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Living benthic foraminifera in a relatively unpolluted site offshore Bahrain in the Arabian Gulf, were studied to determine the
seasonal variability of their populations, as well as environmental parameters that may affect their distribution. The maximum
foraminiferal density was observed during winter with the assemblages primarily dominated by rotaliids and secondarily by
miliolids. The high population is attributed to an increased number of juveniles. A relationship between sediment grain-size
and the foraminiferal density reveals that juveniles were most abundant on coarse-grained sandy substrate and less abun-
dant on fine-grained substrates. In spring, the foraminiferal density decreased, and the lowest values were observed during
summer. The population increased again in autumn with highest juvenile/adult ratios. Moreover, results of relative abun-
dance and species consistency show that Ammonia and Glabratellina are consistent from the shallowest to the deepest sta-
tion, whereas miliolids occurred only at deeper stations. The numbers of Peneroplidae and Elphidium also increased along
the depth transect. Environmental characterization reveals that although the site is subject to eutrophication caused by ni-
trates and sulfates, pollution caused by hydrocarbons and heavy metals is not significant. The assessment of 63 heavy met-
als showed that none of the metals had concentrations that exceed internationally accepted norms (the devised level of
Effect Range — Low), but with high concentration of strontium. The lack of a significant environmental effect of heavy metals
is confirmed by the Foraminiferal Abnormality Index of <2%. Likewise, no hydrocarbon contamination was detected in the
water or sediment samples. We conclude that the site in Bahrain is not yet adversely affected by human development, and
therefore can provide baseline information for future comparison and assessment of foraminiferal assemblages in contami-
nated zones of the Arabian Gulf.
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INTRODUCTION 2015). Benthic foraminifera have been widely used to study en-
vironmental changes in marginal marine, coastal and marine

shelf environments (i.e. see review in Murray and Alve, 2002).

Benthic foraminifera represent a diverse group of marine
protists that are ubiquitously distributed in marine and transi-
tional marine habitats (Murray, 1991). Their distributional pat-
terns are generally dependent on both environmental condi-
tions and seasonal variations (Murray, 2006; Sarita et al.,
2015). Their assemblages reflect environmental gradients such
as water depth, physicochemical parameters of water, sub-
strate parameters, availability of nutrients, and the effects of
anthropogenic pollution, in addition to natural seasonality re-
lated to their reproductive cycle (Murray, 2006; Sarita et al.,
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For example, Sarita et al. (2015) illustrated environment spe-
cific spatial and seasonal distribution of living benthic
foraminifera in the estuary of Guadiana (southeastern Portu-
gal). In another example, Frontalini et al. (2009) reported low di-
versity benthic foraminiferal assemblages in the lagoon of
Santa Gilla (Italy) affected by industrial, agricultural, and do-
mestic discharges. Benthic foraminifera have been widely used
as bioindicators and for assessing the health of marine ecosys-
tem as consequences of pollution (Alve, 1995; Yanko et al.,
1998; Armynot du Chételet and Debenay, 2010; Frontalini and
Coccioni, 2011).

The western part of the Arabian Gulf is the world’s largest
hypersaline sea (John et al., 1990), and as such it offers unique
marine habitats to foraminiferal assemblages. The history of
foraminiferal study in the Arabian Gulf is not new and their distri-
butional patterns, taxonomy, and ecology have been largely in-
vestigated (Murray, 1965a, b; 1966a, b, c, d; 1991; Haake,
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1970; Lutze, 1974; Basson and Murray, 1995; Cherif et al,,
1997). However, human activities are now posing major treat on
the Arabian Gulf coastal environments, both onshore and off-
shore. Coastal vegetation (mangroves) in the area has been al-
ready affected by human activities (Hamza and Munawar,
2009). Extensive human activities also disturbed large areas
along the Saudi Arabian and U.A.E. coastlines, and now many
of Murray’s (19664, b, c, d) original sample localities along the
U.A.E. coast are located beneath parking lots (F. Fiorini, pers.
comm., 2011). Furthermore, as the Arabian Gulf is exploited as
one of the main oil producing regions of the world, more than
half of the world’s petroleum is transported through the Gulf
(Oostdam, 1980). As a result, hydrocarbon drilling activities
combined with extensive urbanization are systematically dis-
turbing coastal areas (Coles and McCain, 1990; Burt, 2014).

The understanding of the foraminiferal distributional pat-
terns requires consideration of a broad range of seasonal and
environmental factors. Studies elucidating the effects of tempo-
ral variations on benthic foraminiferal assemblages are few and
are mostly based on standing crop assessment without assess-
ing the effects environmental parameters (Basson and Murray,
1995; Scott et al., 1995). Basson and Murray (1995) reported
temporal variations of four intertidal foraminiferal species in a la-
goon from western Bahrain, whereas Scott et al. (1995) pre-
sented temporal variations of benthic foraminiferal assem-
blages under aquaculture operations. However, there is a still
need to document and infer the role of environmental factors
coupled with seasonal variations from an undisturbed area.
Furthermore, it is essential to establish baseline studies of
foraminiferal assemblages for future environmental assess-
ment, and to provide controls for monitoring the effects of
anthropogenic activities that threaten marine ecosystems.

The present study aims to (a) document the seasonal varia-
tions of foraminiferal density (FD) and distribution of living ben-
thic foraminifera in a coastal area of eastern Bahrain; and (b)
environmentally characterize the study area by evaluating the
pollution levels and the ecological quality of the area.

STUDY AREA

The study was conducted south of the town of Askar, a fish-
ing village on the eastern coast of Bahrain (Fig. 1A, B). The lo-
cality was selected because it is located in a protected cove
next to the Bahrain Department of Fisheries research station,
and therefore relatively undisturbed by human activities. The
sample locality is just offshore from a small lagoon that was
originally investigated for foraminifera by Basson and Murray
(1995). This lagoon, which partially lies within the property of the
research station represents the only site within the Kingdom of
Bahrain that has been previously studied for foraminifera, and
has become known to our research group as “Murray’s Pool”
(Amao, 2014). The foreshore to offshore transect off “Murray’s
Pool”, located at 26°02'37.11" N, 50°37°32.77" E, was sampled
for this study (Fig. 1C).

The coastal area of eastern Bahrain is microtidal (<1 m) with
a diurnal rhythm (Basson et al., 1989). The foreshore is wide,
slopes very gently, and is characterized by a soft, silty, sandy
carbonate sediment veneer discontinuously overlying lithified
hard-ground (Basson and Murray, 1995). Furthermore, the
foreshore is occasionally covered with a bloom of an algal mat

spreading over the sediments, particularly during summer, with
isolated patches of sea grass beginning about 50 m from the
shoreline. On the eastern side of Bahrain, water temperature
varies between 17.5°C in winter to 36.6°C in summer, whereas
salinity remains mostly constant throughout the year, i.e. 45-46
(Basson et al., 1989; Basson and Murray, 1995).

MATERIALS AND METHODS

SAMPLING STRATEGY

In order to assess the seasonal effects, five samples were
collected during four seasons (i.e., winter, spring, summer and
autumn), from the foreshore area along the depth transect off-
shore from “Murray’s Pool” (Fig. 1C). Sampling sites were
placed at 17, 50, 125, 200 and 250 m from the shore and loca-
tions were determined by GPS. The winter sampling was car-
ried out in late December 2013, followed by a spring survey in
early March 2014, a summer one at the end of May 2014, and
an autumn one in early October 2014. The whole study com-
prised 20 intertidal bottom water and sediments from water
depths of 35 cm to 1.2 m (Appendix 1%).

Bottom waters were sampled by dipping well-rinsed glass
jars at each station prior to the sediment sampling to avoid any
alteration of physicochemical parameters. Sediment samples
with a depth of ~1.2 cm (volume ~57.6 cm®) were collected with
a spatula taking care not to disturb the sediment floor, and
placed into plastic storage boxes fitted with a lid that was se-
cured under water. A layer of aluminum foil was placed over the
jar mouth to avoid sediment contact with the plastic cap. Both
water jars and sediments boxes were immediately transported
to the laboratory for analysis. Sample processing was carried
out at the Research Institute and Environmental Sciences labs
at King Fahd University of Petroleum and Minerals (Saudi Ara-
bia). Sediment and water samples used for the characterization
of the environmental quality (eutrophication indicators, heavy
metals and hydrocarbons) were only analysed during the winter
season.

BENTHIC FORAMINIFERA ANALYSIS

In the laboratory, 5 cm® of sediment was taken from each
box. Each sample was carefully washed with seawater through
a 63 ym mesh sieve. Finally, the entire residue was microscopi-
cally analysed and the total numbers of living foraminifera (both
adults and juveniles) were wet-picked under a reflected-light
binocular microscope based on the presence of protoplasm.
We visually distinguished “living” (protoplasm-filled tests except
in the last chamber) from “dead” (protoplasm-empty or de-
graded) as described previously (Ortiz et al., 1995).
Foraminiferal assemblage parameters of the standing crop
were calculated, including the adult/juvenile (A/J) ratio (individ-
uals with diameter less than 150 um were considered as juve-
niles), foraminiferal density (FD — number of living individuals
per 5 cm®), generic diversity (“richness”, S), foraminiferal domi-

nance (D), and faunal constancy (Fc = % x 100, where: n—the

number of samples where the species occurs, N — the total of
samples collected). Foraminifera were taxonomically identified

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1242
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Fig. 1. Geographical context of “Murray’s Pool” in the Arabian Gulf

A — the Arabian Gulf; B — location map showing study area in eastern Bahrain; C — the depth transect with sampling locations

at genus level for juveniles and at species level for adults with
the aim to understand the total standing crop and species rep-
resentation during each season. Taxonomical identification
was carried largely following the monographs of Hottinger et al.
(1993), Loeblich and Tappan (1994) and Hayward et al. (2004).
Because much of the assemblages consisted of juveniles, we
did not attempt to resolve the species taxonomy. Group diver-
sity was further assessed by the Fischer o index and the Shan-
non diversity index (H' = —> pi xIn pi; Shannon, 1948; Shan-
non and Weaver, 1963) as well as evenness (J), and
equitability (E). The above mentioned diversity indices were

calculated using the PAST — PAlaeontological STatistics data
analysis package (version 1.68). The diversity indices were de-
rived to compare between samples in this study and are not
comparable to studies that have reported species level diversity
indices. Therefore, the diversity indexes must be considered
with care being calculated at the group level. Lastly,
Foraminiferal Abnormality Index (FAI) was calculated to possi-
bly document the effect of pollution (Frontalini and Coccioni,
2008). The most important foraminiferal species were photo-
graphed using a scanning electron microscope (SEM).



Seasonal variations, environmental parameters and standing crop assessment of benthic foraminifera... 29

PHYSICOCHEMICAL PARAMETERS OF WATER

Salinity, temperature, and pH were measured in situ using
YSI multi-probe during each sampling period. However, con-
ductivity, bicarbonate alkalinity, and turbidity were evaluated in
the laboratory using PC-BODTM Stand Alone System
(MANTECH-YSI probes) by running samples in duplicates.

GRAIN-SIZE ANALYSIS

In order to determine the grain-size distribution of the sedi-
ments along the transect, samples were treated initially with an
H,0, solution to remove the organic matter. Afterwards, stan-
dard analysis was performed by taking 50 grams of each sam-
ple followed by manual sieving and drying at 60°C. The
grain-size distributions were statistically and graphically sum-
marized to understand the porosity and permeability for later
analysis (ASTM, 1984).

TOTAL ORGANIC CARBON (TOC) ANALYSIS

For TOC analysis, approximately 200 mg of the dried and
ground sample was weighed and placed in ceramic boats. After-
wards, sample was suspended in a diluted hydrochloric acid so-
lution thrice a day to break down all the carbonates present in the
sample resulting into removal of total inorganic carbon (TIC).
Lastly, the suspensions were injected and analysed in Shimadzu
TOC-Vcsh Total Organic Carbon Analyzer for TOC analysis.
Standards and samples were weighed in duplicates and five cali-
bration points were taken for drawing a calibration curve.

EUTROPHICATION POLLUTION ANALYSIS

The eutrophication indicators (SO;?, PO,?, NO™ and NO™)
were detected by using lon chromatography (IC - Metrohm 850
Professional system, Switzerland). The seawater samples were
prepared by performing 1000-fold dilution in ultra-pure water.
Prior to analysis, the standard solutions of 10 ppm concentra-
tion were prepared for each ion and then injected into the sys-
tem to assess the performance and calibration of the instrument
(Paul et al., 2005; Wilson et al., 2011).

HEAVY METALS ANALYSIS

In order to determine the heavy metal contents in the sedi-
ments, 5 g of each sample was dried under the light bulb at low
temperature to prevent the evaporation of heavy-metals, then
reduced to fine powder. Thereafter, the heavy metal content
was investigated in all the sediments by Activation Laboratories
Ltd. (Ontario, Canada, http://www.actlabs.com) that analysed a
fraction of 0.5 g of a sample for 63 elements using inductively
coupled plasma mass spectrometry (ICP-MS), which is a
multi-element technique capable of measuring concentrations
at very low detection limits (mg/kg to ug/kg). The sample mate-
rial was digested in aqua regia (0.5 ml H,O, 0.6 ml concentrated
HNO; and 1.8 ml concentrated HCI) at 90°C in a microproces-
sor controlled digestion block for 2 hours. The analyses were
performed under standard quality control protocols.

HYDROCARBON ANALYSIS

Hydrocarbon extraction from the sediments was performed
using the ASE 200 accelerated solvent extraction system, a
procedure to extract organic solvents at high temperature and
pressure above the boiling point as described as Method 3545

in U.S. EPA SW-846 Methods. In order to perform this analysis,
representative samples of 5 g of sediments from each station
was taken and homogenized equally with commercially avail-
able hydrant for removal of moisture content. The mixture was
directly enclosed into the sample cells which were subsequently
installed on the system to statically extract the hydrocarbons
under 100°C temperature and 500 psi pressure for 20 min. Fi-
nally, compressed gas allowed extraction of hydrocarbon from
the sample cell to the collection vessel using n-hexane. For
quality control, samples were run in duplicates and surrogate
spiking was performed to assess the extraction efficiency.

Analyses of the extracts were performed using gas chroma-
tography flame ionization detector (GC/FID) Agilent technology
7890A GC system. Separations were performed using a 30 m x
0.32 mm internal diameter Varian capillary column. The carrier
gas supply was helium with column flow rate of 25 mL/min and
the pressure was regulated by hydrogen and air flowing at rate
of 30 mL/min and 300 mL/min, respectively. The column tem-
perature during transfer was 60°C. It was maintained for 1 min,
and then programmed at 10°C/min to 150°C for 12 min. The
temperature of the flame ionization detector (FID) was 200°C.
Peaks were integrated using a Chrom Card system (CE Instru-
ments). Finally, quantification of the total hydrocarbon content
(THC) was calculated using a hydrocarbon window of C10 to
C36 calibration standards.

STATISTICAL ANALYSIS

In order to determine the assemblages’ relationship with en-
vironmental parameters, multivariate techniques principal com-
ponent analysis (PCA) and cluster analysis (CA) were per-
formed using Statistica v6.0. Prior to statistical analysis, the
data were normalized and an additive logarithmic transforma-
tion log(1 + X) was performed to eliminate the effects of orders
of magnitude differences between different environmental vari-
ables. The CA was applied to identify the similarities between
sampled stations. The analysis was based on the Euclidean
distance and the Ward’'s linkage method that produced
dendrograms with exceptionally well-defined clusters (Parker
and Arnold, 2000) where each cluster includes stations with a
similar spatial distribution pattern (Samir et al., 2003). The PCA
attempts to recognize the responsible factors explaining pattern
of correlation within a set of observed variables. In a PCA, it is
also possible to compute additional variables (biotic data) which
do not contribute to the results.

RESULTS

ENVIRONMENTAL CHARACTERIZATION OF THE STUDY AREA

The spatial variability of environmental parameters, i.e.
physicochemical parameters of water and geochemical param-
eters of sediments, were analysed along the depth transect dur-
ing each season. Furthermore, the current level of pollution is
evaluated in terms of eutrophication indicators, heavy metals
and hydrocarbons during the foraminiferal peak season (i.e.
winter). Pollution parameters were compared with the benthic
foraminifera in order to assess their effects on living assem-
blages. The salinity, temperature, pH, conductivity, turbidity and
bicarbonate alkalinity of seawater results are presented in Ap-
pendix 1. All physicochemical parameters showed minor varia-
tion between the sampling stations i.e. salinity 45.6 + 0.6, tem-
perature 24.3 + 3.2°C, pH 8.23 * 0.04, conductivity
54656 + 1777, turbidity 0.73 + 0.01, and bicarbonate alkalinity
103.7 £ 1.1 (Appendix 1). Results of grain-size analysis docu-
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mented a gradual decrease of fine sand contents seaward
foreach season (Appendix 1). The TOC ranged from
3379 mg/kg to 10035 mg/kg with the highest value at shallow-
est stations (Appendix 1).

The environmental quality of both water and sediment was
assessed during the season of highest reproduction i.e. winter
in order to relate to benthic foraminiferal assemblages. The
level of nitrates and sulphates was high in all samples but their
concentration decreased along the transect (Appendix 2).
Compared to the ER-L (Effect Range — Low) and ER-M (Effect
Range — Median) values reported for the United States Envi-
ronmental Protection Agency’s (USEPA) sediment guidelines
(Long et al., 1995; Ligero et al., 2002), none of heavy metals
were beyond the permitted standards; however, strontium ex-
hibited higher values (Appendix 2). The highest value of hydro-
carbons (9.18 ppm), as THC, was found in the first station and
the THC content reduced seaward (Appendix 2). No hydrocar-
bons were detected in stations 3, 4 and 5 (Appendix 2).

BENTHIC FORAMINIFERA

All the studied samples contained abundant and well-pre-
served living benthic foraminifera. The foraminiferal density
varied between 19 and 215 with a mean of 86.4 individuals per
5 cm®. The foraminiferal density increased along the transect
and the highest numbers were found at station 5 during all the
seasons (Appendix 3). There was a marked increase in
foraminiferal density from stations 1 to 4 and then it
foraminiferal density did not vary considerably between stations
4 and 5. The highest foraminiferal density values were found in
the winter samples and the lowest in the summer sample (Ap-
pendix 3). The higher value of foraminiferal density was mainly
due to the increased number of juveniles along depth transect
in autumn, winter and spring whereas, in summer, the juvenile’s
population remained approximately constant in all the stations
(Appendix 3). More specifically, in the depth transect, the juve-
niles’ population increased from 58 to 71% during autumn, 24%
to 49% during winter, and 21 to 37% during spring. Overall, the
absolute relative abundance of juveniles was at the highest
(65%, on average) during autumn and then reduced to 39% in
winter, 28% in spring, and 27% in summer (Appendix 3).

Only six taxonomical groups were found to be living at the
moment of collection. These were Ammonia, Glabratellina,
Elphidium, Brizalina, miliolids (Cycloforina and Quinque-
loculina) and Peneroplidae (Monalysidium, Coscinospira and
Peneroplis; Fig. 2). Their absolute abundances along the depth
transect and during different seasons are presented in Figure 3
and Appendix 3. Ammonia was consistently present in all the
stations during each season and dominated (39.8%, on aver-
age) the benthic foraminiferal assemblages (Appendix 3). The
second most abundant group was the miliolids (28.4%, on aver-
age) followed by Glabratellina (28.3%, on average). Near the
foreshore (stations 1 and 2), Ammonia and Glabratellina were
the most abundant taxa, but the relative percentage of miliolids
increased in the seaward stations (stations 3, 4 and 5; cf. Ap-
pendix 3). In contrast, Brizalina sp. was rare and found only dur-
ing the spring and autumn seasons. Furthermore, a large num-
ber of Ammonia specimens were found during each season.

On the basis of Shannon’s H’, the lowest values of diversity
were documented in station 1 for all seasons, and lower values
were found in summer. The highest diversity values were found
at stations 4 and 5 during winter; stations 3 and 4 during spring;
and stations 2 and 3 during autumn. During summer, the Shan-

non’s H’ values are nearly constant in stations 2 and 3 (Fig. 4
and Appendix 3). The dominance ranged from 0.31 (3a) to 0.43
(1s), with the highest values found in summer and close to
shore, particularly at station 1 in all seasons. Results of
foraminferal constancy reveal that 100% Ammonia,
Glabratellina and miliolids were found during all seasons. Con-
stancy for Elphidium was 100% in winter only and reduced to
80% in spring, summer and autumn (Appendix 4). Peneroplidae
constancy was found as 80% during winter, 40% during spring,
20% during summer, and 0% during autumn. In contrast to
these results, no living Brizalina specimens were found during
winter and summer seasons, however, constancy increased to
40% in spring and 60% in autumn (Appendix 4). Relatively low
values (<2%) of foraminiferal alteration index were docu-
mented.

STATISTICAL ANALYSIS

The cluster analysis resulted in the grouping of samples into
two main clusters (A and B) and two subclusters (A1 and A2)
(Fig. 5). Cluster A represents the nearest stations to the shore
for all seasons; and cluster B groups all the offshore stations.
Cluster A has been further subdivided: cluster A1, which in-
cludes station 1 samples from all seasons, and cluster A2,
which groups together mostly stations 2 and 3 stations of each
season. Cluster A1 samples are characterized by the shallow-
est water depth, and highest values of silt, clay and TOC con-
tent. It shows the lowest level of foraminiferal density and diver-
sity, and the highest level of dominance, and includes Ammo-
nia, Glabratellina, miliolids and Elphidium. Cluster A2 includes
stations 2 and 3 characterized by relatively lower values of TOC
compared to cluster A1 and intermediate sand content. This
cluster is also characterized by relatively higher foraminiferal
density and significant higher values of diversity compared with
cluster A1. It also has more abundant Elphidium and relatively
less Ammonia compared with cluster A1, the assemblages of
this cluster also contains very low percentages of Peneroplidae
and Brizalina. Cluster B groups stations 4 and 5 from all sea-
sons that are deeper and are dominated by the lowest values of
fine fraction and TOC. In terms of benthic foraminiferal assem-
blages, this cluster shows the highest values of Foraminiferal
density, and diversity and the taxa representing it are similar to
subcluster A2 in terms of relative abundance. Furthermore,
cluster A shows the lowest foraminiferal population particularly
due the low number of juveniles whereas cluster B exhibits the
highest foraminiferal density and number of juveniles.

The Q-mode PCA further confirms the recognition of these
groups of stations (clusters and subclusters; Fig. 6). The PCA
shows that ~74.0% of the data variance can be explained by the
first two principal components (factors). On the basis of Q-mode
PCA plan, the first component can be interpreted as the depth
transect (foreshore-offshore gradient), whereas the second
component might be related to the seasonality (Fig. 6). More
precisely, physicochemical parameters mainly grain-size and
salinity are the predominant elements in the first component,
while the contribution to the second component was mainly due
to seasonality and TOC (Fig. 6). In order to better understand
the relationships of biotic and abiotic data, secondary variables
(biotic) were plotted on the factor-planes (Fig. 7). Itis clear that
foraminiferal density and assemblage indexes (H’, S, J and E)
are linked to the first component, whereas Ammonia and
Glabratellina are related though weakly to the second one.
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Fig. 2. Scanning electron micrographs of the selected foraminiferal specimens

A — Ammonia cf. A. parkinsoniana (dorsal view); B — Ammonia cf. A. parkinsoniana (ventral view); C — Ammonia cf. A. parkinsoniana (dorsal
view); D — Ammonia cf. A. parkinsoniana (ventral view); E — Ammonia tepida (dorsal view); F — Ammonia tepida (ventral view); G— Elphidium
excavatum; H — Elphidium advenum; | — Glabratellina sp. 1 (dorsal view); J — Glabratellina sp. 1 (ventral view); K, M, O — Glabratellina sp. 2

(dorsal views); L, N, P — Glabratellina sp. 2 (ventral views); Q, R — Quinqueloculina poeyana (lateral view); S — Quinqueloculina seminula
(front view); T — Monalysidium sp. (dorsal view)
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DISCUSSION by the presence of high juvenile numbers. The effect of season-

In this study, several factors influencing the distribution of
living foraminiferal assemblages in the western Arabian Gulf
(eastern Bahrain) have been described. These factors include
seasonal variations of physicochemical parameters, sediment
grain-sizes, total organic carbon, and pollution due to nitrates,
sulfates, heavy metals and hydrocarbons. The locality was ini-
tially investigated by Basson and Murray (1995), who reported
temporal variations in four intertidal foraminiferal species (Am-
monia beccarii, Elphidium advenum, Brizalina pacifica and
Nonion sp.) and manly focused only on the standing crop as-
sessment of the pool. The present study extends their findings
in terms of environmental characterization as well as seasonal-
ity in a seaward transect. Our results show that the highest
foraminiferal density is found in winter, which is similar to the
findings of Basson and Murray (1995). The highest
foraminiferal density might be due to the reproduction of spe-
cies of rotaliids and miliolids in early autumn, which is indicated

ality on standing crop has also been reported by other authors;
for example, the highest population during winter was observed
by Basson and Murray (1995) and Korsun and Hald (2000),
during spring by Heinz and Hemleben (2003), during spring and
summer by Ellison (1984), and during spring and autumn by
Fontanier et al. (2003).

Grain-size is known to influence the benthic foraminiferal
assemblage in terms of diversity, density, and species compo-
sition (Debenay et al., 2001; Diz et al., 2004; Armynot du
Chatelet et al., 2009), which is further controlled by the hydrody-
namic regime of the environment (Morales et al., 2006). The
coarser sediments are transported and deposited by
faster-flowing currents than finer sediments, which instead tend
to be deposited in quieter waters (Tucker, 1995). On the Ara-
bian side of the gulf, the seafloor slopes more gently towards its
centre than on the Iranian side and the average grain-size in-
creases as energy increases (Riegl et al., 2010). In the depth
transect, a high percentage of coarse grains particles indicate,
most probably, the presence of faster flowing currents though a
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possible production of biogenic grains as in carbonate environ-
ments cannot be excluded. However, the presence of fine grain
sediments in the stations close to shoreline could be due to low
energy conditions in the shallow-water environment. Living
foraminifera, particularly juveniles, were more commonly found
in samples with higher coarse sand content. The positive rela-
tionship between juveniles’ population and sediment grain-size
might suggest that coarse-grained sediments may better sup-
port the reproduction of gametes and the survival of juveniles
when compared with fine-grained sediments. Coarse-grained
sediments also offer favourable conditions to benthic
foraminifera in terms of providing habitat to the flora (e.g.,
microalgae and bacterial films) that ultimately provides food/nu-
trients to the living population (Loubere and Fariduddin, 1999;
Ward et al., 2003; Diz et al., 2004; Topping et al., 2006). Lastly,
high inertia of the first principle component (i.e. particle
grain-size) agrees with Murray’s niche theory, which states that
the distributions patterns of benthic foraminifera are controlled
by environmental factors (reaching critical thresholds alone or
in combination; Murray, 2001).

Another reason for the lower population of juveniles near
the foreshore seems to be due to the presence of algal mat. Our
analyses suggest that the site might be influenced by
eutrophication particularly by elevated nitrates and sulphates,
and the algal mat spreading along the beach at shallow-water
depth might support it. The presence of algal mat may hinder
adults to reproduce and result in a decrease in foraminiferal
density near the foreshore (Richardson, 2006). In the offshore
direction, algal growth diminishes as water depth increases,
which results in more favourable conditions for foraminifera. In-
creasing foraminiferal density in an offshore direction during an
eutrophication event has also been reported in earlier studies
(Richardson, 2006; Nardelli et al., 2010). Higher TOC content in
nearshore stations 1 and 2 could be due to the high primary pro-
ductivity of algae. However, the overall TOC content decreased
along the transect as coarser sediments allow less TOC to ac-
cumulate compared to finer sediments (Martins et al., 2011).
The highest levels of TOC were found in winter and autumn,
double the content of the other two seasons. The highest
foraminiferal density occurred in winter. Slight variations among
physicochemical parameters were recorded for the depth
transect during each season. These minor variations could be
due to the mixing between bottom and surface water in the shal-
low coastal areas. However, this integrated perspective may
provide an understanding of the factors influencing population
dynamics as a whole rather a decreasing or increasing profile
along the transect in each season (Albani et al., 1984).

In addition to the foraminiferal density, diversity in the depth
transect varied due to changes in environmental parameters.
Of the six groups of living foraminifera found in the depth
transect, Ammonia and Glabratellina were found to be domi-
nant in each season, miliolids were dominant only in winter and
spring, and Elphidium, Peneroplidae and Brizalina were never
dominant (Dominant: refers to >20% in relative abundance).
More specifically, the species structure for each group was as
follows: one species of Ammonia (Ammonia sp. 1 cf. A.
parkinsoniana), two species of Glabratellina (Glabratellina sp. 1
and sp. 2), one species of Elphidium (Elphidium advenum), one
species of Brizalina (Brizalina pacifica), three species of
miliolids (Quinqueloculina seminula, Quinqueloculina poeyana,
and Quinqueloculina sp. 1), and three species of peneroplids
(Monalysidium sp. 1, Coscinospira sp. 1 and Peneroplis
pertusus). Previously, in the same locality but from the pool,
Basson and Murray (1995) reported the temporal variation of
four species, i.e. Ammonia beccarii, Elphidium advenum,
Nonion sp., and Brizalina pacifica; however, no Glabratellina,

miliolids or peneroplids were reported. In contrast, Nonion sp.
was not found in the present study. Earlier studies have also re-
ported different species of Ammonia, Elphidium, and miliolids in
the shallow-water environment of the Arabian Gulf, however,
Glabratellina has not been recorded (Cherif et al., 1997;
Al-Enezi and Frontalini, 2015; Parker and Gischler, 2015).

Foraminiferal constancy revealed that both Ammonia and
Glabratellina were consistently present along the transect, irre-
spective of sediment grain-size and seasonal variations. This
supports the finding that some rotaliids might be capable of re-
producing rapidly in many different environments (Alve, 1995).
For instance, Ammonia tepida has been reported as an oppor-
tunistic species along the Mediterranean coast in the vicinity of
a sewage sludge disposal site and other sources of pollution
(Frontalini et al., 2009, 2013; Hyams-Kaphzan et al., 2009). In
contrast, miliolids were less abundant near the foreshore (1st
and 2nd stations), but their relative abundance increased in the
offshore direction. This could be due to the fact that miliolids
were affected by eutrophy, however, their relative percentage
increased with decrease in the pollutants concentration along
the depth transect (Appendix 1; Figs. 3 and 7). Similarly, the rel-
ative abundance of Elphidium increased along the depth
transect which could be due to their high affinity with coarse
sand particles. On the contrary, Glabratellina were consistently
present along the transect irrespective of the seasonal varia-
tions and grain-size; however, no earlier reports are available
on their distributional patterns in shallow-water environments.
Comparatively, both Elphidium and Glabratellina showed
higher abundance in winter and lowest in summer but their
overall increased in the seaward direction. Lastly, Brizalina are
found only twice, in spring and autumn. They are found in the
fine to medium grain substrate compared to very fine or coarse
grain environments. Debenay et al. (2001) correlated the pres-
ence of this genus with fine-grained sediments.

Among sediment grain-size, it can be established that
coarse and medium sand particles allow the majority of the ju-
venile population to survive and reproduce successfully com-
pared with the clay and fine sand. Clay and fine sand better
supported the adult population. Similarly, the higher concentra-
tion of nitrates and sulphates near the foreshore can be seen to
affect the population at these stations (Schafer, 1973). The ele-
mental analysis and their comparison with devised levels indi-
cated that the area is not affected by heavy metal pollution ex-
cept strontium when compared with other parts of the world
(Turekian, 1964; Holmes, 1973; Milliman et al., 2012). The ele-
vated strontium could be due its affinity with gypsum and other
carbonates which are abundant in the Arabian Gulf (Butler,
1969; Evans, 1995). The overall foraminiferal alteration index
was <2%, which supports the finding that the area is unpolluted.
Similarly, the absence of THC pollution further confirms that the
site is not affected by hydrocarbons, and can be considered as
reference station for future studies.

CONCLUSIONS

We recorded the abundance, diversity, and assemblage
composition of benthic foraminifera along a depth transect in
eastern Bahrain. We observed pronounced seasonality in the
benthic foraminiferal populations. The highest standing crop
was observed in winter, while the highest proportion of juveniles
was found in autumn. The proportion of juveniles along the
transect increased in the offshore direction. Analysis of heavy
metals, hydrocarbons, and nutrients indicated that the studied
site is not polluted, and therefore provides baseline information
for future studies related to pollution.
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