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ARTICLE INFO ABSTRACT

Keywords: The Southwestern Atlantic harbors unique reef environments with high proportions of endemic species. The most
Brazil prominent reefs are located in the Abrolhos Bank, a 46,000 km? extension of the South American continental

Continental shelf shelf. However, just 100 km north of Abrolhos is the Royal Charlotte Bank (RCB), an area still poorly investi-

Coral reef ated. From a biological perspective, the only scientific information available is the historical record of lobster
M 1 8 gical persp y

acroalgae . . . . aps N . . .
Mesophftic fisheries in the region. Hence, we performed an expedition to investigate what macrohabitats are found in the
Rhodolith RCB and perform a preliminary biodiversity assessment. A dropcam was deployed in 67 sites and recorded

images of macrohabitats and associated biodiversity. Four different macrohabitats were detected: rhodolith beds,
macroalgal forests associated with rhodolith beds, calcareous sand deposits and coral reefs. The former two were
the most frequent, and both rhodolith and macroalgae densities were higher on the outer shelf. A total of 83
species of fish, invertebrates and algae were identified, which comprises a comparatively high diversity for visual
reef biodiversity assessments in the Southwestern Atlantic. Our findings show that the RCB is a large and diverse
ecosystem complex mostly composed of rhodoliths, and also that it may be already undergoing anthropogenic
impacts associated with climate change and fisheries. Therefore, further investigations are necessary to under-
stand the extent of biodiversity and its main threats and evaluate the possible need of conservation and man-
agement measures.

1. Introduction

The Southwestern Atlantic continental shelf harbors several
distinctive reef environments, including true coral reefs, sandstone
reefs, rocky reefs, algal reefs, and rhodolith beds distributed from the
Equator to subtropical latitudes (Castro and Pires, 2001; Leao et al.,
2003; Amado-Filho et al., 2012). These reefs are found in a unique

geological setting because the South American shelf displays several
large rivers that discharge a considerable amount of nutrients and sed-
iments (Costa et al., 2000; Omachi et al., 2019). Some reefs are directly
influenced by river plumes (Leao et al., 2003, 2016; Moura et al., 2016),
while others are influenced by the geographical barrier that the rivers
impose by limiting gene flow between reef communities (Picciani et al.,
2016; Souza et al., 2017). This is especially the case of the
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Amazon-Orinoco plume, which divides the Brazilian and Caribbean
Provinces (Leao et al., 2003; Floeter et al., 2008; Cordeiro et al., 2015).
This partial isolation of the South Atlantic tropical biodiversity, along
with particular environmental features such as high turbidity, led to
high levels of endemism for relevant taxa such as fish and shallow-water
corals (Castro and Pires, 2001; Leao et al., 2003; Castro and Zilberberg,
2016; Pinheiro et al., 2018).

The largest shelf extension in the Southwestern Atlantic is the
Abrolhos Bank, a major biodiversity hotspot of 46,000 km? where the
main coral reefs of the South Atlantic are located (Castro and Pires,
2001; Leao and Kikuchi, 2001). This region is considered a center of
biodiversity and endemism in the South Atlantic, harboring a high di-
versity of reef fish and coral species (Castro and Pires, 2001; Leao and
Kikuchi, 2001; Dutra et al., 2006; Cruz-Motta et al., 2020). Some of the
largest rhodolith beds ever described are also found within this area
(Amado-Filho et al., 2012; Moura et al., 2013, 2021; Brasileiro et al.,
2016). Besides its ecological importance, the Abrolhos Bank is also
relevant from an economic perspective, as fisheries and tourism sustain
a significant portion of the regional economy (Leao et al., 1996; Giglio
et al., 2016; Previero and Gasalla, 2020). Therefore, the Abrolhos Bank
is considered one of the highest priorities for conservation in the South
Atlantic because of its biological and socio-economic importance.

Approximately 100 km north of Abrolhos lies the Royal Charlotte
Bank (RCB). The RCB is the second largest bank within the tropical
Southwestern Atlantic, occupying about 7,000 km?. Despite such prox-
imity to Abrolhos, the habitats, fauna, and flora of the RCB are still
largely unknown to science. Therefore, because of the lack of biological
data, the RCB has not yet been considered a priority area for conser-
vation (see Magris et al., 2020; Vilar et al., 2020). However, there are
historical records of lobster fisheries (Fonteles-Filho, 2007) and several
reports from local fishermen showing significant catches of reef fishes
such as groupers. Additional information available for the RCB is mostly
limited to its geological origins (Fainstein and Summerhayes, 1982) and
ocean circulation patterns (Summerhayes et al., 1976; Ghisolfi et al.,
2015). Therefore, apart from reports of the presence of fisheries activity,
biological information is still essentially unavailable.

This study provides the first macrohabitat and biological assessment
of the RCB based on data obtained using dropcams. It is important to
build an appropriate biodiversity baseline for the RCB because of its
proximity to the Abrolhos Bank since it may require conservation and
management measures due to its potentially high biodiversity. Thus, a
biological survey of the Royal Charlotte Bank was considered a priority
in the Brazilian Action Plan for the Conservation of Endangered Species
in Coral Habitats. Furthermore, Southwestern Atlantic reefs may serve
as climate change refugia, highlighting the need to identify areas that
are priorities for protection against local disturbances within the region
(Mies et al., 2020).

2. Materials and methods

In July 2020, we performed a 10-day expedition to the RCB to
identify the shallow (20-30 m) and upper mesophotic (30-75 m)
benthic macrohabitats and associated fish, macroinvertebrate and
macroalgae assemblages. The cruise worked from the outer shelf to-
wards the shore, performing six navigation transects parallel to the
coast. Within these transects, 67 stations were assessed at depths be-
tween 20 and 75 m. At each station, during daylight, a GoPro Hero 7
dropcam inside an underwater case (Croma®, custom-made) and
attached to a rectangular steel frame (1.5 m-long structure, 8 kg) was
lowered until reaching the bottom. The dropcam recorded images dur-
ing descent and ascent and was laid resting on the bottom for 2 min
before retrieval. A single deployment was performed for each station. An
EchoMap Plus 42cv GPS connected to a GT20-TM transducer recorded
geographical coordinates and depth. After the footage was retrieved
from the camera, macrohabitats were described and a census of
observed organisms during each 2-min-long video was performed.
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Presence-absence data for fishes, invertebrates and macroalgae were
used to create biotope (sensu Olenin and Ducrotoy, 2006) classifications
using multivariate analyses in Primer 6 + Permanova software (Clarke
et al., 2014). Biotopes were grouped under a 25% Sgrensen-Dice simi-
larity after a UPGMA hierarchical agglomerative cluster analysis. Simi-
larity Percentages (SIMPER) analysis was used to rank the most relevant
species present in each biotope. Rhodolith bed (see Results section)
coverage was visually estimated from the video footage and classified
into four broad categories (adapted from Matsuda and Iryu, 2011; Rocha
et al., 2020): sparse (1-25% bottom cover), moderately dense (25-50%),
dense (50-75%) and very dense (75-100%).

3. Results

Four macrohabitats were identified in the shallow areas of the RCB
(Videos S1-S8): rhodolith beds, macroalgal forests, calcareous sand
deposits and coral reefs (Fig. 1). Most of the surveyed sites (84%) were
composed of flat rhodolith beds (unidentified species), ranging from
very sparse to very dense (Fig. 2). Fourteen of the rhodolith-dominated
sites presented turf assemblages composed of cyanobacterial and/or
other algal mats in the surroundings, visually similar to those previously
recorded for the Abrolhos Bank (Coni et al., 2017) and elsewhere (Ford
et al., 2018). Forty of the sites dominated by rhodolith beds were
interspersed with macroalgal forests, largely composed of Sargassum
spp. and Dictyota spp. The outer RCB shelf is characterized by macro-
algal forests associated with dense rhodolith beds, but the density of
both rhodolith and macroalgae decline coastwards (Fig. 2). Fine white
sand deposits, likely of calcareous origin, were observed in 10 sites, and
a single coral reef site was detected in the internal shelf near the
northern border of the bank (station 59). Largely built by Montastraea
cavernosa colonies, this small reef was found at 37 m surrounded by a
dense Sargassum spp. forest. Some of the colonies were severely bleached
(Fig. 1D). Additional tridimensional features suggestive of coral reefs
were detected in the background of some of the other surveyed sites, but
their presence could not be confirmed.

Supplementary video related to this article can be found at htt
ps://doi.org/10.1016/j.ecss.2021.107363

Eighty-three species were identified (Table 1), including 36 fishes,
three reef-building corals (Montastraea cavernosa, Mussismilia hispida
and Siderastrea stellata), and 26 macroalgae (most species could be only
identified at genus level), including Laminaria cf. abyssalis at sporophyte
stage. Sponges were abundant in several rhodolith sites, and nine
different morphotypes were detected. Agglutinated rhodolith mounds
associated with the sand tilefish Malacanthus plumieri were also frequent.
The lowest species richness was observed in the calcareous sand sites, in
some of which no species were detected (Table S1). The Montastraea
cavernosa-dominated coral reef site displayed the highest diversity (N =
34 species) for a single station. Nineteen of the 36 fish species were
found at this site, 11 of which were not found in any of the other 66 sites.
This included the only two parrotfish species observed, Scarus trispinosus
and Sparisoma axillare (including terminal phase individuals). A total of
eight Southwestern Atlantic endemic species were detected at the RCB,
of which six were fishes (Chromis jubauna, Elacatinus figaro, Haemulon
squamipinna, Scarus trispinosus, Sparisoma axillare and T. noronhanum),
one coral (Mussismilia hispida) and one alga (Laminaria cf. abyssalis).
Three of the fish species detected (Epinephelus morio, Scarus trispinosus
and Sparisoma axillare) are currently classified as either endangered or
vulnerable in the Brazilian red list (ICMBio, 2018) and the global In-
ternational Union for Conservation of Nature red list (IUCN, 2020).

Five biotopes were identified through cluster analysis (Fig. 3).
Macroalgae were responsible for defining four of these biotopes
(SIMPER analysis). Dense and diverse phaeophycean assemblages
attached to rhodolith beds defined Groups 1 and 2; these algae domi-
nated most of the RCB, defining 53 stations. Phaeophytes (Sargassum
spp., Padina sp. and Laminaria cf. abyssalis) dominate Group 1, with the
occurrence of the triggerfish Balistes vetula and large sponges.
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Fig. 1. The four macrohabitats identified during a survey in the Royal Charlotte Bank, a 7000-km? area located 100 km to the north of the Abrolhos Bank in the
South American continental shelf in the South Atlantic: dense rhodolith beds (A), macroalgal forests associated with rhodoliths (B), calcareous sand deposits (C), and
coral reefs (D). The latter are composed of the reef-building coral Montastraea cavernosa and some colonies display white coloration associated with severe bleaching.

Unidentified Ectocarpaceae and Dictyota sp. characterized Group 2
together with the occurrence of the wrasse Halichoeres dimidiatus and the
tilefish Malacanthus plumieri in five stations clumped in an area near the
slope of the northeastern RCB. Two stations near the northern slope of
the RCB devoid of fleshy macroalgae formed Group 3 and had the
notable presence of large sponges, corals and the ubiquitous B. vetula.
The presence of various and unidentified phaeophyceans, Stypopodium
sp., Padina sp. and turf characterized Group 4, which occurred in five
stations nearest the coast. Four stations in the southern RCB, near sandy
areas, were dominated by turf algae, characterizing Group 5. Station 59,
where the coral reef was identified, formed a unique biotope and did not
group with any of the remaining groups described above. Two stations
located in calcareous sand areas registered less than two species (station
41) or did not register any organism (station 45).

4. Discussion

Despite previous modeling investigations suggesting that this area
was likely diverse (Carvalho et al., 2020), the only biological informa-
tion available for the RCB and its surroundings until now were reports of
fisheries activity (Costa et al., 2003; Fonteles-Filho, 2007; Freitas et al.,
2011; Previero and Gasalla, 2020) and two records of coral species
collected during an oceanographic cruise (Ellisella elongata and Side-
rastrea stellata — Castro et al., 2006). This study produced the first images
and diversity assessment for macroorganisms and macrohabitats asso-
ciated with the RCB. Our findings show that the RCB is a large and
diverse tropical rhodolith bed and the third-largest in the South Atlantic,
only behind the Abrolhos Bank and the Great Amazon Reef System
(Amado-Filho et al., 2012; Francini-Filho et al., 2018).

Rhodolith beds are extensive areas covered with non-geniculate
coralline rhodophytes that form free-living “boulder-like” structures
(Bossellini and Ginsburg, 1971; Bosence, 1983; Foster, 2001). They
usually require intense hydrodynamic conditions to develop to prevent
burial by fine particles (Foster et al., 1997; Marrack, 1999). The Brazil
Current flows over the RCB and provides intense motion and removes

suspended sediments, thus creating ideal conditions for rhodolith
development (Soutelino et al., 2013). The massive presence of rhodo-
liths at the RCB solves a missing piece of the puzzle on the Southwestern
Atlantic continental shelf. Together with large rhodolith beds at the
Amazon-Orinoco Plume, Abrolhos, the northeastern and southeastern
coasts, the RCB is part of a nearly continuous rhodolith bed extending
for more than 4,000 km in latitude in the South American outer shelf
(Kempf, 1970; Riul et al., 2009; Amado-Filho et al., 2012; Horta et al.,
20165 Moura et al., 2016). This reinforces that rhodolith beds stand out
as a major feature of South Atlantic continental shelf environments and
are large carbonate biofactories (Amado-Filho et al., 2012; Carvalho
et al., 2020). Since they constitute a large and consolidated substrate
environment, rhodolith beds may also serve as key areas for sustaining
gene flow and demographic connectivity among different benthic en-
vironments within continental shelves (Moura et al.,, 2013, 2021;
Amado-Filho et al., 2016), possibly connecting shallow and mesophotic
reefs.

RCB rhodolith beds were largely associated with macroalgal forests.
This kind of environment engages in intensive primary production
(Bruno et al., 2005) and typically harbors a diverse and specific phytal
community composed of small crustaceans and other invertebrates
associated with the algal fronds (Gee and Warwick, 1994; Cunha et al.,
2013; Thiriet et al., 2016). Also, macroalgal forests are important
nursery habitats for the reproduction, feeding and shelter of several
larger fish and invertebrate species (Wells and Rooker, 2004; Eggertsen
et al., 2017). The presence of Laminaria cf. abyssalis should also receive
major attention, considering that this organism is among the most
severely threatened marine plants in the Atlantic Ocean (Wernberg
et al., 2019). This species had not been detected north of Espirito Santo
State before; therefore, our findings expand its known distribution in
approximately 500 km. It has been reported that the abundance and
biomass of macroalgal forests may vary seasonally in Southwestern
Atlantic rhodolith beds and coral reefs (Costa et al., 2002; Pascelli et al.,
2013). Therefore, the RCB macroalgal forests may likely undergo sig-
nificant structural changes throughout the year, and it is unclear
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Fig. 2. Macrohabitat map for the Royal Charlotte Bank, located in the South American continental shelf. Four different macrohabitats were described: rhodolith beds
(ranging from very sparse to very dense), macroalgal forests (associated with the rhodolith beds), calcareous sand deposits and a coral reef.

Table 1

Species richness (refer to Table S1 for full list) for the four macrohabitat types
(rhodolith beds, macroalgal forests, calcareous sand deposits and coral reefs)
found during the survey of 67 stations at the Royal Charlotte Bank in the
Southwestern Atlantic Ocean.

Macrohabitat Number of Richness
statu.)ns and Fish  Macroalgae  Other Total
relative .
organisms
percentage
Rhodolith beds 16 (0.24) 16 15 11 42
Rhodolith beds 40 (0.60) 13 23 15 51
with
macroalgal
forests
Calcareous sand 10 (0.15) 8 12 0 20
deposits
Coral reefs 1 (0.01) 19 10 4 34
All macrohabitats 67 (1.00) 36 26 21 83

whether we documented them at a stage of high or low biomass.

A single coral reef site was found at the RCB, although several col-
onies of reef-building species were detected in rhodolith-dominated
sites. At 37 m, this reef site was built primarily by Montastraea cav-
ernosa, a species that often predominates in shallow turbid reefs and
deeper mesophotic reefs in the Southwestern Atlantic (Francini-Filho
et al., 2013). Although it is a single site, the biodiversity was much
higher than the surroundings. The tridimensional structural complexity
of coral reefs provides shelter, food sources, and nesting sites, increasing
niche partitioning and specialization (Roberts and Ormond, 1987; Gra-
ham and Nash, 2013). There are likely more coral reefs in the RCB that
went undetected during our survey. Therefore, further expeditions
devoted to assessing coral reef presence in the RCB are required. The
CaCOgs-rich bottom associated with the rhodoliths may serve as a cue for
the larval settlement and recruitment of reef-building corals (Negri
et al., 2001; Ritson-Williams et al., 2010), thus facilitating coral reef
formation. Rhodolith beds are also an important successional stage for
the early formation of coral reefs, largely due to the mounds produced
by Malacanthus plumieri, which were widely detected in the RCB, along
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Fig. 3. Map of the Royal Charlotte Bank in the Southwestern Atlantic showing the biotope classification after cluster analysis (UPGMA). Legend shows the species
that most contributed for each biotope classification after SIMPER (Similarities Percentages) analysis; groups share at least 25 Bray-Curtis similarity. (*): ungrouped
stations with unique biotic (station 59) or richness lower than 2 species stations 41 and 45).

with the binding action of sponges and other invertebrates (see Pereir-

a-Filho et al., 2015a,b).

A total number of 83 species was recorded for the RCB. In general,
the biodiversity observed in the RCB is very similar to that of the

Abrolhos Bank and other Southwestern Atlantic reef hotspots (Dutra
et al.,, 2006). However, the true RCB biodiversity is certainly much
higher than our assessment because of our relatively low sampling effort
and because visual surveys greatly underestimate diversity (Willis,
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2001). For instance, this technique will not detect the cryptofauna, an
important component that comprises most of the animal diversity in
rhodolith beds, macroalgal forests and coral reefs (De Grave and Whi-
taker, 1999; Leray and Knowlton, 2015). Future efforts including the
collection of biological samples are essential to confirm species identi-
fication and to assess components of biodiversity of the RCB overlooked
in this study.

The fauna detected in the RCB also displays high trophic diversity,
which is an important trait for sustaining environmental stability and
resilience (Petchey and Gaston, 2006). Among fish, we detected carni-
vores, cleaners, herbivores, and corallivores (e.g., Balistes vetula, Elaca-
tinus figaro, Sparisoma axillare and Chaetodon striatus, respectively),
among others. The presence of several terminal-phase S. axillare in-
dividuals, rarer at Abrolhos suggests that the RCB is a potential
spawning ground for fish species (see Francini-Filho et al., 2008). Also,
there is evidence that rhodolith beds are important for macroalgal
reproduction and may serve as seed banks (Fredericq et al., 2019).

The RCB may be already undergoing the impacts of multiple
stressors. The coral reef site displayed intense bleaching symptoms,
usually triggered by global warming (Glynn, 1993; Hughes et al., 2018).
Bleaching is, in most cases, associated with shallow areas (<20 m —
Donner et al., 2017). Therefore deeper reefs are usually considered safer
from this kind of impact (Glynn, 1996). However, the low turbidity
found at the RCB means that light and heat may reach deeper areas and
produce impacts similar to those in shallow reefs (Cacciapaglia and van
Woesik, 2016). Furthermore, we detected cyanobacterial mats, which
are also present at similar isobaths at Abrolhos (R. B. Francini-Filho,
unpubl. data). These are often associated with warmer waters and
may overgrow and reduce benthic fauna cover (Coni et al., 2017; Ford
et al., 2018). Although our expedition was performed during austral
winter, we observed three phenomena that are usually associated with
warmer conditions: coral bleaching, cyanobacterial mats, and the
sporophytic stage of Laminaria cf. abyssalis (usually only found during
summer — see Yoneshigue-Valentin, 1990). Although the temperature
and oceanographic conditions surrounding these mesophotic rhodolith
beds at the RCB are poorly understood, the area is likely undergoing the
influence of heat waves (Teixeira et al., 2019). Besides global warming,
the RCB is also under intense fishing pressure, with comprehensive stock
assessments and fisheries impacts still lacking. Lobster fisheries in the
region date back to the 1970’s (Fonteles-Filho, 2007) and local fisher-
men currently reported 252 sites within the RCB associated with lobster
fishing (data not shown). In addition to harming the rhodoliths due to
weighted nets, this activity often produces bycatch (Steller et al., 2003;
Brock and Ward, 2004; Rendina et al., 2020). This is supported by the
historical lobster fisheries activity in the area (Fonteles-Filho, 2007).
Therefore, evaluations of the status of fish stocks in the RCB are urgently
needed. It has also been recently suggested that fisheries activity at the
RCB has affected whale shark populations (Barbosa-Filho et al., 2016).
Thus, the combined impacts of climate change and fisheries on the RCB
may require conservation measures, especially considering the presence
of both endemic and endangered species.

5. Conclusions

Our findings show that the RCB is a complex and diverse ecosystem
formed by rhodolith beds, macroalgae forests and coral reefs. This first
assessment already detected signs of anthropogenic impacts, but there
are still no marine protected areas in the RCB. Until now, the lack of
biological data meant that the RCB did not rank among priority areas for
conservation in the Southwestern Atlantic (Magris et al., 2020; Vilar
et al., 2020). Our findings may help to fill this gap in future spatial
conservation planning efforts for the Southwestern Atlantic Ocean.
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