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A B S T R A C T

Shallow and deep-water oceanographic confluence over shelf-edge environments affects the development of
benthic habitats. We investigated these oceanographic influences on a narrow (6 km wide) and shallow (25–80m
water depth) outer shelf with warm waters (27–30 °C) through 84 sediment samples, CTD profiles, and under-
water photographs. We analysed benthic foraminiferal content, sedimentary facies, carbonates, and organic
matter in the inter-reef sediments of the newly discovered Açu Reef in north-eastern Brazil. Univariate and
multivariate statistical analyses on biotic (foraminiferal assemblages) and abiotic data (temperature, salinity,
sediments, depth) were carried out. The results highlight similarity with the Caribbean-type reef community.
Among 45 species, the spatial distribution of living Buccella peruviana is directly associated with organically
enriched sediments underlying areas of canyon heads and the terminal portion of shelf valleys, where tem-
perature and salinity vertical gradients depict deflection patterns on the near-bottom seafloor, evidencing an
upwelling of colder waters and nutrients between 25m and the shelf edge. Furthermore, Quinqueloculina pata-
gonica, which predominates inside the shelf valley, and Quinqueloculina lamarckiana, surrounding the reef field,
reveal that variations in currents energy in the Açu Reef and the valley morphology constrain the transport and
deposition of organic carbonate-enriched sediments. This is consistent with the high abundance and diversity of
living foraminifera in the inner reef environment, including both large-sized foraminiferal species and colder
water-related foraminiferal species that are autochthonous, supporting “in situ” carbonate production and de-
position. Therefore, local upwelling associated with canyon heads on the Brazilian Equatorial shelf might be
responsible for maintaining remains of living coral-algal systems on mesophotic outer shelves such as the Açu
Reef. Our study also shows that foraminifer-derived upwelling signatures at the sediment-water interface could
serve as a potential tool to reconstruct paleoenvironmental and climate changes.

1. Introduction

Disturbances in marine environments are key processes determining
community structure and that may also affect species diversity (e.g.
Norkko et al., 2006; Corliss et al., 2009; Gooday et al., 2010). Studies
performed in oligotrophic regions have shown that species diversity
and organic carbon display an inter-dependent relationship (e.g.
Gooday and Rathburn, 1999; Kurbjeweit et al., 2000). When benthic

communities are subjected to intense phytodetritus inputs, the increase
in the metabolic activity of benthic organisms may result in changes to
oxygen consumption and species diversity (Gooday, 2002; Corliss et al.,
2009). Consequently, a negative correlation between species diversity
and organic carbon content might be expected.

Analyses conducted by Uthicke et al. (2013) using pH/pCO2 gra-
dients around seeps in Papua New Guinea suggested that tropical for-
aminiferal species would likely be ecologically extinct at the CO2
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conditions predicted for the year 2100, except under the most opti-
mistic scenario. Most several mass extinctions of deep-sea benthic for-
aminifera have been linked to increased pCO2 and/or temperatures. In
shallow carbonate areas, ecological or even taxonomic extinctions were
shown to attain high levels. Previous natural pCO2 increases occurred
with one to two orders of magnitude and were associated with less
reduced calcite or aragonite saturation states than the anthropogenic
increases observed. Some geological studies from shallow reef en-
vironments have also observed increased foraminiferal dominance of
opportunistic species when corals became rare (Hallock et al., 2003;
Barbosa et al., 2009, 2012).

In upwelling areas, various oceanographic processes affect the
continental shelf by increasing the availability of nutrients in the upper
layers (Gaeta and Brandini, 2006), and therefore playing an important
role in the enrichment of marine resources (Matsuura, 1996). Although
the ecological impacts of upwelling are quite diverse, local increases in
biological productivity have been highlighted in the water column,
whereas this has not been observed in sediments. The Benguela Up-
welling system off the continental slope of Namibia, is, for instance, one
of the most productive upwelling areas in the world, with the bottom
sediments characterized by high organic carbon contents and high rates
of anaerobic carbon turnover (Ferdelman et al., 1999). Likewise, Wes-
tern Boundary Currents (WBC) are warm, deep, narrow, and fast-
flowing currents that form on the west side of ocean basins. The
Atlantic thermohaline circulation (Gordon, 1986), as the “conveyor
belt” of the thermohaline circulation of global oceans, also controls
upwelling systems, bringing cold and nutrient-enriched waters from
deeper to shallower parts of shelves. On the surface of the North Bra-
zilian Stream, warm and saline waters carried out into the southern
hemisphere flow northwest, whereas in the deep sea, cold waters
formed in the North Atlantic go south through Western boundary cur-
rents. These water bodies play an important role in both shelf sedi-
mentation and distribution of benthic organisms. In Callao, Peru, for
instance, Buccella peruviana has been described as being carried to the
Atlantic via cold subantarctic waters (Boltovskoy, 1980), and Eichler
et al. (2012) showed that this species is characteristic of the Sub-
antarctic Shelf Water (SASW) (T < 15 °C and 33.7 < S < 34.15).

The northeastern Brazilian Continental Shelf bordering the Rio
Grande do Norte state (RN) is narrow (~40 km) and shallow (~80m at
the shelf break) and its outer shelf includes the Açu Reef (AR), a re-
cently discovered reef complex (Gomes et al., 2015; do Nascimento
Silva et al., 2018). This reef includes the terminal portion of the Açu
Incised Valley (AIV) (Gomes et al., 2016), where much of the heat and
mass transport between hemispheres occurs (Stramma et al., 2005). The
AIV foraminiferal community represented by Amphisorus hemprichii,
Amphistegina gibbosa, Archaias angulatus, Heterostegina antillarum,
Homotrema rubra, Peneroplis spp. and Laevipeneroplis proteus is indicative
of Caribbean-type reef species (Gomes et al., 2015).

The present study investigates the occurrence and role of upwelling
through the abundance of benthic foraminifera, and ancillary analyses
of temperature, salinity, sedimentary facies, calcium carbonate and
organic matter in sediments of the AIV and the AR on the northeastern
Brazilian Continental Shelf. The aim of the work is to understand the
sedimentary signature left by the unique microbial communities living
in bottoms subject to upwelling in modern organically enriched and
anoxic environments. We further use the foraminifera distribution to
proxy paleoceanographic conditions. The understanding of the role of
the AIV and the AR on the microhabitats and hydrodynamic processes
should contribute to enhancing our knowledge of the spatial distribu-
tion of Equatorial Atlantic coral reefs, and on the role of upwelling in
foraminifer diversity and distribution.

2. Study area

The RN shelf has a maximum width of 43 km and a gentle gradient
(1:1000), and its edge occurs at depths of up to 80m (Gomes et al.,

2014). It comprises three sectors: (1) an inner shelf, shallower than
15m, where siliciclastic sediments are present; (2) a middle shelf, with
a depth of between 15 and 25m, and composed of siliciclastic and
carbonate sediments; (3) an outer shelf, which forms a narrow swathe
of 6 km between depths of 25 and 80m, and where carbonate sediments
dominate. The shelf displays several morphological features such as
incised valleys, large dunes, isolated shallow-marine sand bodies, bio-
genic reefs and beachrocks (Gomes et al., 2015). The AIV represents the
seaward extension of the present-day Açu River valley on the coast
(Gomes and Vital, 2010; Gomes et al., 2015). Pessoa Neto (2003) re-
ported that the AIV has existed since the Middle Miocene (Langhian).
On the inner shelf, the AIV is approximately 8 km wide and 10m deep,
and filled with carbonate marl and mud (Schwarzer et al., 2006; Vital
et al., 2008). On the middle and outer shelves, the valley becomes
narrower, with a maximum width of 2 km, a depth of 14m and an
asymmetric shape (Gomes and Vital, 2010).

The North Brazil Current (NBC) is forced by trade winds and by the
upper branches of the Atlantic Meridional Overturning Circulation
(AMOC), and runs northward parallel to the coastline, strongly influ-
encing inland climate (e.g. Arz et al., 2001). This region is characterized
by a dry inland climate and, consequently, scarce fluvial sediment
input. This renders the Brazilian equatorial margin (BEM) one of the
poorest in terms of terrestrial sediment run-off.

Being under the influence of the space-time variability of the
Intertropical Convergence Zone (ITCZ), the study area experiences
strong and frequent rainfalls during the months of January to June
(austral winter) when the ITCZ attains its southernmost position,
reaching coastal and oceanic areas of the equator. The months of
September to November, which correspond to the austral summer, are
marked by lower precipitation in response to the northward shift of the
ITCZ (Silva et al., 2007).

The wind shear action associated with the variability of the ITCZ is
stronger from January to July with winds flowing from the northeast,
almost perpendicular to the coast, reaching a maximum speed of
10ms−1. In the months of October to December, these winds are less
intense and preferentially blow from the east and southeast (Geyer
et al., 2004; Silva et al., 2007). The highly dynamic character of this
area results from the combined action of continental waters, trade
winds, and the influence of the NBC which transports large volumes of
water towards the northeast parallel to the coast (Schott et al., 1998;
Silva et al., 2007).

3. Materials and methods

3.1. Sample collection and laboratory procedures

We used a dataset obtained from 84 seafloor surface sediment
samples collected from the outer shelf. The samples were collected
during oceanographic cruises in July 2015 and March 2016 (months of
calm sea weather in the study area) with the support of the Brazilian
Navy hydrographic ship (Balizador Com. Manhães H-20). We used a
van Veen grab sampler adapted with a metal frame support to provide
vertical stabilization to the grabber. Sediment samples were collected
along transects of approximately 10 km, perpendicular to the shelf-
break, across the Açu Reef (Nascimento Silva et al., 2018) on the outer
shelf. Surface sediment samples were collected for foraminiferal studies
in transects using a van Veen sampler in water depths of 40 and 65m
(Fig. 1). Scuba divers collected sediment samples for grain-size and
foraminiferal studies and conducted underwater videographic and
photographic surveys. Species of benthic foraminifera were picked from
sieved and washed residues (> 63 μm), and identified under a stereo
binocular microscope; digital images were taken with a Nikon Coolpix
995 camera.

After collection, the uppermost layer of the sediment sample (about
1 cm) was scraped off and kept in ethanol. A solution of Rose Bengal in
ethanol was used for staining live specimens. After staining for 48 h, a
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fixed volume of 10 cm3 of sediment was washed through a 0.063mm
sieve. The quantitative analysis of the primary dataset is based on
counts of living specimens. If a sample had too many tests, the content
was split with a micro splitter, but a minimum of 100 tests of for-
aminifera was obtained, when quartering samples. Species identifica-
tion and counting of dry specimens were done under an optical mi-
croscope. Scanning electron micrographs were taken to help with
problematic identifications. Absolute and relative abundances were
computed for each species.

The grain-size analysis of the sediment samples was performed in
accordance with the method of Suguio (1973) following the Wentworth
classification (1922) of grain sizes, where 30 g of sediment was dried in
an oven at 60 °C and served as the reference weight. Next, the carbonate
content of the sample was eliminated by treatment with 10% hydro-
chloric acid. Samples were sieved underwater through a 0.063mm
sieve, and the material retained on the sieve was dried again in the oven
and weighed. This coarser residue was fractionated in a RO-TAP siever
by using a set of sieves with meshes from 2.0 to 0.063mm. The amount
of organic carbon was calculated by removing calcium carbonate from
the sediment with hydrochloric acid (10%) and drying 1 g of the re-
maining residue in a centrifuge tube. After the samples were rinsed in
distilled water and dried, aliquots were used to measure total organic
carbon (TOC) content using a 2400 CHN Perkin Elmer Elemental
Analyzer. We used the sedimentary facies classification proposed for
the Northeastern Brazilian continental shelf by Vital et al. (2008).

3.2. Statistical analysis

3.2.1. Univariate
Univariate analysis was used to describe and summarize for-

aminiferal distribution in patterns evidencing central tendency (mean,

Fig. 1. Study area and locations of collected samples. Reefal areas are in red.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 2. Patterns of foraminiferal species (Amphistegina gibbosa, Peneroplis carinatus, Buccella peruviana, Peneroplis sp., Quinqueloculina lamarckiana, Archaias angulatus)
showing a similar distribution in the Açu reef area.
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mode and median) and species dispersion: range, variance, maximum,
minimum, and standard deviation by looking at numbers of individuals,
of species, Shannon diversity, Simpson dominance and evenness pat-
terns.

3.2.2. Multivariate
Multivariate methods were applied to both environmental and for-

aminiferal data. Environmental parameters were analysed using
Principal Components Analysis (PCA) and foraminifera using Non-
Metric Multidimensional Scaling (MDS). These methods produce a
“map” in which the placement of samples reflects the similarity of their
biological communities and environmental patterns, rather than their
simple geographical location. These descriptive ordination techniques
provide a visual expression of complex data in two dimensions without
assumptions of dimensionality inherent in other ordination techniques;
sample separation in ordination space generally corresponds well to
sample dissimilarity in ecological and environmental space. Data re-
duction by multivariate analysis facilitates understanding of relation-
ships between species and between species associations and environ-
mental parameters. The numerical procedures of PCA and MDS were
carried out using a University of Plymouth computer program
(PRIMER), described by Clarke (1993), and Clarke and Warwick
(1994). Biological matrices were constructed using the Bray-Curtis si-
milarity measure on the log (x+ 1) to normalize foraminiferal counts.
Abundance data were calculated for each foraminiferal species and
were subjected to Q-mode cluster analysis to define foraminiferal as-
semblages. The Bray-Curtis distance measured the proximity between
samples, and Ward's linkage method arranged samples into a hier-
archical dendrogram. Environmental matrices were constructed using
the Euclidian distance similarity measure to normalize variables. BEST
correlation analyses with the Spearman method as a rank correlation
were used to explore relationships between abiotic parameters, main
species and ecological indices at a p < 0.05 significance level.

Main indicator species were selected based on the relationships
between their distribution patterns and the bottom hydrographic data
(salinity, temperature, dissolved oxygen, suspended matter, organic
matter, silica, nitrite, and nitrate). The habitat preference of several
foraminiferal species is described in the literature (Jones, 1994) as
characteristic of the determined type, a feature of sediment, or water
that the creature was living in at the time it was collected. We have

selected the species based on this knowledge and its abundance through
univariate and multivariate analysis in the study area.

4. Results

A quantitative examination of the foraminiferal species from the 84
core tops (Table S1) showed the presence of the following benthic
dominant indicator species: Amphisorus hemprichii, Amphistegina gibbosa,
Archaias angulatus, Bolivina striatula, Buccella peruviana, Elphidium ar-
ticulatum, Heterostegina antillarum, Laevipeneroplis proteus, Peneroplis
carinatus, Peneroplis sp., Pyrgo sp., Pseudononion atlanticum,
Quiqueloculina lamarckiana, Q. patagonica, and Textularia earlandi. Some
of the species above are illustrated in Plate 1, and Fig. 2 show patterns
of foraminiferal species (Amphistegina gibbosa, Peneroplis carinatus,
Buccella peruviana, Peneroplis sp., Quinqueloculina lamarckiana, Archaias
angulatus) showing a similar distribution in the Açu reef area. We ob-
serve that Quinqueloculina lamarckiana, a calcareous robust form tol-
erant to high-energy hydrodynamic contexts, is the most dominant
species. This species was found with many stained-colors from pink
(Bengal rose stained), yellow and dark, probably iron-stained. Next in
abundance are Amphistegina gibbosa, Archaias angulatus, and Peneroplis
carinatus. These three last species, together with Amphisorus hemprichii,
Heterostegina antillarum, Laevipeneroplis proteus, and Peneroplis sp., are
true reefal forms found in carbonate environments. We also found
species with tolerance to high organic matter levels (Bolivina striatula,
Pseudononion atlanticum, Quiqueloculina patagonica and Elphidium ar-
ticulatum), and also thriving on oxygenated waters (in the case of
Hanzawaia boueana), and in relation to temperature, we identified the
warm water indicator Pyrgo sp., as well as Buccella peruviana a known
cold water species occurring in stations 2, 10, 14, 17, 18, 19, 21, 23, 25,
28, 35, 39, 40, 43, 44, 45, 47, 50, 51, 56, 57, 58, 60, 61, 63, 66, 67, 68,
70, 73, 74, 79, 90, 91, 101, 103, 115, 116, and 140.

We found higher diversities than 2.00 in stations 9 to 16, 18, 22, 25,
34, 35, 36, 40, 41, 44, 46, 60, 63, 64 68, 69 91, 108, 114, 115, 138,
139, and lower diversities in stations 24, 52, 62, 73, 85, 92. The number
of foraminifera species range from 4 to 20, number of individuals range
from 45 to 2542, evenness ranged from 0, 36 to 0,91, diversity ranges
from 0,71 to 2,40 and dominance ranges from 0,08 to 0,71 (Table S2).

Amphisorus hemprichii and Pyrgo spp. occur together and compete
with Quiqueloculina patagonica and Textularia earlandi (Fig. 3). Fig. 4

Fig. 3. Distribution of competing foraminiferal species in the Açu reef area.
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and Tables S1 and S3 show that the distributions of Textularia earlandi
and Pseudononion atlanticum are similar, and display preference for
environments with low carbonate and low silt. Archaias angulatus and
Amphisorus hemprichii prefer medium to very fine sand, Amphistegina
gibbosa and Peneroplis carinatus proliferate where there is more silt, and
Buccella peruviana and Q. lamarckiana share a similar preference for
high organic matter, carbonate, gravel and silt. In general, we observe
that Archaias angulatus competes with Amphistegina gibbosa. They both
display a preference for high organic matter, carbonate, gravel and silt.
However, A. gibbosa proliferates where there is more silt and A. angu-
latus prefers medium to very fine sand. Textularia earlandi correlates
well with gravel and Pseudononion atlanticum and Quiqueloculina pata-
gonica have a positive correlation with high organic matter levels.
Buccella peruviana, Q. lamarckiana and Textularia earlandi dominate

where organic matter, carbonate, gravel and silt have higher levels.
Table S3 shows that organic matter in the area ranges from 99.21%

at station 36 and 5.26% at station 138. Higher values of organic matter
and carbonate range from a high of 99.65% at station 7 to a minimum
of 0.36% at station 138. Medium sand averages from 60.98% at station
90 to 0.22% at station 24. Very fine sand varies from 0.01% at station
24 to 49.05% at station 9. Very coarse sand ranges from 42.96% at 104
to 0.5% at station 14. Coarse sand varies from 57.74% at station 138 to
0.07% at station 24. Silt varies from 16.5% at station 80 and 0.05% at
station 53. Fig. 5 shows that CaCO3 follows the same pattern as that of
organic matter and the distribution of sand is inverse to that of the mud.

The PCA shows that abiotic variables explain about 68.1% of the
variation of the samples in the study area (Table 1). Table 3 shows that
organic matter, carbonate, gravel and very coarse sand are positively

Fig. 4. Distribution of dominant benthic foraminiferal species and the groups formed in the MDS analyses.
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correlated to the samples, whereas coarse, medium, fine and very fine
sand are negatively correlated. Fig. 6 depicts the ordination of samples
on the two main components, PC1 and PC2, which account for 68.1% of
the cumulative variation. The PCA highlights the similarity between
stations with regards to different variables. There is similarity in the
patterns of: organic matter and carbonate (stations 28, 38, 52…); gravel
and very coarse sand (59, 66, 104, 82, 45, 77,…); silt and fine/very fine
sand (69, 101, 81, 78, 80, 09, 11, 12, 14, 15, 89, 115, 116, 101, 71, 78,
50, 58, 64, 79, 71, 24, 87, 91, 80, 10, 151); and coarse and medium
sand (138, 90, 55, 81, 114, 46, 79). The distributions of Archaias an-
gulatus and Amphistegina gibbosa are related to organic matter, CaCO3,
fine sand, very fine sand, and silt, and that of Buccella peruviana mostly
related to organic matter, CaCO3 and silt and are illustrated in Fig. 7.

The BEST (Table 2) and PCA analysis between abiotic and biologic
matrices revealed that organic matter, carbonate, gravel, very coarse
sand, are positively correlated and coarse, medium, fine, and very fine
sand and silt are negatively correlated with the distribution of benthic
foraminifers from 84 core-top sediments collected from the Brazilian
continental shelf (Table 3).

5. Discussion

Quinqueloculina lamarckiana a calcareous robust form tolerant to
high-energy hydrodynamic contexs was the most abundant species
followed by Amphistegina gibbosa, Archaias angulatus, and Peneroplis
carinatus in the Açu incised submerged Valley. Our data indicated that
Quinqueloculina is found in marine environments (Sanches et al., 1995)
and this agrees with Nascimento (2003) who observed that Quinquelo-
culina lamarckiana was the most abundant in the area (97.37%) in se-
diments at a depth of 30m. According to Zaninetti (1979) even though

Quinqueloculina is found in marine environments, some species also can
be found in smaller numbers and in low relative frequencies in a mix-
ohaline environment. This aspect was detected in the estuarine channel
of Bertioga in Brazil and indicated tolerance by Quinqueloculina pata-
gonica to water intrusions with high salinity (Eichler et al., 2007). The
Quinqueloculina genus age of 6000 years old found in our study area
evidences transgression patterns that also suggest that the shelf of the
Brazilian Equatorial margin is sediment-starved. These observations are
in agreement with those of Wilson (2010) who associated iron-stained
Q. lamarckiana with evidence for transgression off Trinidad and the
West Indies. This author considered that if iron-stained foraminifera
prove to be restricted to transgressive tracts, this would make them a
useful sequence stratigraphic tool. The occurrence of iron-stained
benthic foraminifera around the Parrachos of Maracajau reef in Brazil
was explained by Batista et al. (2007) as resulting from shelf ravine-
ment that brought reduced sediment back into the oxidizing zone,
where the black sulphides oxidized to brown ferric hydroxides and
oxides. Since the end of the last glacial maximum at 18 ka, terrigenous
sediments are being sequestered in marginal marine areas, so that ap-
proximately 70% of the shelf area worldwide is coated with relict se-
diment deposited in the early stages of the Holocene transgression
(Kennett, 1982). Vilela (2003) recorded dark and abraded tests in cores
from 70m water depth on the Amazon Shelf off Brazil and concluded
they were relict.

Besides Quinqueloculina lamarckiana, other larger species also show
foraminifera distribution from warm waters with organic carbon and
carbonate enriched sediments. Machado and Souza (1994) showed that
the larger foraminifera that most contributed to carbonate sediments
are Amphistegina, Archaias, Heterostegina, and Sorites. Vilela (2008) de-
scribed in the Brazilian Equatorial margin the assemblage composed of

Fig. 5. Distribution of percentages of: (A) CaCO3, (B) organic matter, (C) sand, and (D) mud (silt).
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Amphistegina/Archaias/Quinqueloculina as indicative of a shelf en-
vironment (Nascimento, 2003; Araújo and Machado, 2008). These
larger foraminifera are important components of tropical and sub-
tropical communities found in intertidal zones to the euphotic limit
(Hoheggeren et al., 1999). Even though Machado et al. (2012) found
267 species, they concluded that only five species were dominant:
Quinqueloculina lamarckiana, Amphistegina lessonii, Archaias angulatus,
Amphistegina gibbosa, and Peneroplis carinatus. Thirteen species were
considered accessories (4.91%) and 249 (93.96%) were only a trace of
the species. Our data reported similar levels and agree with that of
Machado et al. (2012) regarding Amphistegina gibbosa, Archaias angu-
latus, Peneroplis carinatus, Amphisorus hemprichii, Heterostegina antil-
larum, Laevipeneroplis proteus, and Peneroplis sp. being true reefal forms
found in carbonate environments. Here we show that Archaias angulatus
is in competition with Amphistegina gibbosa for high organic matter,
CaCO3, gravel, fine sand, very fine sand, and silt; however A. gibbosa
proliferates where there is more silt, and A. angulatus prefers medium to
very fine sand. Amphisorus hemprichii shows the same preference as A.
angulatus for medium to very fine sand, and Peneroplis carinatus shares
the same preference as Amphistegina gibbosa for silt. The distribution of

Textularia earlandi and Pseudononion atlanticum are similar, showing a
preference for environments with low CaCO3 and low silt. Textularia
earlandi, which agglutinates sediment particles, also correlates well

Plate 1. 1. Amphistegina gibbosa 2. Archaias angulatus 3. Borelis melo 4. Borelis schlumbergeri, 5. Heterostegina antillarum, 6. Amphisorus hemprichii, 7. Laevipeneroplis
proteus, 8. Peneroplis carinatus, 9. Buccella peruviana 10. Quinqueloculina lamarckiana scale bars= 500 μm.

Table 1
Eigenvalues, % variation and cumulative variation of principal components,
showing the cumulative weight of PC1 and PC2 which account for 68.1% of the
variation (bold value).

PC Eigenvalues %Variation Cum.%Variation

1 3.49 38.7 38.7
2 2.64 29.4 68.1
3 0.817 9.1 77.2
4 0.736 8.2 85.4
5 0.58 6.4 91.8

the cumulative weight of PC1 and PC2 which account for 68.1% of the variation

Fig. 6. Results of PCA of abiotic variables, organic matter, carbonate, gravel,
very coarse sand, coarse sand, medium sand, fine sand, very fine sand, silt in the
samples.
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with gravel, in agreement with Murray (2014). Pseudononion atlanticum
and Quiqueloculina patagonica have a positive correlation with high
organic matter levels, and Pseudononion atlanticum is one of the three
low-oxygen-tolerant species (together with Epistominella vitrea and Bu-
liminella morgana) defined as the PEB index (PEB, Pseudononion, Epis-
tominella, Buliminella). The highest PEB values observed in surface se-
diment samples occur in the zone of recognized hypoxia on the
Louisiana shelf and suggest exposure to periodic hypoxia (Osterman,
2003). Buccella peruviana is mostly related to organic matter, CaCO3

and silt and the occurrence of this cold water species (Eichler et al.,
2014) in many stations in both deep and shallow parts of the study area
indicates cold water upwelling into the submerged reefal canyons and
from there to the shallower parts of submerged reefs (Fig. 8). The
presence of this species in deeper parts of the study area as well as in
shallower areas indicates that cold waters are upwelled and penetrate
in the submerged reefal canyons to the shallower parts of submerged
reefs (Fig. 2). The presence of B. peruviana in shallower samples is in-
dicative of colder waters in depths ranging from 19.5 to 40m, creating
optimal conditions for this species to proliferate. Buccella peruviana is

Fig. 7. Distribution of Archaias angulatus, Amphistegina gibbosa and Buccella peruviana in relation to the PCA scores of the environmental factors.

Table 2
Coefficients in the linear combinations of variables making in the principal
components (PCs).

Variable PC1 PC2 PC3 PC4 PC5

Organic matter 0,274 0,462 −0,141 0,063 0,150
Carbonate 0,255 0,290 −0,774 0,076 0,050
Gravel 0,396 0,248 0,321 −0,197 0,496
Very coarse sand 0,459 0,009 0,147 −0,086 −0,563
Coarse sand 0,329 −0,381 −0,056 0,383 −0,313
Medium sand −0,066 −0,522 −0,183 0,253 0,502
Fine sand −0,441 0,057 −0,166 −0,549 −0,188
Very fine sand −0,366 0,278 −0,177 0,434 −0,165
Silt −0,225 0,378 0,400 0,494 −0,006

Table 3
Data obtained in the BEST in the order of more important abiotic variables on
the Foraminiferal species distribution.

1 Organic matter
2 Carbonate
3 Gravel
4 Very coarse sand
5 Coarse sand
6 Medium sand
7 Fine sand
8 Very fine sand
9 Silt
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characteristic of shallow-water (Laprida and Bertels-Psotka, 2003) and
mid-shelf assemblages (Resig, 1990). The distribution of B. peruviana
has been related mostly to temperature, depth, salinity, percentage of
sand, and total coliforms (Eichler et al., 2012). The occurrence of B.
peruviana in deeper layers in Santa Marta (28°S) suggests that this
species may have been transported to lower latitudes in the winter by
prevailing northward shelf currents associated with cold Sub Antarctic
Shelf Water (SASW) (T < 15 °C and 33.7 < S < 34.15) (Eichler et al.,
2016). Stevenson et al. (1998) described this species as a temperate
water species typical of the Argentine Province and they concluded
from its presence that Sub Antarctic waters attained lagoonal areas si-
tuated in the northernmost part of Rio de Janeiro (22° S). Our study of
the foraminiferal benthic habitats has revealed that the presence of an
upwelling signature at the sediment-water interface of this newly dis-
covered reef is a potential tool to reconstruct paleoenvironmental up-
welling and climate changes.

6. Conclusions

Our study has shown habitat preferences associated with different
foraminiferal species in the newly-discovered Acu reef area and their
potential to indicate palaeo-upwelling and other environmental con-
ditions. In this reef area, competition occurs between Archaias angulatus
and Amphistegina gibbosa for high organic matter, CaCO3, gravel, fine
sand, very fine sand, and silt, whereas as A. gibbosa proliferates where
there is more silt and A. angulatus prefers medium to very fine sand. We
also conclude that Amphisorus hemprichii and A. angulatus share a pre-
ference for medium to very fine sand, Peneroplis carinatus and
Amphistegina gibbosa for silt, and Textularia earlandi and Pseudononion
atlanticum for environments with low CaCO3 and low silt. Textularia
earlandi correlates well with gravel. Pseudononion atlanticum and
Quiqueloculina patagonica are specifically correlated with high organic
matter levels. Buccella peruviana is mostly related to organic matter,
CaCO3 and silt, and the occurrence of this cold-water species indicates
that cold waters are upwelled and penetrate in the submerged reefal

canyons and onto the shallower parts of submerged reefs. Such up-
welling signatures at the sediment-water interface could serve as a
potential tool to reconstruct paleoenvironmental and climate changes.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.margeo.2019.106016.
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