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Seagrass-rafted large benthic
foraminifera transported into the
deep Red Sea
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Guillem Mateu-Vicens(®?, Francesca Giovenzana®*, Thomas Lidmann®,
Volker Vahrenkamp (23 & Marco Taviani®7:8

Large shallow-marine foraminifera tests occur in deep-sea carbonate sediments of the northern Red
Sea as a minor but recurring component among the remains of otherwise pelagic and deep-marine
benthic biogenic assemblages. In this study of sediments recovered along the northern shore of Saudi
Arabia, the symbiont-bearing taxa Sorites variabilis, S. orbiculus, Amphisorus hemprichii, Amphistegina
lobifera, A. lessonii and A. radiata were identified in samples from between 430 to 1,000 m depth.
These foraminifera are dwelling in shallow-water environments, associated with coral reefs and
seagrass habitats. The seemingly erratic occurrence of photosymbiotic benthic organisms in deep-sea
sediments was explained by the finding of such foraminifera tests along with seagrass (e.g., Halophila
leaves) and macroalgae remains in pristine preservational states in the sediment of the Umluj brine
pool below ~ 638 m depth. This indicates a passive transport process by rafting attached to floating
macrophytes to these off-platform settings. The abundant seagrass and oceanographic conditions
along the Arabian Peninsula may facilitate the transport of epiphytes and associated taxa offshore.
Such long-distance transport mechanisms could further contribute to the rapid (co-)dispersal of some
of these organisms into new habitats. Passive rafting should thus be considered in interpretation of
sedimentary records and biogeographic patterns.

Keywords Benthic foraminifera transport, Seagrass epiphytes, Deep-sea sediments, Brine pool, Pelagic
carbonates, Red Sea

Large benthic foraminifera (LBF) typically inhabit shallow, photic environments such as coral reefs in the (sub)
tropics, where their photosymbiotic relationship makes them key contributors to carbonate production'. Their
environmentally sensitive depth distribution usually makes them powerful proxies for palaeoecological
reconstructions?, but their presence in deeper marine settings, well below the photic zone, raises questions about
potential transport pathways.

The Red Sea, a narrow semi-enclosed basin at tropical-subtropical latitudes in arid climate conditions,
provides a unique setting to investigate marine carbonate sedimentation processes under mesophotic to aphotic
conditions near a coastal area with no to minimal riverine input. Limited water exchange with the Indian
Ocean through the Bab el Mandeb Strait, combined with high evaporation rates, results in elevated salinities
and minimal surface water renewal®=. Seasonal temperature variations in the surface waters range from
26 °C in the north to 30 °C in the south during summer, and 20 to 26 °C during winter®. Wind-driven surface
water circulation generates eddies and sub-gyres, influencing water column dynamics”®. Regarding primary
productivity, the Red Sea is classified as a prevalently oligotrophic basin®. The general physiography of this
narrow basin is relatively simple, consisting of a wide main trough progressively deepening basinwards, with
bathyal depths more than 2,500 m reached in its axial parts'®. However, the morphology of the basin is highly
heterogeneous with tectonic features such as pull-apart basins and ridges, volcanic mounds, and pronounced
features caused by salt tectonics!!~!3. Altogether, such characteristics strongly influence the sedimentary
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processes from coastal to bathyal depths. For instance, one contrasting trait of the Quaternary Red Sea marine
sedimentation regards the prolific production of carbonates through flourishing coral reef dominated factories
in the euphotic zone!, to the upper mesophotic zone!>!¢, versus a minimal production by benthic factories
below the photic zone, strongly controlled by highly demanding hydrological conditions. Primary production
in the water column partially compensates this scarce deep-marine benthic carbonate production by adding
skeletal components through pelagic calcifiers (nannoplankton, planktonic foraminifera and molluscs), with
minor addition through nekton. The current regional aridity, with very limited riverine transport processes,
prevents the input of substantial terrigenous components to marine sediments. The net result is that the
deep-water standard sediment of the Red Sea is prevalently a mixture of >90% of pelagic carbonates (nanno-
globigerinid-pteropod carbonate ooze composed primarily of coccoliths, planktonic foraminifera, and pteropod
shells) with subordinate terrigenous particles and minimal additions from benthic carbonate factories'”!8. The
scarce benthic carbonate coarse fraction (> 1 mm) mainly comprises of benthic bivalves, gastropods, echinoids,
serpulids, and decapods. Fish otoliths are another minor carbonate component from the nekton. Consequently,
and in the absence of gravitational sedimentation pathways in the rugged bathymetry, it is unexpected to find
shallow-water benthic foraminifera in these deposits.

In September 2023, cruise M-193 aboard RV Meteor surveyed a Saudi Arabian sector of the northern Red
Seal!®. The area explored encompasses a wide range of habitats, from upper mesophotic depths (~ 35 m) to deep-
sea areas and basins at up to 2,250 m depth. It includes a deep-sea fan to the north, several isolated mini-basins
related to salt tectonics, mesophotic coral bioherms, and a recently discovered brine pool system in the south
(Fig. 1). A nearly continuous coral reef system and the Al Wajh carbonate platform characterize the coastal
waters facing the study area.

One of the primary foci of the mission was the evaluation of marine carbonate genesis and deposition under
mesophotic to aphotic conditions. For this purpose, some 60 bottom sediment samples were collected by means
of a giant box corer and a van Veen grab sampler. This information was integrated by visual imaging and samples
obtained by a remotely operated vehicle (ROV).
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Fig. 1. (a) Bathymetric map of the study area in the northeastern Red Sea offshore Al Wajh coastline,
indicating sites of sample collection by giant box corer (green), van Veen grab (yellow), and remotely operated
vehicle (blue), with close-ups showing subsections of the sampling area in detail (b-e) and the location of the
study area within the Red Sea (f). Sampling sites at which shallow-dwelling benthic foraminifera were found in
deep-sea sediments are indicated by stars instead of dots. The map was created using Esri ArcGIS® Pro software
v3.4.0. (ESRI, 2024; World Imagery basemap credits: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS,
AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community).
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The analysis of bottom sediments from depths~400 to 1000 m depth consistently disclosed the presence
of photosymbiotic LBF in the sand-sized sediment fraction>1 mm. The conspicuousness of these minor
components was enhanced by the relative paucity of other benthic carbonate components in these otherwise
strongly pelagic-dominated assemblages. The occurrence of photosymbiotic shallow-water foraminifera in
aphotic deep-sea settings indicates a transport mechanism capable of moving these organisms far offshore.
Therefore, this unexpected discovery prompted a more in-depth evaluation of their taxonomy and potential
transport processes. Here we propose passive rafting on floating macrophytes as plausible vector for their
displacement outside their habitats.

This case study closes the link between erratic occurrences of LBF in pelagic sediments by documenting
the LBF taxa identified in these deep-sea sediments and, made possible by unique preservation in a brine
pool, assessing the role of seagrass and macroalgae remains as transport agents. We also discuss the potential
implications for sedimentary processes and dispersal mechanisms. By clarifying the source-to-sink pathway for
these shallow-water organisms, we aim at improving our understanding of the distribution of LBF and other
(facultative) epiphytes, as well as their occurrence in deep-sea carbonate settings.

Study area

The study area is located along the eastern Red Sea margin off Saudi Arabia (between 25°50'33.99"N
36°25'29.47"E and 25°20'0.18"N 36°38’59.69"E, Fig. 1), offshore one of the largest shallow-water reef complexes
in the Northern Red Sea, the Al Wajh carbonate platform“. It extends over ~200 km North to South, from
60-80 km northward of the northern end of Al Wajh carbonate platform to ~ 30 km southward, transitioning
East to West over ~ 80 km from the shallow continental shelf into deeper waters of the Red Sea basin. The region
is shaped by fault blocks, salt diapirs, and a siliciclastic delta?’. Salt mobilisation processes, such as diapirism,
have significantly influenced the submarine topography, resulting in the present complex seafloor morphology
and has created small basins, ridges, and local highs12’13'21, and salt tectonics are also thought to have led to the
disintegration of the southwestern Al Wajh platform?2.

A recently discovered feature of the study area is the Umluj brine pool, nested in a depression south of the
platform (Fig. le; Fig. 2). This brine pool is characterised by extreme salinity (> 180 PSU), elevated temperatures
(>23 °C), low pH (<6.5), anoxic conditions, and sulphur-rich waters (Petrovic et al., 20242, this paper, Fig. 2).
The strongly developed pycnocline is visible in our parametric sub-bottom acoustic (PARASOUND) profile
(Fig. 2d,e).

The coastal waters are known to host a diverse array of ecosystems that contribute to sediment production and
distribution, including extensive coral reefs, seagrass beds, and mangroves®*. Coral reef systems play a dominant
role in local biogenic carbonate production. The central lagoon of the Al Wajh carbonate platform, enclosed
by a 115 km reef-shoal belt, also hosts dense seagrass beds and tidal flats, and contains poorly sorted, sand-
sized sediments with notable lateral variability in carbonate fines'*>. The strong tidal currents passing through
narrow channels, despite tidal amplitudes of less than 1 m, facilitate sediment resuspension and redistribution?®,
while hydrodynamic forces, such as the eastern boundary current, coupled with local wind-driven currents
and mesoscale eddies further drive the transport of coastal biogenic carbonate, organic matter, and suspended
sediment fines toward deeper areas®?72%,

Material and methods

The research cruise M193 was conducted over five weeks in September—October 2023 aboard the German RV
Meteor". A primary objective of the cruise was to investigate marine carbonate sedimentation in the Saudi
Arabian Northern Red Sea, particularly in the vicinity of the Al Wajh carbonate platform, and was complemented
by sea-floor mapping, Conductivity-Temperature-Depth (CTD) casts, and Remotely Operated Vehicle (ROV)-
facilitated surveys.

Seafloor mapping was conducted using multibeam sonar systems (Kongsberg EM122 and EM710) and a
parametric sub-bottom acoustic profiler system (Teledyne PARASOUND), collecting data at speeds of 5.5-6
knots or 7-9 knots depending on operational constraints. The multibeam sonar dataset was processed following
the established workflow in QPS QimeraTM v2.6 (QPS Hydrographic and Marine Software Solutions, 2016)
to generate a Digital Elevation Model (DEM) at a 30 m resolution for the surveyed area. Sound speed profiles
for calibrating both multibeam systems were obtained from CTD profiles and processed with Sound Speed
Manager®. The resulting map was created using Esri ArcGIS® Pro software v3.4.0. (Environmental Systems
Research Institute (ESRI), 2024, Redlands).

CTD casts were performed to compile water column profiles at all major sampling stations, using the on-
board SEA-BIRD 911 + CTD, equipped with a pressure sensor, conductivity and temperature sensors, dissolved
oxygen sensors, altimeter, and FLNTUR (for chlorophyll a concentration and turbidity). The maintenance and
calibration of all sensors were carried out by SEA-BIRD Kempten prior to the cruise. Data were processed using
SBE Data Processing Version 5.30a and visualised with Ocean Data View Version 4.3.6*° and R Studio Version
2023.12.0+369°!. Because instrumental calibrations and established conversions rely on ‘normal’ open ocean
conditions, in-situ oxygen saturations were calculated based on these assumptions.

MARUM-Squid, a light work-class ROV targeted the brine pool surface and surrounding areas to assess
the extent of this environment and its faunal characteristics (dive M193-85, Fig. 2e). The transect also covered
areas of the pool ‘beachy, i.e., where the internal wave of the pycnocline between normal marine waters and the
highly saline brine meet the seafloor. On ROV dive M193-71 (Fig. 1), a crust-like bulk surface sediment hash
was collected.

Sediment sampling was conducted using a van Veen grab sampler at 51 stations (36-1,459 m depth) and a box
corer at 12 stations (585-2,254 m depth). The samples studied here were taken from the surfaces, representing
the seafloor, and bulk samples from the grabs and box cores (Fig. 1). All sediment samples were wet-sieved using
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Fig. 2. Umluj brine pool: (a) bathymetry around the brine pool (indicated by an arrow) and towards the

coastline; (b) CTD cast profile of the water column above and inside the brine pool (station M193-82-1) showing
seawater temperature, salinity, dissolved oxygen concentration, and turbidity from 2.5 to 661 m water depth with

a pronounced increase in salinity and turbidity at around 638 m, below which oxygen concentration drops and
temperature gradually increases, as shown in (c) a close-up of the water column between 620 and 661 m depth, with
dashed lines indicating salinity and oxygen saturation values outside the instrumental range; (d) PARASOUND
(parametric sub-bottom acoustic) profile showing the pycnocline as a single indistinct reflector (horizontal line)
above the depression (indicated by an arrow); and (e) ROV image of the Umluj brine pool ‘beach’ area (station
M193-85, dive depth 632 m). The pycnocline between marine waters above and the highly saline brine below is
forming waves. Field of view along the bottom of the image is ~2.5 m.

4 mm, 2 mm, and 1 mm mesh-size sieves, dried at 50 °C, and described for biogenic components. The box core
recovered from the brine pool (M193-82-2) and the grab sample from the beach of the brine pool (M193-86-1)
were additionally sampled for organic remains. These were carefully removed during sieving and subsequently
air-dried in sampling dishes at room temperature, protected from light, heat or humidity.

Following the cruise, foraminifera tests and macrophyte components were documented at the Leibniz Centre
for Tropical Marine Research (ZMT) in Bremen, Germany, using a Keyence VHX-5000 digital microscope.
The taxonomic analysis of the benthic foraminifera, based on morphological characteristics, was conducted
following the methodologies outlined by Hottinger et al. (1993)%2, Lee et al. (2004)** and Merkado et al. (2013)3.

Nomenclature adheres to the standards established by the World Register of Marine Species®.

Results

Seafloor morphology

The seafloor bathymetry of the study region, based on the EM122 and EM710 datasets, was created at a resolution
of 40 m, covering depths from 30 to 2200 m across an area of 9800 km? (Fig. 1a). The northern sector of the
study area features a steep continental slope descending from to 90-110 m to 900 m, followed by a gentler slope
to 1100 m. This area is characterised by ridges, small basins, and morphologies related to salt tectonics, such as
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depressions, ridges, and mass-wasting deposits. The central sector, influenced by the Zabargad Fracture Zone,
features a complex canyon system extending from the Al Wajh platform to a depth of 1770 m, with a small
plateau accommodating canyon sediments. The southern sector resembles the northern sector with two basins
at 670 m and 1300 m. The shallower basin near the Al Wajh platform contains drowned reefs and a brine pool
below ~ 638 m (Fig. le, Fig. 2a), while the deeper basin shows continuous reflectors interrupted by disturbances,
indicating hemipelagic sedimentation events.

The Umluyj brine pool area at~ 15 km south of the Al Wajh platform was surveyed by hydroacoustic surveys
and PARASOUND profiles. Sharp changes in water physicochemical parameters in the uppermost meters of the
brine cause a single horizontal reflection across the depression in the PARASOUND profile (Fig. 2d).

Water column

The physical variables of the water column measured in the CTD casts exhibited general patterns with slightly
increased salinity (from 39.39 PSU near the surface to~40.5 below 180 m depth), decreasing temperature
(from>29 °C to 21.68 °C at~400 m and below), while oxygen saturation increased from 6.15 mg/l (referring
to~ 188 pumol/kg) near the surface to 6.9 mg/l (~ 210 pmol/kg) below 450 m depth; Fig. 2b).

The CTD profile at the brine pool site (station M193-82-1) showed distinct layers in the water column,
with a turbid layer on top of the brine surface (Fig. 2e) at~ 638 m depth, followed by steep gradients inside the
upper meters of the pool characterising significant changes in seawater density, salinity, and dissolved oxygen
concentration (Fig. 2c). Water temperature increased gradually up to 23.5 °C within the brine, while most other
variables were exceeding instrumental calibration and measurement ranges by far below ~ 645 m depth. The
brine pool water exhibited extreme salinity of>180 PSU, along with high seawater density (~1033.4 kg/m? at
637.7 m depth and > 1146.1 kg/m? below 646 m depth). Dissolved oxygen concentrations dropped at the surface
of the brine pool, from 1.2 mg/l at 632 m depth to anoxic conditions (<0.5 mg/] dissolved oxygen) at 637 m,
and values around zero at 638 m, reaching instrumental limits. This refers to a drop from ~ 209 umol/kg above
to <6 pumol/kg inside the brine, assuming normal seawater density and open ocean conditions. Water collected
from the brine pool had a strong sulphur smell and viscous appearance.

Shallow-water benthic foraminifera

We identified 29 specimens of photosymbiont-bearing benthic foraminifera in the > 1 mm fraction in seven grab
or box core samples, as well as in one ROV-collected sample (Table 1), in samples from all 31 deep-water stations
(Fig. 1). The distribution is limited to depths less than ~ 1,000 m, as no LBF have been discovered in deeper water
samples, recovered from down to ~ 2,250 m depth.

The most commonly encountered species was Sorites orbiculus Forsskal in Niebuhr, 1775 (n=13 at four
stations), followed by S. variabilis Lacroix, 1940 (n=7 at two stations), Amphisorus hemprichii Ehrenberg, 1838
(n=5 at two stations), Amphistegina radiata Fichtel and Moll, 1798 (n=2 at one station), and single specimens
of Amphistegina lessonii d’Orbigny in Deshayes 1830 and Amphistegina lobifera Larsen, 1976 at separate
stations (Table 1, Fig. 3, Fig. S1). Test preservation was generally high, with little or no breakage. Only the
A. lessonii and A. radiata specimens from station 71 exhibited significant signs of abrasion (Fig. 3b,c, Fig. S1b,c).
The box core from the brine pool (station M193-82) contained several Sorites spp. specimens (Figs. 3e,], 40-q,
Table 1), with some still attached to the macrophyte remains. Nearly all tests from this sample were pristine, and
one still showed colouration typical of living specimens. This fine test broke during handling, highlighting the
brittle nature of these carbonate components.

Notably, well-preserved macrophyte remains were identified in the brine pool samples (M193-82-2, M196-86-
1; Fig. 4). These included the roots and leaves of Halophila stipulacea (Forsskal) Ascherson, 1867, with distinctly
serrated, elongated paddle-shaped leaves, and large transparent leaf sheaths (Fig. 4a—d). Parts of Thalassodendron
ciliatum (Forsskal) Hartog 1970, recognisable by its long cylindrical leaf blades with serrated margins and
rounded leaf tips, were also found (Fig. 4e-h). Additionally, fragments of wiry seagrass stems with leaf scars
and wide linear leaves, which might belong to Thalassodendron ciliatum or Oceana serrulata (R. Brown) Byng &
Christenh (previously Cymodocea serrulata (R. Brown) Ascherson & Magnus, 1870), were present (Fig. 4e,m).
In addition to these angiosperms, parts of other macrophytes, such as brown algae (Turbinaria ornata (Turner)
J. Agardh, 1848), small parts of Sargassum spp. C. Agardh, 1820, and red algae (Laurencia spp. J. V. Lamouroux,
1813), were identified (Fig. 4i-n). These macrophyte remains were in many cases covered with remnants of
epibenthic encrusters such as tube building-worms or polychaetes, and bryozoans (e.g., see Fig. 4g-n), which
were later detached during sample processing.

Discussion

The discovery of photosymbiotic shallow-water LBF in deep-sea sediments at depths ranging between 400 and
1000 m in the Red Sea, suggests a transport mechanism other than periplatform sedimentation where these
settings are sedimentologically disconnected from euphotic carbonate factories. This is the case especially in
locations with otherwise exclusively typical pelagic components and an absence of gravity flows. The spatial
distribution of samples containing these benthic taxa below the mesophotic zone from the northern to the
southern limit of the study area, corresponds to a distance from the coastal shoreline or the shallow carbonate
systems of the Al Wajh platform or other islands of up to 25 km (Fig. 1). The excellent preservation of these
“exotic” specimens, particularly the delicate and fragile Soritidae shells, suggests minimal degradation or
modification caused by sedimentary processes or water movement.

These findings indicate that these foraminifera were transported via a mechanism other than sedimentation
pathways typical for periplatform settings, such as gravity flows and density cascading®. Our observations
suggest that seagrass and macroalgae rafting is the most likely mode of transport (Fig. 5). The simultaneous
associated occurrence of LBF and seagrass remains in the Umluj brine pool, combined with observations of
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Station | Latitude Longitude | Depth | Foraminifera species | Test condition | Corer
11-1 26°24,137’N | 036°03,923’E | 697 m | Amphistegina lobifera | Nearly pristine BC
11-1 26°24,137’N | 036°03,923’E | 697 m | Sorites orbiculus Slightly broken BC
12-1 26°24,125’N | 036°04,150’E | 684 m | Sorites orbiculus Pristine (broken) | BC
12-1 26°24,125'N | 036°04,150’E | 684 m | Sorites orbiculus Slightly broken | BC
12-1 26°24,125’N | 036°04,150’E | 684 m | Sorites variabilis Slightly broken BC
12-1 26°24,125’N | 036°04,150’E | 684 m | Sorites variabilis Slightly broken BC
12-1 26°24,125'N | 036°04,150’E | 684 m | Sorites variabilis Slightly abraded | BC
12-1 26°24,125'N | 036°04,150’E | 684 m | Sorites variabilis Slightly abraded | BC
15-1 26°22,960’N | 036°03,875’E | 868 m | Sorites orbiculus Slightly broken GRAB
16-1 26°22,553’N | 036°03,742°E | 938 m | Sorites orbiculus Nearly pristine GRAB
16-1 26°22,553’N | 036°03,742’E | 938 m | Sorites orbiculus Slightly abraded | GRAB
16-1 26°22,553’N | 036°03,742’E | 938 m | Sorites orbiculus Slightly abraded | GRAB
16-1 26°22,553’N | 036°03,742°E | 938 m | Sorites orbiculus Slightly abraded | GRAB
16-1 26°22,553’N | 036°03,742’E | 938 m | Sorites orbiculus Slightly abraded | GRAB

71-1 25°19,241’N | 036°51,624°E | 441 m | Amphistegina lessonii | Strongly abraded | ROV
71-1 25°19,241'N | 036°51,624°E | 441 m | Amphistegina radiata Slightly abraded | ROV
71-1 25°19,241N | 036°51,624°E | 441 m | Amphistegina radiata | Strongly abraded | ROV
73-1 25°16,426’'N | 036°54,198’E | 429 m | Amphisorus hemprichii | Nearly pristine GRAB
73-1 25°16,426’'N | 036°54,198’E | 429 m | Amphisorus hemprichii | Nearly pristine GRAB
73-1 25°16,426’'N | 036°54,198’E | 429 m | Amphisorus hemprichii | Nearly pristine GRAB

82-2 25°09,089’N | 036°57,800’E | 668 m | Sorites orbiculus Pristine (broken) | BC
82-2 25°09,089’N | 036°57,800’E | 668 m | Sorites orbiculus Pristine (broken) | BC
82-2 25°09,089°N | 036°57,800’E | 668 m | Sorites orbiculus Nearly pristine BC
82-2 25°09,089°N | 036°57,800’E | 668 m | Sorites orbiculus Nearly pristine BC
82-2 25°09,089’N | 036°57,800’E | 668 m | Sorites variabilis Nearly pristine BC
82-2 25°09,089°N | 036°57,800’E | 668 m | Sorites variabilis Slightly abraded | BC
82-2 25°09,089°N | 036°57,800’E | 668 m | Sorites variabilis Strongly abraded | BC

87-1 25°09,596'N | 036°57,737’E | 632 m | Amphisorus hemprichii | Nearly pristine GRAB
87-1 25°09,596'N | 036°57,737’E | 632 m | Amphisorus hemprichii | Slightly abraded | GRAB

Table 1. Shallow-water benthic foraminifera contained in deep marine samples, from North to South,
including station number, depth, coordinates, species names and test conditions, and type of sediment corer
used (BC=box corer, GRAB=van Veen grab sampler, ROV =remotely operated vehicle). Station 82-2 is within
the Umluyj brine pool and station 87-1 is on the beach of the brine pool.

floating macrophytes far offshore, provides strong supporting evidence. Seagrass fragments can remain buoyant
for multiple weeks*’~, enabling the transportation of their (facultatively) epiphytic communities across
significant distances before eventually sinking to the seafloor*0-*.

Transport mechanisms of shallow-dwelling taxa to deep-sea sediments

The consistent appearance of LBF in deep-sea sediments suggests that they were transported offshore by
rafting on seagrass and other macrophyte fragments (Fig. 5). The photosymbiont-bearing LBF species are
well adapted to nutrient-poor, shallow-water euphotic habitats*-4, where they derive most of their energy
from endosymbiotic microalgae residing within their tests*”*3. LBF such as Soritidae and Amphisteginidae
Cushman, 1927 are commonly found in back-reef lagoons and some of them live as facultative epiphytes
on seagrass leaves and roots**=7 (Fig. 6b,c). While the distribution of small propagules via ocean currents is
well-documented-%, the transport of adult specimens over tens of kilometres without substantial physical
damage requires a mechanism such as rafting. Similar reports of such direct ,natural ‘ long-distance transport of
shallow-water benthic foraminifera have so far been known from seagrass off the Banc d’Arguin, Mauritania®',
the pelagic Sargassum natans®? and from debris items set adrift by a tsunami in the Pacific®®. Most other reports,
in comparison, of long-distance displacements of (invasive) foraminifera into distant habitats were commonly
associated to human activities such as shipping through release of ballast water and sediments or from anchor
mud (e.g., Trochammina hadai Uchio, 1962 and Haynesina germanica Ehrenberg, 1840)54-6,

Seagrass meadows along the Arabian Peninsula coastlines, including common species like Halophila
stipulacea and Thalassodendron ciliatum, provide habitats for these epiphytic foraminifera (Fig. 6a). When
seagrass fragments detach, they can float on the surface for considerable distances before sinking**~*3. During
the research cruise M-193, floating seagrass was observed at several locations (Fig. 6d), indicating ongoing
processes of offshore transport (e.g., in the northern sector of the study area at 25-50 km offshore and from Al
Wajh Bank). This observation is consistent with previous studies that documented the widespread occurrence
of floating macrophytes as dispersal vectors in tropical marine ecosystems>**!. Like the seeds of many seagrass
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Fig. 3. Spiral (upper) and umbilical views (lower image) of (a) Amphistegina lobifera, station 11; (b) A. radiata,
station 71; (c) A. lessonii, station 71; and spiral views of (d) Sorites variabilis, station 12 and (e) station 82; (f)
Amphisorus hemprichii, station 73 and (g) station 87; (h) Sorites orbiculus, station 11, (i) station 12, (j) station
15, (k) station 16, and (1) station 82. Lateral views are shown in the supplementary materials Figure SI.

species, also their vegetative fragments can be dislodged and float over several weeks to months®”-*>¢7. Especially
the more delicate taxa like Halophila spp. (as in Fig. 6b,c), with their fine shallow-rooting rhizomes and small

paddle-like leaves can spread rapidly through floating vegetative fragments that readily settle and establish new
meadows3656%,
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Fig. 4. Macrophytes, algal remains and large benthic foraminifera from the box core retrieved from the Umluj
brine pool (M-193-82-2): (a-d) (parts of) seagrass leaves, sheaths, a stem, and rhizomes resembling Halophila
stipulacea or H. ovalis; (e) overview of all macrophyte remains found in the sample; (f-h) close-ups of other
seagrass remains originating from Thalassodendron ciliatum or Cymodocea serrulata; (i-n) parts of other
macrophytes, such as brown algae (Turbinaria ornata, (g,n)), small parts of Sargassum spp. (,m), and red algae
(Laurencia spp., (k)), were identified partly covered in calcifying epibionts; (0-q) Sorites spp. specimens with
small remains or imprints of their phytal substrates ((o,p) =S. orbiculus, (q) = S. variabilis). Further Soritidae
from the brine pool bottom and beach are shown in Fig. 3e,g,l. Their appearance is generally pristine, as (p)
test was preserved well and later broke during handling, highlighting the delicate nature of these carbonate
components, which points to a gentle way of transport such as rafting.
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Fig. 5. Schematic figure showing proposed mechanism of seagrass or other macrophyte rafting transport of
large benthic foraminifera and other epiphytes, floating attached to the leaves and rhizomes before sinking to
the seafloor.

Fig. 6. (a) Example of seagrass growing in the southern Al Wajh lagoon with epiphytes (photograph by FG);
(b,c) close-ups of Halophila seagrass from Gulf of Aqaba featuring (facultatively) epiphytic foraminifera

(b) mainly Soritidae in Eilat, Israel, and (¢) Amphistegenidae in Dahab, Egypt; photographs by MS); (d)
macrophytes observed floating along the RV Meteor during the M193 cruise some 25-50 km from any shallow
coastal habitats.

The more strongly abraded tests of A. lessonii and A. radiata found in the sample collected by the ROV
(M193-71-1) have possibly undergone a different transport mechanism. Especially the latter species is
commonly found in deeper habitats down to the mesophotic®!>*, limiting the likelihood of rafting as transport
means. The condition of the tests in addition indicates a less gentle downslope transport process such as off-
platform shedding through gravitational transport where grain-to-grain contact leads to abrasion and breakage
of delicate grains>’°. In this case, such coarse-grained material would be found directly downslope from the
sourcing ecosystem. Occurrences of LBF transported from the shallow coastal habitats into deeper setting by
high energy off-platform transport and rapid deposition are known from numerous fossil and modern carbonate
depositional systems’!’2. Given that the ROV collected the sediment containing those abraded foraminifer
tests just at the bottom of a steep wall'®, reaching from ~ 100 to 400 m water depth, we interpret them to have
been winnowed off the platform by gravitational currents. In contrast, while transported attached to a seagrass
blade, the test is floating on the surface, being thus protected from hydraulic energy, physical abrasion and other
destructive forces.

Evidence from the Umluj brine pool

The PARASOUND profile and steep shifts in physicochemical parameters at about 638 m in a depression south
of Al Wajh Bank (stations M193-82 to M193-87; Fig. 2) confirmed the presence of the previously discovered
Umlyj brine pool?*. The distinct pycnocline indicates minimal mixing with the overlying water owing to the
high density of the brine (salinity > 180 PSU, density > 1146.1 kg/m? and anoxic conditions below 646 m depth;
though CTD values may be well out of instrumental and calibration ranges). These extreme conditions create a
unique sedimentary environment, where degradation of fallen macrofauna and flora is hampered by the lack of
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oxidation and bioturbation processes, allow for the preservation of organic materials, such as the vegetative parts
of seagrass as well as delicate foraminiferal tests.

The well-preserved macrophyte and foraminifera remains presented from Umluj brine pool strongly
support the rafting hypothesis. The macrophyte fragments discovered in the pool include well-preserved leaves,
rhizomes and stems of, e.g., Halophila stipulacea and Thalassodendron ciliatum, as well as brown algae (e.g.,
Turbinaria ornata), which are commonly found in shallow coastal and reef environments along the coast of
Saudi Arabia?47>74,

H. stipulacea is one of the most common species in the Red Sea where it flourishes in water depths between
1 and 20 m in lagoons, bays, and sheltered coastal areas, and recently is also spreading quickly throughout the
eastern Mediterranean Sea?>%°7>7¢, Th. ciliatum is a common species on the eastern side of the Red Sea’”, with an
increasing abundance northward’®”?, forming dense meadows at 0.5 to 15 m depth in areas with strong currents
and wave action, for example near reefs and rocky coastlines. Likewise, C. serrulata preferably grows on sand
or coral debris in the upper sublittoral zone, mainly between 1 and 10 m depth in sheltered bays and lagoons.
The discovered macroalgae parts likely belong to T. ornata (Phaeophyta), Sargassum spp. and the rhodophyte
Laurencia spp., all commonly found in shallow areas along the eastern coast of the Red Sea®’.

These phytal substrates provide microhabitats (i.e., roots, thizomes, stems and leaves) for diverse communities
of temporarily and permanently attached epiphytic living benthic foraminifera’3!-83. For example, high densities
of A. lessonii, A. lobifera, S. orbiculus and A. hemprichii, among others, live on H. stipulacea meadows in the Gulf
of Aqaba®5¢5784 S orbiculus and A. lobifera may cover Posidonia oceanica leaves in the Mediterranean®!:8,
as well as macroalgae fronds, along with A. hemprichii®®. Soritids and Amphistegenids were likewise found on
algal mats around New Caledonia®? and Thalassia seagrass blades in Belize®®. The discovery of pristine LBE,
the specific combination of species, and their preservation status, therefore further support rafting as mode of
transport and might imply that these macrophytes could act as vectors for dispersal over significant distances.

Influence of local currents on seagrass rafting
The transport of seagrass flotsams in the Red Sea is largely influenced by the interaction of regional currents,
wind patterns, and local hydrodynamics, where here the prevailing NNW wind system causes southerly flow of
surface waters®”. The distance at which LBF were found in deep-sea sediments suggests that the rafting distance
of seagrass is limited, likely influenced by prevailing current patterns and convergence zones that confine the
rafts within this range. The eastern boundary current, which flows northward along the coast of Saudi Arabia,
coupled with the influence of mesoscale eddies and sub-gyres, likely plays a crucial role in directing the floating
seagrass toward deeper offshore areas®®?’. Convergence zones created by the interaction of these currents may
act as temporary traps, allowing seagrass flotsams to accumulate and sink before travelling further offshore.
Further research into the specifics of this rafting process, including the factors influencing the distances
covered and the eventual sinking of the flotsams, would enhance our understanding of its ecological implications.
Moreover, oceanographic models might help clarify the pathways and distance limits of flotsams, which are
critical to predicting how macrophyte rafting might influence sediment input and organism dispersal in offshore
regions.

Implications for sediment interpretation and biogeographic patterns

Rafting of shallow-water organisms to deep-sea environments has significant implications for interpreting the
sedimentary record, but also for understanding marine biogeography and evolutionary patterns. Obviously,
the presence of LBF in deep-sea sediments does not indicate local shallow-water conditions, but rather long-
distance transport, potentially necessitating a re-evaluation of some paleoenvironmental reconstructions. This
aligns with the work of Martorelli et al. (2011)%, who demonstrated that rafting could introduce allochthonous
components into sedimentary records, altering interpretations of past marine conditions.

Rafting may also play a vital role in the biogeographic distribution of marine taxa, potentially aiding the
spread of non-native taxa into new habitats, such as the current spreading of Lessepsian invaders throughout
the Mediterranean. Regarding future tropicalization of the rapidly warming Mediterranean Sea®° the rapid
invasion of Amphistegina lobifera and other LBF***1-% could hence be facilitated by their association with
floating seagrasses like H. stipulacea. This species has also undergone fast range expansions in the eastern
Mediterranean Sea and elsewhere!#376% and is expected to continue s0'°*1°!, with potentially massive impacts
on associated ecosystem functions. Our case study corroborates the notion that such mechanisms may facilitate
the co-dissemination and territorial expansion of marine species that live in association with each other, and
could also contribute to the high dispersal capacity of some LBF!?2, Further research on the dynamics of these
associations will provide insights into the processes that drive the distribution of marine species, to better
anticipate changes in species ranges and implement effective management strategies to mitigate the impact of
invasive species on native ecosystems.

Further ecological implications of seagrass rafting

Active and passive dispersal is notoriously a key agent in the evolution and biogeography of terrestrial and marine
organisms?!4267:103-105 and this also applies to benthic foraminifera®®>?. While the transport of epibionts on
seagrass rafts can link different marine ecosystems, such as coastal seagrass meadows and deep-sea environments
unidirectionally, it may also enhance the genetic connectivity between geographically separated populations
bidirectionally in other settings where the environmental conditions between origin and depositional setting are
more similar. Such connectivity may have cascading effects on ecosystem dynamics or contribute to gene flow!®.
While this is outside the scope of the current study, future research could target the potential of seagrass rafting
in promoting ecosystem connectivity to, for example, further affect nutrient cycling or habitat structure across
diverse marine environments. In our specific case study, rafting contributes to the offshore sedimentary record.
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Conclusions

This study provides compelling evidence for the passive rafting of shallow-dwelling LBF - and potentially
other epiphytes — on seagrass and other macrophyte fragments from shallow coastal habitats into deep-sea
sediments. It also underscores the potential for brine pool sediments to preserve detailed records of past marine
conditions. Seagrass rafts might serve as important vectors for co-dispersal, allowing species to rapidly overcome
long distances and establish new populations in remote locations. This could alter species distributions,
especially under tropicalization scenarios that facilitate the spread of invasive species (e.g., Halophila stipulacea
and Amphistegina lobifera), which can outcompete native species and modify community dynamics, with
consequences for biodiversity, ecosystem structure, and function®”1°,

Our findings also highlight the importance of considering uncommon transport processes in
paleoenvironmental reconstructions. Specifically, rafting must be distinguished from other transport
mechanisms such as gravitational off-bank shedding because misidentification would affect the interpretation
of sedimentary deposits. Otherwise, the presence of shallow-water (photic) organisms in deep water settings
could be taken as evidence for near-surface conditions, while rather representing an “artifact” according to the
dominant depositional context, introduced by floating macrophytes. The occurrence of well-preserved LBF in
deep-water deposits presented here indicates this long-distance transport pathway. Once these organisms detach
or sink with their substratum, they are not representative of the local sedimentary environment but instead
indicate passive transport without reworking.

Further research into these transport mechanisms and their implications will likely enhance our understanding
of marine biodiversity, ecosystem connectivity, and biogeographic patterns. At the end, such perspectives could
even inform coastal management strategies by identifying key areas that facilitate connectivity and dispersal,
thereby supporting marine biodiversity or ecosystem resilience.

Data availability

All sediment samples, oceanographic data collected along with core images and images and video footage from
the ROV survey are stored at ZMT and can be made available upon reasonable request to H. Westphal. PARA-
SOUND data is stored at the University of Hamburg and can be made accessible through T. Lidmann.
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