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ABSTRACT

The SE Brazilian continental margin is rich in geomorphological features that create different seascapes, where
diverse benthic communities thrive. The seafloor is composed of a mixture of pockmarks of different sizes and
shapes and tall carbonate mounds that may form extensive chains. Mounds are colonized by deep-water corals
which are the main responsible organisms promoting growth over geological time. Depressions and mounds affect
the benthic ecosystem in multiple ways owing to water flow, sedimentation rates and food availability. This paper
presents new data on macrofaunal composition and community structure associated with deep-sea coral habitats
and pockmark areas along the upper continental slope of Santos Basin. Ten sites were sampled using a 0.25 m2
box corer on board R/V Alpha-Crucis, totaling 27 sediment samples. A total of 182 taxa were found, including new
records for the Southwestern Atlantic, as well as several potential new species to science. In general, we observed
an association of the macrobenthic fauna with the geomorphology of the area and the most important variables,
mainly substrate composition and water flux. The abundance, taxonomic composition and also the feeding modes
varied across the deep-water coral sites and pockmarks, reflecting in a mosaic of benthic habitats. As deep-
sea corals and pockmarks are extremely sensitive to anthropogenic influence and natural shifts, in addition to
the economic value associated to fisheries, this study provides baseline information on these special habitats in
Santos Basin that can be used for future research, monitoring activities, and conservation strategies.

Descriptors: Continental slope, Macroinfauna, Gas Seep, Salt tectonic, Cold-water corals

but it is also the least explored and understood
habitat (Ramirez-Llodra et al., 2010; McClain
and Hardy, 2010; Danovaro et al., 2014).

INTRODUCTION

The deep sea is the largest environment on

Earth representing almost 90% of all oceans,
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Historically, habitats beyond the continental
shelf (>200m depth) have been considered
homogeneous and with low biomass and bio-
diversity, mainly due to extreme environmen-
tal conditions and lack of suitable technology

Ocean and Coastal Research 2022, v70(suppl 2):22045 1


http://orcid.org/0000-0003-2031-603X
http://orcid.org/0000-0001-8388-4187
http://orcid.org/0000-0001-5464-909X
http://orcid.org/0000-0001-6010-4803
http://orcid.org/0000-0002-1219-7766
http://orcid.org/0000-0001-8397-9071
http://orcid.org/0000-0001-5533-708X
http://orcid.org/0000-0002-2674-8522
http://orcid.org/0000-0002-7652-2249
http://orcid.org/0000-0001-7549-4541

Carrerette et al.

(Ramirez-Llodra et al. 2010). However, recent
studies have shown that deep oceans exhibit a
broad spectrum of geomorphological and eco-
logical features that define a mosaic of habitats
where different benthic communities thrive.
One of these features, called pockmarks, are
abundant in the Brazilian continental margin,
especially at the Santos Basin (Sumida et al.,
2004, 2022; de Mahiques et al., 2017).

Pockmarks are circular or elliptical-shaped
depressions with an average diameter of 1 km
and 100 m depth (Schattner et al., 2016). They
are formed when gases escape from faults
caused by the tectonic uplift of salt diapirs (de
Mahiques et al., 2017; Schattner et al., 2018).
Pockmarks also act as traps of particulate or-
ganic matter (Ramos et al.,, 2020) and alter
near-bed circulation (Pau et al., 2014). A con-
stant and slow flow of light hydrocarbon fluid
passes through the sediments building up authi-
genic carbonates that can further be colonized
by cold-water corals, normally at the edge of
pockmarks (Sumida et al., 2004). The build up
of corals over geological time resulted in large
carbonate mounds (Hovland and Thomsen,
1997; Wheeler et al., 2005).

Seafloor depressions and mounds affect the
benthic ecosystem in multiple ways, e.g., water
flow, sedimentation rates and food availability.
The depositional environment formed in pock-
marks is colonized by an invertebrate infauna
mainly composed of annelids, mollusks and
crustaceans (Sumida et al., 2004; Sanchez et
al., 2021). On the other hand, the elevated ar-
eas of carbonate mounds are exposed to stron-
ger currents and are dominated by large filter-
feeding animals, such as cnidarians, sponges
and corals (Henry and Roberts, 2007). In plac-
es where deep-sea corals thrive, a remarkable
proportion of the macrofauna species is asso-
ciated with coral skeletons. These associated
organisms seek shelter in the complex three-
dimensional structure of the dead coral frag-
ments, frequently living among coral rubble, in
crevices and perforating coral debris (Roberts
et al., 2008). Coral rubble can occur both at the
top and on the sides of carbonate mounds and
within the pockmarks (Sumida et al., 2004).

Macrobenthos in SW Atlantic deep seascapes

Deep-sea habitats have been mostly de-
scribed and studied for the northern hemi-
sphere, while in other ocean basins they still
remain practically unknown. Recent advances
have been made to survey the deep Southwest
Atlantic, mainly in areas of interest for oil and
gas exploration, such as the Santos Basin,
where several new features have been dis-
covered. An extensive pockmark field was de-
scribed at the SB, containing deep (up to 100
m) and large (~ 1000 m of diameter) depres-
sions associated with salt tectonics in subsur-
face (de Mahiques et al., 2017). Cold-water
coral reefs are also a common habitat found in
the Southwest Atlantic, sometimes located at
the edge of pockmarks (Sumida et al., 2004)
and also over large carbonate mounds (Maly et
al., 2019).

Considering the scarce knowledge about
deep-sea environments in the SW Atlantic and
the importance of SB from both a geological
and an ecological perspective, this paper pres-
ents new data on macrofaunal composition and
community structure associated with deep-sea
coral habitats and pockmark areas along the
upper continental slope of SB. This study, un-
der the scope of the BiQil Project (‘Biology and
Geochemistry of Oil and Gas Seepages, SW
Atlantic’), aimed to identify and map seep areas
along the Santos Basin (Sumida et al., 2022).

METHODS

STUDY AREA

The study area comprises the continental
slope of Santos Basin (SB), between the isobaths
of 350 and 1000 m (Figure 1). Detailed informa-
tion on the study area, as well as the methods
used in this study, are available in Sumida et al.
(2022). The circulation pattern of SB is influenced
by the western portion of the South Atlantic
Subtropical Gyre (SASG) (Peterson and Stramma
1991; Stramma and England 1999; Marcello et
al. 2018). On the slope, two main flows of the
SASG reach and shape the SB slope, with the
Brazil Current (BC) flowing southwestwards and
the Intermediate Western Boundary Current
(IWBC) flowing northeastwards (Figure 1B) (Bil6
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Figure 1. A. General view of SE Brazilian continental margin investigated during Project BIOIL
oceanographic cruise in November 2019 using the R/V Alpha Crucis. B. Santos Basin region with main
currents (arrows) and the three sampling areas. Insets C. (Area 1 - 681, 683 and 684), D. (Area 2 - 685,
686 and 687) and E. (Area 3 - 689, 690 and 691) show in detail the ten sampled stations in each of
the sampling areas. BC = Brazilian currents; SB = Santos Bifurcation; IWBC = Intermediate Western

Boundary Current.

et al., 2014). The Brazil Current carries Tropical
Water (TW) at the surface and the South Atlantic
Central Water (SACW) at the pycnocline. It has a
maximum speed of 75 cm/s in the water column
(Silveira et al., 2000). The IWBC transports the
AAIW and represents the northern branch of the
Santos Bifurcation (Figure 1B) (Bil6 et al., 2014).
On the shelf edge, the BC exhibits a meandering
pattern in conjunction with intense flows which fa-
vors the development of extensive bedform fields
or seafloor sediment reworking with subsequent
generation of relict surfaces (de Mahiques, 2002;
Dias de Araujo et al., 2021).

Three areas of interest (A1, A2, and A3) were
previously delimited for sampling (Figure 1). Area
1 (stations 681, 683 and 684, Figure 1C) consists
of a carbonate seabed and an environment with
a high concentration of nutrients (Trevizani et al.,
2022). Area 2 (stations 685, 687 and 688, Figure
1D) contains a ring-shaped carbonate mound
province known as Alpha Crucis Carbonate Ridge

(ACCR) formed by carbonate walls and ridges that
elevates over 300 m over the seafloor (Maly et al.,
2019). The composition of carbonate mounds is
a mixture of fine sediments and coral skeletons,
the latter used by benthic organisms as shelter or
settling areas (Maly et al., 2019). The structure of
ACCR is determined and shaped by the dominant
bottom current, the IWBC. On the mound flanks,
elongated and comet-like depressions are ob-
served as the result of the interaction of the wa-
ter flux with the obstacle offered by the mounds.
Area 3 (stations 689, 690 and 691, Figure 1E) is
a pockmark field with 984 mapped depressions
on the continental slope (Sumida et al., 2004; de
Mahiques et al., 2017). In this field are observed
exhumed diapirs surrounded by pockmarks, in-
dicating the genetic relationship between haloki-
nesis and the formation of these depressions (de
Mahiques et al.,, 2017; Schattner et al., 2018).
The region is strongly influenced by the BC-IWBC
current system, with the presence of asymmetric
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depressions generated by the flow contact with the
pockmarks (Schattner et al., 2016). Currents also
interact with diapirs, forming moats originated from
erosion and not from deposition of sediments by
the flow (Schattner et al., 2018). From a deposi-
tional point of view, the high depth of the pock-
marks presents in this region into contact with the
flow give these features the status of natural sedi-
ment traps, with sediments inside distinct from the
adjacent seafloor (Ramos et al., 2020).

SAMPLING

The oceanographic cruise of Project
BIOIL occurred on November 11-24th, 2019,
on board of R/V Alpha-Crucis, from Instituto
Oceanogréfico of the University of Sao Paulo
(IOUSP) (Sumida et al., 2022). All sites along
the three areas were sampled with multibeam
echosounder to map the ocean floor, CTD-
rosette sampler to determine water parameters,
and box corer (Ocean Instruments, model BX-
650) for sediment and macrofauna analysis.
Detailed information on the sampling proce-
dures and locations is provided by Sumida et
al. (this volume). Box-corer samples were col-
lected in triplicate at ten sites, totaling 27 sedi-
ment samples (Figure 1). At some sites (684
and 690), triplicate sampling was not possible
due to the nature of the seabed. After the re-
covery of the box corer, the 50x50 cm sedi-
ment samples were divided into two equal parts
(~0.125 m? of area each). One half of the box
corer sample was destined for macrofaunal
studies. The samples were carefully elutriated
and then sieved using a 500 um and a 300 um
mesh. Specimens destined for molecular analy-
sis were preserved in 96% ethanol and organ-
isms destined for morphological identification
and taxonomic studies were fixed in 4% formal-
dehyde diluted in sea water.

LABORATORY ANALYSES

The macrofauna was sorted under a stereo-
microscope and some specimens were pho-
tographed alive immediately after collection.
Organisms destined for morphological and taxo-
nomic studies were fixed in seawater formalde-
hyde 4% and stored at room temperature. The

Macrobenthos in SW Atlantic deep seascapes

remaining specimens were bulk preserved in 96%
ethanol and stored at 4°C for molecular analyses.
The specimens selected for scanning electron mi-
croscopy (SEM) were fixed in trialdehyde (glutaral-
dehyde + paraformaldehyde + sodium cacodylate)
at 4°C for 2 h and stored in sodium cacodylate at
room temperature. To ensure the best results for
DNA extraction, selected specimens were fixed in
molecular-grade absolute ethanol and stored at
-20 °C. At the Laboratdrio de Ecologia e Evolugao
de Mar Profundo (LAMP) the preserved sediment
samples were sorted under stereomicroscope and
the organisms identified to the lowest possible
taxonomic level, according to standard taxonomic
literature. Species names were verified using rel-
evant literature and the World Register of Marine
Species (WoRMS Editorial Board, 2022). Count
of individuals of all species in a sample were per-
formed and the density was expressed as ind.m=2.

Community descriptors such as species richness
(8), Shannon-Wiener diversity index (H’), Pielou’s
evenness index (J’) were calculated for each station
replicate. These indexes as well the organism densi-
ty for each station were graphically represented with
the calculated mean and standard error (SE).

The most representative macrobenthic spe-
cies were categorized under their respective feed-
ing guilds according to the available literature
(Macdonald et al. 2012, Jumars et al. 2015). The
feeding guilds were the following: (C) carnivores -
feeding on meiofauna or macrofauna; (OM) omni-
vores - feeding on large particulate matter; (SRD)
surface deposit feeders - collecting and ingesting
particles from the sediment surface; (SSD) sub-
surface deposit feeders - feeding on particles
below the sediment surface; and (SU) suspensi-
vores - feeding exclusively on particles from the
water column; (FD) facultative detritivores - may
feed as suspensivores, surface deposit feeders or
subsurface deposit feeder; (FC) facultative carni-
vores - feed as predators or scavengers on macro
or meiofauna, but also deposit feed. The relative
abundance of each feeding guild category was
calculated for each site.

Samples used for the determination of the grain
size and nutrient concentration of the sediments were
prepared, analyzed and the detailed results informa-
tion are available in Santos et al. (this volume).

Ocean and Coastal Research 2022, v70(suppl 2):e22045 4



Carrerette et al.

STATISTICAL ANALYSES

Differences in the macrofauna density and
ecological indexes (S, H’, and J') among stations
were tested with a one-way Analysis of Variance
(ANOVA). Pairwise differences between stations
were evaluated with a post-hoc Tukey-HSD test.
Prior to every parametric test, data was respec-
tively checked for normality and homoscedasticity
with Shapiro-Wilk test and Levene’s test.

Multivariate analyses of the species abun-
dance matrix were conducted using PRIMER
(Plymouth Routines in Multivariate Ecological
Research) (version 6.1.3) (Clarke and Warwick,
2001). The taxonomic groups selected for the
multivariate statistical analysis were Annelida,
Crustacea, Echinodermata and Mollusca, con-
sidering only the taxa identified at species level
or morphotypes, whose accumulated abun-
dance reached 90% of the total abundance.
Multivariate analyses were performed using the
average ranked values of Bray-Curtis similar-
ity in log-transformed [log(x+1)] species abun-
dance data to give more weight in the analysis
to the less abundant species. Ordination of the
stations according to this similarity matrix was
visualized by non-metric multidimensional scal-
ing (nMDS) plot. In order to conduct multivariate
community analyses, one factor was considered
in this study, the habitat type. According to pre-
vious study in the same area, we classified the
sampled sites in four habitats: (1) Carbonate
mound (CM) — influenced by biogenic reefs (685
and 687); (2) Carbonate mounds surroundings
(CMS) — bottom sediments influenced by dead
coral skeletons (683 and 684); (3) Pockmark (P)
— circular depressions in the seafloor, with tens
or hundreds of meters in diameter, usually as-
sociated with the infiltration of gas and/or saline
diapir (689, 690, and 691); and (4) Pockmark
surroundings (PS) — adjacent sediments at the
border of the pockmarks (681, 686, 688). Global
and pairwise differences in composition of the
macrofaunal communities in each of these
habitats were tested with one-way Analysis of
Similarity (ANOSIM).

Similarity of Percentages (SIMPER) routine
(log-transformed) was used to identify species
that typify in terms of abundance in the studied

Macrobenthos in SW Atlantic deep seascapes

sites. Principal Component Analysis (PCA) was
used to identify the environmental variables
most related to the spatial variability of macro-
fauna. The environmental variables used were
sediment grain size contribution, nutrient con-
centration (ammonium, phosphate, nitrate and
silicate) at the sea bottom, and station depth (in
meters).

RESULTS

ENVIRONMENTAL VARIABLES

The four habitats were typically sandy, espe-
cially in the pockmark area with greater predomi-
nance of the sand fraction in the pockmark sur-
roundings (stations 686 and 688) (Table 1, Figure
2). Carbonate mound areas showed a greater
presence of finer sediment fractions with coarser
silt in stations on the top of CM (stations 685 and
687), and finer silt fractions in the CM surround-
ings (stations 683 and 684). Pockmarks and car-
bonate mound surroundings had higher concen-
tration of nutrients such as nitrates, phosphates
and silicates whereas carbonate mounds had a
higher concentration of ammonia. The higher con-
centration of nitrates, phosphates and silicates
was also linked to deeper stations (650 - 811 m
depth), which are probably under influence of the
AAIW (Table 1, Figure 2).

MACROBENTHIC COMPOSITION AND STRUC-
TURE

A total of 182 taxa were found but only 90 have
been named at genus or species level (about
50%), the remaining have been identified into
morphotypes at either family level, or higher taxa
(Table 2). In general, annelids represented the
most frequent group, present in all 27 stations,
followed by echinoderms (f = 55.6%), mollusks
(f = 51.9%), crustaceans (f = 48.1%), sponges (f
= 22.2%), cnidarians (f = 18.5%), and bryozoans
(f = 7.4%) (Table 2). About 30% of the total taxa
occurred only once, with only a single individual,
and were classified as rare (see Table 2). Of the
total number of organisms (1912 ind.) the most
abundant group was Annelida (60.6%), followed
by Echinodermata (23%), Arthropoda: Crustacea
(7.1%), Mollusca (1.8%), Cnidaria (6.5%), Porifera
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Table 1. Depth, temperature, concentration of dissolved nutrients in the bottom water and sediment grain composition in the stations of the Project

BIOIL Cruise 1 (November 2019).

. Very
Fine Fine Clay
Silt

Silt

Coarse Medium
Silt Silt

Very
Coarse
Silt

Very
Fine
Sand

Fine

Ammonium Sand

Nitrate

Depth Temperature Salinity Phosphate Silicate

Station

(%)
23.40
21.33
25.52

(umol L)

13.767
20.245
8.734

(PSU)
34.3

(-C)

4.7

(m)
811

11.10 6.43 5.32

15.19

27.96
32.07
31.98

10.60
16.10
30.18

0.00

0.111

24.676
27.513

1.363
1.915

683
684
685

5.30 4.89
3.62 3.22
325 3.23
495 4.58
2,53 242
359 3.76

436 4.20

8.60
7.19
6.20
8.55
5.07
6.30
7.13

4.91

11.43
13.27
11.07
12.58
8.75

11.26

14.15

0.28

0.136

0.111

4.6 34.3

800
550

14.47
22.40
14.62

29.31

0.74

19.277
21.366
19.510
13.149

27.721

1.372
1.582
1.410

34.5

7.6

20.11

3.56

0.161
0.136
0.087
0.099

0.111

50.324
10.875
6.883
16.543
16.370
6.768

34.6

8.4
6.7

530
560
530
650

686

23.14

31.33
29.85

30.52

25
52
95

0.

34.4

687

15.54
20.75

6.

1.086
1.944
1.782
1.258

34.5

688
689
690
691

20.88

2.

30.03 28.72

35.70

10.95
17.72

0.46

24.276
17.468

34.4
34.8

5.8

740
519

2.88 3.33

10.27

24.93

0.25

0.161

10.5
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(0.8%), and Bryozoa (0.2%). Some species corre-
sponding to the most important taxonomic groups
are illustrated in Figures 3-6.

Macrofauna density was lowest (< 250 ind.
m-2) at stations 681, 683, 684 and 688 (Figure 7).
The highest densities were found in the areas of
pockmarks and carbonate mounds (Figure 7). The
station at the top of Alpha Crucis Carbonate Ridge
(ACCR) (685) exhibited the highest density of or-
ganisms reaching 1584 ind. m-2 (ANOVA F=52.55;
d.f.=5; p=0.008), followed by the pockmark sta-
tions, 689 (613 ind.m2), 690 (948 ind.m?) and 691
(812 ind.m?) (Figure 7). Among the samples from
the surrounding sites, station 686 had the highest
density of organisms (Figure 7).

Annelids represented the most dominant
group of macrofauna in all stations (Figure 8).
Crustaceans and mollusks were less abundant in
all sites (Figure 8). At the pockmark areas, (within
and at its surroundings), annelids represented 70-
90% of all macrofauna (681, 686, 688, 689, 690,
and 691). At the sites under influence of hard sub-
strate or carbonate mounds (683, 684, 685 and
687), we observed greater contribution of other
macrofauna groups, such as echinoderms and
cnidarians, especially at the 685 (Figure 8).

Among annelids, nine families corresponded to
80% of the group (Table 3). In Echinodermata, four
ophiuroid families were dominant, Ophiacanthidae
(67.5%), Ophiactidae (9%), Amphiuridae (4.7%),
Astrophiuridae (3.8%). The most representative
arthropods were peracarid crustaceans (Table
3). Most mollusks were morphotyped at higher
taxonomic levels (H.T.L.), which corresponded to
almost 80% of the abundance. The families com-
prised the gastropods Eulimidae, Olividae and
Anatomidae, and the bivalves Limopsidae and
Verticordiidae (Table 3).

Station 685 was the only one where a live
deep-water reef-building species were found
(i.e., Solenosmilia variabilis), and other large
fauna such as sponges Sarostegia oculata and
Aphrocalistes cf. beatrix, as well as hydrozoan
colonies. Associated with these reefs, we found
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Figure 2. Principal component analysis (PCA) on the environmental variables (standardized and
normalized) of the Project BIOIL Cruise 1 (November 2019). The two main axes (PC1 and PC2)
represent, respectively, 55.7% and 17.8% of the total variation in the analysis. Environmental variables
vectors (in blue) indicate the direction of the influence of each variable in the station features. Station
681 was not included in the analysis due missing nutrient data.

Table 2. Number of taxa, frequency of occurrence (%), number of rare taxa, and relative abundance (%) of
macrobenthic groups found at the stations sampled in the Santos Basin. Single-occurring taxa with only one

individual were classified as 'rare taxa'.

Number of taxa

Frequency of

Number of rare taxa

Relative abundance

occurrence (f) (n = 27) (n=1912)
Annelida 95 100% 15 60.6%
Arthropoda 26 48.1% 10 7.1%
Echinodermata 37 55.6% 18 23.0%
Mollusca 17 51.9% 10 1.8%
Cnidaria 18.5% - 6.5%
Porifera 4 22.2% - 0.8%
Bryozoa 1 7.4% - 0.2%

several invertebrates living both inside (endo-)
and on the surface (epifauna) of substrates, com-
prehending omnivores, carnivores, suspensi-
vores, facultative detritivores, and also sub- and
surface-deposit feeders. Echinoderms were the
most abundant (62%), followed by cnidarians
(20%), annelids (15%), and crustaceans (< 5%)
(Figure 8). The glass sponges Sarostegia oculata
and Aphrocalistes cf. beatrix, presented numer-
ous symbiotic zoanthids (Thoracactis topsenti),
and several annelids living in their association,
including syllids, nereidids, and polynoids (Figure
6). Many eunicid and nereidid annelids were found
inside the corals, and a range of small marine

invertebrates was found living at the surface of
corals and hydrozoans colonies, including anne-
lids, ophiuroids, tanaidaceans, isopods, aplacoph-
orans, among others (Figure 6). The sediments at
the carbonate mounds surroundings were com-
posed of dead coral fragments, with several endo-
faunal deposit-feeder annelids. Station 687 was
composed of sediment associated with dead coral
fragments, with fauna living among and inside
coral rubble. Annelids represented more than 90%
of all macrofauna, followed by a lower contribution
(<5%) of echinoderms, mollusks and crustaceans.
A single live colony of S. variabilis was found at
the station 683, but all fauna found was associated
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Figure 3. Annelids collected during Project BIOIL Cruise | in November 2019 at Santos basin. a eyeless
specimen of Ceratocephale sp. 1; b Aurospio sp. 1; ¢ Notomastus sp. 1; d Kimbergonuphis sp. 1; e

Paradoneis sp. 1; f Terebellides sp.

with the dead corals (Desmophyllum pertusum, S.
variabilis and Enallopsammia rostrata) and in sur-
rounding sediments. The same was found at the
station 684. Echinoderms were also more abun-
dant in both stations, with 53% and 33%, respec-
tively (Figure 8). Crustaceans were more abundant
at stations 681 (26%) and 688 and 690 (15%), and
Mollusca was the least abundant taxon along the
studied sites (Figure 8).

Although there were no differences in spe-
cies richness between tested stations (ANOVA

F=21.17; d.f.=5; p=0.13), mean richness found in
the area suggests higher values in the pockmark
areas and in the areas surrounding the pockmarks
(686, 688). Carbonate mounds presented an aver-
age richness higher than 20 species per station
(685 and 687). The surroundings of carbonate
mounds (683 and 684) presented the lowest rich-
ness, with an average of 8 species or less (Figure
9A). The same pattern can be observed for the
diversity index (H") that did not show differences
between stations (ANOVA F=0.79; d.f.=5; p=0.57)
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Figure 4. Mollusks collected during Project BIOIL Cruise | in November 2019 at Santos Basin. a
Benthonella xanthias; b Olivella careorugula; Melanella sp. 1; d specimen of Conoidea; e Cuspidariidae
sp. 1; f Pectinidae; h Verticordiidae; i Nuculidae; k Axinulus croulinensis; | Limopsidae; m Arcidae.

(Figure 9B). Pielou’s evenness (J') was lower at
some sites, such as 685 (0.94), and the station
689 (0,93), there were no significant differences
in species dominance between stations (ANOVA
F=19.99; d.f.=5; p=0.15) (Figure 9C).

In terms of community structure, multivari-
ate analysis revealed distinct patterns, mainly
associated with different habitat types (ANOSIM
global test: R _=0.501, p<0.001). We tested the

global

influence of some previously classified environ-
ments on the distribution of organisms, including
the influence of carbonate mounds and pockmark
areas (Figure 10). Stations were grouped into two
main groups: one group formed by samples col-
lected at the top of the carbonate mound (685 and
687), a larger group with samples collected in the
extensive area of pockmarks, either inside or at sur-
rounding (pairwise ANOSIM: R, ,.=0.777, p<0.01
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Figure 5. Echinoderms collected during Project BIOIL Cruise | in November 2019 at Santos Basin.
a Ophiacantha sp., aboral view; b two specimens of the order Cidaroida, oral view; ¢ Ophiomisidium
tommasii, aboral view; d Asterinidae, aboral view; e specimen of the class Ophiuroidea, aboral view; f

Ophiacantha sp., oral view.

and R,,,;=0.707, p<0.01) (Figure 10). Samples
collected from the surroundings of carbonate
mounds appear as intermediary sites (pairwise
ANOSIM: R, ,=0.571, p<0.01; R, =0.603,
p<0.01 and; R »s=0.575, p<0.01). There were
no significant differences between pockmarks
and their surroundings (pairwise ANOSIM: R,
ps="0.036, p=0.61). Similarity between groups var-
ied from 18 to 27% (Figure 10).

SIMPER analysis indicated the percent contri-
bution of species for the formation of the groups
shown in Figures 10 and 11 (Table 4). The group
‘Pockmark surroundings’ had an average similarity
(AS) of 18.06% and was formed mainly by anne-
lids with the highest contribution of Ceratocephale
sp. 1. ‘Carbonate mound surrounding’ (AS
10.46%) had the contribution of Chloeia pocico-
la and Amphiura sp. 1. ‘Carbonate Mound” (AS
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Figure 6. Corals, sponges and associated macrofauna collected during Project BIOIL Cruise | in
November 2019 at Santos Basin. a branch of the glass sponge Sarostegia oculata with the symbiotic
zoanthid Thoracactis topsenti; b branch of the glass sponge Aphrocallistes cf. beatrix with a symbiotic
zoanthid; ¢ branch of the stony coral Solenosmilia variabilis; d specimen of Eunice sp. living inside of
a dead coral branch; e specimens of the isopod Arcturidae sp. on top of an octocoral; f aplacophoran
solenogaster mollusk on top of a hydrozoan colony; g Ophiacantha sp. living on top of the glass sponge
Aphrocallistes cf. beatrix sponge.

23.03%) had the main contribution of Polynoidae Based on SIMPER results, the main taxa of
sp. 2, Ophiacantha sp. 1 and Anthozoa sp. 1. each habitat were classified according to their
‘Pockmark’ (AS 27.91%) had the highest contribu- feeding mode and are presented in Table 3. The
tion mainly of Ceratocephale sp. 1, Laonice sp. 1, contribution of each feeding mode varies along
Tharyx sp. 2, and Tharyx sp. 1 (Table 4). different habitat types, as shown in Figure 11.
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Figure 7. Mean macrofauna density (ind.m?) found at ten stations sampled in Santos Basin during
Project BIOIL Cruise | in November 2019. Error bars are standard error. Same letters above columns
indicate no significant differences in Tukey-HSD test. Stations indicated with * and ** were not included
in statistical testing as they present two replicates and one replicate respectively. The total number is
presented for stations 684 and 690 due to the absence of replicates.

Figure 8. Relative abundance (%) of the main macrofauna groups found in slope environments in the
10 stations sampled in the Santos Basin during the Project BIOIL Cruise 1 in November 2019. The data

represent the mean abundance values of the stations.

In general, the ‘Pockmark surroundings’ and
‘Pockmark’ groups showed certain similarities re-
garding feeding habits (Figures 11A, C). At these
stations, higher densities of OM, SRD, SSD, and
FD organisms were found; in this case animals
classified as OM and FD are generalists and could
also feed on deposits (Figures 11A, C). In stations
under the influence of carbonate mounds and
surroundings, there was a greater abundance of
detritivorous or suspension-feeding (FD) and fac-
ultative carnivores (FC) organisms. In the top of

Carbonate Mound, we observed the contribution
of more feeding modes, absent in other sites, di-
rect suspensivores (SU) and direct carnivores (C).

DISCUSSION

The present study demonstrated that geologi-
cal heterogeneity found at the Santos Basin di-
rectly influences macrobenthic structure patterns.
The sampled sites comprise an area character-
ized by an extensive pockmark field formed by
intense subsurface salt tectonic activity, indicated
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Table 3. Relative abundance (%) and frequency of occurrence (%) of the main macrofauna families, in the 10
stations of the Santos Basin collected during the Project BIOIL Cruise 1 in November 2019. N = Total number of

individuals. H.T.L. = Higher Taxonomic Level.

Families Relative Frequency of Families Relative Frequency of
abundance (%) occurrence (%) abundance (%) occurrence (%)

Annelida (n=1159) Freq. Arthropoda (n =136) Freq.
Nereididae 16.0 56 Apseudidae 29.8 22
Paraonidae 12.3 59 Tanaidae 26.1 30
Capitellidae 12.1 48 Phoxocephalidae 11.1 19
Cirratulidae 10.9 41 Anthuridae 8.2 19
Spionidae 8.8 37 Gnathiidae 8.9 19
Syllidae 8.5 41 Ampeliscidae 2.9 7
Orbiniidae 6.8 44 Janiridae 2.9 4
Polynoidae 23 22 Arcturidae 3.7 11
Onuphidae 2.2 22 Corophiidae 1.4 7
Ampharetidae 1.8 15 Cirolanidae 0.7 4
Eunicidae 1.8 19 Maeridae 0.7 4
Cossuridae 1.5 33 Lyssianassidae 0.7 4
Glyceridae 1.2 22 Caprellidae 0.7 4
Goniadidae 1.0 26 Gammaridae 0.7 4
Opheliidae 1.0 26 Echinodermata (n = 440) Freq.
Amphinomidae 0.9 15 Ophiacanthidae 67.5 11
Hesionidae 0.9 30 Ophiactidae 9.0 19
Lumbrineridae 0.9 22 Amphiuridae 4.7 33
Magelonidae 0.8 19 Astrophiuridae 3.8 19
Flabelligeridae 0.7 4 Ophiothamnidae 1.8 15
Mollusca (n=34) Freq. Ophionereididae 1.3 15
Eulimidae 5.8 7 Ophioscolecidae 0.9 7
Olividae 5.8 7 Ophiuridae 0.6 7
Anatomidae 2.9 4 Cassidulidae 0.2 4
Limopsidae 2.9 4 Ophiopezidae 0.2 4
Verticordiidae 2.9 4 Amphiuridae 0.2 4
H.T.L. 79.4 37 H.T.L. 9.3 15

by several exhumed salt diapirs (Mahiques et
al., 2017). In Santos Basin, these geological fea-
tures are frequently associated to cold-water coral
reefs (Sumida et al., 2004; Mahiques et al., 2017;
Schattner et al., 2018) and also giant carbonate
mounds that can coalesce into long ridges (Maly et
al., 2019) (Figure 1). In general, the specific con-
ditions of these environments influence the food
availability, sediment and organic matter flux, and
flow regime which reflect on the benthic commu-
nity structure (Levin et al., 2001; Carvalho et al.,

2013). Indeed, our PCA showed the heterogeneity
of area evidencing that physical-chemical char-
acteristics such as the composition of substrates
and nutrients were important factors in grouping
the sites into habitat (Table 1, Figure 2), except for
the pockmarks sites which were heterogeneous
(Table 1, Figure 2).

The formation of two macrobenthic fau-
nal groups related to the top of Alpha Crucis
Carbonate Ridge and to pockmarks and surround-
ing areas emphasizes the importance of these
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Figure 9. Ecological indicators of macrofauna found in the 10 stations sampled in the
Santos Basin during the Project BIOIL Cruise 1 in November 2019. Mean values + standard
error. a. Richness (average number of morphotypes); b. Shannon-Wiener diversity index
(H'- log2); c. Pielou's evenness (J'). ANOVA tests did not show significant differences
between stations. Stations indicated with * and ** were not included in statistical testing as
they present two replicates and one replicate respectively. The total number is presented
for stations 684 and 690 due to the absence of replicates.
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Figure 10. Non-metric multidimensional scaling (nMDS) plot of station replicates of the Project BIOIL
Cruise 1 (November 2019) based on Bray-Curtis distance matrix from transformed [log(x+1)] species
abundance data (with a minimum number of 5 individuals in a sample).

Figure 11. Contribution of feeding guilds (SU - suspensivores, C - carnivores, FC - facultative carnivores,
FD - facultative detritivores, SRD - surface deposit feeders, SSD - subsurface deposit feeders, and
OM - omnivores) of the most important taxa for the formation of the different habitat groups (SIMPER

analysis).

physiographic features in the biodiversity and eco-
system function in bathyal areas of SE Brazil. The
remaining stations 683 and 684 were a mixture of
dead coral fragments and soft sediments exhibit-
ing intermediate characteristics. The distribution of
macrofaunal organisms appears to be related to

the substrate type (hard- and soft nature of sub-
strates and by their mixture).

Fauna density was also highly related to sub-
strate type, which also influenced feeding habits.
At the top of the ACCR (685), density was higher
probably due to the presence of Deep-water coral
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Table 4. Species that contribute up to 90% of the similarity values found between samples of each isobath
(SIMPER). A.S.: Average similarity. Taxonomic groups (TG): An — Annelida, Tan — Tanaidacea, Cni — Cnidaria,
Oph — Ophiuroidea. Feeding modes (FM): Omnivores (OM), Subsurface deposit feeders (SSD), Surface deposit
feeders (SRD), Carnivore (C), Facultative detritivores (FD), Facultative carnivores (FC), Suspensivores (SU).

Group morphotypes  Abundance (%) Conibuionts  T° P
Ceratocephale sp. 1 1.53 31.06 31.06 An oM
Paraonidae sp. 2 0.35 6.67 37.73 An SSD
Magelonidae sp. 1 0.53 5.71 43.44 An SRD
Opheliidae sp. 1 0.55 5.5 48.94 An SSD
Sipuncula sp. 1 0.68 5.5 54.45 An SRD
Apseudidae sp. 1 0.62 4.91 59.36 Tan FD
Paraexogone sp. 1 0.58 4.54 63.9 An OM
sP:ﬁI;r:::i(ngs Cossuridae sp. 1 0.58 4.04 67.94 An SSD
(Stations 681, Notomastus sp. 1 0.81 3.93 71.87 An SSD
§8§’61§382)6 Maldanidae sp. 1 0.45 3.68 75.55 An SSD
Tharyx sp. 1 0.58 2.77 78.32 An SRD
Kinbergonuphis sp. 1 0.45 2.56 80.88 An OM
Paradoneis sp. 1 0.68 2.17 83.05 An SSD
Tanaidae sp. 1 0.46 2.1 85.16 Tan FD
Laonice sp. 1 0.6 2.09 87.25 An FD
Tharyx sp. 2 0.63 2.09 89.34 An SRD
Mediomastus sp. 1 0..3 2.08 91.42 An SSD
Carbonate Chloeia sp. 1 0.35 51.63 51.63 An FC
mound
surrounding
(Stations 683, Amphiura sp. 2 0.45 48.37 100 Oph FD
684)
A.S.: 10.46
Polynoidae sp. 2 1.3 12.96 12.96 An FC
Ophiacantha sp. 1 2.14 12.37 25.33 Oph FD
Anthozoa sp. 1 1.5 10.06 35.39 Cni FC
Neanthes sp. 1 0.9 6.93 42.33 An FC
Ophiactis sp. 1 1.19 6.36 48.69 Oph FD
Paraonidae sp. 3 0.61 5.84 54.53 An SSD
Carbonate Lysidice sp. 1 1.05 5.57 60.09 An FC
mound Marenzelleria sp. 2 0.57 4.95 65.05 An FD
(Stations 685, Capitellidae sp. 2 0.77 4.66 69.71 An SSD
687)AS:23.08 o s sp. 2 0.66 38 73.51 An oM
Sipuncula sp. 2 0.61 3.51 77.02 An SRD
Glyceridae sp. 2 0.58 3.33 80.35 An FC
Chloeia sp. 1 0.48 3.08 83.43 An FC
Histampica sp. 1 0.48 2.89 86.33 Oph FD
Ophiuroidea sp. 1 0.77 2.62 88.95 Oph FD
Sabellariidae sp. 1 0.53 2.62 91.57 An SuU
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Continued Table 4.
Ceratocephale sp. 1 2,09 13,42 13,42 An oM
Laonice sp. 1 1,77 13,35 26,77 An FD
Tharyx sp. 2 1,41 12,25 39,02 An SRD
Pockmark Tharyx sp. 1 1,57 11,63 50,65 An SRD
(Stations 689, Paradoneis sp. 1 1,24 5,82 56,47 An SSD
690, 691) A.S.: Paraonidae sp. 1 1,07 5,62 62,09 Na SSD
2791 Mediomastus sp. 1 1,34 5,01 67,09 An SSD
Kinbergonuphis sp. 1 0,97 4,64 71,74 An oM
Cossuridae sp. 1 0,53 4,35 76,09 An SSD
Tanaidae sp. 1 0,89 4,26 80,35 Tan FD

reefs that increase habitat heterogeneity and mod-
ify the abiotic environment providing a new habitat
for macrobenthic fauna (Jensen and Frederiksen,
1992, Henry et al., 2008, van Oevelen et al., 2009;
Webb et al., 2009, Levin et al., 2015, Ross et al.,
2017).

Macrobenthic fauna at the 685 was character-
ized by the presence of voluminous live biogenic
substrates, formed by glass sponge colonies of
Sarostegia oculata and Aphrocalistes cf. beatrix,
hydrozoans and live Solenosmilia variabilis colo-
nies, in addition to dead-coral fragments mixed
in the sediments at the base of reefs. In these
samples, the density of organisms was the high-
est among the collected samples (1584 ind. m2),
mainly due the presence of suspensivore epifauna
and detritivore ophiuroids, carnivore annelids liv-
ing inside sponges and corals, as well as other
deposit-feeding annelids in the associated mixed
sediments. Many studies on deep-water reefs
found macrofauna distribution closely associated
with three-dimensional structures producing “mac-
rohabitats” or “vertical zonations”. Therefore, they
comprise zones of significant invertebrate species
turnover ranging from the reef summit to its flank,
including living coral framework, sediment-clogged
mostly dead coral framework, rubble coral, and
underlying sediments (Mortensen et al., 1995;
Raes and Vanreusel, 2005; Roberts et al., 2006).

Despite the high density in these locations (ba-
sically formed by the increase of detritivores/sus-
pensivores ophiuroids) and high taxon richness,
diversity was lower than what is reported in the
literature. In particular, invertebrate diversity was
estimated to be up to three times higher than the

surrounding seabed (Henry and Roberts, 2007),
and even higher in areas dominated by coral rubble
and sediments. In our samples, both richness of
morphotypes and Shanon-Weaver diversity index
were similar to other type habitats studied herein.
Low diversity and high density have already been
registered for Desmophyllum pertusum rubble at
the base of coral mounds (macrofauna, Mortensen
et al., 1995; Mortensen and Foss4, 2006).

The 687 station is also located on top of the
ACCR, but both density values and taxonomic
composition were different compared to station
685 (density: ~500 ind.m? x 1584 ind.m?; taxo-
nomic composition: 90% of annelids x 60% of
Echinodermata and only 10% of annelids). Despite
the divergences observed, however, SIMPER
analysis suggest that the two stations are grouped
by the similarity of organisms with varied feeding
habits including carnivores, detritivores, both sub-
and surface deposit feeders, omnivores and sus-
pensivores, as expected for the habitat type.

Differences in communities may be related to
the complexity of the carbonate mound sampled,
or particularly for what part of the mound the sam-
ples are representing. In fact, the difference in com-
plexity between the samples collected at stations
685 and 687 is evident, both in terms of structure
and composition of the substrate (although PCA
analyses did not indicate strong differentiation be-
tween these sites). The heterogeneity and hard
substrate availability in coral mounds allowed sus-
pension-feeder animals such as sponge colonies
(Sarostegia oculata and Aphrocalistes cf. beatrix),
live corals (Solenosmilia variabilis), hydrozoans,
anemones and a great abundance of ophiuroids
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to be present at station 685. Variation in commu-
nity composition due to changes in aspect strong-
ly relates to how species respond to differences
in water flow (Best, 1988; Glasby, 2000; Glasby
and Connell, 2001). Biological functioning of sus-
pensivores, such as feeding efficiency, often vary
between upstream and downstream flow (Holland
et al., 1987). On the ACCR, the structure is deter-
mined and shaped by the dominant bottom cur-
rent, the IWBC, and are tidally driven and flow in
an approximately south to north direction (Figure
1), which would make the southward-facing station
685 exposed to the local hydrodynamics, allowing
the presence of filter-feeding animals (Maly et al.,
2019).

Furthermore, the structure and diversity of
mounds seem vary with the gradual differentia-
tion of communities as one moves from top to the
mound to the flank and bottom and as increasingly
different or distant environments are compared
(Jonsson et al., 2004, Mortensen and Fossa, 2006,
Henry and Roberts, 2007, van Soest et al., 2007,
Cordes et al., 2008, Roberts et al., 2008, Roberts
et al., 2009, Henry et al., 2009). That's the case
to explain the lower densities and diversity at the
station 683, located close to carbonate substrates
(Ramos, pers. obs.). Samples were composed of
sediments intermingled with several dead coral
fragments forming a massive matrix. Only one
living colony of Solenosmilia variabilis and a few
solitary corals (Caryophyllia sp. 1) were found. No
sponge or hydrozoan colonies were found at these
stations.

This low structural complexity reflected in ob-
served differences and low densities. Most of the
animals were found in the associated sediments
and very few within the coral skeletons. It is worth
mentioning that station 684 may have been affect-
ed because only one sample was collected and
therefore it was not possible to fully assess such
a pattern. However, in terms of composition, sta-
tions 683—684 had basically annelids and ophiu-
roids, mostly composed of facultative carnivores
and detritivores or suspensions which are com-
mon to reef habitats. As already discussed, struc-
tures formed by deep-water corals usually alter
the local flow, facilitating the deposition of organi-
cally enriched sediments and thus modifying the

Macrobenthos in SW Atlantic deep seascapes

characteristics of the adjacent sediments and the
benthos (Jumars and Nowell, 1984), even though
these effects are often considered localized and
highly variable at distances less than 10 m from
the reef (Posey et al., 1994; Danovaro et al., 2008;
Demopoulos et al., 2014). Both stations 683 and
684 showed the highest amounts of silt sediments
and nutrient concentration (Table 1). Therefore,
the sites seem to show an intermediate habitat
between the carbonate sediments and sites domi-
nated by background sediments.

Most of the studies on pockmark communities
have been related with the fluid or gas seepage
and the establishment of a chemosynthesis-based
ecosystem. Indeed, when active the chemosyn-
thetic production can increase the beta diversity of
deep sea (Hovland and Judd, 1988; Dando et al.,
1991; Ondreas et al., 2005). However, even when
inactive or when fluid/gas emission is diffuse, the
diversity in pockmarks can be higher compared
with outside regions due to increase of seafloor
profile heterogeneity (Cordes et al., 2010).

Macrobenthic assemblage composition can be
different between areas inside and outside pock-
marks and sometimes considered as a refuge for
the benthic community (Dando et al., 1991; Dubois
et al., 2015). Thus, as with positive geologic forma-
tions, negative features also affect benthic species
distribution and community structure. In fact, the
macrofauna found within the pockmark was abun-
dant and species-rich. Some taxa, for example,
were found only in these environments. The three
pockmark stations (689-691) are in different depths
(Table 1), and possibly at different water masses
(Table 1). Consequently, factors such as circulation,
sedimentation and accumulation of nutrients are
different between stations grouped in pockmarks,
and therefore the sites were slightly dissimilar to
each other, as shown by the PCA (Figure 2). In
general, however, pockmark fauna has a strong re-
lationship with the surrounding fauna, which we call
here the ‘pockmark surrounding’ (Figure 10). Most
of these sites exhibited high taxon dominance, with
annelids representing the community dominant in
all sampled habitats and typical of deep-sea sedi-
ments (Levin and Gooday, 2003). At these stations,
we had a greater predominance of deposit-feeding
organisms (Table 4).
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According to Ramos et al. (2020), pockmarks
function as sediment traps for fine particles, and
could favor the presence of marine deposit-eating
organisms. Furthermore, such negative structures
could still act to interfere with the flow of larvae
between populations of other features, depending
on the depths and dimensions of the pockmarks.
However, apparently the pockmarks found here
did not show considerable depth or other peculiar
characteristics enough to shape or sustain a dif-
ferent fauna.

Although we did not find the presence of
seepages or directly specialized fauna in cold-
seeps habitat, we did find some animals that
usually are associated with these environments
living inside pockmarks, such as the annelids
Melinna sp. 1, Melinnopsis sp. 1, Anobothrus sp.
1 (Ampharetidae), Sirsoe sp. 1. (Hesionidae),
Siboglinum besnardi (Siboglinidae), and bivalves
of the family Thyasiridae. The presence of these
animals in pockmark areas may indicate the pres-
ence of diffused gas, or proximity to areas with
methane exudation. Biological evidence based
on the presence of a correlated fauna corrobo-
rates the geophysical work in progress in the BS
area showing the presence of gas in subsurface
(Mahiques et al., 2017).

CONCLUSION

The present study contributes to a better un-
derstanding of deep-sea benthic habitats and their
communities in an important area from a geologi-
cal, ecological and also economic perspective,
such as the Santos Basin. Our results show the
presence of a great species richness of marine
invertebrate taxa, most of them corresponding to
rare species (35% of all taxa), in addition to the
presence of new records for the SW Atlantic, and
potentially new species for science that will be for-
mally published soon. We also showed a strong
correlation of the macrobenthic fauna from the
upper slope of the BS with the geomorphology of
the area and the most important variables that act
on the sites, mainly substrate composition, incli-
nation and orientation to water flux. We describe
the fauna of important BS environments, from an

Macrobenthos in SW Atlantic deep seascapes

ecological, geological and also economic point of
view, such as the carbonate mounds that harbor
a large special fauna associated with cold-water
coral reefs. It is a sensitive and important environ-
ment in regard to biodiversity conservation on the
Brazilian margin. As deep-sea corals and pock-
marks are extremely sensitive to anthropogenic
and natural events, this study provides baseline
information on macrobenthic communities from
these special deep-sea habitats in the BS that can
be used to help inform future research, monitoring
activities, and conservation strategies. Although
we did not find evidence of cold seeps and the
communities characteristic of such environments,
we found some animals that could indicate the
presence of gas, either diffuse or residual, in near-
by areas. This data together with both geophysical
and microbiological data could help in the resolu-
tion and mapping of potential cold seep environ-
ments in the BS.
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