations, with a
mean value of 50.7%. Additionally, the highest CaCO; con-
tent is quantified at 026 and 042 (~91.5%), whereas the
lowest values are detected at the sharm head, involving O1,
02, 04, 05, and O8 (Table 2).
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4.3 Heavy Metals and Hydrocarbons (TPH and PAH)
Concentrations

The sediment samples obtained from Sharm Obhur exhib-
ited comparatively small levels of Cu, with an average
concentration of ~21 pg/g. Conversely, a substantial rise
in Cu concentration was observed in the samples of the
sharm head, with values as high as 43 ug/g in the vicinity
of station O1 (Fig. 4A). The average concentration of Cr is
~45 pg/g, while the highest value was obtained from sta-
tions O2 and O5 (92 pg/g) near the sharm head, and the low-
est recorded value is from station O40 (3 pg/g) closer to the
sharm entrance (Fig. 4B). The concentration of Ni is gener-
ally low across the studied stations, with an average value
of ~23.5 ng/g (Fig. 4C). The highest Ni concentrations were
measured from O14 (49.4 ng/g), followed by O8 (47.9 ug/g)
nearby the sharm head, whereas the lowest measured value
was observed around station O40 (0.7 ug/g) toward the
sharm entrance. The concentration of Co was relatively low,
with a mean value of ~8.5 pg/g. The highest Co concentra-
tions were observed near station O8 (17.2 pg/g), followed
by O11 (17 pg/g), whereas the lowest concentrations were
measured from stations 040 (0.6 pg/g), followed by O38
(0.7 ng/g) (Fig. 4D). The Zn concentration exhibits higher
values at the sharm head, with an average of 41.5 pg/g
(Fig. 5A). The station O14 rendered the highest Zn value
(76 ng/g), whereas the lowest concentrations were detected
beyond stations O38 and O31 (5 pg/g) (Fig. SA). The over-
all Pb values are low, with an average of ~5.2 pg/g. The
highest Pb values were observed near 036 (8.6 pg/g) fol-
lowed by 043 (8.4 ng/g), whereas O31 has the lowest value
recorded 1.1 pg/g (Fig. 5B). The average value of the As
concentration is ~7.1 pg/g, with the highest concentrations
observed around stations O13 and O21 (12 pg/g), while the
lowest value was measured at O40 (0.5 pg/g) (Fig. 5C). The
average V value is ~61 pg/g, with the highest concentra-
tions observed at O1 (130 pg/g) followed by O2 (128 pg/g),
and O5 (127 ng/g), whereas the lowest concentrations were
measured at 040 and O38 (4 ng/g), followed by 026, &
042 (4 pg/g), and 037 (7 pg/g) (Fig. 5D).

The distribution patterns of TPH and PAHs in Sharm
Obhur, as depicted in Fig. 6, exhibit a distinct classifica-
tion between the sharm’s entrance and head stations. The
average concentrations of TPH and PAHs were found to
be ~35.5 pg/g and ~10.1 pg/g, respectively. The high-
est recorded TPH and PAHs values were observed toward
the sharm head, specifically at O16 that has concentrations
of ~69 pg/g and ~16 pg/g, respectively (Fig. 6A and B).
Conversely, the lowest concentrations were documented
at the sharm entrance (O47) with values of ~5.6 pg/g, and
~3.3 ug/g, respectively. Notably, the sharm head exhibited
the highest levels of TPHs concentrations in the vicinity
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Fig. 3 Spatial bubble distribution maps for the granulometric analysis and total organic matter content in the Sharm Obhur site

of the following stations 016, followed by OS8, 013, O11,
015, O1 and O14, respectively (Fig. 6). Additionally, the
highest measured PAHs concentrations displayed the fol-
lowing order O16>015>011>014>05>08>02. On

the other hand, the lowest TPH and PAHs concentrations
were observed at 047, followed by 042, 040, 038, 032,
and O31 respectively (Fig. 6A and B).
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Table 2 The measured heavy metals concentrations of the Sharm Obhur sediment samples as well as their total petroleum hydrocarbon (TPH),
and polycyclic aromatic hydrocarbons (PAHs)

Station TPH PAH \Y Cr Co Ni Cu Zn Pb As
(0] 67.74 13.61 130 87 14.6 39.1 43.2 72 5.8 9
02 64.63 14.24 128 92 16.5 44.4 32.5 67 5.6 9
03 45.5 11.1 96 63 12.2 31.2 26.3 52 52 9
04 66.5 13.18 124 89 16.3 44.8 31.2 63 5.6 9
05 67.42 14.56 127 92 16.9 46.2 333 68 5.8 9
06 35.36 9.81 59 44 8.5 22.8 18.3 40 3.7 7
07 44.71 12.3 79 62 11.3 30.7 234 51 5.6 10
08 69.21 14.42 125 89 17.2 47.9 344 70 6.5 10
09 33.21 9.95 66 39 8.2 19.4 17.3 57 6.9 9
010 22.76 8.98 43 24 4.8 11.5 9.8 19 2.5 6
Ol1 68.31 15.78 119 91 17 47.1 34.7 72 6.6 10
012 31.45 8.88 49 36 7.4 19.3 16.7 35 4.2 11
013 68.44 12.91 102 78 15.1 43.5 35.7 69 7.5 12
014 67.5 14.93 115 91 17 49.4 39 76 7.5 11
015 68.1 15.87 116 89 16.4 45.6 343 71 7.4 10
016 69.41 15.92 107 89 15.7 44.6 35.5 70 7.7 11
017 66.33 12.15 109 84 16 46.6 37 73 7.7 11
018 16.54 8.52 23 16 2.7 6.8 5.5 14 2 5
019 18.56 8.63 24 20 3 7.4 6.1 14 1.9 3
020 41.43 10.45 84 67 12.3 35.7 29 58 7 10
021 40.21 10.22 78 58 10.9 31.5 27.2 54 7.1 12
022 39.56 10.31 65 53 10.1 30.5 27.9 54 7.2 10
023 18.67 8.54 24 17 34 9.1 9.6 19 3.1 6
024 41.21 10.31 75 62 11.4 335 325 60 7.7 11
025 16.87 8.43 19 12 2.5 6.4 6.8 14 2.7 5
026 11.56 6.92 6 5 0.8 1.8 2.4 6 1.7

027 40.1 10.24 64 50 9.7 29.2 26.5 52 7.2 10
028 40.44 10.32 93 56 13.1 29.4 28.8 57 6.8 11
029 39.66 10.21 93 54 12.1 27.4 27.8 54 5.8 6
030 40.89 10.26 62 50 9.6 29.9 27.6 53 7.3 10
031 10.42 6.92 8 5 0.9 1.7 2.2 5 1.1 2
032 943 5.98 13 8 1.6 3.5 13.9 14 3.7 2
033 29.51 9.33 45 37 6.5 19.6 19.8 39 6.2 7
034 30.3 9.54 55 38 7.4 20.8 21.9 42 6 7
035 13.51 8.31 19 10 1.9 44 27.6 20 2.8 1
036 31.66 10.16 57 46 8.3 27 26.8 53 8.6 8
037 9.1 6.93 7 5 0.9 1.5 2.9 6 1.7 3
038 7.45 5.81 4 4 0.7 1.1 2.1 5 2 2
039 30.22 10.14 53 43 8.3 27.5 27.1 52 8.1 8
040 6.43 4.56 4 3 0.6 0.7 39 5 1.4 0.5
041 27.33 9.11 35 27 5.3 16.8 20.6 36 6.3 6
042 6.11 4.41 6 5 1.1 2.1 32 6 2.6 1
043 33.67 10.2 51 41 8 28.3 28.6 54 8.4 7
044 12.84 8.56 24 18 34 9.3 9.3 20 4.4 4
045 14.66 8.67 27 19 4 10.9 11.7 24 39 3
046 28.95 9.51 48 33 6 16.1 15.2 32 52 6
047 5.64 3.32 11 7 1.1 2 2.1 7 1.9 1
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Fig. 4 Spatial distribution maps for the Copper, Chromium, Nickel, and Cobalt concentrations in the Sharm Obhur site

4.4 Benthic Ostracoda Distribution, Abundance,
and Diversity

Seventy ostracod species belonging to 42 genera, were

recorded in Sharm Obhur, out of which 19 species were
found to be alive (Appendix 1). The dominant genera are
Xestoleberis, Pontoparta, Cyprideis, and Cytherella, which
attain 19.9%, 10%, 7.7% and 6.1% of the recorded fauna,
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respectively. The other recorded genera are as follows;
Moosella (5.9%), Loxocorniculum (~5.5%), Ruggieria
(4.8%), Hemicytheridea (4.6%), Lankacythere (4.2%), Mio-
cyprideis (2.9%), Alocopocythere (2.8%), and Paranesidea
(2.7%) (Appendix 1).

Cyprideis torosa, Ruggieria danielopoli, Loxocornicu-
lum ghardaquensis, Moosella striata, Pontoparta salina
and Alocopocythere reticulata are the most occurring ostra-
cod taxa observed alive and dead in the Sharm Obhur sta-
tions, respectively. They accounted for over 70% of the total
assemblage of living ostracods, while the other living taxa
signify less than 30% (Appendix 1). Figure 7 illustrates the
overall distribution pattern of the six most abundant ostra-
cod taxa. Cyprideis torosa relative abundance is averag-
ing~15% in the investigated stations, where it exhibits the
highest occurrences with a significant proliferation at station
O11 (~39%), while the lowest values (0%) observed at sta-
tions 012, 019, 021, 038, and 039 (Fig. 7A). Overall, the
C. torosa pattern indicates that the majority of station values
ranges between 12.5% and 18% relative abundance. Sec-
ondly, R. danielopoli is the second most abundant taxon. In
the sharm head stations, it displays lower relative abundance
values compared to the sharm entrance stations (Fig. 7B). It
is averaging 9.7%, where the highest value was observed
at station 021 (~21%), while zero value was recorded at
stations 09-012, O15-016 (Fig. 7B). The distribution of
L. ghardagensis and M. striata fluctuate across most of
the sharm stations, with average 8.5, and 8.4 respectively
(Fig. 7C and D). The highest values were observed beyond
stations 021 (20%), and 023 (~ 16%), while zero value was
obtained beyond the sharm head stations, including O5-O7,
010-012, and 08-09, and O11, respectively (Fig. 7C and
D). Additionally, the sharm head stations exhibited a higher

19°5'0"E  39°5'50"E  39°6'40"E 39°7°30"E 39°8'20"E

frequency of zero abundance values for these two taxa com-
pared to the sharm entrance stations. The relative abundance
of the P. salina, and A. reticulata leaped sharply at stations
017 (35%), and O11(45%), respectively (Fig. 7E and F).
The sharm head stations had higher percentages of A. reticu-
lata compared to the sharm entrance stations (Fig. 7E and F).
On the other hand, P, salina displayed comparable relative
abundance between the sharm head and entrance stations.
The spatial distribution percentage of the living ostracod
taxa in the sharm head stations is quite low (Fig. 8A). The
highest living ostracod percentage was observed beyond
station O47 (~37.3%) at the sharm entrance, whereas the
lowest percentages were observed at stations O11, and
016 (0%), followed by O15 (5.8%), O10 (6%), and O8
(~6.5%) (Fig. 8A). The stations located in the sharm head
exhibited a lower percentage of living ostracod abundance
in comparison to the stations located at the entrance of the
sharm (Fig. 8A). They are dominated by A. reticulata, and
H. paiki, while the other ostracod taxa were in dead form.
On the other hand, the stations located beyond the head of
the sharm displayed low living C. torosa % (Fig. 8B) and
increases toward the sharm entrance stations. The distribu-
tion pattern of the C. forosa is comparable to the stations
closer to the pollution sources (i.e., O11, and O16) where
displayed disappearances of the C. torosa and most of the
living ostracods species except H. paiki and A. reticulata.
Overall, the ostracod abundance is high in most stations
except stations located at the sharm head as shaded in the
two polygons (Fig. 9A). Two groups I, and II are display-
ing two degrees and levels of species abundance and rich-
ness. The stations belong to group I showed lower species
abundance and richness than group II (Fig. 9A). Stations
037 and 047 display the highest ostracod abundance and
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Fig. 8 A Spatial distribution map
for the living ostracod percentages
retrieved from the Sharm Obhur sta-
tions, B Spatial distribution map for
the highest living ostracod percent-
ages (Cyprideis torosa)
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richness (313, and 15; respectively), while station Ol11
shows the lowest species abundance and richness (25, and
3; respectively). Moreover, station O11 is dominated by H.
paiki, and A. reticulata. The dominance index of O11 is the
highest (0.37), while O1 shows the lowest (0.08), whereas
the Shannon index was 1.03, and 2.58 for the two stations,
respectively (Fig. 9B).

4.5 Statistical Analyses
4.5.1 Hierarchical Cluster Analysis (HCA)

The HCA reveals distinct clusters as shown in Fig. 10. They
are characterized by different environmental biotopes and
degrees of pollution. Q-mode cluster analysis was per-
formed to study similarities between the stations. Samples
are grouped into two main clusters (Q1 and Q2), each with
two subclusters occupied by distinctive ostracods assem-
blage (Fig. 10A and B).

Cluster Q1 consists of two subclusters; they are Q11, and
Q12. The subcluster Q11 is represented by twelve stations:
01, 02, 03, 04, 05, 06, 07, 08, 09, 010, O15, and 020
(Fig. 10A). These stations are in the vicinity of the head of
the Sharm Obhur, where the wadi deposits are dominated.
This subcluster is characterized by a high abundance of ben-
thic ostracods assemblage comprised of Lankacythere elab-
orata, Miocyprideis spinulosa, Loxoconcha ornatovalvae,
Cytherella punctata, Xestoleberis rhomboidea (Fig. 10B).
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Fig. 9 A- Species richness and abundance (number of the counted
individuals per 20 gram/ dry weight) of the total living ostracod
assemblages retrieved from the studied stations, B- Diversity indices
(Shannon and Dominance) for the total living ostracod assemblages in
the investigated stations. Note, the shaded polygons show the highest
impacted stations

The second subcluster (Q12) includes eighteen stations
(011, 012, 013, 014, 016, 017, 021, 022, 023, 024,
025, 026,027,028, 029, 030, 033, and O36) (Fig. 10A).
These stations are located directly beside the touristic hotels
and marinas, where highest concentrations of heavy met-
als, and TOM% were observed. This subcluster is signified
by having low to moderate species abundance and richness.
The prevailing ostracod assemblage in this subcluster is
defined by occurrence of A. reticulata (Fig. 10B).

Cluster Q2 is subdivided into two subclusters Q21, and
Q22 (Fig. 10A). Subcluster Q21 is discriminated by an
ostracod assemblage that includes L. arenicola, M. stri-
ata, L. ghardagensis, R. danielopoli, and Jugosocythereis
borchersi. It consists of thirteen stations: O18, 019, O31,
032, 034, 035, 037, 038, 039, 040, 043, 046, and 047
(Fig. 10A). These stations are located near the entrance of
the sharm, where they display high species abundance and
richness. The heavy metals contents are low to moderate
concentrations, while carbonate percentages are high.

Subcluster Q22 comprises three stations: O35, 037, and
046, where they are occupying the southwestern sector of
the Sharm Obhur. This subcluster has an assemblage con-
sisting of Tanella gracilis, P. fracticorallicola, Callistocy-
there arcuata, P. salina, Xestoleberis rotunda, Loxoconcha
gurneyi, C. torosa, and H. paiki (Fig. 10B). This assemblage
exhibits high species richness and abundance.

4.5.2 Redundancy Analysis (RDA)

The results of the Redundancy Analysis (RDA) are visu-
alized in Fig. 11. The first two dimensions of the RDA
explain 73.48% of the total variance for ostracod relative
abundances and environmental data. Most of the variability
(59.75%) can be attributed to the influence of heavy metals,
and organic pollutants which have emerged as the most sig-
nificant factors in shaping the community structure of ostra-
cods in the study area (Fig. 11). It is worth noting that the
concentrations of heavy metals exhibit a negative correla-
tion with living ostracod abundance and diversity, whereas a
positive correlation is observed with the dead ostracod per-
centage (Fig. 11). For that, two main groups are discrimi-
nated based on the response of ostracods to heavy metals
and environmental parameters. Group I is mostly occupied
by the sharm head stations (Fig. 11). These stations render
low species diversity and abundances, for instance O11, and
016 (see; Fig. 8). Moreover, these stations displayed the
highest organic pollutants (TPH, and PAH), heavy metals,
mud%, and TOM%. Interestingly, this group is occupied
by only two benthic ostracods taxa: H. paiki, and A. retic-
ulata. The zone of moderate heavy metals concentrations
has a benthic ostracod assemblage comprised of L. ornato-
valvae, M. spinulosa, C. punctata, and L. elaborata. Group
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IT involves most of the stations located at the entrance of
the Sharm Obhur with emphasis on the controlling fac-
tors responsible for their distribution. These factors are the
sand%, CaCO3%, and water depth, where they redistribute
the ostracods biofacies. Most of ostracod species and liv-
ing percentages are positively correlated with the group 11
stations, where the carbonate content is the main control-
ling factor. The dominant ostracod assemblage in this group
includes X. rotunda, X. rhomboidea, P. salina, P. fracti-
coralicola, C. arcuata, L. arenicola, C. torosa, T. gracilis,
M. striata, L. ghardagensis, R. danielopoli, and J. borchersi.

4.5.3 Cross-Plot Analysis

Figure 12 displays cross-plot analysis between TOM con-
tent and selected ostracod dominant taxa. The H. paiki and
A. reticulata occurrences exhibited a strong positive corre-
lation coefficient in the stations highly enriched by TOM
(R?=0.83, p<0.05) and (R2=0.67, p <0.05), respectively
(Fig. 12). Conversely, the abundances of P. salina, M. striata,
C. torosa, X. rotunda and L. ghardagensis showed negative
correlation coefficients with TOM content (Fig. 12). These
species displayed a decreasing trend with high TOM content
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which may indicate a direct influence by organic matter. On
the other hand, although TOM content is often influenced
by grain size, our study reveals strong positive correlation
coefficients between TOM content and stations dominated
by high mud% (R*>=0.88, p <0.05), while a strong negative
correlation between TOM and stations controlled by high
sand% (R= -0.84, p <0.05) (Fig. 12).

5 Discussion

5.1 Distribution, Diversity Indices, and Abundance
of Ostracod Assemblage

Benthic ostracod distribution is controlled by many factors,
such as bottom substrate characteristics (Helal and Abd El-
Wahab 2012; El-Kahawy et al. 2021). The recorded ostra-
cod taxa in Sharm Obhur are dominated by the phytal, and
shallow marine assemblage. These species are all commonly
found in the Red Sea along the Egyptian and Saudi Ara-
bian coastlines (Hartman 1964; Bonaduce et al. 1983; Helal

and Abd El-Wahab 2004; Mohammed and Keyser 2012;
Mohammed et al. 2012; Keyser and Mohammed 2021).
They are living in colonies in areas of enriched seagrasses,
macro-algae, and reef communities. These ecological micro-
habitats are favourable for various species such as C. forosa,
L. ghardagensis, R. danielopoli, Xestoleberis spp., and J.
borchersi, especially at the stations near the sharm entrance.
On the other hand, the sharm head is occupied by bottom
facies of mud-types (those dominated by clay particle size
fraction) which lacking seagrasses and reef sediments likely
due to effluent discharge from ships and touristic villages.
Significantly, these conditions play a remarkable role in the
decrease of living ostracod percentage of the Sharm Obhur
site. Consequently, the dead ostracods are higher in the sta-
tions at the head of the sharm at the expense of living forms
(i.e., H. paiki, and A. reticulata).

Species diversity is a crucial indicator for assessing the
impacts of environmental stress on benthic microfauna
(Ruiz 1994; El-Kahawy et al. 2021). Consequently, the
abundance and diversity of ostracods undergo significant
changes due to various sources of contamination (Ruiz et
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al. 2013). However, certain species, such as C. torosa and
C. dimorpha, exhibit resistance to organic contamination
(Lim and Wong 1986), along with low species diversity in
the contaminated environments (Alin et al. 1999). Several
authors (e.g., Ruiz et al. 2013; El-Kahawy et al. 2021; refer-
ences therein) recorded variations in species diversity as a
response to contamination. They indicated that ostracods are
typically scarce or absent in polluted stations from domestic
sources. Additionally, Van der Merwe (2003) has inferred
that mining activities have similar effects on ostracod
assemblages. Nonetheless, Aiello et al. (2021) reported high
diversity assemblages in marine environment with very high
levels of heavy metals. Our findings indicated that the pollu-
tion affecting the marine benthic environments of the study
area is not severe enough to completely eliminate ostracods,
which is comparable to the results obtained by Carman et al.
(2000) and Lenihan et al. (2003). Still, pollution has a sig-
nificant impact on residual ostracod communities. It results
in a high dominance index and low abundance, with only
a few opportunistic species present (Millward et al. 2004).
This relationship is clearly apparent in stations O11, O12,
013, 014, 015, O16, and O17, which exhibit the highest
dominance index values, very low species abundance, and
elevated concentrations of heavy metals (Fig. 9A and B).
In shelf environments, species diversity increases generally
with increasing water depth (Bonaduce et al. 1983; Ruiz et
al. 1997). Accordingly, species diversity decreases closer
to the sharm head (shallowest stations) (Fig. 9A), which
may be attributed to factors such as increased heavy met-
als, TOM, and organic pollutants, as observed in stations
011,012,013, 014, 015,016, and O17. These results are
consistent with the findings of Samir (2000), that focussed
on the decline of faunal diversity and abundance in the pol-
luted areas. The observation of low ostracod abundance
accompanied by moderate to high diversity, particularly in
the vicinity of contaminated stations (012, O13, and O14;
see Fig. 9), aligns consistently with the findings of Liljen-
stroem et al. (1987).

5.2 Ostracoda Abundance and Environmental
Factors

The abundance of meiofauna, including ostracoda, is influ-
enced by the amount of organic matter preserved in sedi-
ments (Mazzola et al. 1999; Mirto et al. 2000; Lili Fauzielly
et al. 2013; Irizuki et al. 2015). Irizuki et al. (2015) show
a positive relationship between TOM content and ostracod
abundance. On the other hand, Mirto et al. (2000) observed
a decline in ostracod abundance following the establishment
of fish and mussel farms, attributed to bio-deposition from
the farming complexes. However, they did not investigate
whether the response to organic matter was species-specific.
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Lili Fauzielly et al. (2013) focused on species-specific
responses and investigated the correlation between TOM
content and the abundance of various ostracod species in
surface sediments from enclosed seas, aiming to inspect
indicator species for monitoring environmental changes.
However, their study involved surface sediments from
different sites, water depths, and substrates, which were
influenced by various environmental factors, making it chal-
lenging to show specific relationships. They reported that
a common occurrence of Keijella carriei and Loxoconcha
wrighti denoted their preferability of high TOM content,
while Hemicytheridea ornata and Hemicytheridea reticu-
lata rarely occurred.

Our findings indicated that salinity, water depth, tem-
perature, and pH exhibited limited variations and lack sig-
nificant correlations with ostracod abundance. Additionally,
the recognized dominant ostracod species observed were
indicative of shallow marine mud habitats, which suggest
that the ostracod assemblages described in this study are
composed of autochthonous species. Comparing ostracod
abundance with environmental factors such TOM through
cross-plot analysis, may be utilized to assess ostracod spe-
cies as indicators of anthropogenic influences. A. reticulata
has been previously used as bioindicators to recognize such
environments of high TOM (Helal and Abd ElI-Wahab 2012;
El-Kahawy et al. 2021). The results of the current study
support earlier findings and demonstrate that TOM content
directly correlates to the abundance of the analyzed spe-
cies. The enrichment of TOM content appears to be closely
related to eutrophication (Malone and Newton 2020). Thus,
the present work suggests that H. paiki, and A. reticulata
serve as good bioindicators for organic matter enrichment
via eutrophication. The P. salina, M. striata, L. ghardagen-
sis, C. torosa and X. rotunda, however, can act as good
bioindicators of general environmental deterioration due to
increased organic matter in sediments. Moreover, the posi-
tive relationship between bottom facies, particularly mud,
suggests a significant influence of the enriched TOM, along
with TPH, PAHs, and heavy metals especially at the head of
the Sharm Obhur.

5.3 Heavy Metals

The relationship between heavy metal pollution and ostra-
cods abundance has been discussed by several authors
(Pascual et al. 2002; Yasuhara et al. 2003, 2012; Lee and
Correa 2005; Bergin et al. 2006; Ruiz et al. 2008; Irizuki
et al. 2011, 2018; El-Kahawy et al. 2021). These stud-
ies have consistently shown that increased concentrations
of Cu and/or Zn are associated with a decline in ostracods
abundance, leading to their retreat or even disappearance
in highly polluted areas. Yasuhara et al. (2003) documented
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that Bicornucythere bisanensis exhibits a robust resis-
tance to anthropogenic pollutants, whereas Callistocythere
alata exhibits sensitive behaviour to pollution. In a study
by Rahman and Ishiga (2012), trace elements were exam-
ined to inspect their influence on the ostracods abundance
and showed a lowering in ostracods abundance when the
heavy metals concentration increased. Interestingly, various
pollution sources have been found to significantly impact
both the species abundance and diversity of ostracods. Spe-
cifically, in areas characterized by high organic pollution
resulting from urban or industrial activities, ostracods are
typically scarce and may even vanish entirely (Poquet et al.
2008). Similarly, mining activities have been observed to
display comparable effects on ostracod assemblages, with a
rapid decline in species abundance near polluted areas (Van
der Merwe 2003). Noteworthy that the concentrations of the
analyzed heavy metals (Zn, Cr, Ni, Cu, Co, V, Pb, and As)
in the present study are significantly high, particularly in
the sharm head stations. Furthermore, their contributions
are notably greater than those reported by Basaham et al.
(2006), and Ghandour et al. (2014) in the study area. Simi-
lar to El-Kahawy et al. (2021), our results suggest a short-
term increase in the content of these elements in the shallow
marine sediment of the Red Sea. Of particular concern, the
remarkably high contribution of As, and Pb in the sharm
head stations of our study, exceeds the average levels of
Ghandour et al. (2014) found in shallow marine sediment
and potentially poses ecosystem hazards. This partly clari-
fies the trend of ostracod abundance, and diversity in the
stations at the sharm head, where a high TPH, PAHs, heavy
metals, and organic matter contents were recorded, espe-
cially around stations O11, O12, O1, O14, O15, O16, and
O17. Field observation confirms that shipping, along with
anthropogenic activities, constitute the main sources of pol-
lution in the Sharm Obhur site.

6 Conclusion

This study investigated the bottom sediments of Sharm
Obhur, near Jeddah, Kingdom of Saudi Arabia, focusing
on the influence of heavy metals, and organic pollutants
on benthic ostracods assemblage. The integrated findings
of benthic ostracod occurrences, geochemical data, and
statistical analyses highlight the potential of H. paiki and
A. reticulata as effective bio-monitors for the polluted sta-
tions. Furthermore, the study revealed that certain species,
such as L. ghardagensis, C. torosa, M. striata, X. rotunda,
and X. rhomboidea were less abundant in the contaminated
stations, indicating their lower tolerance to the heavily pol-
lution areas. Additionally, the study reported that the abun-
dance of living benthic forms was limited in the head of the

sharm stations, potentially due to unfavourable environmen-
tal conditions. However, the entrance of the sharm exhibited
a higher level of biodiversity among benthic ostracods, indi-
cating a more favourable and diverse habitat. Also, the mul-
tivariate statistical (RDA) relationships elaborated that H.
paiki and A. reticulata are positively related, which means
that they are likely to be able to survive in stations with
a high TOM%, while the other dominant taxa were nega-
tively related. These findings contribute to our understand-
ing of the ecological implications of pollution on benthic
ostracods and emphasize the importance of using certain
ostracods species of moderately polluted environments as
bioindicators for monitoring and assessing environmental
contamination. Further research is encouraged to expand
our knowledge of the sources, transport, and ecological
effects of heavy metal contamination on biodiversity (i.e.,
ostracods, corals, etc.) in the Sharm Obhur site, to inform
local and regional environmental management as well as to
best calibrate the use of these bioindicators elsewhere in the
broader region and, potentially, globally.
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