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Abstract: Multidisciplinary studies have allowed us to describe the abiotic landscapes and, thus,
reveal the ichnological and benthic foraminifera trends in a deep-water gateway. Mesoscale landscape
mapping is presented based on the bathymetric position index, substrate types and near-bottom
water temperature. Four sediment cores, retrieved from the entrance, centre and exit of the gap, were
subject to computed tomography, ichnological and benthic foraminifera studies. A high diversity
of abiotic landscapes in the relatively small area of Discovery Gap is detected and its landscape is
characterized by 23 landscape types. The most heterogeneous abiotic factor is a topography that is
associated with sediment patchiness and substrate variability. The ichnological and tomographical
studies of the sediment cores demonstrate lateral and temporal differences in the macrobenthic
tracemaker behaviour. The ichnofossils assemblage of the sediment core can be assigned to the
Zoophycos ichnofacies with a higher presence of Zoophycos in the entrance site of the gap and during
glacial intervals. Higher benthic foraminifera diversity and species richness during the Holocene
are also registered in the southern part of the gap compared to the northern part. The spatial and
temporal differences in macro-benthos behavior and benthic foraminifera distribution in the deep-
water gateway are proposed to relate to the topographical variations of the Antarctic Bottom Water
and its influence on the hydrodynamic regime, nutrient transport, etc.

Keywords: habitat mapping; bathymetric position index; GIS; trace fossils; benthic foraminifera;
computed tomography; bottom substrate; water temperature; suspended particulate matter; Antarctic
Bottom Water

1. Introduction

Landscape and habitat mapping of abyssal environments and studies of their long-
term dynamic conditions present a significant challenge [1]. Although the abyss occupies
the largest area of the ocean floor and the deep sea is the largest biome on Earth, their
biological communities remain poorly understood (e.g., [2,3]). However, ecologically
meaningful maps can still be developed, even for areas with little or no biological data,
using the marine landscape concept which is based on available abiotic data [4].

In the overview of the deep-water ecosystem by [3], the benthic habitats are presented
as abyssal plains, continental margins, ridge systems, seamounts, channels, trenches and
smaller habitats such as vents, seeps, whale falls, benthic Oxygen Minimum Zones and
cold-water corals. Deep-water gateways are not mentioned among them although they are
known to play an important role in the exchange of water, sediment, and biota from one
ocean basin to another (e.g., [5,6]).
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Deep ocean gaps and gateways are the constricted passages in a rise (sill) between
two abyssal plains [7]. Bottom water flow is topographically controlled in these sites where
the morphological constriction induces acceleration of the flow [8]. Such modification
of the bottom currents may influence benthic organisms by increasing nutrient supply
and productivity (e.g., [3]). Since deep ocean gateways are linked to topographic rises,
mid-ocean ridges, and fracture zones ([9,10]), they can include a great variety of habitats
as, for example, was described for the Vema Fracture Zone ([11,12]).

Discovery Gap is a deep-water gateway, located in the ridge of the Azores–Gibraltar
Fracture Zone (NE Atlantic, 37◦ N, 16◦ W) (Figure 1). It is a key region in the NE Atlantic
as it is considered the terminal point of the northward spreading Antarctic Bottom Water
(AABW) with water temperature below 2 ◦C [13]. The gateway connects the Madeira and
Iberian abyssal basins and consists of a series of narrow depressions and sills, elongated
in the SW-NE direction with depths ranging from 4700 to more than 5300 m. The diverse
geomorphic features of the gap include steep slopes and sills, terraces and depressions [14].
Therefore, it is likely that the gap includes habitats suitable for a diverse range of organisms
including sessile fauna and filter feeders on rocky substrates [11] and deposit feeders
and scavengers on the soft substrate [3]. The deep-water gaps’ environment may also be
suitable for foraminifera which are known to account for more than 50% of the total benthic
biomass of abyssal plains [15].
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Despite the abyssal fauna is being highly diverse, it suffers from chronic under-
sampling due to difficulties of sampling large depths [3]. Sediment cores sampled from soft
deposits have some advantages over video or surface sediment samples as cores represent
a longer time slice and therefore more opportunity to identify fossil organisms or traces.

Ichnofossils (or trace fossils) are biogenic sedimentary structures, which are useful for
characterizing past and present endobenthic communities and their living environment.
Trace fossils are more sensitive indicators of change in the benthic environment than
body fossils [16]. In the gateway environment, variations in the ichnofossils of the seabed
sedimentary archive may provide evidence of not only environmental condition changes
but also their spatial variability associated with the transit of biota and nutrients from one
basin to another. However, the gateway environment is an underexplored area from the
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ichnological point of view. Although, the lateral variability of ichnological content under
the influence of bottom currents is discussed, e.g., in [17].

Benthic foraminifera (BF) are single-celled eukaryotes (protists) that produce a ‘test’ (shell)
(e.g., [18,19]). They are used extensively as palaeoceanographic proxies since the microfossils
have a wide space-time distribution, the ability to quickly respond to changes in habitat
characteristics, and many of these shells are also resistant to dissolution ([20–22]). Complex
factors control the abundance and microhabitat distribution of benthic foraminifera. In general,
the abundance and diversity of BF species reflect the nutrient- and oxygen-richness of near-
bottom conditions (e.g., [18,23]). Moreover, many authors consider organic matter reaching the
seafloor a primary regulating factor in controlling the density and species composition of BF
communities ([24–27]). Additional factors such as bottom water hydrodynamics, carbonate
saturation, bottom topography, and substrate types may also have a significant impact on the
distribution and preservation of BF tests ([18,21,27–29]).

The micropaleontological (foraminifera) and ichnological data in sediment cores
provide information on long-term (centennial and millennial) environment dynamics
whereas abiotic parameters characterize recent landscapes. However, using data on fossils
allows us to answer the question: are the spatial environmental trends controlled by the
morphology and deep-water circulation in the gateway even during Late Quaternary
glacial-interglacial cycles? Therefore, the aims of this work are (1) to present landscape
mapping of a deep-ocean gateway to characterize its modern environment, (2) to explore the
distribution of ichnofossils and benthic foraminifera in sediment cores in relation to spatial
and temporal changes of environmental conditions, and (3) to study the environmental
changes associated with the propagation of bottom water through the gap.

2. Materials and Methods

Bathymetry, acoustical sub-bottom profiling, hydrological data, and sediment cores
were collected during the 43rd cruise of the research vessel (R/V) “Akademik Nikolaj
Strakhov” in 2019 [30]. A multidisciplinary approach allows us to reveal the landscape
(oceanographic and physiographic features of the marine environment) in detail. The
essential biological information is presented by ichnological and benthic foraminifera
studies in sediment cores.

2.1. Identification of Seabed Landscapes
2.1.1. Bathymetric Position Index

One possible method of characterizing benthic landscapes, and their spatial variability,
is through the use of the Bathymetric Position Index (BPI) [31]. BPI allows for automatic
determination of mesoscale relief based on multibeam bathymetry.

The BPI is a derivative of the second order from the bathymetry and determines
the elevation position of the point on the area in relation to the specified neighborhood.
Negative values characterize depressions (the cell is lower than neighboring areas), positive
values characterize elevations (the cell is higher than neighboring areas), near-zero values
correspond to flat terrain and slopes.

For the BPI calculation, the GIS-application Benthic Terrain Modeler was used in the
ArcGIS [32]. The BPI was applied to the digital elevation model (DEM) constructed on the
basis of open access multibeam bathymetry data [33], Figure 2a. The BPI raster was created
with the same resolution based on DEM.
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Figure 2. Seabed characteristics and near-bottom temperature used in the analysis: (a) multibeam bathymetry data,
1—sediment cores, 2—water column properties; (b) BPI zones; (c) substrate types; (d) water potential temperature.

The large-scale relief was determined with a large neighborhood radius to avoid the
“noise” of the small-scale features, which means that the Broad Scale BPI (B-BPI) was
calculated with a relatively large-scale coefficient. The optimal values for the outer and
inner neighborhood radii were calculated based on the mean sizes of large- and small-scale
relief forms measured in ArcGIS (Table 1).

Table 1. Parameters, used for the calculation of the Broad Scale Bathymetric Position Index (B-BPI).

Parameter Value

Digital Elevation Model resolution, m 100
Neighborhood form ring

Outer radius, number of sells 200
Inner radius, number of sells 20

Scale coefficient 20,000
Minimum incline value for the slope, degree 3
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Slopes and horizontal surfaces (flats) with BPI values closer to zero were differentiated
using the slope raster. The latter was calculated in ArcGIS based on DEM. A threshold
value (Table 1) was determined based on the graph of the slope value distribution.

The four mesoscale relief forms (BPI Zones) were determined based on standardized
B-BPI values (B-BPIstd). The forms are referenced as landscape types:

1. Crests—areas on the elevations with B-BPIstd ≥ 1;
2. Depressions—areas in the lowering of the relief, B-BPIstd ≤ −1;
3. Horizontal surfaces (Flats)—areas of the terrain with −1 < B-BPIstd < 1 and slope

lower or equal to 3◦;
4. Slopes—areas of the inclined bathymetric surface with −1 < B-BPIstd < 1 and slope

higher than the threshold value for slope.

2.1.2. Bottom Substrates

Substrate type plays a major role in benthos and trace fossil distribution. The base
substrates are softground, firmground, and hardground [34–36]. Due to the absence of
the side-scan data in the area and limited sediment sampling sites (three gravity cores),
the bottom substrates were extracted from the echotype distribution. The echotypes are
taken from [14] where they were determined from sub-bottom profiles acquired with an
EdgeTech 3300 Chirp profiler (2–8 kHz). An acoustic profile is characterized by weak
penetration through sediments but with a high resolution that can capture details of the
sedimentary record (e.g., [37]). Hardground is an acoustical basement of the high-frequency
profiler and appears as distinct, sharp bottom echoes without sub-bottom reflectors. Firm-
ground is characterized by echoes similar to those of the hardground but with increased
signal penetration and more “mushy” profiles. Softground promotes even deeper signal
penetration into the fine-grained sediments, seen as layers on the echograms, sometimes
with overlapping of hyperbolas where the surface is wavy (sediment waves) [37]. Based
on signal type, the eight echotypes originally defined in [14] were converted into three
bottom substrate types: softground, firmground, and hardground (Figures 2c and 3). The
softground includes echotypes IB (extensive continuous reflection with parallel continuous
sub-bottom reflections), IIIB (regular hyperbolas with conformable sub- bottoms) and IIID
(regular, repeating hyperbolic echoes with vertices tangent to the seafloor, or a sub-bottom
reflector). The firmground consists of echotype IIB (“mushy” profile with no sub-bottom
reflections) and echotype IIA (sub-bottom reflections present but often discontinuous).
The hard ground comprises three echotypes: IA (distinct continuous reflection with no
sub-bottoms), IIIA (singular, large, irregular hyperbolic echoes with vertices at widely
ranging heights above the seafloor, no sub-bottoms), and IIIC (regular, repeating hyperbolic
echoes with vertices tangent to the seafloor and varying vertex height).

2.1.3. Water Temperature, Oxygen, and Suspended Particulate Matter Concentration

The hydrological measurements (near-bottom potential temperature, oxygen and
suspended particulate matter concentration) were conducted at the five oceanographic
stations (Figure 2a, Table 2). Water temperature was acquired using the SBE 19plusV2
SeaCAT CTD-probe with measurements taken at 25–50 m above the sea bottom [38].
According to the classical definition from [39], AABW is water with a potential temperature
lower than 2.0 ◦C. We used the 2.0 ◦C isotherm as the upper boundary of the AABW to
define the spatial area of its influence in Discovery Gap.
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Table 2. Hydrological measurement and sediment core locations and type of data.

Station Number Latitude Longitude Type of Data Core Length, cm

ANS-43001 37◦18.30′ N 15◦42.51′ W Hydrologycal
ANS-43002 37◦06.73′ N 15◦46.70′ W Hydrologycal
ANS-43003 37◦08.23′ N 15◦53.07′ W Sediment core 302
ANS-43004 37◦40.75′ N 15◦19.69′ W Hydrologycal/sediment core 195
ANS-43005 37◦24.97′ N 15◦51.27′ W Hydrologycal

ANS-43006 37◦01.56′ N 16◦14.45′ W Hydrologycal/two sediment
cores (A, B) 395 (A), 391 (B)
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Oxygen and suspended particulate matter (SPM) in the near-bottom waters were
measured at the same oceanographic stations and the same depths as water temperature.
The water was collected using Niskin bottles on the Carousel Water Sampler SBE 32. The
dissolved oxygen in the water was measured onboard by the standard Winkler Method [40].
The SPM was estimated as its dry weight concentration from filtration onboard through
a 0.45 µm pore size polycarbonate membrane filter [41]. The mean value of two filters
was used for each sample, except for the ANS-43005 sample where the measurement
came from only one filter. SPM residing on the filters includes both organic and min-
eral particles (e.g., [41,42]). Particulate organic carbon (its quantity and quality) was not
studied separately.

2.1.4. Landscape Mapping

A landscape map was created in the ArcGIS software by combining the shape-layers
of the following components:

• Mesoscale relief defined with the BPI (crests, depressions, flats, slopes);
• Bottom substrate types (softground, firmground and hardground);
• Near-bottom water potential temperature with 2 ◦C as threshold value representing

the upper boundary of the AABW.

Each landscape type has distinct boundaries and is defined by the combination of the
abiotic components.

We did not use one of the main components of the landscape–benthic organisms, due
to the absence of biological data in the area. This is because of the difficulties associated
with their retrieval from great abyssal depths. Consequently, the landscape mapping
was based only on the abiotic components, however, the results of ichnological studies
in the sediment cores were used for indirect estimation of the biodiversity and benthic
organism behavior.

2.2. Sediment Cores

We analyzed four sediment cores collected during the 43rd cruise of the R/V “Akademik
Nikolaj Strakhov” in 2019 ([38], Figure 2a, Table 2). Two cores (ANS-43006_A and ANS-
43006_B) were retrieved from the ANS-43006 site for their simultaneous analysis in different
laboratories. The thorough study of the cores included stratigraphic subdivision, facies
analysis and an interpretation of the sedimentary processes is presented in [14]. According
to the study, sediments in all the cores encompass the last 240 ka and correspond to seven
marine isotope stages (MIS 7-1). Identified sedimentary facies reflect significant variability
of the upper boundary and current velocity of the AABW which were proposed to relate to
the glacial-interglacial climatic changes during the Quaternary. Intensified AABW currents
accompanied by increased carbonate dissolution and high terrigenous supply to the core sites
were registered during glacial intervals (MIS 6, 4, and 2) and at their terminations. Revealed
processes reflect long-term environmental dynamics which may significantly influence the
composition of sediment cores.

2.2.1. CT-Scanning

Before opening, the ANS-43003, ANS-43004, and ANS-43006 B cores were analysed
using clinical Computerized Tomography equipment (HITACHI ECLOS 16 Multislice CT)
at the Veterinary Teaching Hospital Rof Codina in Lugo (Galicia). The data were collected
following the acquisition protocol of [43]. The final resolution per voxel is 0.2 mm× 0.2 mm
× 0.65 mm (x, y, z). Radio–density profiles for the cores were calculated using the software
anidoC [43]. Tomographic pictures from the cores were obtained using MRicro [44]. These
pictures present the same radio-density colour scale and hence, colours from the different
cores are directly comparable. A 25 cm gap at 130–155 cm core depth (cm below seafloor,
cm bsl) was discovered in the ANS-43006_B core upon opening, which is seen as a black
space on the computed tomography image.
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2.2.2. Ichnology

The ichnological analysis was conducted on high-resolution digital images and com-
puter tomography (CT) data. To enhance the visibility of trace fossils in modern cores,
like those studied here, digital images were processed using the high-resolution image
treatment recently proposed ([45–48]). Images were treated, controlling image levels of
brightness, contrast, vibrance, and saturation ([45] for details). CT scan images increase the
visibility of trace fossils in particular cases, especially when the infilling material of trace
fossils is different to the host sediment.

As usual for ichnotaxonomical analysis in cores, trace fossils were characterized at
the ichnogenus level by the recognition of diagnostic features [49]. Special attention was
paid to the general shape, size, orientation, internal structures and their infilling material.
Moreover, other ichnological attributes such as the distribution of traces, ichnodiversity,
cross-cutting relationships, tiering structure, relative abundance, and degree of bioturba-
tion, as a percentage of bioturbation within a vertical section or bioturbation index for any
ichnogenera or the complete trace fossil assemblage, were considered [48,50,51].

2.2.3. Benthic Foraminifera

BF (calcareous and agglutinated) were studied from the top 30 cm of the sediment
cores ANS-43004 and ANS-43006_A to establish possible differences in abyssal faunal
composition and biodiversity. The two cores were chosen as they are located in the AABW
entrance and exit sites of the gap. We did not analyse the core ANS-43003 to exclude the
expected error caused by the enhanced preservation of calcareous microfossils due to the
weaker dissolution effect at shallower depths.

The top 30 cm of the cores were sampled at 10 cm (1-cm thick slices). This corresponds
to Marine Isotope Stage 1 (MIS 1) and a time period of about 0–12.9 ka for core ANS-43004
and 0–10.5 ka for core ANS-43006_A according to the age model, presented in [14]. Samples
were washed through a 63 µm sieve and subsequently, the dry coarse fractions were passed
through a 100 µm sieve. Over 300 specimens of benthic foraminifera from the >100 µm
fraction were counted and identified to species level under the Olympus SZX16 microscope
following the standard approach (e.g., [52–54]).

Several independent proxies have been used to evaluate benthic foraminiferal variability:

5. Total BF abundance. This parameter was calculated as the number of benthic foraminifera
per 1 g of dry bulk sediment [55]. A combination of sufficient food supply to the seafloor
and relatively high oxygen content in the pore and bottom water creates favourable
conditions for mass development of benthic organisms (e.g., [18,21]). Consequently, under
such conditions, the concentration of BF tests in the sediments should be higher;

6. BF ecological indices. The Palaeontological Statistics (PAST) data analysis package
was applied to the foraminiferal data (the number of each BF species at given depths
in the cores) to obtain the distribution patterns of two ecological indices [56]. The
Shannon index (H) accounts for both the number of taxa and the individuals in a
community, so here we use it as a parameter of heterogeneity (diversity) of each
sample [57]. Fisher’s alpha diversity index (S) describes the relationship between the
taxa and the number of individuals of those taxa [58] and consequently, reflects the
species richness ([57,59]);

7. Fragmentation index of planktic foraminifera (PF). It is well-known that changes in
foraminiferal abundances are commonly affected by dissolution in the deep open
ocean (e.g., [27,60]). Therefore, it is necessary to consider how strong the past dissolu-
tion signal might have been and whether it predominated over the export productivity
and lateral food advection. The PF fragmentation index was used as a dissolution
proxy and calculated according to the equations formulated by [61]. We counted
planktic foraminifera in the >150 µm sediment fraction which is considered to be the
most sensitive to changes in hydrological conditions (e.g., [62]). A PF fragment was
defined as a test portion less than 60% of its original size [62]. If a relationship between
the curves of total BF abundance and PF fragmentation index can be identified then it
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may be possible to suggest that dissolution plays a major role in BF distribution. A
higher value of PF fragmentation, together with increased content of pitted benthic
foraminifera shells in the same sample, indicates stronger dissolution.

2.3. Integration of the Data

The landscape maps, including studies on oceanographical parameters, were pro-
duced to evaluate the abiotic parameters and their changes through the gap (e.g., [63]).
Furthermore, the ichnological and benthic foraminifera data were compared with the
abiotic variables to eliminate their influence on them.

3. Results

A total of 9404.5 km2 were mapped and 23 seabed landscapes were identified in
Discovery Gap (Figure 4, Table 3). The significant variety in bottom landscapes occurs as a
result of the complex relief, sediment distribution (patchiness) and AABW distribution in
the gap.
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Figure 4. Seabed landscapes in Discovery Gap: (a) softground landscapes; (b) firmground landscapes; (c) hardground
landscapes. For identification of the numbers see Table 3.
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Table 3. Seabed landscapes resulted from the overlay of the BPI, substrate types, and water temperature. The percentage
distribution of the landscapes in the area is marked by greyscale from high (dark grey) to low (white) values. Italian style
highlights the landscapes with water temperature ≤2 ◦C.

Number Landscape Area, km2 Area, %
1 Crests, hardground, water temperature >2 ◦C 2704.7 28.8
2 Crests, softground, water temperature >2 ◦C 767.3 8.2
3 Crests, firmground, water temperature >2 ◦C 334.4 3.6
4 Crests, hardground, water temperature ≤2 ◦C 58.9 0.6
5 Crests, softground, water temperature ≤2 ◦C 20.8 0.2
6 Crests, firmground, water temperature ≤2 ◦C 7.4 0.1
7 Depressions, hardground, water temperature >2 ◦C 235.4 2.5
8 Depressions, softground, water temperature >2 ◦C 161.9 1.7
9 Depressions, firmground, water temperature >2 ◦C 333.2 3.5

10 Depressions, hardground, water temperature ≤2 ◦C 110.8 1.2
11 Depressions, softground, water temperature ≤2 ◦C 512.6 5.5
12 Depressions, firmground, water temperature ≤2 ◦C 350.5 3.7
13 Flats, hardground, water temperature >2 ◦C 518.0 5.5
14 Flats, softground, water temperature >2 ◦C 1902.8 20.2
15 Flats, firmground, water temperature >2 ◦C 273.4 2.9
16 Flats, hardground, water temperature ≤2 ◦C 52.0 0.6
17 Flats, softground, water temperature ≤2 ◦C 299.9 3.2
18 Flats, firmground, water temperature ≤2 ◦C 205.1 2.2
19 Slopes, hardground, water temperature >2 ◦C 282.4 3.0
20 Slopes, firmground, water temperature >2 ◦C 71.7 0.8
21 Slopes, hardground, water temperature ≤2 ◦C 117.3 1.2
22 Slopes, softground, water temperature ≤2 ◦C 21.7 0.2
23 Slopes, firmground, water temperature ≤2 ◦C 62.3 0.6

3.1. Relief and Substrate Types

Crests are the most extensive relief type in the area and comprise 41% of all relief. They
are mostly represented by hardground (71%); firmground and softground comprise 9% and
20%, respectively (Figure 4). Crests with hardground have large areas of sediment absence
and bedrock exposure on the sea bottom. These areas are associated with the ridges of the
Gloria Fault and Madeira Tore Rise and with isolated, typically SW-NE trending, elongated
ridges within the gap.

The next most widespread relief type is flats. They account for 34% of the area and
are represented by softground (68%), hardground (18%) and firmground (15%) (Figure 4).
Flats correspond to terraces along the Gloria Fault and Madeira Tore Rise. They are also
typical of the Madeira and Iberian Abyssal Plains within the study area.

Depressions and slopes account for 18% and 6% of the bottom relief in the study
area, respectively. Depressions in the gap are mainly represented by soft and firmground
(40% of each substrate type), while hardground constitutes 20%. There are three large
depressions in the southern, central and northern parts of the gap that are separated by
sills (central and northern sills). The southern depression is represented by softground.
It has an irregular form and is separated from the Madeira Abyssal Plain by an elevated
relief of crests and flats. The central depression is a narrow SW-NE elongated feature and
is characterized by the firmground. The northern depression is located on the Iberian
Abyssal Plain and is represented by a flat bottom according to the BPI classification and
characterized by softground.

Slopes are almost exclusively characterized by hardground (89%), firm- and soft-
ground account for the 6% and 5% of the bottom substrates, respectively. Slopes within the
gap are typically very narrow and steep and usually bound the depressions.

3.2. Temperature, Oxygen and SPM Concentration in the Near-Bottom Waters

During the 43rd cruise of the R/V ANS (2019), the coldest potential water temperature
(1.993 ◦C) was measured in the entering (southern) depression, while at the exit of the
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gap (northern depression) the measured near bottom potential water temperature was
higher. At a depth of 4735 m, it was 2.00 ◦C in the southern depression (station ANS-43006)
and 2.01 ◦C at the same depth in the northern depression (station ANS-43004, Figure 5).
Unfortunately, the water temperature was not measured in the central depression in 2019,
but from literature and public data, we know that it is higher than 2.0 ◦C [64–66].
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SPM concentrations in the near-bottom waters show a similar pattern (Table 4, Figure 5).
Increased values were measured in the southern part of the gap: 0.175 mg/L in the south-
ern depression and 0.145 mg/L at the flat (terrace) of the Madeira-Tore Rise. The highest
value was registered at the crest of Gloria Fault ridge to the west of the northern deep—
0.186 mg/L. This is the shallowest station with a depth of about 4400 m (Table 4). The
lowest value was identified at the crest to the east of the central depression (0.034 mg/L).
At the northern exit of the gap (northern depression), the near-bottom SPM concentration
was as low as 0.083 mg/L.

Table 4. Suspended particulate matter (SPM) concentration and oxygen in the near-bottom waters in
Discovery Gap.

Station Depth, m SPM, mg/L Oxygen, mL/L

ANS-43001 4533 0.034 5.30
ANS-43002 4673 0.145 5.69
ANS-43004 4840 0.083 5.32
ANS-43005 4384 0.186 5.61
ANS-43006 5250 0.157 5.29

Oxygen concentration in the near-bottom water is quite uniform and varied from 5.29
to 5.69 mL/L with the mean value of 5.44 mL/L (Table 4). There is no visible trend in the
oxygen distribution throughout the gap. The bottom-water oxygen level appears to be
relatively homogeneous and dissolved oxygen in the near-bottom waters is near saturation
levels that correspond to oxic conditions.

3.3. Ichnology

In all the cores, trace fossil assemblages are quite homogeneous, mainly consisting
of Thalassinoides, Planolites and Zoophycos, together with frequent Chondrites and rare
Palaeophycus (Figure 6). This assemblage can be assigned to the Zoophycos ichnofacies.
The Zoophycos ichnofacies is mainly characterized by feeding structures, as are found in
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the present case study; Chondrites is related to different feeding behaviors (i.e., deposit-
suspension-detritus-feeding and even chemosimbiosis), Palaeophycus is interpreted as a
dwelling or suspension-feeding structure, Planolites is considered to be produced by deposit-
feeders, Thalassinoides is excavated as dwellings, associated with combined suspension- and
deposit-feeding behavior and Zoophycos is mainly related to deposit-feeding behavior [49].
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Figure 6. The lower part of the ANS-43006_B sediment core illustrates an example of the different
ichnotaxa on the photo and CT images: Th, Thalassinoides; Pl, Planolites; Zo, Zoophycos; Ch, Chondrites.

Trace fossils are relatively abundant in all the studied cores (ANS-43003, ANS-43004
and ANS-43006 B), showing well-defined framework burrow systems (i.e., Thalassinoides)
and cross-cutting relationships. This fact can be associated with a well-developed trace
maker community that can be interpreted as revealing generally good environmental
conditions in terms of oxygenation, nutrient availability and continuous sedimentation. In
this context, however, stratigraphic variations in the percentage of trace fossils are observed
in the three analyzed cores, from intervals characterized by scarce, near absence, discrete
trace fossils, with 0–5% of the bioturbated surface, to intervals showing an amount of trace
fossils, in which more than 60% of the vertical section is bioturbated.

In this general context, some variations in the relative abundance of ichnogenera,
including presence/absence, can be observed between and within the studied cores. Thus,
in sediment cores ANS-43003 and ANS-43004 Thalassinoides, and Planolites are usually the
most abundant traces, while in ANS-43006 the most abundant through the core is Zoophycos
(Figure 7).
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The ichnological studies also demonstrate the lateral difference in the macrobenthic
tracemaker community due to environmental changes in the gap (Figure 7). Located at
the entrance of the gap, the ANS-43006 core is characterized by the highest tracemaker
presence, especially Planolites and Zoophycos, in comparison with the other two cores.
Chondrites are also abundant. In the ANS-43003 and ANS-43004 cores, the number of traces
decreases with a minimum in ANS-43004.

3.4. CT-Scanning

CT images are useful for the visual characterization of the cores and in aiding the
identification of ichnological taxa in alongside photo images [43]. Quantitative analysis
of CT-scan data allows numerical comparison of the cores according to the radio-density
values in the HU scale.

The mean radio-density values of each slice through the ANS-43006, ANS-43003
and ANS-43004 cores range between 605 and 1206 HU, 820 and 1194 HU and 658 and
1167 HU, respectively (Figure 7). The radio-density varies significantly between glacial
and interglacial times according to the stratigraphic subdivision presented in [14]. The
difference reflects changes between high calcareous interglacial intervals (odd Marine
Isotopic Stages, MIS) characterized by high radio-density values and low calcareous glacial
intervals (even MIS numbers) with low HU values.

In the ANS-43006 sediment core, the mean radio-density values vary considerably
between the interglacial periods (MIS 7, 5, 3, 1) and glacial (MIS 6, 4, 2) and comprise
953 HU and 830 HU, respectively (Figure 7). The ANS-43003 and ANS-43004 sediment cores
are characterized by smoother tomographical trends (Figure 7). The average radio-density
value for the interglacials is 1076 HU and 996 HU for the glacial in the ANS-43003. In the
ANS-43004 core, the tomographical difference between glacial and interglacial intervals is
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even less. The mean CT-scan radio-density value for the interglacials is 1002 HU and for
the glacials it is 967 HU.

3.5. Benthic Foraminifera

Micropaleontological analysis of the sediment samples in the >100 µm fraction en-
abled the identification of more than 60 BF species in core ANS-43006_A and more than
50 BF species in core ANS-43004. Within the top part of the cores, corresponding to MIS
1, the BF assemblages consist mainly of the six species typical of abyssal environments
([18,67]). These species (Alabaminella weddellensis, Eggerella bradyi, Epistominella exigua, Globo-
cassidulina subglobosa, Nuttallides umbonifera, and Oridorsalis umbonatus) together account
for about 70% of the faunal relative abundance in most samples (Supplementary Materials
Table S1).

Total BF abundance and diversity information is presented in Figure 8. In all the
samples, the values of diversity indices (Fisher’s alpha index (S) and Shannon index (H))
are found to be higher in core ANS-43006_A in relation to the ANS-43004 data (Table 2).
The H values vary within a limited range of 2.31–2.60 in the studied parts of the cores. The
S values are positively correlated with total BF abundances and are greatest at 29–30 cm
bsf in both cores. The BF abundance is usually about 260–350 tests per 1 g of dry sediment,
however, one distinct maximum (650 tests g−1) is detected within the core ANS-43006_A
at about 10.5 ka (29–30 cm bsf). The PF fragmentation index is highly variable at 20–69%
and 21–46% in cores ANS-43006_A and ANS-43004, respectively. An inverse correlation
between the BF abundance and PF fragmentation percentage is observed in core ANS-
43006_A (Figure 8a,d). No such relationship is observed between these two curves in ANS-
43004, i.e. fragmentation maxima at 0 and 30 cm do not coincide with the BF abundance
minima (Figure 8a,d).
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sediment; (b,c) BF ecological indices; (d) percentage of planktic foraminifera (PF) fragments.
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3.6. Seabed Landscapes

A combination of the relief peculiarities, sediment patterns, and near-bottom water
potential temperature distribution allows us to define the landscapes in Discovery Gap.
Crests represented by hardground with near-bottom water temperature >2 ◦C cover the
largest area in the gap (2704.7 km2, 28.8%). The second most extensive landscape is flats
covered by softground with near-bottom water temperature >2 ◦C. They occupy an area of
1902.8 km2, which is 20.2% of the study area.

The landscapes covering less than 1% of the area of the gateway are mainly slopes
and crests with different substrates and near-bottom water temperatures <2 ◦C. Areas of
depressions and flats with near-bottom water temperature <2 ◦C vary between 0.6 and
5.5% depending on substrate type. The depressions with near-bottom water temperature
<2 ◦C are located southward of the central sill and cover 10.4% (973.9 km2) of the study
area. Flats of different substrate types but with near-bottom water temperatures lower
than 2 ◦C are also located to the south of the central sill and amount to 6% (557 km2) of the
gap’s area.

Sampling sites of the sediment cores are located along the direction of the AABW propa-
gation through the gap and the cores relate to the two different landscapes (Figures 1 and 4).
The ANS-43006 site is located in the region where AABW enters the gap and corresponds
to the depression with the softground substrate and near-bottom water temperature less
than 2 ◦C. The ANS-43003 sediment core was retrieved from the central part of the gap on
the terrace (flat) of the Madeira-Tore Rise. The site is characterized by soft sediments but
the near-bottom water temperature is higher than 2 ◦C. ANS-43004 was retrieved from the
flat area outside of the northern exit of the gap which is characterized by softground and a
near-bottom water temperature greater than 2 ◦C.

4. Discussion
4.1. Landscapes Variability in the Deep-Water Gateway

A high diversity of landscapes in Discovery Gap is detected. This increased patchiness
compared to surrounding abyssal plains may lead to enhanced habitat heterogeneity which
in turn may promote high biodiversity in the gap. The five most important factors of
benthic biodiversity in the deep sea were identified at the regional (landscape) scale by
Levin et al. [68]: food input, bottom water flow, bottom-water oxygen levels, sediment
heterogeneity and ecological disturbance. Below, we examine the biodiversity potential in
the Discovery Gap gateway from these perspectives.

In the deep-sea environment, the food supply is mainly brought down from the eu-
photic zone by a biologically driven downward flux of organic matter (e.g., [69]). Discovery
Gap is quite a small region relative to the surface circulation system of the Azores Current,
which could influence the primary production of organic matter. The gap area lies within
a single biogeochemical province [70]. Therefore, we assume that there is no significant
difference in organic matter supply to the gap area from the surface sources. However, a
lateral variability of nutrient distribution within the gap could exist because of the influence
of the bottom currents that are discussed in Section 4.2.

Episodic disturbances, that in the abyssal zone are mainly due to turbidity flows,
are also not recognized in the study area as sedimentation is continuous from the Late
Pleistocene to Holocene in the sampled sediment cores [14]. However, the Azores–Gibraltar
Fracture Zone, and especially the East Gloria Fault region, is known to have a record of
high to very high magnitude earthquakes, with the latest recorded in the 20th century [71],
which may be responsible for the earthquake-triggered slides and associated debris flows
and turbidity currents [72]. No sediment disturbance was found, at least not in the sed-
iment cores. Moreover, Zoophycos ichnofacies prevailing in the studied cores is typical
for the distal, deep environments which are usually quiet environments with an absence
of turbiditic currents [73,74]. However, we cannot exclude that there may be alternative
turbidity current routing pathways from surrounding topographic highs [14] possibly rep-
resented by softground. From the ichnological point of view, the different ichnotaxa may
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occupy both continuously deposited contourites, pelagic sediments, and event dependent
turbidites (e.g., [75,76]).

The most heterogeneous abiotic factor that may result in increasing biodiversity in
Discovery Gap is a topography that is associated with sediment patchiness and substrate
variety. The geology and sedimentary processes in Discovery Gap are described in detail
in [14]. In the present study, the indirect measurement of the infaunal organisms based
on the ichnological and benthic foraminifera studies in the upper parts of the two cores
are presented. The intense bioturbation in the three sediment cores reflects the presence of
deposit feeders and possibly surface feeders [16] in the soft sediments of the depressions
and flats of the gap. Moreover, the difference in the ichnological content between the
cores reflects different living strategies of the endofauna along the gap, which is discussed
in Section 4.2. Large areas of flats and depressions in the gap presented by soft- and
firmground substrates with oxic near bottom conditions are potentially favorable for
endobenthic organisms ([16,34]). The sparseness of these areas through the gap and their
separation by sills and elevations may break up the benthos communities and lead to
elevated species diversity through the gap (e.g., [11,77,78]).

The 43% of the area with hard bottom exposures mostly corresponds with the crests
and slopes of Discovery Gap presenting hard substrate habitats for benthic organisms. As
has been shown in previous studies, sessile fauna may be found on rocky outcrops of the
continental margins and the Mid-Atlantic Ridge in the lower bathyal depths (800–3500 m
depth) [78,79]. Little is known about the benthos of abyssal (4000–6000 m depth) hard-
grounds that constitutes almost half of Discovery Gap area. Besides the rocky outcrops
on the gap’s flanks, around 13% of the hardground exposures are observed within the
gap. They are present not only on crests and slopes, which is unsurprising but also on
the flats and depressions. We connect the absence of the soft sediment in the depressions
and flats with the enhancement of the bottom current flow in the narrow parts of the gap
and over the sills [8,9]. The intensification of bottom current velocities over the sills of
Discovery Gap is confirmed by numerical modelling [80]. The acceleration of the bottom
flow in these areas leads to sediment erosion, or rather nondeposition, and the formation
of the firmground and hardground (Figure 4, Table 3). These abyssal rock patches may
increase species diversity as, for example, is the case in the Vema Fracture Zone of the
Mid-Atlantic Ridge [11], although, future work is needed to determine the hardground
benthos in Discovery Gap. Studies of the abyssal biota are expensive and accompanied by
technical difficulties (e.g., [3]). The landscape map presented in our study will be helpful in
such research because the abiotic parameters and potential locations of the benthic fauna
are described in detail.

4.2. Environmental Drivers of Ichnofossils and Benthic Foraminifera Spatial Variation in the
Deep-Water Gateway

In deep-sea environments, the two main factors that influence tracemakers are pres-
ence of oxygen for respiration and presence of organic matter required for food [16].
According to our results, oxygen is distributed quite uniformly in the near-bottom waters
throughout the gap, determining a general oxygenated setting with minor incidence on
the benthic community. Due to the relatively small extent of the gap, the food supply by
vertical flux from the epipelagic zone is assumed to be constant in space but may exhibit
seasonal variability. The dominance of deposit-detritus-feeding behaviors support the
hypothesis that the accumulation of organic particles in the sediment occurred mainly in
tranquil waters. Therefore, the spatial variations of the near-bottom water propagation in
the gap may be the main reason for the observed changes in ichnological diversity between
the studied cores.

A particular characteristic of Discovery Gap (and any other deep ocean gateway)
is that it causes the restriction of the bottom water propagation from one abyssal plain
to another. Since bottom water with a potential water temperature less than 2.0 ◦C was
found only in the southern depression, we assume that the central sill presents some
kind of barrier within the gap which prevents the distribution of the coldest and heaviest
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AABW northward (Figures 2d and 5). This restriction leads to a registered difference in
water temperature between the southern and northern parts of the gap because (1) the
coldest (<2.0 ◦C) and heaviest AABW cannot cross over the central sill and is arrested in
the southern depression and (2) AABW mixes with the upper warmer waters during its
movement through the gap [14].

The specific pattern of AABW propagation may cause variations in nutrient supply.
Regions with increased bottom current (typically, contour current) intensity in the deep sea
are characterized by elevated SPM that can carry a considerable amount of adsorbed organic
carbon (e.g., [42,81,82]) which in turn feeds benthic organisms [83]. Overall reinvigoration
of the sluggish abyssal AABW caused by the constricted topography of Discovery Gap was
documented [14]. The values of SPM concentrations in the near-bottom layer in Discovery
Gap are quite high and are even comparable to those measured in the surface waters
(e.g., [84]). Additionally, the passing of AABW over the Canary Basin and Madeira Abyssal
Plain during its northward propagation [9] may play a role in nutrient supply to Discovery
Gap. These regions are known to be under the influence of the upwelling currents off
NW Africa that can export offshore a significant amount of organic matter [85]. The
increased SPM concentrations in the near-bottom water in the southern part of Discovery
Gap (AABW entrance, station ANS-43006) and decreased in the northern exit (station ANS-
43004) confirms the changes of the near-bottom current flow as it propagates through the
gap (Figure 5). The highest value of SPM concentration observed on the ridge of the eastern
segment of the Gloria Fault (ANS-43005, Table 4) may be explained by the resuspension
of surficial sediments resulting from the presence of the water mass boundary at a depth
of 4500 m between AABW and overlaying North Atlantic Deep Water [14] or/and the
interaction of the flow with the ridge (e.g., [86]).

The blocking effect of the central sill is accompanied by a reduced capacity of the
bottom current flow to carry the SPM from the southern entrance to the northern exit of
the gap. Therefore, the northern flats probably received fewer nutrients than the southern
depression which may explain the difference in the trace fossil assemblages and their
abundance in the gap. Moreover, sediments near the gap entrance (ANS-43006) show higher
sedimentation rates and more variable radio-density values (Figure 7) supporting increased
suspended matter influx and enhanced bioturbation rates compared to the exit of the gap.
Our results suggest that the shift in the near-bottom water parameters due to restricted
AABW propagation influences the ichnological content of the sediments in the deep-water
gateway. However, detailed studies of particulate organic matter composition and quality,
and macrobenthic communities in the gap are needed to support this interpretation.

Despite the use of CT-scan data to aid ichnological description, the ichnological data
cannot be readily compared with numerical CT-scan data directly. That is because the
latter is strongly dependent on the other factors, such as grain size, sedimentary structures,
distribution of particles, etc. (e.g., [43,87]). Variations in the tomographical data correspond
to the glacial–interglacial changes in foraminifera content: increased during warm intervals
and reduced during cold intervals. This variability is associated with the Late Pleistocene–
Holocene climatic changes in surface productivity and the enhanced corrosive effect of the
AABW during glacials (e.g., [14,88]). According to our results, the CT-scan values show
the highest variability in core ANS-43006_B, where the lowest values are associated with
increased foraminifera dissolution during glacials (Figure 7). Moreover, the sediments at
the exit of the gap (ANS-43004) are characterized by overall higher radio-density values
than at the entrance depression (ANS-43006) despite the comparable core sampling depths.
This confirms the increased influence of the AABW in the entrance depression, not only in
recent times but also through the Late Pleistocene–Holocene interval.

A comparison of prevailing benthic foraminiferal taxa in the upper sediments of the
two deepest cores in the gap shows a common composition of BF species, but differences
in their concentrations. The faunas were dominated (>70%) by A. weddellensis, E. bradyi, E.
exigua, G. subglobosa, N. umbonifera, and O. umbonatus. Most of these species appear to be
typical of oligotrophic environments, where a microhabitat close to the sediment-water
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interface and perhaps a suspension-feeding life strategy may be advantageous ([27,53,67]).
Most of the BF species observed in this study are considered epifaunal and shallow infaunal,
which are usually dominant in environments with well-oxygenated bottom waters ([21,89]).
The similarities in BF species’ composition at the two sites suggests that the bottom-water
and pore-water oxygen levels were not significantly changed between the core locations.
Consequently, the BF assemblages are controlled mostly by a limited food supply and are
subject to a dissolution effect due to the changes in bottom-water carbonate saturation
(Figure 8). Taking into consideration the elevated values of total BF abundance in relation
to lowered values of PF fragmentation in core ANS-43006_A, we propose that this deeper
sediment core experienced heightened dissolution. However, the statistical analysis in the
PAST software has identified higher foraminiferal diversity and species richness within the
upper sediments of the deeper southern core ANS-43006_A despite the stronger dissolution
effect on the carbonate shells according to PF data. In the shallower northern core ANS-
43004, the ecological parameters of BF assemblages were markedly lower though the
dissolution decreased. We assume that this difference is likely to result from the unequal
BF productivity conditions over the two core sites. Given that vertical organic matter
fluxes exported from the photic zone to the bottom are supposed to be comparable for the
relatively small area of Discovery Gap, we suggest that lateral transport of nutrients played
a major role in shaping the difference in the BF community structure between the cores.
The somewhat similar values of total BF abundances in the cores might be explained by
the influence of the more corrosive water mass that is present below the depth 5000 m over
ANS-43006_A site. A peak in carbonate dissolution was observed in core ANS-43004 at
29–30 cm (~12.9 ka), associated with the presumed elevated corrosiveness of the ambient
bottom waters to calcium carbonate during the Last Glacial Termination (e.g., [90,91]).

Enhanced BF abundance, diversity, and species richness in the 29–30 cm interval of
ANS-43006_A, relative to the other intervals and ANS-43004 records (Figure 8), seems to
reflect a lateral input of large quantities of organic matter ([27,29]) in response to intensi-
fied bottom water currents at 10.5 ka. Furthermore, this interval is characterized by the
dominance of G. subglobosa, which indicates well-aerated conditions and enhanced hydro-
dynamic activity at the water–sediment interface ([92,93]. Considering the aforementioned
arguments, we suppose that topographically conditioned ponding of the southern-sourced
AABW in the southern depression, as well as the lateral difference along the gap in bottom-
water parameters such as hydrodynamic energy and suspended matter, could affect food
availability and are most likely responsible for revealed variance in BF abundances in the
studied cores.

4.3. Temporal Variation of the Environmental Factors in Discovery Gap

Besides the lateral environmental variations in the gap, the severe climatic changes
during Late Pleistocene to Holocene influence the macro-benthic communities. Zoophycos
is most common in sediments deposited during glacial times and when the sedimentation
rate was intermediate (5–20 cm ka−1) and primary production was high and seasonal.
Zoophycos appears to represent a useful proxy to characterize high and seasonal organic
matter deposition and primary productivity in Neogene hemipelagic deposits [17,94,95].
The greater presence of Zoophycos during glacial intervals in all cores confirms that these
statements are also reasonable for Discovery Gap. The increased occurrence of the Zoophycos
together with the highly variable values of CT-scan data in the sediments of the entrance
site (ANS-43006, Figure 7) indicate enhanced presence of the AABW in the deeper southern
depression of the gap at least since the Late Pleistocene. During glacials, the AABW’s upper
boundary was significantly higher than during interglacials [96]. Therefore, the presence
of Zoophycos in the cores during glacial intervals may also reflect a shallowing of AABW
and thereby enhancing its influence in the northern part of the gap. This is supported by
lower radio-density values in the sediments during glacials.

Apart from the glacial–interglacial changes in surface productivity, an additional
source of the nutrients carried by AABW for macrobenthos feeding may arise from the
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Madeira Abyssal Plain as it is swept by AABW during its propagation northward. Two
processes may be responsible for the additional nutrient supply during glacials and at their
termination: higher coastal upwelling and productivity along the northwestern African
continental margin (e.g., [97]), and specific sedimentation processes in the Madiera Abyssal
Plain where sediments consist of thick organic-rich turbidites [98–100]. It has been shown
that for the Late Pleistocene–Holocene major turbidites occur during transitions between
glacial and interglacial intervals [101]. Turbidity currents that carry organic-rich sediment
to the abyss may supply organic matter into the AABW. This hypothesis needs additional
paleoceanographic studies in the areas of AABW influence in the Madeira Abyssal Plain.

5. Conclusions

Our findings highlight the importance of the deep-water gateway as an abyssal
habitat. A high diversity of abiotic landscapes in the relatively small area of Discovery
Gap is detected and 23 landscapes were identified. The most heterogeneous abiotic factor
controlling landscape distribution is a topography that is closely associated with sediment
patchiness and substrate variety. The high habitat heterogeneity, compared to surrounding
abyssal plains, may promote increased biodiversity in the deep water gateway.

The specific distribution of the AABW in the gap results from, on one hand, enhanced
bottom currents due to restricted topography and, on the other hand, by the dam effect of
the central sill. This amplifies the complexity of the environment. The acceleration of the
bottom flow over the sills leads to sediment erosion or nondeposition, and the formation of
the firmground and hardground even in the areas of depressions and flats.

The ichnological studies show spatial and temporal differences in endobenthos be-
havior in the gap. Zoophycos ichnofacies characterized by feeding structures dominate
through the studied sediments cores. Its higher presence in sediments of the entrance site
and during cold glacial intervals is registered and connected with the spatial and temporal
variations of AABW.

Higher foraminiferal diversity and species richness were identified in the deeper en-
trance core that reflects the influence of the bottom current of AABW on the hydrodynamic
regime, nutrient transport, etc.

While further work is required to establish contemporary and paleo nutrient content
in Discovery Gap, our results reveal a variety of habitats suitable for a range of organisms.
Therefore, it is important that future studies combine landscape mapping with faunal data
for accurate assessments of abyssal ecology in the gap. The presented results may serve as
a basis for such studies.
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