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Abstract
Semi-enclosed basins are more responsive to climate variations than the global ocean. This is true in particular for the 
Red Sea as a unique landlocked environment controlled by an interplay of its geographic, tectonic, and climatic features 
resulting in extreme salinities. Previous studies pointed to extreme salinities reaching > 53 during the low sea-level 
stands of glacial periods in the last 500 kyr. Yet our knowledge of the late Cenozoic evolution history of the Red Sea as 
a coral refuge and responses of coral reefs to these extreme salinities is scarce. Benthic foraminifers are key organisms 
for monitoring environmental changes in any marine setting, both shallow and deep, throughout geological times and 
to the present day. Here we provide a synthesis of the shallow-water benthic foraminifers that occupy the photic zones 
of the Red Sea environment based on the published studies, to reassess the variable saline conditions of the Red Sea 
across its evolution through the late Cenozoic and present-day as recorded by the shallow-water benthic foraminifer 
communities in association with coral reefs. Our review reveals a lack of information on shallo-water benthic foraminifers 
and paleoclimate data across the late Cenozoic evolution of the Red Sea encompassing climate shifts are worth being 
studied as analogs for modern-day and future climates; suggests a pathway to assess the salinity history of the Red Sea 
by using foraminiferal assemblage shifts.
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1  Introduction

The Red Sea is a unique environment that constitutes a natural laboratory to investigate the response of a marine envi-
ronment subject to abrupt climate and oceanographic shifts, strongly influenced by the shallow sill at Bab al-Mandab 
[24, 121], whose physiography is largely dictated by geodynamic forces [79]. All the geographic, tectonic and climatic 
features of the Red Sea have awarded it with a high level of marine endemism [32, 36, 128]. At the same time, the Gulf 
of Aqaba in the northern Red Sea has been proposed to be a climate refuge for corals during global warming and ocean 
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acidification [45]. This, however, is highly debated as its land-locked nature results in extreme sensitivity to the changing 
environmental conditions [1, 68, 72].

Several studies documented not only the evolution of the Red Sea as a young oceanic basin [22, 46, 78, 135] but also 
its past climates that are archived within its deposited sediments [17, 20, 108, 120], among others). For the latter, plank-
tic foraminifers are the most common tool to benefit from as they encapsulate the chemical properties of the ambient 
waters they thrive in and the climate conditions during which they secrete their calcium carbonate shells [116]. While 
deep water benthic foraminifers are beneficial to study long-term variation in the seawater conditions and climates 
as they are not prone to seasonal changes, shallow-water benthic foraminifers are among the most prolific carbonate 
producers in the coral reef ecosystems [33, 52, 70,  126, 77]. They are efficient tools as bioindicators to assess and moni-
tor modern-day water quality and health of their associated coral reefs as some shallow-water benthic foraminifers (i.e., 
symbiont-bearing large benthic foraminifers,LBFs) thrive in similar ecological conditions as corals [15, 31, 37, 48, 96, 117]. 
Furthermore, changes in benthic foraminiferal assemblage can be used as an indicator of varying salinity conditions, 
which is especially relevant for the Red Sea due to its modern-day (e.g., [18]) and past extreme salinities (e.g., [106]).

For the above reasons, in this study, we focus on shallow-marine environmental conditions of the Red Sea across geo-
logical times as documented in studies that benefited from the shallow-water benthic foraminifers that occupy water 
depths less than 50 m, usually in association with coral reefs. Given that the Red Sea is a biodiversity hotspot and home 
to more than 300 coral species [32], there is a growing number of studies that use shallow-water benthic foraminifers as 
tools to monitor modern coral reefs of the Red Sea [7, 9, 18, 62, 90],among others). Natural stressors and ongoing devel-
opment of ecotourism along the Red Sea coasts necessitate reviewing previous studies that focused on fossil shallow 
water benthic foraminifer assemblages that we can use as a reference point and benefit from to assess the modern-day 
and project the future conditions.

In case of future climate projections, studies worldwide that have documented past climates such as the Marine 
Isotope Stage (MIS) 19c (0.79–0.77 My) and mid-Pliocene Warming (3.3–3.0 My) consider those time intervals as ana-
logues for present-day and future global climate conditions, respectively [25, 132]. Similarly, coral reef response and 
development linked to sea-level increase and warming in these time intervals have been discussed as analogs in various 
geographic regions, including Florida, the Mediterranean Sea, and Okinawa [64, 133, 137]. How the Red Sea ecosystem 
responded to these climate shifts and warming intervals still is not fully understood. Filling this gap is crucial for under-
standing the response of marine organisms across the basin to the critical environmental shifts, such as the replenishment 
of the basin after the Miocene salinity crisis (e.g., [66, 111]) and the transition to the glacial-interglacial fluctuations during 
the Quaternary. To project the future response of the Red Sea, we need to understand how its ecosystem responded to 
past climates that are analogs for the future. Accordingly, in this review, we aimed to reveal whether: (1) past climates 
as analogs for future conditions were studied in the Red Sea region; (2) we know the salinity history of the Red Sea dur-
ing its evolution; (3) we can use foraminifers for a robust paleoenvironmental assessment; and (4) coral-reef associated 
foraminifers of the Red Sea hold potential to monitor present-day and serve as reference point for responses of corals 
to future climates.

2 � Geological background of the region

The Red Sea is a semi-enclosed, elongated, narrow but deep basin. It is a 2000-km-long and 355-km-wide marginal 
sea with a maximum water depth of around 3000 m (Fig. 1) [103]. The shorelines in the northern part are only 180 km 
apart, but as one moves southward, the distance between shorelines is 360 km [29]. Formation of the Red Sea Basin was 
controlled by the divergence of the African from the Arabian plate starting during the Eocene as a tectonic spreading 
center, and transforming to a continental rift during the Oligocene [28, 103] During the Late Oligocene (~ 25 My), seafloor 
spreading started and the Gulf of Suez was opened [22, 46, 78, 135]. Progressively, the northern Red Sea was opened by 
the Miocene, while there is still debate on the exact timing (~ 20 My: Rasul et al. [103], or 13 My: Augustin et al. [14]). The 
southern portion of the Red Sea opened just about five million years ago, and it narrows to 28 km at the Bab al-Mandab 
Strait, which connects it to the Gulf of Aden [85, 110, 125].

Restricted marginal marine conditions of the Red Sea from the late Oligocene until the transgression in the early Mio-
cene (Burdigalian) that resulted in the first coral bioherms [39, 61, 97] in tandem with the global formation of carbonate 
platforms [21]. These restricted conditions were followed by again restricted conditions during the middle Miocene that 
lasted until the earliest Pliocene and resulted in the development of carbonates interlayering with thick evaporites in 
the basin [59–61, 85, 99]. In the Red Sea Basin, this restriction occurred in an interplay with global sea-level variations 
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and regional tectonics [65, 94, 101, 102]. During that time, the Red Sea was still disconnected from the Indian Ocean, 
but connected to the Mediterranean Sea as suggested by the Mediterranean coral species [94, 97] and nannoplankton 
assemblages [75] in the northern Red Sea rock record. The later evaporite basin is expressed in seismic reflection profiles 
[110, 125].

The evaporite deposition started as early as the Langhian, just after the coral intermezzo [97], and points to a pro-
nounced sea-level drop during the Tortonian that lasted through the Messinian until the second marine incursion ~ 6–5 
My ago (Fig. 2,[89, 118]). This second large marine incursion of the Red Sea Basin, this time through the Bab-al-Mandab in 
the south, established a connection to the Indian Ocean, and normal marine conditions were restored (Fig. 2,[60, 71, 125]).

Through the Plio-Pleistocene, intervals of connection to the Mediterranean Sea are thought to have happened dur-
ing the high sea-level stands of the interglacial warm periods [23, 82, 99]. Mediterranean shallow-water foraminiferal 
affinities in the northern Egyptian Red Sea [115] are thought to reflect these repetitive sporadic connections via the 
Gulf of Aqaba along the Dead Sea Fault Zone [80], although a potential connection via the Gulf of Suez was discussed 
[111]. Mediterranean bivalve affinities found in the Late Pliocene sediments of the Egyptian Red Sea are assumed to 
agree with foraminifer findings (Fig. 2,[66]). On the other hand, especially in the southern and central Red Sea, deep-sea 
planktic foraminifers are in parallel to the Indian Ocean affinities [4], suggesting that the main connection was to the 
Indian Ocean (Fig. 2).

3 � Shallow water benthic foraminifers of the Red Sea

The Red Sea has been at the center of interest of researchers studying foraminifers since the eighteenth century. 
The first mentions of benthic foraminifers of the region were mainly taxonomic descriptions and include those of 
von Fichtel & von Moll [134], d’Orbigny [34], Parker & Jones [92], Gräffe [49], and Heron-Allen & Earland [56], which 
largely focused on species descriptions. To provide nomenclatural consistency among the analyzed literature, in 
this present study, we update all foraminiferal taxa according to the World Register of Marine Species (WoRMS) 
database. We further report the number of studies conducted in the Red Sea region that concentrated on the ben-
thic foraminifers and their use in marine ecology and climate interpretations (Fig. 3,Supplementary Information, SI). 
Our review shows that despite numerous studies concentrated on the recent shallow-water foraminifers in the Red 
Sea, there are only a handful of studies that report fossil foraminifers that we can benefit from to understand past 

Fig. 1   Simplified general 
geological map of the Red Sea 
area (after Mohriak & Leroy 
[86])
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Fig. 2   Map showing present 
day, Last Glacial Maximum 
(LGM), and Pliocene coastlines 
and Tortonian evaporites 
as comparison for the basin 
shrinking/expanding related 
to the pronounced sea-level 
changes. Present-day contour 
(red) adapted from GeoMa-
pApp; LGM contour (dashed) 
for the Red Sea is redrawn 
after Bailey et al. [19], Pliocene 
extent of marine waters (blue) 
and Tortonian desiccation 
evaporites (gray) are redrawn 
after Segev et al. [118]

Fig. 3   Number of benthic 
foraminifer studies in eight 
areas as Gulf of Suez, Gulf of 
Aqaba, northern Red Sea-
east, northern Red Sea-west, 
central Red Sea-east, central 
Red Sea-west, southern Red 
Sea-east, southern Red Sea-
west, as per the concentra-
tion of the studies that used 
foraminifers for ecology and 
climate interpretations, are 
shown as pie-charts. Studies 
were considered under four 
categories as shallow-recent, 
shallow-fossil, deep-recent, 
and deep-fossil. Pie-charts 
were generated according to 
the location and type of mate-
rial used in the respective 
studies. Non-integer counts 
are due to the studies that use 
a combination of materials
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shallow-water environments and their associated corals (SI, Table S1, Fig. 3). In this section, we document the stud-
ies that concentrated on fossil shallow water benthic foraminifers and recent shallow water benthic foraminifers in 
chronological order. We concentrate on studies using foraminifers specifically for paleoenvironmental interpretation, 
and we have intentionally excluded studies that incidentally reported foraminifers without making use of them for 
detailed interpretations on the ecology, environment, and climate conditions.

First Pliocene shallow-water benthic foraminifers, including the genus Borelis were identified by Cox [30] in asso-
ciation with Ostreidae and Pectinidae. Later, Robulus sp., Rotalia sp., and Cymbaloporetta were documented by Stain-
forth [124] from sediment overlying Miocene evaporites, recovered from boreholes in the Gulf of Suez. Although the 
depositional water-depth (i.e., less or more than 50 m as per the scope of this study) of these Pliocene sediments is 
not stated, the foraminiferal fauna was considered of Indian Ocean origin, linked to the connection of the Red Sea to 
the open ocean settings [124]. From the Pliocene-aged marly limestone deposits in Helwan, Egypt, Said [115] identi-
fied 40 benthic foraminifer species. Although this specific locality is next to the modern Nile River and thus not at 
the Red Sea coast, it is important to note that the presence of some species identified there necessarily requires a 
connection between the Mediterranean and the Red Sea during the Plio-Pleistocene times, given that the sediments 
were deposited along a narrow Mediterranean branch incised the Nile Valley. Said [115] noted that these specific 
species (i.e., Anomalina gibbosa and Hanzawaia rhodiensis) were found in the recent Red Sea fauna and the Lower 
Pleistocene of Rhodes Island in the Mediterranean Sea [83]. Yet again, the depositional depth hosting these species 
was not discussed. Along the Egyptian Red Sea coast in Qoseir, Souaya [122] detailed the foraminifer content of fos-
siliferous (marly) limestone and limegrits. He identified 31 genera and 47 Plio-Pleistocene species and subspecies of 
shallow water benthic foraminifers and three biostratigraphic units, which are Pliocene Archaias angulatus, Pliocene 
Borelis cf. B. pygmaeus, and Pleistocene Borelis schlumbergeri [122]. Felesteen et al. [42], instead, assigned A. angu-
latus to the Miocene, and identified Asterigerina Zone for the Pliocene with associated foraminifers Pleurostomella 
tenuis, Quinqueloculina costata, Triloculina angulatus, Turitellalla sprianus, Nonionella auris, Amphistegina lessonii, A. 
madagascariensis, and Lenticulina alatolimbata. It is worth noting, however, that Turitellalla sprianus does not appear 
in any other literature or WoRMS database.

The literature is also rich in studies of modern shallow water benthic foraminifers focusing on species distribution 
and ecology (e.g., [2, 5, 54, 81, 88, 104], among others), and more recently on pollution (e.g., [3, 138, 139], among 
others) (Fig. 3, Table S1). The first study on recent benthic foraminifers was undertaken by Marie [76], and was fol-
lowed by studies of [112–114]. Reiss and his colleagues focused on recent LBF of the Gulf of Aqaba [104, 105]. Some 
researchers dealt with Red Sea (mainly the northern part) shallow-water benthic foraminifers in case studies (e.g., 
[41, 93], among others). Recently, several studies emerged focusing on sediment transport mechanisms in the shelf 
zones of the Red Sea using LBFs as indicators [11–13, 127].

One of the most extensive studies on recent benthic foraminifer assemblages of the Red Sea was published by 
Hottinger et al. [58] focusing on the northern Red Sea, while not considering foraminifer suborders and species that 
can be found only in small size fractions [69]. Nonetheless, they have identified 337 species and subspecies of recent 
benthic foraminifers. Among others, Haunold et al. [54] reported shallow water (0–70 m) benthic associations from 
the northern Red Sea coasts of Egypt. They listed 13 associations, which are: 1) Quinqueloculina mosharrafai-Borelis 
schlumbergeri-Bolivina (Brizalina) simpsoni, 2)Heterostegina depressa-Amphistegina lessonii/bicirculata, 3)Cibicidids-
Rosalina-Amphistegina lobifera-Pseudoschlumbergerina ovata, 4)Peneroplis planatus; 5) P. planatus-Varidentella neostria-
tula, 6) P. planatus-Coscinospira hemprichii-V. neostriatula; 7) Quinqueloculina spp.; 8) Pseudohauerina diversa-Sorites 
orbiculus; 9) Verneuilina sp.-Articulina pacifica- Fijiella simplex; 10) Textularia agglutinans/rugulosa-Bolivina variabilis; 
11) T. agglutinans-Ammonia bradyi-Elphidium fichtelianum (syn. E. jenseni)/Haynesina depressula subsp. simplex (syn. E. 
simplex); 12) Operculina ammonoides-Adelosina laevigata-Bolivina striatula/subspathulata; and, 13) B. variabilis-Miliol-
inella-Nonion faba- Haynesina depressula subsp. simplex. They distinguish four different types of substrate associated 
with these benthic foraminifer communities providing clues also for interpreting past ecological settings. Accordingly, 
associations 1, 2, and 3 represent hardgrounds; associations 4 to 8 sandy bottoms (with or without seagrass and/or 
corals); associations 9 to 12 represent firmgrounds; and lastly association 13 represents soft bottom environments. 
Madkour [74] contributed with findings from shallow water benthic foraminifers of the Egyptian Red Sea coast by 
documenting species that occupy calm shallow waters as reflected by abundant Soritacea and Miliolacea, and, to a 
lesser extent, Rotaliacea.
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4 � Foraminifers associated with coral reefs of the Red Sea

Our understanding of the Pleistocene benthic foraminifer fauna in the Red Sea was significantly expanded through the 
research conducted by Kora et al. [67] along the coastal plain of Marsa Alam on the Egyptian Red Sea coast. These authors 
studied raised beach deposits and coral reefs, and their foraminifer contents, that according to U/Th datings by El-Moursi 
et al. [38] cover the three interglacial stages MIS 5 (130 – 80 kyr), MIS 7 (~ 243 kyr), and MIS 9 (~ 337 kyr). In those deposits, 
Kora et al. [67] identified several benthic foraminiferal genera representative of shallow marine environments including 
Amphistegina, Sorites, Borelis, Pyrgo and miliolids (e.g., Triloculina, Quinqueloculina).

Dullo [35] documented Pleistocene scleractinian coral reefs along the Saudi Arabian Red Sea coast and their associ-
ated foraminifers. He reported 14 foraminifer genera and displayed their common occurrences in lateral reef zonation 
(Fig. 4). Along the Saudi Arabian side of the Gulf of Aqaba, Taviani et al. [130] reported Pleistocene (MIS5e, ~ 130–115 kyr) 
coral-reef associated foraminifers that included smaller miliolid taxa (e.g., Quinqueloculina) and large foraminifers such 
as Sorites, Heterostegina, Peneroplis, Amphisorus, Amphistegina, and Averculina. They also noted epipelagic foraminifers 
(e.g., Globigerinoides ruber, Orbulina universa) along with pteropods, suggesting fringing reef size decline during MIS5e. 
Parker et al. [91] conducted a quantitative study on the Pleistocene and modern foraminifer and coral communities of 
the coral reef environments in southern Sinai. They reported 182 fossil and 95 modern species of shallow water benthic 
foraminifers. Moreover, the relative abundance of skeletal grains indicated that shallow-water benthic foraminifers are 
the predominant group in the seagrass zone, accounting for 22% of the components, whereas corals constitute only 

Fig. 4   Schematic display of lateral facies of a recent fringing reef of the Red Sea and associated foraminifers (modified after [35])
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10% of the assemblage. Later, El-Sorogy et al. [40] provided an extensive list of coral communities and their associated 
foraminifer species of a late Pleistocene coral reef, located along the northern Saudi Arabian Red Sea coast. They reported 
24 foraminifer and 67 coral species from the northern Red Sea, thus adding to the list of Dullo [35] foraminiferal genera 
such as Clavulina, Sahulia, Coscinospira, Epistomaroides, Neorotalia, Elphidium, and Flintina; however, they did not conduct 
a quantitative study on the foraminiferal abundances in the different reef zonations.

These studies yielded that the corals are most abundant in the fore-reef (reef slope) environment with 46–47% of the 
sedimentary components, whereas foraminifers only represent between 3 and 7%. The modern vs. fossil (i.e., Pleistocene) 
comparison based on the relative abundance of foraminifers revealed that, while the modern reef flats and fore-reefs 
are dominated by Sorites orbiculus (dominant) and Peneroplis pertusus, in the back-reef (e.g., lagoon) the relationship 
between these two species is reversed. Conversely, fossil reef flats and fore-reefs were dominated by Amphistegina lessonii. 
Consistently, Dullo [35] reported Sorites and Peneroplis as common genera for the back-reef environment in agreement 
with Parker et al. [91], while Amphistegina was found in both back-reef and fore-reef environments (Fig. 4).

Contrary to the extensive knowledge of Pleistocene corals and their associated foraminifers, the Pliocene remains 
largely understudied. During the Pliocene, the Red Sea became a permanent marine environment with the connection 
to the Indian Ocean with the submergence of the Bab al-Mandab Strait [23, 118] as shown by sedimentary and micropal-
eontological data [4, 44, 109, 125]. Until this southern connection became permanent, the Red Sea is thought to have had 
some sporadic connection to the Mediterranean Sea in the north as suggested by foraminifer and bivalve findings (Fig. 2, 
[80, 115]). The Early Pliocene mixed mollusk fauna of the north central Red Sea coasts along Egypt were representative of 
Mediterranean and Indo-Pacific affinities correlated with the Early Pliocene foraminiferal zones, A. angulatus of Souaya 
[122] and the Asterigerina Zone of Felesteen et al. [42], and the Late Pliocene Zone of Borelis cf. B. pygmaeus of Souaya 
[122], which were later dominated by the Indo-Pacific affinities of the fauna in the late Pliocene and were correlated with 
Zone of Borelis schlumbergeri of Souaya [122] [66].

5 � Foraminifers for coral health assessment in the Red Sea

In 2003, Hallock et al. [53] introduced an innovative and practical method for monitoring the health of coral reefs, called 
the FoRAM (Foraminifera in Reef Assessment and Monitoring) Index and later it was revisited by Prazeres et al. [100] who 
introduced a standardized protocol. This method is based on the relative abundance of the three main ecological groups 
within foraminiferal assemblages: large benthic and symbiont-bearing taxa, small heterotrophic species, and opportun-
istic taxa. Large benthic, symbiont-bearing foraminifers (e.g., Amphistegina, Heterostegina, Borelis, Sorites, Marginopora, 
Amphisorus and Alveolinella) that thrive in coral reefs possess similar environmental requirements, including water quality. 
Their shorter lifespan makes them ideal tools to monitoring any environmental change that may cause a decline in long-
living coral communities. Their abundance within marine ecosystems ensures statistically robust results, and the minimal 
impact of collecting foraminifers on corals further enhances their suitability as indicators for assessing reef health.

The FoRAM Index calculated from living foraminiferal assemblages in the Al Bawadi Islands of the southern Red Sea, 
yielded values indicating a favorable environment for reef growth [18]. Similar results were also recently reported from the 
northeastern Red Sea, specifically to provide a baseline for ecological conditions in an area (NEOM) exposed to intensive 
construction activities [90]. However, some localities exhibited adverse changes in environmental quality in central Saudi 
Arabian coasts [8, 47] and southern Sinai Peninsula in the northern Red Sea [18]. This underscores the effectiveness of 
the method in the Red Sea for assessing coral health. Additionally, the genera used for the FoRAM Index [53] correspond 
to those identified in a Pleistocene-aged coral reef in the Red Sea (Fig. 4, [35]) and modern-day carbonate platforms 
located along the Saudi Arabian Red Sea coastline (F. Giovenzana, unpublished data, Fig. 5). It has been also proposed 
that Pleistocene reef zones bear similarity to their modern counterparts [6, 26]. If this holds true, fossil foraminifers can be 
used for comparison with contemporary foraminifers, serving as a reference point for future assessments of coral health.

6 � Red Sea as an extreme environment

Throughout its evolution history, the Red Sea has experienced severe sea-level variations (Fig. 2). Since the early Tortonian 
(~ 8 My), the basin was almost desiccated, leading to voluminous evaporite deposition [89, 118]. The start of the Pliocene 
(~ 5.2 My) was marked by a refill event with the opening of Strait of Bab-al-Mandab that led to the modern-day-like 
conditions in the Red Sea environment [60, 71, 85, 125].
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The Early Pliocene marine refill was noted by Kora and Abdel-Fattah [66] who reported data from the Egyptian Red 
Sea on the rare presence of the Early Pliocene corals of Indo-Pacific affinities linked to this marine excursion. Despite 
the importance of the Pliocene times in the Red Sea realm, to our knowledge, the literature lacks documentation of the 
Pliocene sea-level variations recorded in the Red Sea, except for the paleogeographical reconstructions [118]. The recent 
study of Mitchell et al. [84] from contourite-like deposits suggests that during the Early Pliocene times, the Red Sea might 
have had lower sea-level stand and intermittent brackish conditions, which align well with the diatom findings from the 
Gulf of Suez that are suggestive of shallow water, freshwater, and brackish water conditions [131]. The possible causes of 
such conditions could be related to monsoon/rainfall dynamics and wetter climate as it was in the Mediterranean Sea [50, 
73] or a change in the source of the great Nile River [10]. However, the role of Nile River and the Mediterranean inflow in 
the replenishment of the Red Sea temporally and spatially are less known. Indeed, spatial variation in micropaleontologi-
cal findings from the Pliocene sediments were noted by Pocknall et al. [98] who stated that while in the Gulf of Suez they 

Fig. 5   SEM photos of selected benthic foraminifer species from modern-day fringing reef of Al-Wajh carbonate platform located in north-
west Saudia Arabia. a. Acervulina sp.; b. Amphistegina lessonii; c. Coscinospira hemprichii; d. Heterostegina depressa; e. Peneroplis planatus; f. 
Peneroplis pertusus; g. Quinqueloculina contorta; h. Quinqueloculina boueana; i. Quinqueloculina cf. laevigata j. Sahulia kerimbaensis; k. Oper-
culina ammonoides; l. Planorbulina sp.; m. Textularia agglutinans; n. Textularia communis; o. Textularia foliacea occidentalis; p. Sorites sp.; r. 
Sorites orbiculus; s. Triloculina tricarinata; t. Triloculina sp. (F. Giovenzana, unpublished data). Scale bars = 500 µm
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recorded palynomorphs indicators of wet and warm climates and, as per the dinoflagellates, varying salinity conditions, 
DSDP sites covering the central and southern Red Sea were barren of palynomorphs. Despite the brackish conditions in 
the Red Sea could be considered the lower end of the extreme salinity spectrum and benthic foraminifers could be used 
to reveal varying salinity conditions (as discussed below), until further research, we lack foraminiferal data to discuss 
this issue for the Pliocene times at the moment. Therefore, we focus on the sea-level variations that occurred in the Red 
Sea during the last 500 kyr [51, 106] and their responses as salinity extremities recorded by the marine fauna (Fig. 6).

The extreme saline conditions of the Red Sea are recorded in deep-sea fauna of the last 500 kyr [106]. Sediment 
archives from the deep Red Sea registered aplanktic zones, where planktic foraminifers disappeared due to extreme 
salinities [43, 55, 106]. During the last 500 kyr, three distinct aplanktic zones were recorded: MIS 12 (~ 470 kyr), MIS 6 (~ 130 
kyr, and MIS 2, in other words the Last Glacial Maximum (LGM; 23–19 kyr) (Fig. 6). The LGM resulted in extreme salinities 
reaching > 53 due to drastic global sea-level drop (by ~ 120 m) that severed marine fauna [55, 119] (Fig. 6), but a new 
study displayed deep-water corals and benthic foraminifers survived this salinity extremity [27] contrary to the previous 
findings [129]. This new finding aligns well with the earlier findings of Rohling et al. [106] (Fig. 6) and Winter et al. [136] 
who recorded the high-salinity resistant deep-sea miliolid taxa with increased abundance corresponding to aplanktic 
zones during the low sea-level stands. The resilience of miliolids as salinity tolerant taxa was noted also by Parker et al. 
[91] who discussed that miliolids might have survived in the Red Sea during the Holocene after the LGM, given some 
modern reef taxa were not encountered in the uplifted Pleistocene reef terraces (e.g., Coscinospira hemprichii, Monaly-
sidium acicularis, Elphidium craticulatum, E. striatopunctatum, Quinqueloculina mosharrafai, among others); however, we 
lack studies to accurately reach this information for specific extreme salinity intervals during glacial low sea-level stands 
such as MIS 16, MIS 6, and MIS 2 (Fig. 6) from uplifted deposits.

Indeed, using foraminiferal assemblage shifts in the Red Sea has the potential to be a strong approach to document 
the salinity history of the Red Sea across geological timescales. Miliolids from shallow and deep-sea basins are used as 
indicators of varying salinity conditions of restricted basins [16, 43, 106]. Assemblage shifts between hyaline Rotaliida 
and porcelaneous Miliolida [18, 63, 95] can be used to reveal salinity evolution of the Red Sea both from shallow water 
and deep-water (e.g., Fig. 6 for the last 500 kyr,[106]) settings providing information on how this extreme environment 
formed and started to host its endemic species and corals.

7 � Final remarks and future research directions

This review study focused on the previous studies that used shallow water benthic foraminifers to evaluate the Red Sea 
paleoecology and paleoclimate, and their link to coral health assessment.

Fig. 6   Benthic foraminifer ẟ18O global sea-level stack in dark blue (after [123]), Red Sea relative sea-level estimations in orange derived from 
planktic foraminifer Globigerinoides ruber and bulk sediment ẟ18O (after [51, 107]), and relative abundance of deep-sea miliolids as indicator 
of salinity changes in red [106] covering the last ~ 500 kyr. Black arrows correspond to Marine Isotope Stages with extreme salinity events 
recorded as aplanktic zones in the Red Sea during sea-level low stands of glacials with salinities reaching > 53 [55, 106]



Vol:.(1234567890)

Review	  
Discover Oceans            (2025) 2:35  | https://doi.org/10.1007/s44289-025-00073-6

Our study pointed to significant gaps in our understanding of the evolution of the Red Sea as a young ocean. Despite 
the rich late Quaternary studies in the Red Sea region, a considerable gap in the Pliocene and Early-Middle Pleistocene 
climates, especially intervals of present and future climate analogues, stands out. A better understanding of the past 
response of the Red Sea to climate shifts is crucial to projecting its present-day and future response to ongoing climate 
warming. Furthermore, for a sound assessment of coral reef health by benefitting from the reef-associated foraminifers 
to monitor and protect the marine biodiversity and environment of the Red Sea, these analogues play an important 
role. As a future roadmap, to better understand the Red Sea as a coral refuge under the global warming scenarios, our 
findings point to the following thoughts as imperative future research directions:

1)	 Tandem analysis of shallow-water and deep-sea benthic foraminifers along the Red Sea, focusing on assemblage 
shifts, would reveal salinity evolution of the Red Sea Basin;

2)	 Fossil shallow water benthic foraminifers associated with coral reefs can be used as a reference to study modern-day 
reef environments and ecological variations;

3)	 Pliocene-aged shallow environments can be used as a guide to better establish paleoshorelines of the Red Sea;
4)	 Pliocene and Pleistocene climates as analogs for present-day and future climates can be used as references to assess 

the Red Sea as a climate refuge in future climate conditions.

Acknowledgements  This research was made possible by KAUST baseline funding to HW. The position of FG has been funded by Volker Vahren-
kamp (KAUST), and we are grateful for his support of our work. NÖ was supported partially by KAUST and partially by EU-MSCA Postdoctoral 
Fellowship (grant no 101104537).

Author contributions  NÖ and HW conceptualized the study. NÖ wrote the main manuscript text and prepared Figs. 2, 4, 5 and 6. AK prepared 
Fig. 1. FG prepared Supplementary Information, Fig. 3, and prepared SEM photos for Fig. 5.  NÖ, HW, FG, AK, and GMV reviewed and contributed 
to the discussion and the revised version of the final manuscript.

Funding  NÖ was supported by EU-MSCA Postdoctoral Fellowship (grant no 101104537).

Data availability  No datasets were generated or analysed during the current study.

Declarations 

Ethics approval and consent to participate  Not applicable.

Consent for publication  Not applicable.

Competing interests  Authors declare a potential conflict of interest as HW is a Guest Editor of the Special Issue and a co-author of this paper. 
HW was not involved in the peer-review process and editorial handling of this paper. Editorial process was handled independently by another 
editor with no conflict.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Abdulla CP, Al-Subhi AM. Is the red sea sea-level rising at a faster rate than the global average? An analysis based on satellite altimetry 
data. Remote Sens. 2021;13(17):1–17. https://​doi.​org/​10.​3390/​rs131​73489.

	 2.	 Abu-Zied RH, Bantan RA. Hypersaline benthic foraminifera from the Shuaiba Lagoon, eastern Red Sea, Saudi Arabia: their environmental 
controls and usefulness in sea-level reconstruction. Mar Micropaleontol. 2013;103:51–67. https://​doi.​org/​10.​1016/j.​marmi​cro.​2013.​07.​
005.

	 3.	 Abu-Zied RH, Basaham AS, El Sayed MA. Effect of municipal wastewaters on bottom sediment geochemistry and benthic foraminifera 
of two Red Sea coastal inlets, Jeddah, Saudi Arabia. Environ Earth Sci. 2013;68(2):451–69. https://​doi.​org/​10.​1007/​s12665-​012-​1751-7.

	 4.	 Akers, W. H. (1974). 2. Foraminiferal range charts for Arabian Sea and Red Sea sites, Leg 23. In Initial Reports of the Deep Sea Drilling 
Project, 23 (Vol. 23).

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/rs13173489
https://doi.org/10.1016/j.marmicro.2013.07.005
https://doi.org/10.1016/j.marmicro.2013.07.005
https://doi.org/10.1007/s12665-012-1751-7


Vol.:(0123456789)

Discover Oceans            (2025) 2:35  | https://doi.org/10.1007/s44289-025-00073-6 
	 Review

	 5.	 Al-Dubai TA, Abu-Zied RH, Basaham AS. Diversity and distribution of benthic foraminifera in the Al-Kharrar Lagoon, eastern Red Sea 
coast Saudi Arabia. Micropaleontology. 2017;63(5):275–303. https://​doi.​org/​10.​4789/​mpal.​63.5.​02.

	 6.	 Alexandroff SJ, Zuschin M, Kroh A. Quantitative comparison of pleistocene and recent coral reef habitats in the northern Red Sea (El 
Quseir, Egypt). Facies. 2016;62(2):1–12. https://​doi.​org/​10.​1007/​s10347-​016-​0468-6.

	 7.	 Al-Kahtany K, Youssef M, El-Sorogy A. Benthic foraminifera as bioindicators of anthropogenic pollution in the Red Sea Coast, Saudi Arabia. 
J King Saud Univ - Sci. 2023;35(1): 102383. https://​doi.​org/​10.​1016/j.​jksus.​2022.​102383.

	 8.	 Al-Kahtany K, Youssef M, El-Sorogy A, Al-Kahtany F. Benthic foraminifera as bioindicators of environmental quality of Dammam Al-Jubail 
area, Arabian Gulf, Saudi Arabia. Arab J Geosci. 2020. https://​doi.​org/​10.​1007/​s12517-​020-​05361-3.

	 9.	 Alnashiri HB, AbdAllah AT, Maqbool TK, Adel AM. A comparative study of biodiversity of meiobenthos as bioindicator for water quality 
from the red sea coasts of Jazan and Farasan Island Saudi Arabia. Life Sci J. 2018;15(8):69–74. https://​doi.​org/​10.​7537/​marsl​sj150​818.​09.

	 10.	 Álvarez W. An enormous Pliocene or Quaternary Megalake Sudd on the River Nile in the Sudan Basin? A review of the dilemma, and a 
possible solution. J Afr Earth Sci. 2023. https://​doi.​org/​10.​1016/j.​jafre​arsci.​2023.​105016.

	 11.	 Ash-Mor A, Almogi-Labin A, Ben-Avraham Z, Kanari M, Bookman R. Shelf inhabiting foraminifera as a tool for understanding late qua-
ternary mass transport processes in the Northern Gulf of Eilat/Aqaba, Red Sea. Mar Geol. 2023;456: 106988. https://​doi.​org/​10.​1016/j.​
margeo.​2022.​106988.

	 12.	 Ash-Mor A, Almogi-Labin A, Bouchet VMP, Seuront L, Guy-Haim T, Ben-Avraham Z, Bookman R. Going with the flow: Experimental simula-
tion of sediment transport from a foraminifera perspective. Sedimentology. 2022;69(3):1231–51. https://​doi.​org/​10.​1111/​sed.​12945.

	 13.	 Ash-Mor A, Bookman R, Kanari M, Ben-Avraham Z, Almogi-Labin A. Micropaleontological and taphonomic characteristics of mass trans-
port deposits in the northern Gulf of Eilat/Aqaba, Red Sea. Mar Geol. 2017;391:36–47. https://​doi.​org/​10.​1016/j.​margeo.​2017.​07.​009.

	 14.	 Augustin N, van der Zwan FM, Devey CW, Brandsdóttir B. 13 million years of seafloor spreading throughout the Red Sea basin. Nat Com-
mun. 2021. https://​doi.​org/​10.​1038/​s41467-​021-​22586-2.

	 15.	 Aziz ANA, Minhat FI, Pan HJ, Shaari H, Saelan WNW, Azmi N, Manaf OARA, Ismail MN. Reef foraminifera as bioindicators of coral reef 
health in southern South China Sea. Sci Rep. 2021;11(1):8890. https://​doi.​org/​10.​1038/​s41598-​021-​88404-3.

	 16.	 Babejová-Kmecová J, Hudáčková N, Király E, Báldi K, Preto N, Bielich M, Golej M. Miliolid-rich assemblages in the Paratethys: paleoenvi-
ronmental implications for Serravallian (Badenian-Sarmatian) sediments. Geol Carpath. 2024;75(4):279–99. https://​doi.​org/​10.​31577/​
GeolC​arp.​2024.​16.

	 17.	 Badawi A, Schmiedl G, Hemleben C. Impact of late Quaternary environmental changes on deep-sea benthic foraminiferal faunas of the 
Red Sea. Mar Micropaleontol. 2005;58(1):13–30. https://​doi.​org/​10.​1016/j.​marmi​cro.​2005.​08.​002.

	 18.	 BadrElDin AM, Hallock P. Benthic foraminifers in coastal habitats of Ras mohamed nature reserve, southern Sinai, Red Sea Egypt. J Micro-
palaeontol. 2024;43(2):239–67. https://​doi.​org/​10.​5194/​jm-​43-​239-​2024.

	 19.	 Bailey GN, Flemming NC, King GCP, Lambeck K, Momber G, Moran LJ, Al-Sharekh A, Vita-Finzi C. Coastlines, submerged landscapes, and 
human evolution: the Red Sea Basin and the Farasan Islands. J Island Coast Archaeol. 2007;2(2):127–60. https://​doi.​org/​10.​1080/​15564​
89070​16234​49.

	 20.	 Berggren WA, Boersma A. Late Pleistocene and Holocene planktonic foraminifera in the Red Sea. In: Degens ET, Ross DA, editors. Hot 
brines and recent heavy metal deposits in the Red Sea. Springer Science+Business Media LLC; 1969. p. 382–98.

	 21.	 Betzler C, Eberli GP. Miocene start of modern carbonate platforms. Geology. 2019;47(8):771–5. https://​doi.​org/​10.​1130/​G45994.1.
	 22	 Bosworth W. Geological evolution of the red sea: historical background, review, and synthesis. In: Rasul NMA, Stewart ICF, editors. The 

Red Sea: The Formation, Morphology, Oceanography and Environment of a Young Ocean Basin. Berlin Heidelberg: Springer; 2015.
	 23.	 Bosworth W, Huchon P, McClay K. The Red Sea and Gulf of Aden Basins. J Afr Earth Sci. 2005;43(1–3):334–78. https://​doi.​org/​10.​1016/j.​

jafre​arsci.​2005.​07.​020.
	 24.	 Bouilloux A, Valet JP, Bassinot F, Joron JL, Dewilde F, Blanc-Valleron MM, Moreno E. Influence of seawater exchanges across the Bab-el-

Mandeb Strait on sedimentation in the Southern Red Sea during the last 60 ka. Paleoceanography. 2013;28(4):675–87. https://​doi.​org/​
10.​1002/​2013P​A0025​44.

	 25.	 Burke KD, Williams JW, Chandler MA, Haywood AM, Lunt DJ, Otto-Bliesner BL. Pliocene and Eocene provide best analogs for near-future 
climates. Proc Natl Acad Sci U S A. 2018;115(52):13288–93. https://​doi.​org/​10.​1073/​pnas.​18096​00115.

	 26.	 Casazza LR. Pleistocene reefs of the Egyptian Red Sea: environmental change and community persistence. PeerJ. 2017;5: e3504. https://​
doi.​org/​10.​7717/​peerj.​3504.

	 27.	 Chakraborty MI, Sharifi A, Benzoni F, Tissot FLH, Pourmand A, Taviani M, Howes B, Swart PK, Lu C, Rodrigue M, Purkis SJ. Deep-water 
corals indicate the Red Sea survived the last glacial lowstand. Proc Natl Acad Sci U S A. 2025. https://​doi.​org/​10.​1073/​pnas.​24155​59122.

	 28.	 Cochran JR. Northern Red Sea: nucleation of an oceanic spreading center within a continental rift. Geochem Geophys Geosyst. 2005. 
https://​doi.​org/​10.​1029/​2004G​C0008​26.

	 29.	 Coleman RG. Geologic background of the red sea. In: Burke CA, Drake CL, editors. The geology of continental margins. Berlin: Springer; 
1974. p. 743–51.

	 30.	 Cox LR. Notes on the post-Miocene Ostreidae and Pectinidae of the Red Sea region, with remarks on the geological significance of their 
distribution. Malac Soc Proc. 1929;18:165–209.

	 31.	 de Araújo HAB, de Machado A. Benthic foraminifera associated with the South Bahia Coral Reefs Brazil. J Foraminifer Res. 2008;38(1):23–38. 
https://​doi.​org/​10.​2113/​gsjfr.​38.1.​23.

	 32.	 DiBattista JD, Howard Choat J, Gaither MR, Hobbs JPA, Lozano-Cortés DF, Myers RF, Paulay G, Rocha LA, Toonen RJ, Westneat MW, Beru-
men ML. On the origin of endemic species in the Red Sea. J Biogeogr. 2016;43(1):13–30. https://​doi.​org/​10.​1111/​jbi.​12631.

	 33.	 Doo SS, Hamylton S, Byrne M. Reef-scale assessment of intertidal large benthic foraminifera populations on one tree Island, great barrier 
reef and their future carbonate production potential in a warming ocean. Zool Stud. 2012;51(8):1298–307.

	 34.	 D’Orbigny AD. Tableau méthodique de la classe des Céphalopodes. Ann Sci Nat. 1826;7(96–169):245–314.
	 35.	 Dullo W. Facies, fossil record, and age of pleistocene reefs from the Red Sea (Saudi Arabia). Facies. 1990;22(1):1–45. https://​doi.​org/​10.​

1007/​BF025​36943.
	 36.	 Dullo W, Montaggioni L. Modern Red Sea coral reefs: a review of their morphologies and zonation. In: Purser BH, Bosence DWJ, editors. 

Sedimentation and Tectonics in Rift Basins Red Sea- Gulf of Aden. Netherlands: Springer; 1998.

https://doi.org/10.4789/mpal.63.5.02
https://doi.org/10.1007/s10347-016-0468-6
https://doi.org/10.1016/j.jksus.2022.102383
https://doi.org/10.1007/s12517-020-05361-3
https://doi.org/10.7537/marslsj150818.09
https://doi.org/10.1016/j.jafrearsci.2023.105016
https://doi.org/10.1016/j.margeo.2022.106988
https://doi.org/10.1016/j.margeo.2022.106988
https://doi.org/10.1111/sed.12945
https://doi.org/10.1016/j.margeo.2017.07.009
https://doi.org/10.1038/s41467-021-22586-2
https://doi.org/10.1038/s41598-021-88404-3
https://doi.org/10.31577/GeolCarp.2024.16
https://doi.org/10.31577/GeolCarp.2024.16
https://doi.org/10.1016/j.marmicro.2005.08.002
https://doi.org/10.5194/jm-43-239-2024
https://doi.org/10.1080/15564890701623449
https://doi.org/10.1080/15564890701623449
https://doi.org/10.1130/G45994.1
https://doi.org/10.1016/j.jafrearsci.2005.07.020
https://doi.org/10.1016/j.jafrearsci.2005.07.020
https://doi.org/10.1002/2013PA002544
https://doi.org/10.1002/2013PA002544
https://doi.org/10.1073/pnas.1809600115
https://doi.org/10.7717/peerj.3504
https://doi.org/10.7717/peerj.3504
https://doi.org/10.1073/pnas.2415559122
https://doi.org/10.1029/2004GC000826
https://doi.org/10.2113/gsjfr.38.1.23
https://doi.org/10.1111/jbi.12631
https://doi.org/10.1007/BF02536943
https://doi.org/10.1007/BF02536943


Vol:.(1234567890)

Review	  
Discover Oceans            (2025) 2:35  | https://doi.org/10.1007/s44289-025-00073-6

	 37.	 El Kateb A, Stalder C, Martínez-Colón M, Mateu-Vicens G, Francescangeli F, Coletti G, Stainbank S, Spezzaferri S. Foraminiferal-based 
biotic indices to assess the ecological quality status of the Gulf of Gabes (Tunisia): Present limitations and future perspectives. Ecol Indic. 
2020;111: 105962. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2019.​105962.

	 38.	 El-Moursi M, Hoang CT, El Fayoumy IF, Hegab O, Faure H. Pleistocene evolution of the Red Sea coastal plain, Egypt: evidence from 
uranium-series dating of emerged reef terraces. Quat Sci Rev. 1994;13(4):345–59. https://​doi.​org/​10.​1016/​0277-​3791(94)​90112-0.

	 39.	 El-Sorogy AS. Miocene coral reefs of the northern Red Sea coast, Egypt: Facies development and diagenesis. M. E. R. C Ain Shams Univ. 
Earth Sci Ser. 2001;15:184–99.

	 40.	 El-Sorogy AS, Youssef M, Al-Malky M. Late Pleistocene reef fauna from the Red Sea coast, Northwest Saudi Arabia. Hist Biol. 2020;32(7):996–
1009. https://​doi.​org/​10.​1080/​08912​963.​2019.​16282​26.

	 41.	 Erez J, Gill D. Multivariate analysis of biogenic constituents in recent sediments off Ras Burka, Gulf of Elat, Red Sea. J Int Assoc Math Geol. 
1977;9(1):77–98. https://​doi.​org/​10.​1007/​bf023​12497.

	 42.	 Felesteen A, Kheidr E, Abul Magd K. The neogene-quaternary sequence of Ras Banas Peninsula: stratigraphical studies. Egypt J Geol. 
1994;38(1):267–87.

	 43.	 Fenton M, Geiselhart S, Rohling EJ, Hemleben C. Aplanktonic zones in the Red Sea. Mar Micropaleontol. 2000;40(3):277–94. https://​doi.​
org/​10.​1016/​S0377-​8398(00)​00042-6.

	 44.	 Fernandes CA, Rohling EJ, Siddall M. Absence of post-Miocene Red Sea land bridges: biogeographic implications. J Biogeogr. 
2006;33(6):961–6. https://​doi.​org/​10.​1111/j.​1365-​2699.​2006.​01478.x.

	 45.	 Fine M, Cinar M, Voolstra CR, Safa A, Rinkevich B, Laffoley D, Hilmi N, Allemand D. Coral reefs of the Red Sea — challenges and potential 
solutions. Reg Stud Mar Sci. 2019;25: 100498. https://​doi.​org/​10.​1016/j.​rsma.​2018.​100498.

	 46.	 Ghebreab W. Tectonics of the Red Sea region reassessed. Earth Sci Rev. 1998;45(1–2):1–44. https://​doi.​org/​10.​1016/​S0012-​8252(98)​
00036-1.

	 47.	 Ghandour IM, El-Kahawy RM, Murgulet D, Bantan RA, Althagafi AA, Al-Mur BA, Aljahdali MH. Benthic foraminifera as ecological quality 
status biomonitors in sharm Obhur Red Sea Coast Saudi Arabia. Egypt J Aquat Res. 2024. https://​doi.​org/​10.​1016/j.​ejar.​2024.​11.​004.

	 48.	 Gonzales MB, Heyres LJ, Monteclaro HM, del Norte-Campos AG, Santander-de Leon SMS. Benthic foraminifera as bioindicator of coral 
reef condition in Nogas Island Philippines. Reg Stud Marine Sci. 2022;52: 102352. https://​doi.​org/​10.​1016/j.​rsma.​2022.​102352.

	 49.	 Gräffe R. Vorläufiger Bericht über die mikroskopischen Organismen des aus der Tiefe des Rothen Meeres gedredgten Schlammes der 
Expedition S.M. Schiffes “Pola” in den Jahren 1895–1896. Sitzungsber Kaiserl Akad Wiss Wien Math-Naturw Kl. 1897;106:431–8.

	 50.	 Grant KM, Amarathunga U, Amies JD, Hu P, Qian Y, Penny T, Rodriguez-Sanz L, Zhao X, Heslop D, Liebrand D, Hennekam R, Westerhold T, 
Gilmore S, Lourens LJ, Roberts AP, Rohling EJ. Organic carbon burial in Mediterranean sapropels intensified during Green Sahara Periods 
since 32 Myr ago. Commun Earth Environ. 2022;3(1):1–9. https://​doi.​org/​10.​1038/​s43247-​021-​00339-9.

	 51.	 Grant KM, Rohling EJ, Bronk Ramsey C, Cheng H, Edwards RL, Florindo F, Heslop D, Marra F, Roberts AP, Tamisiea ME, Williams F. Sea-level 
variability over five glacial cycles. Nat Commun. 2014. https://​doi.​org/​10.​1038/​ncomm​s6076.

	 52	 Hallock P. Larger foraminifera as indicators of coral-reef vitality. In: Martin RE, editor. Environmental Micropaleontology The Application 
of Microfossils to Environmental Geology. US: Springer; 2000.

	 53.	 Hallock P, Lidz BH, Cockey-Burkhard EM, Donnelly KB. Foraminifera as bioindicators in coral reef assessment and monitoring: the foram 
index. Environ Monit Assess. 2003;81(1–3):221–38. https://​doi.​org/​10.​1023/A:​10213​37310​386.

	 54.	 Haunold TG, Baal C, Piller WE. Benthic foraminiferal associations in the Northern Bay of Safaga, Red Sea, Egypt. Mar Micropaleontol. 
1997;29(3–4):185–210. https://​doi.​org/​10.​1016/​S0377-​8398(96)​00031-X.

	 55.	 Hemleben C, Meischner D, Zahn R, Almogi-Labin A, Erlenkeuser H, Hiller B. Three hundred eighty thousand year long stable isotope and 
faunal records from the Red Sea: influence of global sea level change on hydrography. Paleoceanography. 1996;11(2):147–56.

	 56.	 Heron-Allen E, Earland A. Report on the foraminifera. Cambridge expedition to the Suez Canal, 1924. Trans Zool Soc Lond. 1926;22:65–70.
	 57.	 Hohenegger J. The importance of symbiont-bearing benthic foraminifera for West Pacific carbonate beach environments. Mar Micro-

paleontol. 2006;61(1–3):4–39. https://​doi.​org/​10.​1016/j.​marmi​cro.​2006.​05.​007.
	 58.	 Hottinger L, Halicz E, Reiss Z. Recent Foraminiferida from the Gulf of Aqaba, Red Sea Slovenska Akademija Znanosti in Umetnosti. Pale-

ontol Institut lvana Rakovca. 1993;3:1.
	 59.	 Hughes GW, Abdine S, Girgis MH. Miocene biofacies development and geological history of the Gulf of Suez, Egypt. Mar Pet Geol. 

1992;9(1):2–28. https://​doi.​org/​10.​1016/​0264-​8172(92)​90002-V.
	 60.	 Hughes GW, Beydoun ZR. The Red Sea - Gulf of Aden: Biostratigraphy, Lithostratigraphy and Palaeoenvironments. J Pet Geol. 

1992;15(2):135–56. https://​doi.​org/​10.​4324/​97813​15066​790-​21.
	 61.	 Hughes GW, Johnson RS. Lithostratigraphy of the Red Sea region. GeoArabia. 2005;10(3):49–126. https://​doi.​org/​10.​2113/​geoar​abia1​

00349.
	 62.	 Humphreys AF, Abdulla A, Sherman S, Levine J, Arista K, Jones L, Hoffman C, Palavicini G, Vimercati S, Terraneo TI, Ouhssain M, Rodrigue 

M, Purkis SJ. Amphistegina lobifera foraminifera are excellent bioindicators of heat stress on high latitude Red Sea reefs. Coral Reefs. 
2022;41(4):1211–23. https://​doi.​org/​10.​1007/​s00338-​022-​02264-5.

	 63.	 James NP, Collins LB, Bone Y, Hallock P. Subtropical carbonates in a temperate realms: modern sediments on the southwest Australian 
shelf. J Sediment Res. 1999;69(6):1297–321.

	 64.	 Klaus JS, Meeder JF, McNeill DF, Woodhead JF, Swart PK. Expanded Florida reef development during the mid-Pliocene warm period. Glob 
Planet Change. 2017;152:27–37. https://​doi.​org/​10.​1016/j.​glopl​acha.​2017.​02.​001.

	 65.	 Koeshidayatullah A, Al-Ramadan K, Collier R, Hughes GW. Variations in architecture and cyclicity in fault-bounded carbonate platforms: 
early Miocene red sea Rift, NW Saudi Arabia. Mar Pet Geol. 2016;70:77–92. https://​doi.​org/​10.​1016/j.​marpe​tgeo.​2015.​10.​017.

	 66.	 Kora M, Abdel-Fattah Z. Pliocene and Plio-Pleistocene macrofauna from the Red Sea coastal plain (Egypt): biostratigraphy and bioge-
ography. Geol Palaeontol. 2000;34:219–35.

	 67.	 Kora M, Ayyad S, Heba E-D. Microfacies and environmental interpretation of the pliocene-pleistocene carbonates in the Marsa Alam 
Area, Red Sea Coastal Plain Egypt. J Environ Sci. 2013;42(1):155–82.

	 68.	 Krokos G, Papadopoulos VP, Sofianos SS, Ombao H, Dybczak P, Hoteit I. Natural climate oscillations may counteract Red Sea warming 
over the coming decades. Geophys Res Lett. 2019;46(6):3454–61. https://​doi.​org/​10.​1029/​2018G​L0813​97.

https://doi.org/10.1016/j.ecolind.2019.105962
https://doi.org/10.1016/0277-3791(94)90112-0
https://doi.org/10.1080/08912963.2019.1628226
https://doi.org/10.1007/bf02312497
https://doi.org/10.1016/S0377-8398(00)00042-6
https://doi.org/10.1016/S0377-8398(00)00042-6
https://doi.org/10.1111/j.1365-2699.2006.01478.x
https://doi.org/10.1016/j.rsma.2018.100498
https://doi.org/10.1016/S0012-8252(98)00036-1
https://doi.org/10.1016/S0012-8252(98)00036-1
https://doi.org/10.1016/j.ejar.2024.11.004
https://doi.org/10.1016/j.rsma.2022.102352
https://doi.org/10.1038/s43247-021-00339-9
https://doi.org/10.1038/ncomms6076
https://doi.org/10.1023/A:1021337310386
https://doi.org/10.1016/S0377-8398(96)00031-X
https://doi.org/10.1016/j.marmicro.2006.05.007
https://doi.org/10.1016/0264-8172(92)90002-V
https://doi.org/10.4324/9781315066790-21
https://doi.org/10.2113/geoarabia100349
https://doi.org/10.2113/geoarabia100349
https://doi.org/10.1007/s00338-022-02264-5
https://doi.org/10.1016/j.gloplacha.2017.02.001
https://doi.org/10.1016/j.marpetgeo.2015.10.017
https://doi.org/10.1029/2018GL081397


Vol.:(0123456789)

Discover Oceans            (2025) 2:35  | https://doi.org/10.1007/s44289-025-00073-6 
	 Review

	 69.	 Langer M. Foraminifera from the Mediterranean and the Red Sea. In: Por FD, editor. Aqaba-Eilat, the Improbable Gulf: Environment, 
Biodiversity and Preservation. Magnes Press; 2008. p. 397–415.

	 70.	 Langer M, Silk MT, Lipps JH. Global ocean carbonate and carbon dioxide production: the role of reef foraminifera. J Foraminiferal 
Res. 1997;27(4):271–7. https://​doi.​org/​10.​2113/​gsjfr.​27.4.​271.

	 71.	 Lean CB, Hounslow MW, Vine FJ, Harwood GM, Elvidge L, Fisk K, Kendall AC, Montgomery P. Magnetostratigraphy and sedimentary 
evolution of the late Miocene to early Pleistocene sediments, Quseir region Egyptian Red Sea. Geophysical J Int. 1998;133:435–50.

	 72.	 Legge HL, Mutterlose J, Arz HW, Pätzold J. Nannoplankton successions in the northern Red Sea during the last glaciation (60 to 14.5 
ka BP): reactions to climate change. Earth Planet Sci Lett. 2008;270(3–4):271–9. https://​doi.​org/​10.​1016/j.​epsl.​2008.​03.​030.

	 73.	 Li X, Jiang D, Tian Z, Yang Y. Mid-Pliocene global land monsoon from pliomip1 simulations. Palaeogeogr Palaeoclimatol Palaeoecol. 
2018;512:56–70. https://​doi.​org/​10.​1016/j.​palaeo.​2018.​06.​027.

	 74.	 Madkour HA. Recent benthic foraminifera of shallow marine environment from the Egyptian Red Sea coast. Global Adv Res J Geol 
Mining Res. 2013;2(1):5–14.

	 75.	 Mandur MMM. Calcareous nannoplankton biostratigraphy of the lower and middle Miocene of the Gulf of Suez, Egypt. Aust J Basic 
Appl Sci. 2009;3(3):2290–303.

	 76	 Marie P. Sur la Familles des Foraminiferes des depots litteraux actuels de la Mer Rouge et de Djibouti. Mem Soc Linn Normandie. 
1941;1:53.

	 77.	 Mateu-Vicens G, Khokhlova A, Sebastian-Pastor T. Epiphytic foraminiferal indices as bioindicators in Mediterranean seagrass mead-
ows. J Foraminiferal Res. 2014;44(3):325–39. https://​doi.​org/​10.​2113/​gsjfr.​44.3.​325.

	 78.	 McKenzie DP, Davies D, Molnar P. Plate tectonics of the Red Sea and East Africa. Nature. 1970;226(5242):243–8. https://​doi.​org/​10.​
1038/​22624​3a0.

	 79.	 Meijer P. (paleo)oceanography of semi-enclosed seas with a focus on the Mediterranean region; insights from basic theory. Earth-Sci 
Rev. 2021;221: 103810. https://​doi.​org/​10.​1016/j.​earsc​irev.​2021.​103810.

	 80.	 Meriç E, Öner E, Avşar N, Nazik A, Güneyli H, Islamoğlu Y, Yokeş MB, Dinçer F. Did the Red Sea - Mediterranean connection over the 
Dead Sea Fault Zone end in the late Pliocene? Quat Int. 2016;401:123–31. https://​doi.​org/​10.​1016/j.​quaint.​2015.​08.​067.

	 81.	 Merkado G, Holzmann M, Apothéloz-Perret-Gentil L, Pawlowski J, Abdu U, Almogi-Labin A, Hyams-Kaphzan O, Bakhrat A, Abramovich 
S. Molecular evidence for lessepsian invasion of soritids (larger symbiont bearing benthic foraminifera). PLoS ONE. 2013. https://​
doi.​org/​10.​1371/​journ​al.​pone.​00777​25.

	 82.	 Meulenkamp JE, Sissingh W. Tertiary palaeogeography and tectonostratigraphic evolution of the Northern and Southern Peri-Tethys 
platforms and the intermediate domains of the African-Eurasian convergent plate boundary zone. Palaeogeogr Palaeoclimatol 
Palaeoecol. 2003;196(1–2):209–28. https://​doi.​org/​10.​1016/​S0031-​0182(03)​00319-5.

	 83.	 Milker Y, Jorissen FJ, Riller U, Reicherter K, Titschack J, Weinkauf MFG, Theodor M, Schmiedl G. Paleo-ecologic and neotectonic evo-
lution of a marine depositional environment in SE Rhodes (Greece) during the early Pleistocene. Quat Sci Rev. 2019;213:120–32. 
https://​doi.​org/​10.​1016/j.​quasc​irev.​2019.​04.​021.

	 84.	 Mitchell NC, Ligi M, Preine J, Liebrand D, Ali M, Decarlis A. Contourite-like deposits suggest stronger-than-present circulation in the 
Plio-Pleistocene Red Sea. Glob Planet Change. 2024. https://​doi.​org/​10.​1016/j.​glopl​acha.​2024.​104527.

	 85.	 Mitchell NC, Shi W, Izzeldin AY, Stewart ICF. Reconstructing the level of the central Red Sea evaporites at the end of the Miocene. 
Basin Res. 2021;33(2):1266–92. https://​doi.​org/​10.​1111/​bre.​12513.

	 86.	 Mohriak WU, Leroy S. Architecture of rifted continental margins and break-up evolution: insights from the South Atlantic, North 
Atlantic and Red Sea-Gulf of aden conjugate margins. Geol Soc Spec Publ. 2013;369(1):497–535. https://​doi.​org/​10.​1144/​SP369.​17.

	 87.	 Narayan GR, Reymond CE, Stuhr M, Doo S, Schmidt C, Mann T, Westphal H. Response of large benthic foraminifera to climate and 
local changes: implications for future carbonate production. Sedimentology. 2022;69(1):121–61. https://​doi.​org/​10.​1111/​sed.​12858.

	 88.	 Oron S, Angel D, Goodman-Tchernov B, Merkado G, Kiflawi M, Abramovich S. Benthic foraminiferal response to the removal of 
aquaculture fish cages in the Gulf of Aqaba-Eilat, Red Sea. Mar Micropaleontol. 2014;107:8–17. https://​doi.​org/​10.​1016/j.​marmi​cro.​
2014.​01.​003.

	 89.	 Orszag-Sperber F, Harwood G, Kendall A, Purser BH. A review of the evaporites of the Red Sea-Gulf of Suez rift. In: Purser BH, Bosence 
DWJ, editors. Sedimentation and Tectonics in Rift Basins Red Sea: Gulf of Aden Gulf of Aden. Netherlands: Springer; 1998.

	 90.	 Öǧretmen N, Angulo-Preckler C, Aranda M, Duarte CM, Westphal H. The Northern Red Sea (Shushah Island) coral health inferred from 
benthic foraminifers. Diversity. 2024;16(463):1–9. https://​doi.​org/​10.​3390/​d1608​0463.

	 91.	 Parker JH, Gischler E, Eisenhauer A. Biodiversity of foraminifera from late Pleistocene to Holocene coral reefs, South Sinai, Egypt. Mar 
Micropaleontol. 2012;86:59–75. https://​doi.​org/​10.​1016/j.​marmi​cro.​2012.​02.​002.

	 92.	 Parker WK, Jones TR. VI. On some foraminifera from the North Atlantic and Arctic Ocean, including Davis Straits and Baffin’s Bay. Roy Soc 
Lond Philos Trans. 1865;155:324–449.

	 93.	 Pawlowski J, Lee JJ. Taxonomic notes on some tiny, shallow water foraminifera from the northern Gulf of Elat (Red Sea). Micropaleontol-
ogy. 1991;37(2):149–62. https://​doi.​org/​10.​2307/​14855​55.

	 94	 Perrin C, Plaziat J-C, Rosen BR. Miocene coral reefs and reef corals of the south-western Gulf of Suez and north-western Red Sea: distri-
bution, diversity and regional environmental controls. In: Purser BH, Bosence DWJ, editors. Sedimentation and Tectonics in Rift Basins 
Red Sea- Gulf of Aden. Netherlands: Springer; 1998.

	 95.	 Pezelj D, Sremac J, Bermanec V. Shallow-water benthic foraminiferal assemblages and their response to the palaeoenvironmental changes 
- example from the Middle Miocene of Medvednica Mt (Croatia, Central Paratethys). Geol Carpath. 2016;67(4):329–45. https://​doi.​org/​
10.​1515/​geoca-​2016-​0021.

	 96.	 Pisapia C, El Kateb A, Hallock P, Spezzaferri S. Assessing coral reef health in the North Ari Atoll (Maldives) using the FoRAM Index. Mar 
Micropaleontol. 2017;133(May):50–7. https://​doi.​org/​10.​1016/j.​marmi​cro.​2017.​06.​001.

	 97.	 Pisapia C, Mateu-Vicens G, Benzoni F, Westphal H. Mediterranean imprint on coral diversity in the incipient red sea (Burdigalian, Saudi 
Arabia). Palaios. 2024;39(7):233–42. https://​doi.​org/​10.​2110/​palo.​2023.​025.

https://doi.org/10.2113/gsjfr.27.4.271
https://doi.org/10.1016/j.epsl.2008.03.030
https://doi.org/10.1016/j.palaeo.2018.06.027
https://doi.org/10.2113/gsjfr.44.3.325
https://doi.org/10.1038/226243a0
https://doi.org/10.1038/226243a0
https://doi.org/10.1016/j.earscirev.2021.103810
https://doi.org/10.1016/j.quaint.2015.08.067
https://doi.org/10.1371/journal.pone.0077725
https://doi.org/10.1371/journal.pone.0077725
https://doi.org/10.1016/S0031-0182(03)00319-5
https://doi.org/10.1016/j.quascirev.2019.04.021
https://doi.org/10.1016/j.gloplacha.2024.104527
https://doi.org/10.1111/bre.12513
https://doi.org/10.1144/SP369.17
https://doi.org/10.1111/sed.12858
https://doi.org/10.1016/j.marmicro.2014.01.003
https://doi.org/10.1016/j.marmicro.2014.01.003
https://doi.org/10.3390/d16080463
https://doi.org/10.1016/j.marmicro.2012.02.002
https://doi.org/10.2307/1485555
https://doi.org/10.1515/geoca-2016-0021
https://doi.org/10.1515/geoca-2016-0021
https://doi.org/10.1016/j.marmicro.2017.06.001
https://doi.org/10.2110/palo.2023.025


Vol:.(1234567890)

Review	  
Discover Oceans            (2025) 2:35  | https://doi.org/10.1007/s44289-025-00073-6

	 98.	 Pocknall DT, Krebs WN, Tawfik E, Ahmed AA. Pliocene Climate and Depositional Environments, Gulf of Suez, Egypt: Evidence from 
Palynology and Diatoms. In: Wrenn JH, Suc J-P, Leroy SAG, editors. The Pliocene: Time of Change. American Association of Strati-
graphic Palynologists Foundation; 1999. p. 163–71.

	 99.	 Popov SV, Shcherba IG, Ilyina LB, Nevesskaya LA, Paramonova NP, Khondkarian SO, Magyar I. Late miocene to pliocene palaeoge-
ography of the Paratethys and its relation to the Mediterranean. Palaeogeogr Palaeoclimatol Palaeoecol. 2006;238(1–4):91–106. 
https://​doi.​org/​10.​1016/j.​palaeo.​2006.​03.​020.

	100.	 Prazeres M, Martínez-Colón M, Hallock P. Foraminifera as bioindicators of water quality: the FoRAM index revisited. Environ Pollut. 
2020. https://​doi.​org/​10.​1016/j.​envpol.​2019.​113612.

	101.	 Purser BH, Barrier P, Montenat C, Orszag-Sperber F, D’Estevou PO, Plaziat J-C, Philobbos E. Carbonate and siliciclastic sedimentation 
in an active tectonic setting: Miocene of the north-western Red Sea rift, Egypt. In: Purser BH, Bosence DWJ, editors. Sedimentation 
and tectonics in Rift Basins Red Sea:- Gulf Of Aden. Springer. Netherlands; 1998. p. 239–70.

	102.	 Purser BH, Hötzl H. The sedimentary evolution of the Red Sea rift: a comparison of the northwest (Egyptian) and northeast (Saudi 
Arabian) margins. Tectonophysics. 1988;153(1):193–208. https://​doi.​org/​10.​1016/​0040-​1951(88)​90015-7.

	103	 Rasul NMA, Stewart ICF, Nawab ZA. Introduction to the red sea: its origin, structure, and environment. In: Rasul NMA, Stewart ICF, 
editors. The Red Sea: The Formation, Morphology, Oceanography and Environment of a Young Ocean Basin. Cham: Springer; 2015.

	104.	 Reiss Z, Gvirtzman G. Borelis from Israel. Eclogae Geol Helv. 1966;50:438–47.
	105.	 Reiss Z, Leutenegger S, Hottinger L, Fermont WJJ, Meulenkamp JE, Thomas E, Hansen HJS, Buchardt B, Larsen AR, Drooger CW. 

Depth-relations of recent larger foraminifera in the Gulf of Aqaba-Elat. Utrecht Micropaleontol Bull. 1977;15:1–244.
	106.	 Rohling EJ, Fenton M, Jorissen FJ, Bertrand P, Ganssen G, Caulet JP. Magnitudes of sea-level lowstands of the past 500,000 years. 

Nature. 1998;394(6689):162–5. https://​doi.​org/​10.​1038/​28134.
	107.	 Rohling EJ, Grant K, Bolshaw M, Roberts AP, Siddall M, Hemleben C, Kucera M. Antarctic temperature and global sea level closely 

coupled over the past five glacial cycles. Nat Geosci. 2009;2(7):500–4. https://​doi.​org/​10.​1038/​ngeo5​57.
	108.	 Rohling EJ, Grant KM, Roberts AP, Larrasoaña JC. Paleoclimate variability in the Mediterranean and Red Sea regions during the last 

500,000 years: implications for hominin migrations. Curr Anthropol. 2013. https://​doi.​org/​10.​1086/​673882.
	109.	 Rosenberg-Herman Y. Étude des sédiments quaternaires de la Mer Rouge. Ann Inst Oceanogr. 1965;42:339–430.
	110.	 Ross DA, Schlee J. Shallow structure and geologic development of the Southern Red Sea. Geol Soc Am Bull. 1973;84:3827–48.
	111.	 Ryan WBF. Decoding the Mediterranean salinity crisis. Sedimentology. 2009;56(1):95–136. https://​doi.​org/​10.​1111/j.​1365-​3091.​2008.​

01031.x.
	112.	 Said R. Foraminifera of the northern Red Sea. Cushman Lab Foram Res Spec Pub. 1949;26:1–44.
	113.	 Said R. Additional Foraminifera from the northern Red Sea. Cushman Lab Foram Res Spec Pub. 1950;1:4–9.
	114	 Said R. The distribution of foraminifera in the northern Red Sea. Cushman Lab Foram Res Spec Pub. 1950b;1:9.
	115.	 Said R. Foraminifera from some “Pliocene” rocks of Egypt. J Wash Acad Sci. 1955;45(1):8–13.
	116	 Saraswati PK, Srinivasan MS. Micropaleontology. Cham: Springer; 2016.
	117.	 Schueth JD, Frank TD. Reef foraminifera as bioindicators of coral reef health: Low Isles Reef, Northern Great Barrier Reef Australia. J 

Foraminifer Res. 2008;38(1):11–22. https://​doi.​org/​10.​2113/​gsjfr.​38.1.​11.
	118.	 Segev A, Avni Y, Shahar J, Wald R. Late Oligocene and Miocene different seaways to the Red Sea-Gulf of Suez rift and the Gulf of 

Aqaba-Dead Sea basins. Earth-Sci Rev. 2017;171:196–219. https://​doi.​org/​10.​1016/j.​earsc​irev.​2017.​05.​004.
	119.	 Siddall M, Rohling EJ, Almogi-Labin A, Hemleben C, Meischner D, Schmelzer I, Smeed DA. Sea-level fluctuations during the last 

glacial cycle. Nature. 2003;423(6942):853–8. https://​doi.​org/​10.​1038/​natur​e01690.
	120.	 Siddall M, Smeed DA, Hemleben C, Rohling EJ, Schmelzer I, Peltier WR. Understanding the Red Sea response to sea level. Earth Planet 

Sci Lett. 2004;225(3–4):421–34. https://​doi.​org/​10.​1016/j.​epsl.​2004.​06.​008.
	121.	 Smeed DA. Exchange through the Bab el Mandab. Deep Sea Res Part II Top Stud Oceanogr. 2004;51(4):455–74. https://​doi.​org/​10.​

1016/j.​dsr2.​2003.​11.​002.
	122.	 Souaya FJ. Micropaleontology of four sections south of Qoseir, Egypt. Micropaleontology. 1963;9(3):233. https://​doi.​org/​10.​2307/​

14847​50.
	123.	 Spratt RM, Lisiecki LE. A late Pleistocene sea level stack. Clim Past. 2016;12(4):1079–92. https://​doi.​org/​10.​5194/​cp-​12-​1079-​2016.
	124.	 Stainforth RM. Foraminifera in the upper Tertiary of Egypt. J Paleontol. 1949;23(4):419–22.
	125.	 Stoffers P, Ross DA. 23. Sedimentary History of the Red Sea. Init Rep Deep Sea Drilling Proj. 1974;23:849–65.
	126.	 Stuhr M, Reymond CE, Rieder V, Hallock P, Hrer JRR, Westphal H, Kucera M. Reef calcifiers are adapted to episodic heat stress but 

vulnerable to sustained warming. PLoS ONE. 2017;12(7):1–20. https://​doi.​org/​10.​1371/​journ​al.​pone.​01797​53.
	127.	 Stuhr M, Westphal H, Marchese F, Mateu-Vicens G, Giovenzana F, Lüdmann T, Vahrenkamp V, Taviani M. Seagrass-rafted large benthic 

foraminifera transported into the deep Red Sea. Sci Rep. 2025;15(1):5724. https://​doi.​org/​10.​1038/​s41598-​025-​90047-7.
	128.	 Stüwe K, Robl J, Turab SA, Sternai P, Stuart FM. Feedbacks between sea-floor spreading, trade winds and precipitation in the Southern 

Red Sea. Nat Commun. 2022;13(1):1–8. https://​doi.​org/​10.​1038/​s41467-​022-​32293-1.
	129.	 Taviani M, López Correa M, Zibrowius H, Montagna P, McCulloch M, Ligi M. Last glacial deep-water corals from the Red Sea. Bull Mar 

Sci. 2007;81(3):361–70.
	130.	 Taviani M, Montagna P, Rasul NMA, Angeletti L, Bosworth W. Pleistocene Coral Reef Terraces on the Saudi Arabian Side of the Gulf 

of Aqaba Red Sea. In: Rasul NMA, Stewart ICF, editors. Geological setting palaeoenvironment and archaeology of the red sea. Cham: 
Springer International Publishing; 2019.

	131.	 Tawfik, E., & Krebs, W. N. Environment of Zeit Formation and post-Zeit section (Miocene-Pliocene) in the Gulf of Suez, Egypt. 13th 
International Diatom Symposium. 1994; 541–554.

	132.	 Vavrus SJ, He F, Kutzbach JE, Ruddiman WF, Tzedakis PC. Glacial inception in marine isotope stage 19: an orbital analog for a natural 
holocene climate. Sci Rep. 2018;8(1):1–12. https://​doi.​org/​10.​1038/​s41598-​018-​28419-5.

	133	 Vertino A, Stolarski J, Bosellini FR, Taviani M. Mediterranean Corals Through Time: From Miocene to Present. In: Goffredo Stefano Z, 
Dubinsky, editors. The Mediterranean Sea Its history and present challenges. Netherlands: Springer; 2014.

https://doi.org/10.1016/j.palaeo.2006.03.020
https://doi.org/10.1016/j.envpol.2019.113612
https://doi.org/10.1016/0040-1951(88)90015-7
https://doi.org/10.1038/28134
https://doi.org/10.1038/ngeo557
https://doi.org/10.1086/673882
https://doi.org/10.1111/j.1365-3091.2008.01031.x
https://doi.org/10.1111/j.1365-3091.2008.01031.x
https://doi.org/10.2113/gsjfr.38.1.11
https://doi.org/10.1016/j.earscirev.2017.05.004
https://doi.org/10.1038/nature01690
https://doi.org/10.1016/j.epsl.2004.06.008
https://doi.org/10.1016/j.dsr2.2003.11.002
https://doi.org/10.1016/j.dsr2.2003.11.002
https://doi.org/10.2307/1484750
https://doi.org/10.2307/1484750
https://doi.org/10.5194/cp-12-1079-2016
https://doi.org/10.1371/journal.pone.0179753
https://doi.org/10.1038/s41598-025-90047-7
https://doi.org/10.1038/s41467-022-32293-1
https://doi.org/10.1038/s41598-018-28419-5


Vol.:(0123456789)

Discover Oceans            (2025) 2:35  | https://doi.org/10.1007/s44289-025-00073-6 
	 Review

	134.	 von Fichtel, L., & von Moll, J. P. C. (1798). Testacea microscopia, aliaque minuta ex generibus Argonauta et Nautilus, ad naturam delineata 
et descripta. A. Pichler.

	135.	 Wegener, A. (1929). Die Entstehung der Kontinente und Ozeane (4th ed.). Friedrich vieweg and sohn, Braunschweig. https://​search.​libra​
ry.​wisc.​edu/​catal​og/​99997​28514​02121

	136.	 Winter A, Almogi-Labin A, Erez Y, Halicz E, Luz B, Reiss Z. Salinity tolerance of marine organisms deduced from Red Sea Quaternary record. 
Mar Geol. 1983;53:M17–22.

	137.	 Yamamoto K, Iryu Y, Sato T, Chiyonobu S, Sagae K, Abe E. Responses of coral reefs to increased amplitude of sea-level changes at the 
mid-Pleistocene climate transition. Palaeogeogr Palaeoclimatol Palaeoecol. 2006;241(1):160–75. https://​doi.​org/​10.​1016/j.​palaeo.​2006.​
06.​014.

	138.	 Youssef M. Heavy metals contamination and distribution of benthic foraminifera from the Red Sea coastal area, Jeddah, Saudi Arabia. 
Oceanologia. 2015;57(3):236–50. https://​doi.​org/​10.​1016/j.​oceano.​2015.​04.​002.

	139.	 Youssef M, Madkour H, Mansour A, Alharbi W, El-Taher A. Invertebrate shells (mollusca, foraminifera) as pollution indicators, Red Sea 
coast Egypt. J Afr Earth Sci. 2017;133:74–85. https://​doi.​org/​10.​1016/j.​jafre​arsci.​2017.​05.​013.

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://search.library.wisc.edu/catalog/999972851402121
https://search.library.wisc.edu/catalog/999972851402121
https://doi.org/10.1016/j.palaeo.2006.06.014
https://doi.org/10.1016/j.palaeo.2006.06.014
https://doi.org/10.1016/j.oceano.2015.04.002
https://doi.org/10.1016/j.jafrearsci.2017.05.013

	The extreme Red Sea and its late Cenozoic shallow water benthic foraminifers
	Abstract
	1 Introduction
	2 Geological background of the region
	3 Shallow water benthic foraminifers of the Red Sea
	4 Foraminifers associated with coral reefs of the Red Sea
	5 Foraminifers for coral health assessment in the Red Sea
	6 Red Sea as an extreme environment
	7 Final remarks and future research directions
	Acknowledgements 
	References


