Egyptian Journal of Aquatic Research xxx (Xxxx) XXx

Contents lists available at ScienceDirect

Egyptian Journal of
Aquatic Research

Egyptian Journal of Aquatic Research

journal homepage: www.elsevier.com/locate/ejar

ELSEVIER

Full Length Article
Spatial and vertical variability of summer coccolithophores in relation to
water column stratification and nutrient gradients in the Gulf of Aqaba

Mohsen M. El-Sherbiny **, Faisal M. Alsaaq "

@ Department of Marine Biology, Faculty of Marine Science, King Abdulaziz University, Jeddah 21589, Saudi Arabia
b Department of Hydrographic Survey, Faculty of Maritime studies, King Abdulagiz University, P.O Box 80401, Jeddah, Saudi Arabia

ARTICLE INFO ABSTRACT

Keywords:
Coccolithophores
Spatial variability
Vertical distribution
Species composition
Gulf of Aqaba

Coccolithophore abundance and diversity were examined across five stations and depths in the Gulf of Aqaba
during late summer (18-24 September 2016). Temperature varied mainly with depth, nutrients were largely
uniform except nitrate and chlorophyll-a showed little spatial variation. Abundance peaked at the deep chlo-
rophyll maximum, averaging 38.4 + 20.2 cells ml~}, with Gephyrocapsa huxleyi dominating and Umbellosphaera
tenuis as a key contributor constituting 40.2% and 8.5% of the total density, respectively. A total of 64 species (36
genera) were identified, including eight new Red Sea records, with Syracosphaeraceae as the most diverse family
(23 species). Clear vertical zonation patterns were observed, with four species—G. huxleyi, Syracosphaera pulchra,
U. irregularis and U. tenuis—occurring ubiquitously across depths and stations. Coccolithophore density showed
significant correlations with ammonia (positive) and salinity (negative) highlight strong environmental control
of coccolithophore communities in these oligotrophic waters. In general, the results indicate the high diversity,
vertical zonation and environmental interaction of coccolithophore community in the oligotrophic waters of the

study area.

Introduction

Coccolithophores are unicellular marine microalgae within the class
Prymnesiophyceae, distinguished by the formation of calcite plates
called coccoliths (Hagino and Young, 2015; Young et al., 2003). These
structures are synthesized intracellularly through a process of biomin-
eralization and subsequently secreted to the cell surface (Young et al.,
2003). They have two morphologically different stages. During the
diploid phase, species typically produce heterococcoliths (HET), which
are made of radially intergrown calcite crystals, whereas during the
haploid phase, they produce holococcoliths (HOL), which are composed
of small, equidimensional crystals (de Vargas et al., 2007; Monteiro
et al., 2016). Coccolithophores play a crucial role in both inorganic
and organic carbon pumping in oceans, as they have a dual role of being
photosynthetic and calcifying organisms (Han et al., 2025; Vukovic and
Godrijan, 2025). Although in oligotrophic waters they often represent a
small fraction of phytoplankton biomass, these organisms play a key role
in atmospheric carbon and sulphur exchange, as well as in the vertical
flux and sedimentation of biogenic matter (Balch, 2018). They are also
well adapted ecologically to the stratified, nutrient-deficient waters of
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tropical and subtropical regions, where they often dominate open-ocean
phytoplankton communities (Iglesias-Rodriguez et al., 2002). Although
present worldwide in the photic zone, their distribution tends to favour
warm low-productivity environments (Cortés et al., 2001). Community
composition is also affected by depth and hydrographic conditions: HOL
inhabit the nutrient-deficient surface layers, whereas HET dominate in
deeper, more nutrient-rich and less illuminated waters (Winter et al.,
1979). Recent studies have further emphasized the remarkable di-
versity and ecological importance of coccolithophores, particularly
members of the family Syracosphaeraceae, highlighting their wide-
spread occurrence in oligotrophic tropical and subtropical oceans and
their sensitivity to variations in temperature, nutrient availability, light
intensity and water-column stratification (Vukovi¢ and Godrijan, 2025).
Furthermore, recent investigations from different marine environments
have demonstrated pronounced spatial and vertical variability in coc-
colithophore assemblages in response to hydrodynamic conditions,
water-mass characteristics and nutrient gradients (Dimiza et al., 2023,
2026; Gonzalez-Martin et al., 2024). The Gulf of Aqaba (GoA) is a 180-
km-long, semi-enclosed basin, shares many of the major hydrographic
and climatic features of the Red Sea. It is characterized by extremely
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saline waters, a hot and arid climate, and very little rainfall, which
together contribute to a very strong regime of evaporation (Plachn et al.,
2002). The GoA undergoes a distinct seasonal pattern, with thermal
stratification starting in spring and continuing throughout the summer,
followed by deep vertical mixing during winter (Manasrah et al., 2007),
while mixing is usually initiated at the end of September (Biton and
Gildor, 2011). Due to spatial variations, the southern part of the gulf
experiences more pronounced and prolonged stratification than the
northern region (Berman and Gildor, 2022). During the stratified sum-
mer period, elevated solar irradiance and low concentrations of depleted
inorganic nutrients result in low surface primary productivity. This, in
turn, promotes the formation of a subsurface chlorophyll maximum
layer, where productivity is enhanced under more favourable light and
nutrients (Manasrah et al., 2018). Late summer represents the final stage
of seasonal stratification in the GoA, when surface waters experience
their strongest nutrient depletion before the onset of autumn and winter
mixing. Consequently, this period provides an ideal natural setting for
investigating the response of coccolithophore communities to maximum
oligotrophic conditions, allowing the influence of water-column strati-
fication and nutrient limitation on their spatial and vertical distribution
to be clearly evaluated (Berman and Gildor, 2022; Biton and Gildor,
2011). Although traditionally classified as an oligotrophic water body
(El-Sherbiny et al., 2025), the seasonal fluctuations in the GoA enable it
to sustain relatively higher productivity than other oligotrophic systems.
During the stratified summer period, the ultraphytoplankton (<8 pm)
predominates in the water column, and is highly adapted to nutrient-
depleted conditions (Lindell and Post, 1995). Conversely, with the
onset of winter mixing and the replenishment of nutrients, larger
phytoplankton groups such as diatoms and dinoflagellates become
dominant, reflecting a pronounced shift in community structure (Lindell
and Post, 1995). Stratification periods have a significant influence on
the spatial and vertical patterns of microphytoplankton across the GoA
region (El-Sherbiny et al., 2019). In response to these dynamic hydro-
graphic conditions, coccolithophores play a vital role within the
phytoplankton community of the GoA. Their population dynamics are
strongly influenced by seasonal water column processes. In the course of
winter mixing, when nutrient replenishment from deeper layers occurs,
coccolithophores achieve comparatively higher cell densities, reflecting
favourable growth conditions. In contrast, during the summer stratifi-
cation period, overall abundances decline as nutrient limitation in-
tensifies; however, species diversity reaches its maximum, accompanied
by a distinct vertical stratification in community structure (Keuter et al.,
2023; Winter et al., 1979). Research on coccolithophore diversity and
community structure in both the GoA and the Red Sea remains scarce,
despite their ecological significance as primary producers and indicators
of marine environmental change. The first study of coccolithophore
diversity in the GoA was conducted by Winter et al. (1979), who
investigated two stations, one in the extreme north and the other near
the Straits of Tiran. Recently, Keuter et al. (2023) studied the seasonal
dynamics of coccolithophores at a single station in the northern part of
the GoA for 2 years. Whereas, Alqudah et al. (2024) assessed surface
sediments adjacent to the Jordanian coastal waters, providing insights
into sedimentary species composition. In the broader Red Sea region.
Okada and Honjo (1975) included the central Red Sea in their
comparative analysis of coccolithophore diversity across multiple seas.
Kleijne (1991) carried out a comprehensive survey in both the Red Sea
and the Gulf of Suez, sampling numerous stations during an expedition
that also encompassed the Indian Ocean, North Atlantic Ocean, and
Mediterranean Sea. Additionally, McIntyre (1969) focused on sediments
collected from the southern and central Red Sea regions, whereas
Aljahdali (2021) investigated northern Red Sea hot brine sites.

This study presents the first comprehensive assessment of coccoli-
thophore communities throughout the Saudi Arabian sector of the GoA
during the late summer stratification period. Specifically, the study
aimed to (i) characterize the spatial and vertical distribution of cocco-
lithophore abundance, diversity and community composition; (ii)
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examine the influence of water-column stratification and physico-
chemical variables, including temperature, salinity, nutrients and
chlorophyll-a, on coccolithophore distribution; (iii) identify dominant
and depth-specific coccolithophore taxa; and (iv) document new coc-
colithophore records for the GoA and the Red Sea. The findings provide
an important baseline for understanding coccolithophore ecology and
biodiversity in this oligotrophic ecosystem and for assessing future
environmental change.

Materials and methods
Study area

Five stations were selected along the Saudi Arabian coastline of the
GoA for the present study (Fig. 1). Station 1 was located near the Jor-
danian border towards the north, whereas station 5 was positioned close
to the Straits of Tiran. All stations were located in deep-water areas, with
bottom depths ranging between 700 and 1000 m.

Sampling and analysis

Sampling at all study stations was conducted between 10:00 and
12:00 h onboard RV Al-Azizi during 18-24 September 2016. To measure
water column physical properties such as salinity, temperature and
dissolved oxygen (DO), a pre-calibrated CTD (Seabird Electronics, SBE
25 plus) was deployed. Water samples were collected from five depths
(surface, 10 m, 50 m, 70 m and 100 m) using a Niskin rosette sampler
(Fig. 2). The deep chlorophyll maximum (DCM) was determined in situ
from CTD fluorescence profiles prior to water sampling at each station.
Water samples for coccolithophore and environmental analyses were
collected directly from the DCM, which consistently occurred at
approximately 70 m throughout the study area during the sampling
period (Fig. 2). For chlorophyll-a determination, 3—4 L of seawater from
each depth was filtered onto 0.7 pm Whatman GF/F filters, which were
then kept at —20 °C until analysis. For inorganic nutrient analysis, 500
mL of seawater was filtered through 0.2 pm polycarbonate filters, and
the filtrates were preserved at —20 °C until analysis. Chlorophyll-a and
nutrient concentrations were later determined based on Parsons et al.
(1984). To assess coccolithophore community composition, seawater
samples (250-500 mL) were collected from the five previously described
depths. The filtered volume varied between samples depending on the
particulate load and the extent of filter clogging during filtration. This
approach ensured efficient filtration while retaining sufficient coccoli-
thophore material for accurate identification and quantitative analysis
using scanning electron microscopy (SEM). Samples were filtered
through 0.8 pm pore-size polycarbonate track-etched filters (25 mm
diameter, Whatman Nucleopore) using a filtration unit connected to a
low-pressure vacuum system (~5 psi). Care was taken to ensure that the
material was evenly distributed on the filters. Following filtration, filters
were rinsed in 2 mL of deionized water (pH 7) to get residual salts off,
then air-dried and kept in Petri dishes. Each filter had an effective
filtration area that was proportional to 23 mm diameter. For identifi-
cation and enumeration, filter sections were mounted onto sputter-
coated copper SEM stubs using double-sided adhesive tape and coated
with approximately 20 nm of gold. Observations were made with a
Hitachi S-3500 N scanning electron microscope. All coccolithophore
cells (coccospheres) and detached coccoliths present on the analysed
filter portions were identified and counted. Depending on abundance,
between 150 and 650 fields of view per sample were examined at 1000 x
magnification, ensuring a minimum count of 150 coccospheres per
sample. In samples with low abundances, additional fields were exam-
ined. Absolute abundances of coccolithophores (cells ml™') were
calculated following Jordan and Winter (2000), by scaling raw counts
from the known scanned area using the standard conversion equation:
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where A represents the absolute abundance of coccospheres or detached
coccoliths (ml ! seawater), N is the number of coccospheres or de-
tached coccoliths recorded on the filter, S is scaling factor (total filter
area divided by the scanned filter area) and V is volume of seawater
filtered (ml). Coccolithophore species identification followed the taxo-
nomic references of Cros and Fortuno (2002), Young et al. (2003) and
Tomas (2012) together with the Nannotax3 database (http://ina.tmsoc.
org/Nannotax3/). Species names were verified against the most up-to-
date taxonomic nomenclature available through the World Register of
Marine Species (https://www.marinespecies.org) and AlgaeBase (https:
//www.algaebase.org).

Data processing and statistical evaluation

Pearson correlation was applied to explore associations between
biotic and abiotic variables, whereas one-way ANOVA was used to assess
spatial and vertical variations across stations and depths. All statistical
analyses were performed using SPSS (v. 23). The relationship between
environmental variables and coccolithophore total density was explored
using redundancy analysis (RDA). Prior to analysis, physico-chemical
parameters and chlorophyll-a were standardized. Ordination was con-
strained to the environmental matrix, and the significance of the ca-
nonical axes was tested using 999 random permutations. These analyses
were performed in PAST version 4.3. In addition, species composition,
distribution patterns and diversity indices were analysed using PRIMER
(v. 6).
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Results
Physico-chemical parameters and phytoplankton biomass (chlorophyll-a)

Temperature exhibited insignificant spatial variation but differed
significantly with depth (F = 21.27, P < 0.01). Spatially, station 5 had
the highest mean temperature (25.90 + 1.06 °C), whereas station 1 the
lowest (24.71 + 0.99 °C). Regarding depth, the highest mean tempera-
ture occurred at the surface (26.29 + 0.38 °C), whereas the lowest
(23.18 £ 0.53 °C) was recorded at 100 m (Fig. 3A). Salinity showed
slight spatial variation with a clear north-south decreasing trend (F =
26.09, P < 0.01), ranging from 41.06 + 0.03 at station 1 to 40.73 + 0.07
at station 4. Vertical differences were minimal, with slightly higher
surface values (40.92) compared to deeper layers (70-100 m: ~40.81)
(Fig. 3B). DO remained relatively uniform across stations and depths,
ranging from 2.91 + 0.34 at station 5 to 4.01 + 1.59 mg L' at station 4,
with only a slight increase towards the surface (Fig. 3C). Nitrate did not
exhibit significant spatial or vertical variations among stations or depths
(Supplementary material Table 1). However, a slight spatial trend was
observed, with mean concentrations increasing southwards from 2.24 +
1.86 pmol L7! at station 1 to a maximum of 5.08 + 2.01 pmol L™! at
station 4. Vertically, lower mean values were recorded at 10 m depth
(2.33 + 0.89 pmol L7!), whereas the highest concentrations were
detected at 100 m (4.84 + 2.28 pmol L™H (Fig. 4A). Nitrite and
ammonia displayed uniform distributions (Figs. 4B-C) with narrow
mean concentration ranges (0.18-0.23 pmol L™ and 0.02-0.09 pmol
L7}, respectively) and no significant spatial or vertical variation. Inor-
ganic phosphate and silicate varied significantly among stations (F =
23.84 and 8.36, P < 0.01) but not with depth. Lowest mean of phosphate
was recorded at station 4 (0.21 + 0.01 pmol L)) and the highest at
station 3 (0.61 = 0.29 pmol L™1), whereas vertically its values ranged
from 0.31 + 0.20 pmol L™ at 10 m to 0.39 + 0.31 pmol L™} at 100 m
(Fig. 4D). Lowest mean value of silicate was observed at station 2 (2.67
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Fig. 3. Vertical distribution of physical parameters observed in the present study. A: Temperature (°C), B: Salinity (PSU), and C: Dissolved oxygen (mg L™1).
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+ 0.55 pmol L‘l), and the highest at station 3 (5.31 + 0.95 pmol L.
Vertically, concentrations ranged from a minimum of 3.38 + 0.63 pmol
L~ at 50 m depth to a maximum of 4.57 + 1.29 pmol L ! at 100 m depth
(Fig. 4E). Phytoplankton biomass revealed no significant spatial or
vertical variation. Spatially, mean values ranged from 0.09 + 0.04 mg
m~? at station 5 to 0.13 + 0.07 mg m™> at station 1. Vertically, the
lowest average biomass occurred at 10 m (0.06 + 0.01 mg m™),
whereas the highest was recorded at DCM layer (70 m: 0.18 + 0.07 mg
m~3) (Fig. 4F).

Coccolithophore total abundance

Coccolithophore abundances ranged between 12.8 cells ml™! at
surface water of station 3 and 80.1 cells ml~! at 70 m at station 2 with an
average of 38.4 + 20.2 cells ml~! (Fig. 5). Their abundances showed
pronounced depth-wise variation (F = 6.70, P < 0.01) than its spatial
differences (Supplementary material Table 1). The mean abundances
were the lowest from the northernmost station, station 1 (25.66 + 8.79
cells ml’l), and the highest was reported from station 4 (43.50 £+ 17.50
cells ml™) (Fig. 5). The vertical mean abundances were the least from
the surface waters (20.51 + 6.15 cells ml’l), whereas the DCM layer (i.
e., 70 m depth) reported the highest mean abundance (64.33 + 18.03
cells m1™1), which was followed by the 100 m depth (44.13 + 21.22 cells
ml™).

Dominant contributors to total coccolithophore abundance

The study recorded the dominance of 11 coccolithophore species,
which contributed the most to total abundance among the various spe-
cies observed (Fig. 6). Gephyrocapsa huxleyi (Lohmann) P. Reinhardt,

1972 (formerly known as E. huxleyi) was the most dominant species
observed in the current study. It also played a major role in the overall
abundance of coccolithophores over the course of the study. Spatially,
mean abundances ranged from 8.21 + 2.64 cells ml™! at the northern-
most station (station 1) and increased gradually towards the south,
reaching a maximum of 19.54 + 13.69 cells ml ! at station 5 (Fig. 6).
Vertically, abundances increased towards deeper waters, with the
lowest mean value recorded in surface waters (8.32 + 2.19 cells ml™ 1)
and the highest at the DCM layer (20.51 + 7.56 cells ml™?), closely
followed by the 100 m depth (20.25 + 13.40 cells ml™1). For the entire
study period, the lowest abundance (4.3 cells ml~1) was recorded at 50
m depth in station 1, whereas the highest individual abundance (38.9
cells ml™1) was observed at 100 m depth in station 5. The percentage
contribution of this species to total abundance was also important. At
station 3, the DCM layer had the lowest contribution (22%), whereas the
50 m depth had the most (68%). It is worth noting that its contribution
was continuously significant at all depths at station 5, ranging from 36%
at the DCM layer to 60% at 100 m depth (Fig. 7). U. tenuis (Kamptner)
Paasche, 1955, was the next significant species that contributed signif-
icantly to the total abundance (ranging from 2% to 19% across various
depths and stations). It is clear that this species was more prominent in
the northern stations, contributing 8-19% at station 1 and 8-18% at
station 2 (Fig. 7). In contrast, it showed the least dominance in the
southernmost station (station 5). Across stations, the lowest mean den-
sity was recorded at station 5 (1.27 + 1.37 cells ml™ 1) and the highest at
station 2 (5.43 + 2.60 cells ml’l). The 100 m layer exhibited the lowest
mean density in the water column (2.31 + 1.17 cells ml_l), whereas the
DCM layer exhibited the highest (5.13 + 2.16 cells ml™1). For this spe-
cies, the maximum individual density was 8.4 cells ml~}, whereas the
lowest was 0.5 cells ml™! (Fig. 6). Calciopappus rigidus Heimdal, 1981,
had another significant individual density in this study where 10.5 cells
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ml~! were observed at the DCM layer at both stations 2 and 3. The
contributions of eight other dominant species (Algirosphaera robusta
(Lohmann) R.E.Norris, 1984, Discosphaera tubifera (Murray & Blackman)
Ostenfeld, 1900, Gephyrocapsa ericsonii McIntyre & Bé, 1967, G. oceanica
Kamptner, 1943, Ophiaster hydroideus (Lohmann) Lohmann, 1913,
Rhabdosphaera clavigera var. stylifera (Lohmann) Kleijne & R.W.Jordan,
Syracosphaera pulchra Lohmann, 1902 and U. irregularis Paasche, 1955)
are presented in Fig. 6.

Coccolithophore community structure

The recorded species in the current study under the phylum Hapto-
phyta can be divided into two main classes: Coccolithophyceae and
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Haptophyta incertae sedis. Within Coccolithophyceae, the dominant
subclass Prymnesiophyceae comprises four orders Coccolithales, Iso-
chrysidales, Syracosphaerales and Zygodiscales. Collectively, these four
orders include nine families. This class also contains another order,
Coccolithophyceae incertae sedis. The second class, Haptophyta incer-
tae sedis, consists of three families. The family Syracosphaeraceae
showed the highest species richness in the present study, with 23 coc-
colithophore species, followed by Rhabdosphaeraceae (9 species),
Calyptrosphaeraceae (7 species), Calcidiscaceae (4 species), Heli-
cosphaeraceae and Noelaerhabdaceae (3 species each), Calciosolenia-
ceae and Pontosphaeraceae (2 species each), and Coccolithaceae (1
species). A total of 64 species, belonging to 36 different genera, were
identified in the current study (Supplementary material Table 2 and see
also Figs. 8 and 9). The most species-rich genus was Syracosphaera,
represented by 18 species, followed by Alisphaera (5 species) and
Gephyrocapsa and Helicosphaera (3 species each). Among the species
recorded, the majority (72.2%) were HET-type, including species char-
acterized by complex calcified coccoliths. HOL-type species accounted
for 22.8%, composed of small, uniformly calcified coccoliths. Nannolith-
forming species represented 5% of the assemblage, consisting of species
that produce non-motile, plate-like calcareous structures.

Spatial and vertical distribution of coccolithophores

In the present study, clear zonation patterns were observed for the
different coccolithophore species. Among them, four
species—G. huxleyi; S. pulchra; U. irregularis and U. tenuis—were ubiq-
uitous, occurring throughout the study region and at all sampling
depths. Whereas, Florisphaera profunda His. Okada & Honjo, 1973, was
recorded only in the deeper layers (70 and 100 m), Alisphaera extenta
Kleijne, R.W. Jordan, Heimdal, Samtleben, A.H.L. Chamberlain & Cros,
2002, occurred exclusively at the DCM depth. Among identified taxa, 28
were found in the surface waters, accounting for nearly 35% of the total
assemblage and 18 species (23%) were present across all sampling sta-
tions, although not necessarily at all depths. In contrast, another set of
18 species occurred only at the northern stations (stations 1 and 2) and
were completely absent from the southern stations (Supplementary
material Table 2).

Species diversity and new records from the Red Sea

In this study, 64 coccolithophore species representing 36 genera
were identified. A comparative account of previous investigations from
both the GoA and the Red Sea is provided in Supplementary material
Table 3, encompassing records from both water column as well as
sediment samples. In the present study, eight species are reported for the
first time in the GoA and the Red Sea. These species are Calicasphaera
concava A.Kleijne, 1991, Calyptrolithophora papillifera (Halldal) Heim-
dal, 1980, Ceratolithus cristatus Kamptner, 1954, Cyrtosphaera lecaliae A.
Kleijne 1992, Palusphaera vandelii Lecal-Schlauder, 1967, Syracosphaera
delicata Cros et al., 2000, S. didyma Kleijne & Cros, 2009 and Zygosphaera
amoena Kamptner, 1937. Concerning the global distribution of the
recorded species in the area of study, 16 species exhibited a worldwide
distribution and are considered pioneer species that dominate coccoli-
thophore assemblages in the world's oceans. Gephyrocapsa huxleyi was
the predominant and most abundant species recorded in this study.
Nineteen species exhibited a broad distribution pattern extending across
tropical, subtropical and temperate zones, whereas 13 species were
restricted to tropical and subtropical regions. Species such as Calcio-
pappus rigidus Heimdal, 1981, Poricalyptra magnaghii (Borsetti & Cati)
Kleijne, 1991, Syracosphaera halldalii Gaarder ex R.W.Jordan & J.C.
Green, 1994, and Syracosphaera ossa Lecal-Schlauder, 1968, observed in
this study, are previously known to occur only in the tropical zone,
whereas Alisphaera gaudii Kleijne, Jordan, Heimdal, Samtleben, Cham-
berlain & Cros, 2002, Calyptrolithina divergens var. tuberosa (Heimdal)
Jordan, Kleijne & Heimdal, 1993, and Helicosphaera pavimentum Okada
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Fig. 6. Vertical distribution of individual abundances of dominant coccolithophore species (cells ml~*) observed in the present study from various stations.
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& Mclntyre, 1977 are known to occur only in subtropical zone. Cocco-
lithus pelagicus subsp. braarudii (K.R.Gaardner) M.Geisen, C.Billard, A.T.
C.Broerse, L.Cros, I.Probert & J.C.Young, 2002, Sphaerocalyptra quad-
ridentata (Schiller) Deflandre, 1952 and Syracosphaera corolla J.Lecal,
1966, recorded in the current study, are primarily distributed in sub-
tropical/temperate regions, whereas species such as Syracosphaera del-
icata Cros et al., 2000, Syracosphaera didyma Kleijne & Cros, 2009,
Zygosphaera amoena Kamptner, 1937 and Zygosphaera marsilii (Borsetti
& Cati) Heimdal, 1982 have been previously reported only from
temperate zones.

Statistical interpretations

Pearson correlation analysis revealed a significant positive associa-
tion between coccolithophore total density and ammonia (r = 0.46, P <
0.05), whereas a significant negative correlation was observed with
salinity (r = —0.52, P < 0.01) (Fig. 10). The RDA indicated that coc-
colithophore distribution was strongly associated with environmental
gradients across depths and stations in the GoA (Fig. 11). The first ca-
nonical axis (RDA1) explained 98.16% of the total constrained variance,
whereas the second axis (RDA2) accounted for only 1.54%, indicating
that the primary environmental gradients represented by RDA1 over-
whelmingly governed the observed patterns in coccolithophore com-
munity composition. RDA1 clearly separated nutrient-enriched from
nutrient-poor conditions and reflected the combined influence of tem-
perature, salinity and macronutrient availability on species distribution.
The vectors for nitrate, nitrite, phosphate, silicate and DO were closely
grouped and oriented opposite to total coccolithophore density (TD) and
G. huxleyi, indicating greater coccolithophore abundance and the
dominance of G. huxleyi under warm, oligotrophic surface-water con-
ditions. In contrast, U. tenuis, located near the centre of the ordination
plot, exhibited a weaker association with the measured environmental
gradients, suggesting a broader ecological tolerance.

Overall, the RDA demonstrates that the combined effects of water-
column stratification, temperature, salinity and nutrient availability
are the principal drivers of coccolithophore distribution in the GoA, with
G. huxleyi serving as a characteristic indicator of oligotrophic surface
waters. Concerning the different biodiversity indices, species number (S)
varied among stations and depths, with the highest average richness
observed at 70 m (29 + 3.6), reflecting peak diversity at mid-depths
(Fig. 12). Whereas, surface waters showed high variability (19 + 9.1),
with station 5 recording the highest richness (32 species) and station 3
the lowest (9 species). Moderate richness occurred at 50 m (24.2 + 7.0),
whereas 100 m showed a general decline (18.2 + 5.5). Margalef's
richness index (d) followed a similar pattern, where the maximum
appeared at 70 m (2.55 + 0.28). Surface waters exhibited the greatest
variability (1.83 + 1.04), with station 5 showing the highest value
(3.20) and station 3 the lowest (0.85). Moderate richness was observed
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Fig. 8. SEM images of coccolithophores collected from Gulf of Aqaba. A: Acanthoica quattrospina, B: Algirosphaera robusta, C: Alisphaera capulata, D: Alisphaera gaudii,
E: Alisphaera unicornis, F: Calciopappus rigidus, G: Calciosolenia brasiliensis, H: Calciosolenia murrayi, I: Ceratolithus cristatus, J: Corisphaera gracilis, K: Corisphaera type B,
L: Coronosphaera mediterranea, M: Discosphaera tubifera, N: Florisphaera profunda, O: Gephyrocapsa huxleyi, P: Gephyrocapsa oceanica, Q: Gladiolithus flabellatus, R:
Hayaster perplexus.
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Fig. 9. SEM images of coccolithophores collected from Gulf of Aqaba. A: Helicosphaera pavimentum, B: Michaelsarsia adriatica, C: Michaelsarsia elegans, D: Oolithotus
antillarum, E: Ophiaster hydroideus, F: Ophiaster reductus, G: Palusphaera vandelii and Cyrtosphaera aculeata, H: Poricalyptra magnaghii, I: Rhabdosphaera clavigera, J:
Syracolithus sp. type A, K: Syracosphaera azureaplaneta, L: Syracosphaera leptolepis, M: Syracosphaera nana, N: Syracosphaera pulchra, O: Syracosphaera pulchra HOL
galea type, P: Syracosphaera winteri, Q: Umbellosphaera tenuis, R: Umbilicosphaera sibogae.
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Fig. 11. Redundancy analysis (RDA) showing the influence of environmental variables on total coccolithophore abundances.

at 50 m (2.45 + 0.63), whereas the lowest values occurred at 10 m (1.53
4+ 0.33) and 100 m (1.62 + 0.48). Pielou's evenness (J) indicated
generally well-distributed species across stations and depths, with the
highest mean evenness at 70 m (0.75 + 0.03). Surface waters had
moderate evenness (0.72 + 0.08), whereas 50 m showed greater vari-
ability (0.71 £ 0.13) due to lower evenness at station 3 (0.48). Evenness
at 10 m (0.69 + 0.03) and 100 m (0.71 + 0.09) reflected relatively
balanced species distributions. Shannon-Wiener diversity showed
highest mean diversity at 70 m (2.53 & 0.17), whereas surface, 50 m and
100 m depths showed moderate but more variable diversity (2.00 +
0.18, 2.20 £ 0.38 and 2.04 + 0.41, respectively). Diversity at 10 m was
relatively homogeneous (1.95 + 0.14), indicating more balanced species
composition in shallow waters (Fig. 12).

Discussion

The present study conducted in mid-September, represents the
concluding phase of the summer stratification period in the GoA as re-
ported by Biton and Gildor (2011). Despite being close to the onset of
seasonal mixing, clear signatures of stratification were still evident in

10

our results, as reflected by the vertical distribution of temperature and
salinity. There were strong vertical gradients in temperature, which
implies the persistence of a stratified water column, whereas salinity
remained relatively stable with depth and showed minimal variability
among the different stations. In the GoA, the transition from stratifica-
tion to winter mixing typically begins in early October, when surface
cooling and convective processes gradually break down the thermocline
and lead to the development of a well-mixed water column.

Our observations of the physical parameters are consistent with
those reported in previous studies carried out in the summer period
(Berman et al., 2023). It is well established that the southern part of the
GoA experiences stronger and more persistent stratification than the
northern region. This spatial distinction has been reported in several
earlier studies (Berman and Gildor, 2022; Levanon-Spanier et al., 1979)
and is further supported by our present findings. The present results
verify the fact that stratification signals were stronger in the southern
stations, whereas the northern stations exhibited relatively weaker
vertical gradients. Such spatial variability underscores the influence of
regional hydrographic conditions on the intensity and duration of
stratification within the GoA. The distribution of inorganic nutrients
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other than nitrates further indicated the continuation of summer strat-
ification in the GoA (Fuller et al., 2005; Mackey et al., 2007). The surface
waters were mostly nutrient-depleted, consistent with the absence of
external inputs and the region's minimal precipitation (Acker et al.,
2008; Manasrah et al., 2007). An exception was observed in the case
of nitrates, which were present in measurable amounts at the surface
and increased markedly with depth. This vertical pattern is character-
istic of the stratified period, yet the elevated nitrate signal near the
surface may also be indicative of the imminent breakdown of stratifi-
cation, as the onset of winter mixing approaches. In the GoA, primary
productivity is strongly regulated by the seasonal mixing regime. The
deep convective mixing that develops during winter entrains nutrient-
rich waters into the euphotic zone, replenishing the depleted surface
layer and fuelling phytoplankton growth (Fuller et al., 2005; Post et al.,
2011). Therefore, the nutrient profiles observed in this study not only
confirm the late-summer stratification but also provide an early indi-
cation of the shift into the highly productive winter. According to pre-
vious studies, the timing of the present investigation would generally fall
within the summer stratification period. However, the detection of
considerable nitrate concentrations throughout the water column sug-
gests that the system was already undergoing a transition from stratified
to mixed conditions. This transitional phase, occurring between late
summer stratification and the onset of winter mixing, is further sup-
ported by several indicators observed in the present study. It is well
established that subsurface nitrate concentrations in the GoA increase
during summer stratification, as reported in previous studies of Mackey
et al. (2007), El-Sherbiny et al. (2019), Berman and Gildor (2022) and
Berman et al. (2023), reflecting the isolation of nutrient-rich deep layers
from the nutrient-depleted surface. Nonetheless, the detectable nitrate
concentrations in the surface waters suggest that vertical transport
processes may already have influenced the upper water column during
the late summer period. Although these observations are consistent with

the early stages of seasonal mixing described by Biton and Gildor
(2011), other hydrodynamic processes, including localized upwelling,
internal wave activity, or episodic wind-driven mixing, may also have
contributed to the upward transport of nutrients into the surface layer.
Therefore, the observed nutrient distribution likely reflects the com-
bined influence of these physical processes during the transition from
late summer stratification towards winter mixing. This underscores the
fact that winter mixing has an inter-annual variability depending on
regional hydrographic conditions and wind patterns (Berman et al.,
2023). This variability explains why the present study, conducted in
mid-September, revealed both persistent signals of stratification and
early signs of mixing within the water column. Despite the considerable
presence of nitrates in the water column, phytoplankton biomass, esti-
mated as chlorophyll-a, was significantly lower both spatially and
vertically, indicating the presence stratification in the region (Acker
et al., 2008). Previous studies suggest that nutrients, particularly phos-
phates, may serve as a limiting factor in the GoA (Suggett et al., 2009),
which could explain the observed lower phytoplankton biomass in this
study. It is well known that during the summer stratification period, the
GoA becomes highly oligotrophic, exhibiting much lower phytoplankton
biomass compared to other seasons (Lindell and Post, 1995). The values
obtained in the current study are well comparable with previous find-
ings in the area during this period (Berman and Gildor, 2022; El-
Sherbiny et al., 2019; Mackey et al., 2007). During the summer period
in the GoA, ultraphytoplankton groups (<8 pm) dominate, as they are
well known to thrive under nutrient-limited conditions (Lindell and
Post, 1995). Once winter mixing becomes well established, conditions
in the Gulf change drastically. With the influx of nitrates and other
essential nutrients, along with more favourable environmental condi-
tions, primary productivity increases, as documented by previous
studies of Levanon-Spanier et al. (1979), Fuller et al. (2005) and Post
et al. (2011).
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In the current study, the average coccolithophore abundance was
fairly low that are comparable to nutrient-poor gyres as well as oligo-
trophic waters (Winter et al., 2002). Moreover, its total densities indi-
cated greater vertical than spatial variation, a pattern that is usually
observed in oligotrophic waters during stratified periods in the eastern
Mediterranean Sea and GoA (Keuter et al., 2022, 2023, respectively).
Stratification depletes surface waters of nutrients, creating unfavourable
conditions for the growth of most marine phytoplankton; consequently,
only pico- and nano-phytoplankton thrive under these nutrient-limited
conditions (Fenchel, 1988). During summer stratification, the GoA be-
comes highly oligotrophic, favouring the dominance of ultra-
phytoplankton such as picoeukaryotes, which thrive under nutrient-
depleted conditions (Lindell and Post, 1995). Compared with other
larger phytoplankton groups, the occurrence of coccolithophores is
rather favourable; however, their abundance still remains lower than
that of ultraphytoplankton. Although their abundance may appear lower
compared with other phytoplankton groups, coccolithophores in oligo-
trophic waters like GoA play a crucial role in driving the downward
transport of biogenic material and facilitate the movement of carbon and
sulphur between the atmosphere and surface waters (de Vargas et al.,
2007). In the present study, coccolithophores showed their highest
abundances at deeper layers, at DCM (~70 m) and at 100 m depth. This
vertical distribution pattern is a characteristic feature commonly
observed during the summer stratification period in both tropical and
subtropical areas, as well as in other oligotrophic waters (Haidar and
Thierstein, 2001; Keuter et al., 2022; Oviedo et al., 2015; Winter
et al., 2002). According to Winter et al. (1979), temperature, nutrient
availability and light penetration are the major factors regulating the
distribution and abundance of coccolithophores in the GoA. Earlier
studies in the region, including that of Frada et al. (2022) and Keuter
et al. (2023), who studied one station in the northernmost GoA, re-
ported similar vertical differences in coccolithophore abundance, with
higher abundances occurring in deeper layers during the summer
stratification period. Similarly, Winter et al. (1979) observed compa-
rable distribution patterns at both the northernmost and southernmost
stations of the gulf, with densities close to those recorded in the present
study. Based on these results, our findings show that such vertical pat-
terns, including deeper maxima and comparable densities during strat-
ification, are consistent throughout the GoA, as this is the first
investigation to comprehensively cover the entire region. Although
spatial differences were minimal, a clear trend of increasing coccoli-
thophore abundance was observed towards the southern GoA near the
Tiran Strait. This pattern may be attributed to the stronger stratification
in the southern region than in the northern part of the Gulf during the
summer period (Berman and Gildor, 2022; Levanon-Spanier et al.,
1979). No statistically significant correlation was found between coc-
colithophore abundance and the major abiotic factors, suggesting that
their distribution and abundance in the GoA are influenced collectively
by multiple environmental parameters (competition, grazing, etc.)
rather than by a single dominant factor. The lack of significant corre-
lations is a common feature reported in other studies as well (Cortés
et al.,, 2001; Haidar and Thierstein, 2001). For instance, although
availability of nitrates in the water column was relatively high, no sig-
nificant relationship was observed between coccolithophore density and
this nutrient. Although coccolithophores are generally expected to
thrive in nitrogen-rich waters (Vukovi¢c and Godrijan, 2025), their
growth in the GoA may be constrained by other limiting factors of pri-
mary productivity, which likely inhibit their response to nitrate
availability.

Gephyrocapsa huxleyi was the dominant species contributing to the
total coccolithophore abundance in the current study. Its distribution
was similar to that of the vertical distributions of the total coccolitho-
phore community, with highest abundance in deeper waters, whereas
surface occurrences, though lower, remained ecologically significant.
This species is well known for its ubiquitous distribution throughout the
water column in oceans worldwide and plays a major role in marine
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productivity (Haidar and Thierstein, 2001; Kinkel et al., 2000; Winter
et al.,, 2002). The densities of this species observed in the current
study are comparable to those documented in previous investigations
from the GoA (Frada et al., 2022; Keuter et al., 2023; Winter et al.,
1979), as well as in other oligotrophic marine systems (Ausin et al.,
2018; Keuter et al., 2022; Oviedo et al., 2015). This species is known
for its preference for elevated nitrate concentrations. In the present
study, higher nitrate levels were observed, creating favourable condi-
tions for this species, which often competes with larger phytoplankton,
such as diatoms, and frequently dominates over them under these con-
ditions. Furthermore, they are known to thrive under intense light
conditions (Nanninga and Tyrrell, 1996), which makes them particu-
larly well suited to dominate the highly illuminated waters of the GoA.
Umbellosphaera tenuis also contributed significantly to the density of
total coccolithophore and was predominantly occurred at the northern
stations, suggesting a preference for conditions in the northern GoA.
Similar patterns have been previously reported in the GoA by Winter
et al. (1979) and Keuter et al. (2023). Many studies in tropical and
subtropical regions have reported the co-dominance of U. tenuis and
G. huxleyi, with U. tenuis identified as a characteristic coccolithophore
species of oligotrophic waters (Boeckel and Baumann, 2008; Cortés
et al.,, 2001; Keuter et al., 2022; Kinkel et al., 2000; Kleijne, 1993).
Species within the genus Umbellosphaera are known to dominate in
oligotrophic surface waters (0-100 m) in subtropical latitudes
(10-30°N) as documented by Okada and Honjo (1973), whereas they are
generally absent at higher latitudes. Other major species, such as
S. pulchra and U. irregularis, which contributed significantly to total
abundances or were dominant throughout the area of study, are also
recognized as key constituents of coccolithophore communities in both
tropical and subtropical waters. These species are also significant in the
biogenic calcite production and contribute to nutrient cycling within
oligotrophic ecosystems (Dimiza et al., 2015; Kinkel et al., 2000). The
deep-dwelling coccolithophore species F. profunda showed strong ver-
tical preferences in this study, predominantly occurring at depths of
70-100 m. This distribution likely reflects its adaptation to low-light,
nutrient-enriched conditions found in the deeper euphotic zone, which
are typical of oligotrophic tropical and subtropical waters (Ausin et al.,
2018; Boeckel and Baumann, 2008; Keuter et al., 2022, 2023; Kinkel
et al., 2000; Oviedo et al., 2015; Winter et al., 1979, 2002). Moreover,
A. extenta was only detected at DCM, suggesting a preference for deeper
waters in oligotrophic environment. The present study also revealed a
clear zonation in species distribution, with some taxa preferring the
warm surface waters, others restricted to the northern stations and a few
occurring throughout the region. This pattern underscores that cocco-
lithophore distribution in the GoA during the stratification period is a
complex process, warranting further detailed investigations to fully
understand the underlying distribution patterns. Similar relationships
between hydrodynamic conditions and living coccolithophore assem-
blages have recently been reported from the eastern Mediterranean,
where hydrodynamic regime strongly influenced species composition
and vertical distribution (Dimiza et al., 2026). The different biodiversity
indices obtained in the present study further support this conclusion.
Comparable vertical changes in coccolithophore diversity and commu-
nity composition have also been documented in the western Black Sea
during summer, demonstrating the importance of environmental gra-
dients in structuring coccolithophore assemblages (Dimiza et al., 2023).

Among the different life cycle phases of coccolithophores, the pre-
sent study recorded a dominance of species in the HET stage compared
to the HOL stage. However, in terms of abundance, HOL outnumbered
HET, consistent with their ability to thrive under nutrient-depleted
conditions (Oviedo et al., 2015). The community structure of coccoli-
thophore showed the dominance of the family Syracosphaeraceae,
represented by 23 species, indicating the preference of its members for
nutrient-depleted, stratified waters. Although none of these species
dominated in terms of abundance, they are considered ecologically
important due to their widespread distribution. The family
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Syracosphaeraceae is one of the most diverse and widely distributed
groups of coccolithophores, typically associated with warm, oligotro-
phic and stratified waters of tropical and subtropical oceans (Ausin
et al., 2018; Dimiza et al., 2015; Keuter et al., 2019, 2022). The domi-
nance of Syracosphaeraceae observed in the present study agrees with
recent global syntheses that recognize this family as one of the most
diverse and ecologically important coccolithophore groups inhabiting
oligotrophic tropical and subtropical oceans (Vukovi¢ and Godrijan,
2025). The present study reports 8 new records, increasing the total
number of documented coccolithophore species to 64 (Supplementary
material Table 2). These newly recorded species most likely reflect the
comprehensive spatial and vertical sampling strategy employed in the
present study, together with detailed species identification using SEM,
rather than recent changes in species distributions. Previous in-
vestigations in the GoA and the Red Sea were generally restricted to
fewer stations, limited depth coverage or localized surveys, which may
have underestimated the regional diversity of coccolithophores. These
new records therefore expand the known biodiversity of the Red Sea and
highlight the importance of systematic, high-resolution surveys for
documenting the full extent of coccolithophore diversity in oligotrophic
marine ecosystems. Typically, coccolithophore diversity increases dur-
ing the summer stratification period than during other seasons, as
stratified conditions create stable light and nutrient gradients that
favour a wider range of species (Dimiza et al., 2015; Haidar and
Thierstein, 2001; Keuter et al., 2023; Winter et al., 1979). This in-
crease in species richness not only reflects the seasonal peak in diversity
but also highlights the benefits of extensive spatial coverage, which was
not observed in previous studies in the GoA (Keuter et al., 2023; Winter
et al., 1979) and the Red Sea (Kleijne, 1991; Okada and Honjo, 1975).
These new records substantially improve our understanding of coccoli-
thophore biodiversity in the region and establish important baseline
information for future ecological and biogeographical studies. Overall,
these findings underscore that coccolithophore distribution in the GoA
during the stratification period is a complex process, influenced by both
seasonal dynamics and spatial heterogeneity, and warrant further
detailed investigations to fully resolve the patterns and drivers of their
distribution.

Conclusion

This study provides the first comprehensive assessment of coccoli-
thophore communities across the Saudi Arabian sector of the GoA dur-
ing the late summer stratification period. The results demonstrated
pronounced vertical variation in coccolithophore abundance, diversity
and community composition, with maximum abundance and species
richness occurring near the DCM (70 m), highlighting the importance
of water-column stratification in shaping community structure. The
observed spatial differences were comparatively minor, indicating that
vertical environmental gradients exert a stronger influence than hori-
zontal variability during the stratified season. The study further
demonstrated that coccolithophore distribution is closely associated
with key environmental variables, particularly water-column stratifi-
cation, nutrient availability and salinity. Gephyrocapsa huxleyi was the
dominant species throughout the study area, whereas U. tenuis and
several other taxa displayed distinct depth and spatial preferences,
reflecting species-specific ecological adaptations to oligotrophic condi-
tions. A total of 64 coccolithophore species belonging to 36 genera were
identified, including eight species recorded for the first time from the
GoA and the Red Sea, substantially expanding the known regional di-
versity. These findings provide an important taxonomic and ecological
baseline for future studies on coccolithophore biodiversity, biogeog-
raphy and environmental change in the Red Sea. Overall, this study
advances our understanding of the spatial and vertical ecology of coc-
colithophores in one of the world's most oligotrophic marine ecosystems
and provides valuable baseline information for assessing the impacts of
future environmental and climatic changes on coccolithophore
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communities in the GoA.

CRediT authorship contribution statement

Mohsen M. El-Sherbiny: Writing — review & editing, Methodology,
Formal analysis, Conceptualization. Faisal M. Alsaaq: Writing — review
& editing, Visualization, Software, Formal analysis.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors gratefully acknowledge the Deanship of Scientific
Research (DSR) at King Abdulaziz University, Jeddah, Saudi Arabia, for
funding this project under the grant No. (IPP: 173-150-2026) and for
providing technical support. The authors sincerely thank Dr. José
Manuel Fortuno, and Dr. Margarita Dimiza for their invaluable assis-
tance with the identification of coccolithophores. We would like to ex-
press our sincere gratitude to the captain and crew of RV Al-Azizi for
their invaluable technical support during the sampling procedures.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.ejar.2026.08.004.

References

Acker, J., Leptoukh, G., Shen, S., Zhu, T., & Kempler, S. (2008). Remotely-sensed
chlorophyll a observations of the northern Red Sea indicate seasonal variability and
influence of coastal reefs. Journal of Marine Systems, 69(3-4), 191-204. https://doi.
org/10.1016/j.jmarsys.2005.12.006

Aljahdali, M. H. (2021). Distribution and diversity of coccolithophores in surface
sediments of the northern Red Sea: Coccolith accumulation in brine pools and
observation of productivity. Arabian Journal for Science and Engineering, 46(1),
601-615. https://doi.org/10.1007/s13369-020-05021-4

Alqudah, M., Al-Rousan, S., & Hussein, A. (2024). Coccolithophore assemblages from
Gulf of Aqaba sediments and their response to climate change. Jordan Journal of
Biological Sciences, 17(2).

Ausin, B., Zuniga, D., Flores, J. A., Cavaleiro, C., Frojan, M., Villacieros-Robineau, N., ...
Salgueiro, E. (2018). Spatial and temporal variability in coccolithophore abundance
and distribution in the NW Iberian coastal upwelling system. Biogeosciences, 15(1),
245-262. https://doi.org/10.5194/bg-15-245-2018

Balch, W. M. (2018). The ecology, biogeochemistry, and optical properties of
coccolithophores. Annual Review of Marine Science, 10, 71-98.

Berman, H., & Gildor, H. (2022). Phytoplankton bloom in the Gulf of Elat/Aqgaba:
Physical vs. ecological forcing. Journal of Geophysical Research, 127(5). https://doi.
org/10.1029/2021JC017922

Berman, H., Gildor, H., & Fredj, E. (2023). Inter-annual variability in phytoplankton and
nutrients in the gulf of Elat/Aqaba. Journal of Geophysical Research: Oceans, 128(6),
Article €2022JC019431. https://doi.org/10.1029/2022JC019431

Biton, E., & Gildor, H. (2011). The general circulation of the Gulf of Aqaba (Gulf of Eilat)
revisited: The interplay between the exchange flow through the straits of Tiran and
surface fluxes. Journal of Geophysical Research: Oceans, 116(C8). https://doi.org/
10.1029/2010JC006860

Boeckel, B., & Baumann, K. H. (2008). Vertical and lateral variations in coccolithophore
community structure across the subtropical frontal zone in the South Atlantic Ocean.
Marine Micropaleontology, 67(3-4), 255-273. https://doi.org/10.1016/j.
marmicro.2008.01.014

Cortés, M. Y., Bollmann, J., & Thierstein, H. R. (2001). Coccolithophore ecology at the
HOT station ALOHA, Hawaii. Deep Sea Research Part II: Topical Studies in
Oceanography, 48(8-9), 1957-1981. https://doi.org/10.1016/S0967-0645(00)
00165-X

Cros, L., & Fortunio, J. M. (2002). Atlas of northwestern Mediterranean coccolithophores.
Scientia Marina, 66(S1), 1-182. https://doi.org/10.3989/scimar.2002.66s11

de Vargas, C., Aubry, M.-P., Probert, L., & Young, J. (2007). Origin and evolution of
coccolithophores: From coastal hunters to oceanic farmers. In P. Falkowski, &

A. Knoll (Eds.), Evolution of primaryproducers in the sea (pp. 251-286). Elsevier
Academic Press. https://doi.org/10.1016/B978-012370518-1/50013-8.

Dimiza, M. D., Triantaphyllou, M. V., Malinverno, E., Psarra, S., Karatsolis, B. T.,

Mara, P., ... Gogou, A. (2015). The composition and distribution of living


https://doi.org/10.1016/j.ejar.2026.08.004
https://doi.org/10.1016/j.ejar.2026.08.004
https://doi.org/10.1016/j.jmarsys.2005.12.006
https://doi.org/10.1016/j.jmarsys.2005.12.006
https://doi.org/10.1007/s13369-020-05021-4
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0015
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0015
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0015
https://doi.org/10.5194/bg-15-245-2018
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0025
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0025
https://doi.org/10.1029/2021JC017922
https://doi.org/10.1029/2021JC017922
https://doi.org/10.1029/2022JC019431
https://doi.org/10.1029/2010JC006860
https://doi.org/10.1029/2010JC006860
https://doi.org/10.1016/j.marmicro.2008.01.014
https://doi.org/10.1016/j.marmicro.2008.01.014
https://doi.org/10.1016/S0967-0645(00)00165-X
https://doi.org/10.1016/S0967-0645(00)00165-X
https://doi.org/10.3989/scimar.2002.66s11
https://doi.org/10.1016/B978-012370518-1/50013-8
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0065
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0065

M.M. El-Sherbiny and F.M. Alsaaq

coccolithophores in the Aegean Sea (NE Mediterranean). Micropaleontology,
521-540.

Dimiza, M. D., Triantaphyllou, M. V., Ravani, A., Malinverno, E., Karatsolis, B. T.,
Psarra, S., & Karageorgis, A. P. (2023). Coccolithophore distribution in the Western
Black Sea in the summer of 2016. Diversity, 15(12), 1194. https://doi.org/10.3390/
d15121194

Dimiza, M. D., Syriopoulou, P., Skampa, E., Parinos, C., Velaoras, D., Conan, P., ...
Triantaphyllou, M. V. (2026). Influence of hydrodynamic regime on living
coccolithophores in the Cretan Sea and south Cretan area (eastern Mediterranean).
Journal of Marine Science and Engineering, 14(5), Article 517. https://doi.org/
10.3390/jmse14050517

El-Sherbiny, M. M., Devassy, R. P., Muller, E. M., Al-Sofyani, A. A., & Al-Aidaroos, A. M.
(2019). Biodiversity and abundance of plankton communities along the coastal
waters of Gulf of Aqaba, Saudi Arabia. Pakistan Journal of Zoology, 51(5), 1823.
https://doi.org/10.17582/journal.pjz/2019.51.5.1823.1836

El-Sherbiny, M. M., Al-Hasawi, Z. M., & EL-Hefnawy, M. E. (2025). Microphytoplankton
community structure in the Gulf of Aqaba and northern Red Sea. Egyptian Journal of
Aquatic Research, 51, 505-516. https://doi.org/10.1016/j.ejar.2025.09.001

Fenchel, T. (1988). Marine plankton food chains. Annual Review of Ecology and
Systematics, 19, 19-38.

Frada, M. J., Keuter, S., Koplovitz, G., & Avrahami, Y. (2022). Divergent fate of
coccolithophores in a warming tropical ecosystem. Global Change Biology, 28(4),
1560-1568. https://doi.org/10.1111/gcb.16007

Fuller, N. J., West, N. J., Marie, D., Yallop, M., Rivlin, T., Post, A. F., & Scanlan, D. J.
(2005). Dynamics of community structure and phosphate status of
picocyanobacterial populations in the Gulf of Aqaba, Red Sea. Limnology and
Oceanography, 50(1), 363-375. https://doi.org/10.4319/10.2005.50.1.0363

Gonzalez-Martin, M., Rigual-Hernandez, A. S., Salgueiro, E., Abrantes, F., & Flores, J. A.
(2024). Environmental influences on coccolithophore distribution and abundance in
the water column of the western Iberian margin (august 2022). Journal of
Nannoplankton Research, 42, 55. https://doi.org/10.58998/jnr3233

Hagino, K., & Young, J. R. (2015). Biology and paleontology of coccolithophores
(haptophytes). In Marine protists: Diversity and dynamics (pp. 311-330). Tokyo:
Springer Japan.

Haidar, A. T., & Thierstein, H. R. (2001). Coccolithophore dynamics off Bermuda (N.
Atlantic). Deep Sea Research Part II: Topical Studies in Oceanography, 48(8-9),
1925-1956. https://doi.org/10.1016/50967-0645(00)00169-7

Han, Y., Steiner, Z., Cao, Z., Fan, D., Chen, J., Yu, J., & Dai, M. (2025). Coccolithophore
abundance and production and their impacts on particulate inorganic carbon cycling
in the western North Pacific. Biogeosciences, 22(14), 3681-3697. https://doi.org/
10.5194/bg-22-3681-2025, 2025

Iglesias-Rodriguez, M. D., Brown, C. W., Doney, S. C., Kleypas, J., Kolber, D., Kolber, Z.,
... Falkowski, P. G. (2002). Representing key phytoplankton functional groups in
ocean carbon cycle models: Coccolithophorids. Global Biogeochemical Cycles, 16(4),
1-47. https://doi.org/10.1029/2001GB001454

Jordan, R. W., & Winter, A. (2000). Assemblages of coccolithophorids and other living
microplankton off the coast of Puerto Rico during January-may 1995. Marine
Micropaleontology, 39(1-4), 113-130. https://doi.org/10.1016/50377-8398(00)
00017-7

Keuter, S., Young, J. R., & Frada, M. J. (2019). Life cycle association of the
coccolithophore Syracosphaera gaarderae comb. nov. (ex Alveosphaera bimurata):
Taxonomy, ecology and evolutionary implications. Marine Micropaleontology, 148,
58-64. https://doi.org/10.1016/j.marmicro.2019.03.007

Keuter, S., Silverman, J., Krom, M. D., Sisma-Ventura, G., Yu, J., Tsemel, A., &

Frada, M. J. (2022). Seasonal patterns of coccolithophores in the ultra-oligotrophic
south-east Levantine basin, eastern Mediterranean Sea. Marine Micropaleontology,
175, Article 102153. https://doi.org/10.1016/j.marmicro.2022.102153

Keuter, S., Koplovitz, G., Torfstein, A., & Frada, M. J. (2023). Two-year seasonality
(2017, 2018), export and long-term changes in coccolithophore communities in the
subtropical ecosystem of the Gulf of Aqaba, Red Sea. Deep Sea Research Part I:
Oceanographic Research Papers, 191, Article 103919. https://doi.org/10.1016/j.
dsr.2022.103919

Kinkel, H., Baumann, K. H., & Cepek, M. (2000). Coccolithophores in the equatorial
Atlantic Ocean: Response to seasonal and late quaternary surface water variability.
Marine Micropaleontology, 39(1-4), 87-112. https://doi.org/10.1016/50377-8398
(00)00016-5

14

The Egyptian Journal of Aquatic Research xxx (xxxx) xxx

Kleijne, A. (1991). Holococcolithophorids from the Indian Ocean, Red Sea,
Mediterranean Sea and North Atlantic Ocean. Marine Micropaleontology, 17(1-2),
1-76. https://doi.org/10.1016/0377-8398(91)90023-Y

Kleijne, A. (1993). Morphology, taxonomy and distribution of extant coccolithophorids
(calcareous nannoplankton). Drukkerij FEBO BV.

Levanon-Spanier, L., Padan, E., & Reiss, Z. (1979). Primary production in a desert-
enclosed sea—The Gulf of Elat (Aqaba), Red Sea. Deep Sea Research Part A.
Oceanographic Research Papers, 26(6), 673-685.

Lindell, D., & Post, A. F. (1995). Ultraphytoplankton succession is triggered by deep
winter mixing in the Gulf of Agaba (Eilat), Red Sea. Limnology and Oceanography, 40
(6), 1130-1141. https://doi.org/10.4319/10.1995.40.6.1130

Mackey, K. R., Labiosa, R. G., Calhoun, M., Street, J. H., Post, A. F., & Paytan, A. (2007).
Phosphorus availability, phytoplankton community dynamics, and taxon-specific
phosphorus status in the Gulf of Aqaba, Red Sea. Limnology and Oceanography, 52(2),
873-885. https://doi.org/10.4319/10.2007.52.2.0873

Manasrah, R., Zibdah, M., Al-Ougaily, F., Yusuf, N., & Al-Najjar, T. (2007). Seasonal
changes of water properties and current in the northernmost Gulf of Agaba, Red Sea.
Ocean Science Journal, 42(2), 103-116.

Manasrah, R., Abu-Hilal, A., & Rasheed, M. (2018). Physical and chemical properties of
seawater in the Gulf of Aqaba and Red Sea. In Oceanographic and biological aspects of
the Red Sea (pp. 41-73). Cham: Springer International Publishing. https://doi.org/
10.1007/978-3-.

Mclntyre, A. (1969). The coccolithophorida in Red Sea sediments. In Hot brines and recent
heavy metal deposits in the Red Sea: A geochemical and geophysical account (pp.
299-305). Berlin, Heidelberg: Springer Berlin Heidelberg. https://doi.org/10.1007/
978-3-662-28603-6_29.

Monteiro, F. M., Bach, L. T., Brownlee, C., Bown, P., Rickaby, R. E., Poulton, A. J., &
Ridgwell, A. (2016). Why marine phytoplankton calcify. Science Advances, 2(7),
Article e1501822. https://doi.org/10.1126/sciadv.1501822

Nanninga, H. J., & Tyrrell, T. (1996). Importance of light for the formation of algal
blooms by Emiliania huxleyi. Marine Ecology Progress Series, 136, 195-203. https://
doi.org/10.3354/meps136195

Okada, H., & Honjo, S. (1973). The distribution of oceanic coccolithophorids in the
Pacific. In, 20. Deep-Sea Research and Oceanographic Abstracts (pp. 355-374).
Elsevier. https://doi.org/10.1016/0011-7471(73)90059-4. No. 4.

Okada, H., & Honjo, S. (1975). Distribution of coccolithophores in marginal seas along
the western Pacific Ocean and in the Red Sea. Marine Biology, 31(3), 271-285.
https://doi.org/10.1007/BF00387154

Oviedo, A., Ziveri, P., Alvarez, M., & Tanhua, T. (2015). Is coccolithophore distribution
in the Mediterranean Sea related to seawater carbonate chemistry? Ocean Science, 11
(1), 13-32. https://doi.org/10.5194/0s-11-13-2015

Parsons, T. R., Maita, Y., & Lalli, C. M. (1984). A manual of chemical and biological methods
for seawater analysis. Oxford: Pergamon.

Plaehn, O., Baschek, B., Badewien, T., Walter, M., & Rhein, M. (2002). Important of the
Gulf of Agaba for the formation of bottom water in the Red Sea. Journal of
Geophysical Research, 107(C8). https://doi.org/10.1029/2000JC000342

Post, A. F., Penno, S., Zandbank, K., Paytan, A., Huse, S. M., & Welch, D. M. (2011). Long
term seasonal dynamics of Synechococcus population structure in the Gulf of Aqaba,
Northern Red Sea. Frontiers in Microbiology, 2, Article 131. https://doi.org/10.3389/
fmicb.2011.00131

Suggett, D. J., Stambler, N., Prasil, O., Kolber, Z., Quigg, A., Vazquez-Dominguez, E., ...
Berman-Frank, I. (2009). Nitrogen and phosphorus limitation of oceanic microbial
growth during spring in the Gulf of Aqaba. Aquatic Microbial Ecology, 56(2-3),
227-239. https://doi.org/10.3354/ame

Tomas, C. R. (2012). Marine phytoplankton: A guide to naked flagellates and
coccolithophorids. Academic Press.

Vukovi¢, B. B., & Godrijan, J. (2025). Diversity of coccolithophores in the ocean: Insights
from Syracosphaeraceae family. Ocean Microbiology, 1, 4. https://doi.org/10.1186/
544375-025-00001-1

Winter, A., Reiss, Z., & Luz, B. (1979). Distribution of living coccolithophore assemblages
in the Gulf of Elat (Aqaba). Marine Micropaleontology, 4, 197-223. https://doi.org/
10.1016/0377-8398(79)90017-3

Winter, A., Rost, B., Hilbrecht, H., & Elbrachter, M. (2002). Vertical and horizontal
distribution of coccolithophores in the Caribbean Sea. Geo-Marine Letters, 22(3),
150-161. https://doi.org/10.1007/5s00367-002-0108-8

Young, J. R., Geisen, M., Cros, L., Kleijne, A., Sprengel, C., Probert, 1., & @stergaard, J.
(2003). A guide to extant coccolithophore taxonomy. Journal of Nannoplankton
Research, Special Issue, 1, 1-132.


http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0065
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0065
https://doi.org/10.3390/d15121194
https://doi.org/10.3390/d15121194
https://doi.org/10.3390/jmse14050517
https://doi.org/10.3390/jmse14050517
https://doi.org/10.17582/journal.pjz/2019.51.5.1823.1836
https://doi.org/10.1016/j.ejar.2025.09.001
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0090
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0090
https://doi.org/10.1111/gcb.16007
https://doi.org/10.4319/lo.2005.50.1.0363
https://doi.org/10.58998/jnr3233
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0110
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0110
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0110
https://doi.org/10.1016/S0967-0645(00)00169-7
https://doi.org/10.5194/bg-22-3681-2025, 2025
https://doi.org/10.5194/bg-22-3681-2025, 2025
https://doi.org/10.1029/2001GB001454
https://doi.org/10.1016/S0377-8398(00)00017-7
https://doi.org/10.1016/S0377-8398(00)00017-7
https://doi.org/10.1016/j.marmicro.2019.03.007
https://doi.org/10.1016/j.marmicro.2022.102153
https://doi.org/10.1016/j.dsr.2022.103919
https://doi.org/10.1016/j.dsr.2022.103919
https://doi.org/10.1016/S0377-8398(00)00016-5
https://doi.org/10.1016/S0377-8398(00)00016-5
https://doi.org/10.1016/0377-8398(91)90023-Y
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0160
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0160
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0165
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0165
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0165
https://doi.org/10.4319/lo.1995.40.6.1130
https://doi.org/10.4319/lo.2007.52.2.0873
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0180
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0180
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0180
https://doi.org/10.1007/978-3-
https://doi.org/10.1007/978-3-
https://doi.org/10.1007/978-3-662-28603-6_29
https://doi.org/10.1007/978-3-662-28603-6_29
https://doi.org/10.1126/sciadv.1501822
https://doi.org/10.3354/meps136195
https://doi.org/10.3354/meps136195
https://doi.org/10.1016/0011-7471(73)90059-4
https://doi.org/10.1007/BF00387154
https://doi.org/10.5194/os-11-13-2015
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0215
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0215
https://doi.org/10.1029/2000JC000342
https://doi.org/10.3389/fmicb.2011.00131
https://doi.org/10.3389/fmicb.2011.00131
https://doi.org/10.3354/ame
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0235
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0235
https://doi.org/10.1186/s44375-025-00001-1
https://doi.org/10.1186/s44375-025-00001-1
https://doi.org/10.1016/0377-8398(79)90017-3
https://doi.org/10.1016/0377-8398(79)90017-3
https://doi.org/10.1007/s00367-002-0108-8
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0255
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0255
http://refhub.elsevier.com/S1687-4285(26)00055-5/rf0255

	Spatial and vertical variability of summer coccolithophores in relation to water column stratification and nutrient gradien ...
	Introduction
	Materials and methods
	Study area
	Sampling and analysis
	Data processing and statistical evaluation

	Results
	Physico-chemical parameters and phytoplankton biomass (chlorophyll-a)
	Coccolithophore total abundance
	Dominant contributors to total coccolithophore abundance
	Coccolithophore community structure
	Spatial and vertical distribution of coccolithophores
	Species diversity and new records from the Red Sea
	Statistical interpretations

	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


