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Geomorphology provides the core attributes for outliningmarine seascapes, once
the structural complexity of the seafloor mediates several oceanographic
processes and ecosystem services, and is positively associated with
biodiversity. Shelf-incised valleys and other prominent meso-scale structures
such as reefs and sinkholes have a great potential for the discrimination of
benthic habitat groups. Here, we investigate shelf-incised valleys as a
mesophotic habitat, by focusing on their geomorphological control in defining
distinct habitats in comparisonwith the flat surrounding area. The study was based
on the integration of high-resolution bathymetry data (multibeam echosounder),
video imaging, and physical-chemical parameters of the water column. Habitat
mapping was conducted using object-based image analysis segmentation and
clustering. Principal Component Analysis was used to assess the variables
associated with habitat distribution at each morphological region of the valleys.
Bathymetric data revealed the presence of 5 shelf-incised valleys and 5 seabed
classes were defined as carbonate crusts, Rhodoliths (3 distinct classes) and
unconsolidated sediments. A comprehensive habitat map with 17 classes was
produced, and 13 are associated with valley´s relief. Extensive rhodolith beds were
mapped in the valley flanks/bottom and in the flat areas. Shelf-incised valleys are
prominent morphological features that add complexity to the seascape,
contrasting with the flat relief that dominates the seascape. The seabed
footage obtained in the valleys revealed that their heterogeneous, complex
and irregular topography harbors a great diversity of epibionts, such as
scleractinian corals, coralline algae, sponges and bryozoans. Most of the
variability in the dataset is correlated with salinity, temperature and carbonate
sediments, which seem to be the most influential variables over the biological
assemblage, together with water depth and seabed slope. Shelf-incised valleys,
similarly to submarine canyons, can define a complex mesophotic habitat and
sustain distinct biodiversity, and even form mesophotic reefs. These features are
the legacy of Quaternary sea-level changes and should be further investigated as
important mesophotic habitats.
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1 Introduction

Habitat mapping is an essential tool for the analysis and
monitoring of coastal and marine systems, and comprise the
basis for marine spatial planning (Pandian et al., 2009; Brown
et al., 2011; Micallef et al., 2012). Nonetheless, a better
knowledge of habitat structure and its association with biological
assemblages is a major requirement for improving the planning and
implementation of management measures, as biological
communities might suffer direct and/or indirect consequences of
anthropic activities, including global climate changes (Harris and
Baker, 2020). Habitat is where a plant or an animal lives (Begon
et al., 1996; Veech, 2021), and its study is based on the distribution of
biological assemblages and their underlying physical and chemical
environmental gradients (Kostylev et al., 2001; Brown and Blondel,
2009). Seabed sediments and geomorphological patterns are among
the most influential drivers of benthic assemblages (Jerosch et al.,
2015; Kaskela et al., 2017), and seabed mapping generates essential
information for geo and biodiversity interdisciplinary analyses.

The geomorphological and faciological patterns along
continental shelves are the result of distinct temporal and spatial
scales processes. During ice ages, relative sea level dropped and
expose continental shelves, while shelves were inundated due to the
rise of relative sea level during interglacial stages (Green et al., 2014).
Those long-term processes associated with short-term processes
influence the continental shelf morphology, leaving relict features
formed during sea-level lowstand or deglacial stillstands. Features
resulting from sea-level oscillations such as incised valleys, drowned
reefs, hardgrounds, relict sediments, submerged sinkholes,
paleodunes, paleolagoons and paleocoastlines are present in the
continental shelves and, along with other geomorphological
features, drive marine habitat distribution (Harris et al., 2005;
Wright et al., 2012; Bourguignon et al., 2018; Sherman et al.,
2019). Drowned features in the mid and outer part of the
continental shelf form mesophotic habitats (Loya et al., 2019).
Mesophotic habitats are characterized by an environment that is
associated with light-dependent organisms and filter feeders in a
photic-aphotic transition zone between 30 to approximately 150 m
water depth in tropical and subtropical continental shelves (Lesser
et al., 2009; Hinderstein et al., 2010; Kahng et al., 2017). Also, other
factors such as the bed slope, the micro-topography, and
oceanographic forces play an important role in the mesophotic
reefs’ habitat distribution (Bridge et al., 2011). For some time,
mesophotic reefs have received considerable attention once they
are often under less fishing pressure and can be used as climatic
refugia (Bongaerts et al., 2010; Hinderstein et al., 2010; Bridge et al.,
2011; Baker et al., 2016). Detailed mapping of mesophotic areas
revealed extensive drowned/mesophotic reefs in the Amazonas
outer shelf/shelf break (Moura et al., 2016; Lavagnino et al.,
2020), in South Atlantic’s largest reef complex (Moura et al.,
2013), in Australia shelf/slope and the Great Barrier reef (Harris
et al., 2004; Bridge et al., 2012), Hawaiian Islands shelf (Grigg et al.,
2002), Gulf of Mexico and Caribbean (Locker et al., 2010) and
elsewhere.

Here, we investigate a mesophotic habitat defined by outer shelf-
incised valleys. Similarly to submarine canyons that are known for
their high habitat heterogeneity (Kottke et al., 2003; Schlacher et al.,
2007), we consider that shelf-incised valleys could also present

distinct mesophotic communities and reefs. Thus, the objective of
this paper is to characterize the shelf-incised valleys as a mesophotic
benthoscape or seascape, by focusing on their geomorphological
control in forming distinct habitats in comparison with the flat
surrounding area. To accomplish that, a high-resolution acoustic
survey (multibeam echosounder) was combined with underwater
footage for a broad view on the benthos distribution, and CTD
profiles in order to characterize the physical oceanography
conditions in the mesophotic habitat.

2 Study area

The study area is located in the central part of the Espirito Santo
Continental Shelf (ESCS), southeast Brazil (Figure 1). The ESCS is a
mixed sedimentation shelf with a one significant terrigenous riverine
sediment input (Doce river) nearshore and a carbonate domain
along the mid-outer shelf, that is largely comprised by rhodolith
beds (Bastos et al., 2015; Vieira et al., 2019) and carbonate
concretions near the shelf edge (Holz et al., 2020). Bastos et al.
(2015) described three main geomorphological sectors in the ESCS:
the Doce River shelf (dominated by riverine terrigenous sediment
input); the Paleovalley shelf (characterized by the presence of shelf-
incised valleys, low terrigenous sediment input and the dominance
of carbonate sedimentation); and the Abrolhos shelf (shelf
enlargement with carbonate sedimentation).

The surveyed area (Figure 1) is located in the Costa das Algas
Marine Protected Area (MPA), which is located in the Paleovalley
shelf. This MPA was established in 2010 aiming to protect a high
macroalgal biodiversity, including endemic species (IBAMA, 2006).
The two hard bottom types—carbonate concretions
(bioincrustation) and rodoliths—play an important ecological
role by providing an adequate substrate for benthic macroalgae
and invertebrates’ settlement, increasing community complexity
(Holz et al., 2020). In the MPA, Vieira et al. (2019), Bourguignon
et al. (2018) and Holz et al. (2020) showed that seabed sediments are
characterized by a complex mosaic of fine sediments, Rhodoliths,
hard-grounds (biogenic crusts), bioclastic gravel and maerl.
Rhodolith nodule coverage varies along the outer shelf and can
reach up to 85% of bed coverage (Rocha et al., 2020).

Previous shelf morphology and sedimentation studies in the
study region focused on the influence of sedimentary regimes and
shelf morphology in fishing (Bourguignon et al., 2018); the
relationship between seabed morphology and sea-level changes
(Bastos et al., 2015); shelf morphology influence on seabed
habitats (Oliveira et al., 2020); sedimentations patterns (Vieira
et al., 2019); and backscatter response to rhodolith coverage
(Rocha et al., 2020).

The climate in the study area is tropical, hot, and humid.
Seasonality is marked by a rainy season during summer, with
prevailing NE to E winds. The winter is marked by a dry season
with frequent storms with waves from S to SE (Niemer, 1977; Vera
et al., 2002). The tidal regime is semi-diurnal and classified as micro
tides. Mesoscale ocean circulation is dominated by the south-flowing
Brazil Current, with warmer (22°C) and saline (>36) tropical water
(Palóczi et al., 2016). A summer upwelling occurs in the central
ESCS and contributes to nutrient enrichment (Mazzini and Barth,
2013; Palóczi et al., 2016).
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3 Materials and methods

Figure 2 shows the methodological flow used herein, considering
the different steps: Data collection, processing, analysis and
habitat map.

3.1 Seabed acoustic mapping

TheMPACosta das Algas acoustic survey covered 294 km2 from
40 to 275 m water depths (Figure 1). The acoustic dataset was
collected using two Multibeam Echosounders (MBES): 2018 survey
used a Reson 7,101 operating in 240 kHz (Areas A, B and C,
Figure 1); and the 2019 survey used a R2Sonic 2024 operating in
170 kHz (Area R, Figure 1). Different workflows were used for each
MBES since the transducers and the acquisitionmode are distinct. In
both systems, a motion correction equipment was used to
compensate for pitch, roll, yaw and heave. Also, water column
velocity profiles were carried out using a mini Valeport SVP in
regular intervals (149 stations) (Figure 1). Data were processed using
software Caris Hips and Sips (9.1 and 11.1) and Qimera, corrections
were applied as SVP and tides. The description of each system and

the associated equipment used in each survey acquisition are
summarized in Table 1.

3.2 Ground truth—Video imaging

Seabed was video imaged aiming to record the epibionts
associated with the mapped area. Samples were obtained using a
drop camera system operated in 129 stations between 43 and 77 m
depths (Figure 1). The drop camera system used high-resolution
cameras (GoPro Hero 3, 4, and 7) and torches coupled in a
pyramidal metal structure with a 60 × 60 cm square base. The
system was setup with an orthogonal camera looking downward and
a second camera attached to the side of the structure, looking
laterally. Images from the orthogonal camera were used to
classify bottom types, while the lateral camera was used to obtain
a panoramic view of the seabed. Images were obtained by recording
three videos with 2-minutes at each station (drop camera was lifted
three times during each cast). The analysis of the best still frames
extracted from the video footage was conducted using the software
Coral Point Count (CPCe, National Institute of Health, EUA),
which allows for the identification of the organisms and sea

FIGURE 1
Map showing the study area within the MPA Costa das Algas, including the multibeam survey area (Reson 7,101 and R2Sonic 2024), the Dropcam
sampling points and the SVP/CTD stations. (A–C) are areas surveyed by Reson 7,101. Isobaths were obtained from Bastos et al. (2015). Datum: WGS84.
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bottom type from 50 points randomly distributed in each frame
(Kohler and Gill, 2006). Images were classified in 5 seabed type
classes, being 0—Reef, 1—Rodoliths, 2—Unconsolidated sediment,
3—Maërl, and 4—Rodoliths with Unconsolidated sediment.
Rhodolith and unconsolidated sediments were quantified
following the methodology presented by Rocha et al. (2020) and
Matsuda and Iryu (2011). Rhodolith percentage was considered high
when the nodules covered at least 40% of a given image (Rocha et al.,
2020).

3.3 Segmentation and habitat map

A supervised segmentation approach, using an Object Based
Image Analysis (OBIA), was applied to classify the seabed based on
the bathymetric dataset. This allows the identification of
homogeneous characteristics within an area of interest using
image segmentation (Lacharité et al., 2018). OBIA takes multi-
layer raster imagery and segments data into geographic zones
with similar statistics properties (Innangi et al., 2019). In this
process, it is expected that the desired objects are automatically
extracted from the image (Lucieer et al., 2017), where the
segmentation joins small objects (one-pixel size) with larger
objects (Janowski et al., 2020). In this paper, RSOBIA (Remote
Sensing Object Based Image Analysis, Le Bas, 2016) was applied in a

2-meter bathymetric map resolution. The number of classes and
minimum object size (parameters needed to run RSOBIA) were
defined as 6 and 2,000, respectively. After defining the seabed
geomorphic classes, the Habitat classes were defined using a
cluster analysis, that grouped the 6 geomorphic classes
(bathymetry/RSOBIA) with 6 image-derived seabed classes
(Figure 2). This type of non-supervised analysis classifies
elements in groups so that elements from the same group are
similar and the number of groups is unknown (Kaufman and
Rousseeuw, 1990). The group number was analyzed through the
k-means method (MacQueen, 1967) and ArcGIS was used for
visualization.

3.4 Water parameters

Temperature (°C) and salinity (PSU) data were collected during
sound velocity measurements in the water column during the
multibeam data acquisition. Profiles were obtained in
149 stations along the study area using a mini SVP Valeport
(Figure 1). All valley related profiles were collected during the
summer of 2019 and they are presented here as an average, while
T/S profiles along the adjacent flat areas were collected during
2019 summer and winter months. These data are presented here
as an avarage to summer and an another to winter data. Water

FIGURE 2
Flow chart showing the different methodological steps applied in the investigation.

TABLE 1 MBES survey configurations.

Year MBES Frequency (kHz) Acquisition software Processing software Overlap (%) Inertial system

2018 Reson 7,101 240 PDS Caris Hips and Sips 9.1 60 DMS 05 and DGPS

2019 R2 Sonic 170 QINSy QIMERA, Caris Hips
and Sips 11.1

30 Applanix POS MV
Wave Master INS

Frontiers in Remote Sensing frontiersin.org04

Oliveira et al. 10.3389/frsen.2023.1111825

https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org
https://doi.org/10.3389/frsen.2023.1111825


physical-chemical parameters were used to investigate the influence
of the valley morphology in the water column structure and
consequently in the biological community found. The profiles
were analyzed and presented as valley bottom and flat adjacent areas.

3.5 Statistical analysis

3.5.1 Similarity
Statistical similarity analysis is a relational measurement

between individual pairs or populations (Regazzi, 2001) and was
used to compare the presence of groups of organisms with the
seabed classes derived from multibeam bathymetry segmentation.
The similarity among objects varies from 0 (highest difference) to 1
(highest similarity). Similarity analyses were carried out with the
software PAST 2.17.

3.5.2 Principal Components Analysis
Principal Component Analysis (PCA) is a mathematical

algorithm that reduces the dimensionality of the dataset,
simplifying its description (Ringnér, 2008; Abdi and Williams,
2010). New variables (principal components) are obtained as a
linear combination of the original variables (Abdi and Williams,

2010). The first principal component is the direction along which the
samples showmore variation and the second principal component is
the non-correlated direction with the first component (Ringnér,
2008). Seafloor footage was used to determine the most influential
variables over distinct organisms. Seven variables were used for each
station: depth m), slope (°), rugosity, temperature (°C), salinity
(PSU), carbonate content (%) and mud content (%). All
parameters were retrieved from the primary dataset, except for
rugosity. Rugosity was calculated using Benthic Terrain Modeler
(BTM) (Oliveira et al., 2020). Carbonate and Mud contents were
obtained from Vieira et al. (2019). The raw values of each variable in
each station were normalized to avoid discrepancies. The analysis
considered the distinct zones/classes defined for the study area. The
dataset was analyzed in two ways: an integrated mode and by
geomorphic classes (valley bottom, valley margin, and valley
adjacent area).

4 Results

4.1 Seabed morphology

Seabed mapping revealed five valleys within the study area
(Figure 3). The two northernmost valleys and the two NW-SE
oriented central channels converged and formed one deeper and
wider channel close to their mouth, while the southernmost and
smaller one is SW-NE orientated. All valleys extended eastward to the
continental shelf break. Overall, valley depths varied from 60 to 90 m
depths, and valley widths from 70 to 500 m. The northern valleys
(V1 and V2) are straight, while the central ones are meandering
(V3 and V4). The southern valley (V5) is narrower and presents
meanders and a more rectilinear channel. The area adjacent to the
valleys presents a diverse morphology with positive and negative
relief, including little channels many times connected to the valleys.

4.2 Seabed bottom classes from video
footages

Five seabed type classes were defined from underwater imagery:
Bioincrustations (BIOC- rigid bottom with benthic cover)
(Figure 4A); Unconsolidated sediment (SED-unconsolidated fine
and coarse sediments) (Figure 4B); Rhodoliths (R>40% - >40% of
the frame covered by rhodoliths) (Figure 4C); Mäerl (carbonatic
fragments) (Figure 4D); Rhodoliths with sediments (R<40%- <40%
of the frame cover with rhodoliths) (Figure 4E).

Bioencrustation class refers to biogenic crusts forming a hard
ground, and in this case, mostly formed by calcareous algae. BIOC is
largely associated with the valley flanks. The unconsolidated
sediment class is characterized by fine sediments (fine sands with
mud) with no gravel or bioclastic fragments associated. SED class
were observed mainly in the valley bottom, but also locally
associated with flat areas (Figure 3A). Mäerl class dominated the
flat area adjacent to the valleys and is characterized by a bioclastic
gravel with living algae in a fine sediment matrix. The Mäerl class
does not show sparse rhodoliths in the image frame, however, it is
possible that spatially, this class intermingle with the low rodolith
coverage class (R<40%).

FIGURE 3
Shelf morphology highlighting the five shelf-incised valleys.
Locations of classified seabed images defined from the dropcams are
also shown. Bioincrustations (BIOC- rigid bottom with benthic cover);
Unconsolidated sediment (SED-unconsolidated fine and coarse
sediments); Rhodoliths (R>40% - >40% of the frame covered by
rhodoliths). V1, V2, V3, V4, V5—shelf-incised valleys.
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The rhodolith classes were defined based on the percentage of
nodules in the image frame. In general, R>40% represents a
rhodolith bed that can be treated as an irregular and quasi-rigid
bottom, giving a three-dimensional aspect to the seafloor. R<40%
represents areas where nodule coverage is less than 40%, indicating
the presence of more sparse rhodoliths in a fine sediment bed. The
rhodolith beds (R>40%) occurs mainly associated with the valley
classes (flank) and the flat margin adjacent to the valleys, but mainly
in areas deeper than 50 m. R<40% are present in flat areas.

4.3 Benthic coverage

Benthic organisms were identified in major taxonomic and
functional groups including rhodoliths (carbonatic nodules
covered largely by Crustose Coralline Algae—CCA), macroalgae,
Geniculate Coralline Algae (GCA), sponges, corals, bryozoans, sea
squirts, biofilm (consortia with microalgae and filamentous
cyanobacteria) and others (echinoderms and non-identified
organisms). The epifauna was more abundant in the rigid valley
flanks or in the carbonate crusts adjacent to the valleys. At the
valleys’ bottom dominated by fine sediment dominates, epifaunal
organisms were not visible. Rhodoliths were identified close to the
valleys and, together with GCA, macroalgae, bryozoans, sea squirts,
encrusting sponges, and corals (Antipathes and Cirrhipathes)
(Figure 5), comprised the most common groups recorded from
the imagery.

The general distribution of the benthic assemblages and its
relationship with water depth is shown in Figure 6. In the

shallower water depth range (45–55 m), the bottom was
dominated by CGA, followed by rhodoliths, bryozoans,
macroalgae, and sea squirts. From 55 to 65 m deep, rhodoliths
dominate, followed by GCA, bryozoans, macroalgae, and biofilm.
The deeper depth range (65–77 m) was marked by the dominance of
rhodoliths, biofilm and corals. Macroalgae, GCA, bryozoans and
sponges were less frequent in this stratum, while sea squirts were not
observed.

A similarity analysis among the biotic assemblages of valley
margin, valley bottom and adjacent flat areas is shown in Figure 7.
The higher similarity between the biotic assemblages of valley
margin and bottom (0.83) can be explained by the proximity and
similar habitat structure. The similarity between the bottom and
valley adjacent areas is intermediary (0.465), as well the margin
portion near to these areas (0.415).

4.4 Segmentation and habitat map

The OBIA segmentation resulted in six classes based on
bathymetry derivatives (slope) and depth range (Table 2;
Figure 8). Table 2 presents the classes descriptions based on
morphological features and the area (km2) covered by each class.

Shelf Break and Slope are the less representative classes, as they
are at the depth limit of the study area. Conversely, classes Flat
bottom (class 1) and Depression and/or Valley Margin class (class 2)
cover most of the study area, 163.8 km2 and 102.3 km2, respectively
and dominate the bottom morphology adjacent to the shelf valleys.
These two classes differ in terms of depth range and slope, with the

FIGURE 4
Seabed images representing the five seabed classes derived from the video footage: (A) Bioencrustation (BIOC); (B)Unconsolidated sediment (SED);
(C) Rhodoliths (R>40%); (D) Mäerl; and (E) Rhodoliths with sediments (R<40%).
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Depression and/or Valley Margin class occurring in a deeper depth
range and with a slightly higher slope. The shelf valleys are
characterized by the two Valley Bottom classes, Shallower valley
bottom and Deeper valley bottom. These two latter classes comprise
29.6 km2, almost 10% of the study area and represent the largest
relief changes and highest slopes. Also, two classes—Shelf Break and
Slope—were not included in the analysis due their minimal area
coverage and not present any sample of image over the bottom.

Seventeen habitat classes were defined from the clustering of
seabed imagery and geomorphometric data (geomorphic classes,
Figure 9; Table 3). The final habitat map is shown in Figure 10.
Valley margins concentrate most habitat classes: three classes related
to Deeper valley bottom; five associated with Shallower valley
bottom; and five associated with Incised valley margin.
Bioincrustation classes are limited to channel margin and shallow
channel regions. Unconsolidated sediment bottoms (SED) are

FIGURE 5
Examples of organisms found in the MPA Costa das Algas: (A) Valley flanks covered by sponges, biofilm, and black corals; (B) Bryozoans and sea
squirts; (C) Rhodoliths covered by Peyssonnelia sp. (red algae); (D) Sponges and biofilm on valley flank; (E) Rhodoliths and Codium sp. (green algae); (F)
GCA, green algae and sea urchin; (G) Bryozoans and sea star; (H) Biofilm, CCAs on hardgrounds and black corals.

Frontiers in Remote Sensing frontiersin.org07

Oliveira et al. 10.3389/frsen.2023.1111825

https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org
https://doi.org/10.3389/frsen.2023.1111825


associated with higher slopes (Shallower and Deeper valley bottom,
valley margins, and depressions). The other habitat classes are
distributed among other types of morphology. Slope classes do
not present any habitat classes since video footage was not
obtained in these areas.

4.5 Water column parameters

The valley water profiles present a temperature variation of ~7°C
between surface and bottom (up to 76 m) (Figure 11A). The greatest
variation in thermocline was ~6°C in a 28-meter interval starting at

20 m water depth. The high/lowest salinity variations were found on
the same thermocline interval.

Comparing T/S results for the flat areas adjacent to the valley
(only summer 2019 measurements), the temperature ranged ~7°C
between surface and bottom (up to 59 m depth). The thermocline
spanned 28 m, starting at 18 m depth, and a 4°C variation between
the lowest values close to the bottom and the surface (Figure 11B).
Fall/winter results showed a smaller temperature and a different
thermocline when compared to summer behavior. The difference
between highest and lowest temperatures was 5°C and the
thermocline was deeper, starting at 42 m up to 64 m deep, with
~5°C range. The greatest salinity variation occurs within the same
depth range (Figure 11C).

4.6 Principal Component Analysis

PCA was run for the entire dataset and individually for each
morphological class of the valleys. The first PCA accounted for
59.1% of the total variance in the dataset (Figure 12A). In general,
the first component was associated to most of the variability in
the dataset, and is correlated with salinity, temperature and
carbonate sediments, which seem to be the most influential
variables over the biological assemblages. The second
component revealed a consistent but smaller influence of
depth and slope variations.

Applying the principal components individually for each
morphological class of the valleys provided different results. This
means that the variables can explain each morphological feature in a
different approach. In the valley bottom (segmentation classes
Deeper valley bottom and shallower valley bottom) the two first
principal components explain 63.4% of the total variance
(Figure 12B). Analyzing the two components and the variables
within them, temperature and depth were dominant in the
component 1, while mud content and depth were dominant in
component 2.

The valley flanks/margins (segmentation classes Depression
and/or valley margin) PCA shows that the two first principal

FIGURE 6
Organisms’ distribution by depth range along the study area.

FIGURE 7
Similarity (Bray Curtis) in biotic composition among the valley
bottom, valley flank, and adjacent areas.
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components explain 65.4% of the total variance (Figure 12C).
Salinity, temperature, mud content and carbonate content are
dominant on component 1, while slope and roughness (0.590)
were dominants on component 2. This was expected since the
images showed that flanks and margins with high slopes are
fixed by bioencrustation.

In the valley adjacent areas (segmentation classes Flat bottom
and shelf break), the two first principal variance components explain
53.5% of the total variance (Figure 12D). Component 1 shows that
temperature and salinity were dominant, while component
2 indicates that roughness and slope were the most dominant. In
this flatter region, with smooth slope and depth variation, it was
expected that sediment type coverage was a preponderant factor for
the presence of epifauna groups. The regions where the contents of
mud and carbonate are the most variable components are the ones
closer to the channels.

5 Discussion

Substrate relief and types play a major role in the distribution of
benthic communities, together with other biotic and abiotic
parameters of the water column such as depth, light penetration,
and productivity (Bridge et al., 2011; Rattray et al., 2013; Kaskela
et al., 2017; Turner et al., 2017). The physical properties of the seabed
are major surrogates to forecast or model benthic habitat and
species’ distribution. For instance, grain size and shelf
morphology (slope, rugosity) are among the variables with the
largest explanatory power for benthic biological assemblages
(Kostylev et al., 2001; Beaman and Harris, 2008), and interact
with depth, temperature, light penetration and other drivers
(Greene et al., 2007; Lesser et al., 2009; Kahng et al., 2007;
Locker et al., 2010; Bridge et al., 2011; Kahng et al., 2012;
Kaskela et al., 2017). Grazing, competition and recruitment are
among the biological drivers of community structure (James, 2000;
Cochrane and Lafferty, 2002).

Shelf habitat distribution tends to be closely related to seascape/
benthoscape and seabed sediment types (Brown et al., 2011). As a
consequence, much of benthic “physical” habitats are strongly
controlled by shelf morphology, which is the result of a
combination of processes that operate at different time scales,
including relative and eustatic sea-level fluctuations, modern
sedimentary regimes, hydrodynamic conditions, sediment
transport, antecedent geology, and biological activity (Sternberg
and Nowell, 1999; Pratson et al., 2007; Schattner et al., 2010;
Brothers et al., 2013; Bastos et al., 2015). Glacial and interglacial
stages lead to global sea-level fluctuations that exposed and drowned
the continental shelf. These processes were responsible to shape the
seafloor and, in the case of mesophotic habitats and mesophotic
reefs, most of shelf morphology reflects features formed during sea-
level fall and lowstand, which drowned during the deglaciation
process. The development of mesophotic reefs, for instance, is
related to submarine morphology resembling features such as
drowned reefs (Harris and Davies, 1989; Bridge et al., 2011;
Abbey et al., 2013), paleoshorelines (Brooke et al., 2014; Pretorius
et al., 2016), hard grounds/terraces (Khanna et al., 2017), cemented
dunes and barriers (Brooke et al., 2014; Passos et al., 2019), and
incised valleys (Bastos et al., 2022).

The MPA Costa das Algas shelf-incised valleys are prominent
morphological features that add complexity to the seascape,
contrasting with the flat relief that dominates the seascape. The
seabed footage obtained in the valleys revealed that their
heterogeneous, complex and irregular topography harbors a great

FIGURE 8
Map showing the results from OBIA segmentation. Six distinct
classes were defined based on the geomorphometric analysis.

TABLE 2 Segmentation classes (geomorphic classes) and their geomorphometric and geomorphological features.

Segmentation classes Depth range (m) Slope range (°) Morphologic features Area (km2)

1 43–55 0.1–0.2 Flat bottom 163.8

2 55–60 0.2–0.85 Depression and/or valley margin 102.3

3 60–70 0.5–2.1 Shallower valley bottom 20.7

4 70–85 0.3–1.27 Deeper valley bottom 8.9

5 85–120 2.3–5 Shelf break 3

6 120–320 5–13 Slope 0.5

Frontiers in Remote Sensing frontiersin.org09

Oliveira et al. 10.3389/frsen.2023.1111825

https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org
https://doi.org/10.3389/frsen.2023.1111825


diversity of epibionts, such as scleractinian corals, coralline algae,
sponges and bryozoans, which are typical of mesophotic reef
systems (Hinderstein et al., 2010).

Geomorphological processes are controlling parameters to
the distribution and composition of mesophotic ecosystems
(Bridge et al., 2011; Sherman et al., 2019) since positive relief
can direct the sediment transport and accumulation (Sherman
et al., 2019). Herein, the geomorphological heterogeneity of the
MPA Costa das Algas is associated with a broad range of biotic
and abiotic variables, including benthic community distribution,
substrate composition, terrain derivatives (slope, rugosity),
temperature and salinity.

The valley margins portion was the segment that showed the
greatest relationship among hardgrounds, terrain complexity
(slope), and epibiont diversity. The higher carbonate content
in these areas, largely accounted by encrusters, enabling higher
hard bottom stability, providing n important settlement habitat
for reef-associated organisms. Organisms on rigid bottoms are
influenced by slope and sediment deposition (Colin et al., 1986).
Steep slopes generate terrain complexity and influence the
availability of settlement surfaces, food and protection against

predators (Ierodiaconou et al., 2007). Besides that, the terrain
slope angle also plays an important role in determining water
column vertical zones (Bridge et al., 2011). Rugosity, especially
when associated with bottom type and steeper slopes, also
increases seabed complexity and macrofaunal diversity (Bridge
et al., 2011). The hard and rugose structure of channel walls may
also contribute to increase the biodiversity of this habitat by
creating a positive feedback system. The reef community along
the margins and walls restrict the channel growth, which, in turn,
may create different water flow patterns (Harris et al., 2005). Such
distinctive current flux influences food supply and organic matter
in these regions (Okamura and Partridge, 1999; Cochrane and
Lafferty, 2002), and might aid the transport and settlement of
several sessile species (Gili and Coma, 1998). Moreover, the
valleys may play an important role during summer upwelling
(Palóczi et al., 2016) by channeling colder and nutrient enriched
water masses.

On the valley flanks portion, CCA, corals and sponges are the
most conspicuous groups, with the extensive live coverage of CCAs
being frequent above the flanks. These organisms are well adapted to
low light conditions (Kühl et al., 2001) and also play an important

FIGURE 9
Cluster analysis (clockwise direction starting on C06): Bioencrustation on paleovalley margin (cyan); Rhodoliths on valley margin and depression
(dark blue); Bioencrustation on shallower valley bottom (petroleum blue); Rhodoliths on deeper valley bottom (brown); Unconsolidated sediment on
deeper valley bottom (dark green); Rhodoliths on flat bottom (purple); Unconsolidated sediment on flat bottom (orange); Rhodoliths with sediments on
flat bottom (cyan); Mäerl on flat bottom (red), Rhodoliths with sediments on shallower valley bottom (light green); Rhodoliths with sediments on
depression and valley margin (dark green); Rhodoliths with sediments on deeper valley bottom (brown); Mäerl on valley margin and depression (orange);
Unconsolidated sediment on depression and valleymargin (cyan); Unconsolidated sediment on shallower valley bottom (black); Mäerl on shallower valley
bottom (purple); Rhodoliths on shallower valley bottom (black).
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TABLE 3 Biotic and abiotic characteristics of each habitat class.

Habitat classes Bottom type/Images in Figure 4 Physical
description

Biological description

Rhodoliths on flat bottom Rhodoliths/4C Depth: 48–51 m Rhodoliths, ACG, Bryozoans

Slope (mean): 0.12°

Rugosity (mean): 0.00003

Temperature:
20.6°C–22.1°C

Salinity: 36.09–36.24 psu

Rhodoliths on depression and/or valley
margin

Rhodoliths/4C Depth: 55.2–61 m Rhodoliths, ACG, Macroalgae, Bryozoans,
Biofilm

Slope (mean): 0.27°

Rugosity (mean): 0.00003

Temperature:
20.05°C–23.25°C

Salinity: 35.95–36.46 psu

Rhodoliths on shallower valley bottom Rhodoliths/4C Depth: 59–70 m Rhodoliths, ACG, Bryozoans, Sea urchin

Slope (mean): 0.5°

Rugosity (mean):
0.000091

Temperature:
22.07°C–22.46°C

Salinity: 36.19–36.39 psu

Rhodoliths on deeper valley bottom Rhodoliths without algae coverage and sparse
carbonatic fragments/4C

Depth: 72–80 m Rhodoliths, ACG, Bryozoans

Slope (mean): 0.32°

Rugosity (mean): 0.00002

Temperature:
21.8°C–22.7°C

Salinity: 36.29–36.39psu

Unconsolidated sediment on flat bottom Fine sediment with sandwaves/4B Depth: 43.5–53 m Bryozoans, Macroalgae

Slope (mean): 0.2°

Rugosity (mean):
0.000007

Temperature:
21.96°C–23.15°C

Salinity: 36.2–36.25 psu

Unconsolidated sediment on depression
and/or valley margin

Fine sediments with less carbonatic fragment/4D Depth: 54.5–59 m Bryozoans, ACG, Macroalgae

Slope (mean): 0.85°

Rugosity (mean)

0.000122

Temperature:
20.05°C–22.5°C

Salinity: 35.83–36.43psu

Unconsolidated sediment on shallower
valley bottom

Fine sediments with less carbonatic fragment/4D Depth: 58–73 m Macroalgae, Bryozoans, Corals

Slope (mean): 0.87°

(Continued on following page)
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TABLE 3 (Continued) Biotic and abiotic characteristics of each habitat class.

Habitat classes Bottom type/Images in Figure 4 Physical
description

Biological description

Rugosity (mean): 0.00014

Temperature:
21.87°C–22.55°C

Salinity: 36.17–48 psu

Unconsolidated sediment on deeper valley
bottom

Fine sediment with bioturbation/4B Depth: 71–80 m Sea squirt, Sponges

Slope (mean): 0.4°

Rugosity (mean):
0.000013

Temperature:
22.01°C–22.83°C

Salinity: 36.25–36.46 psu

Mäerl on flat bottom Carbonatic fragments with fine sediment/4D Depth: 48.3–62 m ACG, Macroalgae

Slope (mean): 0.1° Sponges, Bryozoans

Rugosity (mean):
0.0000009

Biofilm

Temperature:
20.06°C–24.31°C

Salinity: 36.05–36.63psu

Mäerl on depression and/or valley margin Carbonatic fragments with fine sediment/4D Depth: 51–62.2 m ACG, Macroalgas

Slope (mean): 0.36° Sponges, Bryozoans

Rugosity (mean):
0.000065

Temperature:
20.88–24°C–19°C

Salinity: 36.01–36.62 psu

Mäerl on shallower valley bottom Carbonatic fragments with fine sediment/4D Depth: 68–70 m ACG, Bryozoans, Corals, Biofilm

Slope (mean): 2.1°

Rugosity (mean): 0.0005

Temperature:
22.09°C–22.21°C

Salinity: 36.16–36.26 psu

Rhodoliths with sediments on flat bottom Sparse rhodoliths with fine sediment and few
carbonatic fragments/4E

Depth: 46.6–53.9 m ACG, Macroalgas, Esponjas, Bryozoans, Sea
squirt, Biofilm, Rhodoliths

Slope (mean): 0.2°

Rugosity (mean):
0.000019

Temperature:
20.47°C–23.9°C

Salinity: 35.92–36.46 psu

Rhodoliths with sediments on depression
and/or valley margin

Sparse rhodoliths with fine sediment and few
carbonatic fragments/4E

Depth: 54–61 m ACG, Macroalgas, Sponges, Corals, Bryozoans,
Sea squirt, Rodolitos

Slope (mean): 0.6°

Rugosity (mean):
0.000036

(Continued on following page)
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role as binders of several other framework builders such as corals
(Riding, 2002). The corals in the valley flanks are black corals
belonging to genera Antipathes and Cirrhipathes (Loiola et al.,
2007), which benefit from their hard substrate for fixation
(Rivero-Calle et al., 2008; Wagner et al., 2012). These organisms
are filter feeders that require a strong and consistent current to settle
(Tazioli et al., 2007) such as in valley flanks.

On the valley bottom portion, the abundance and diversity of
macroorganisms was overall low. Despite the slightly lower
temperatures and constrained light penetration near the
bottom, the low diversity in these areas seem to be more
related with the finer grain size, which is also a depth-related
consequence (Watling and Skinder, 2007). Although sediments
tend to constrain the abundance and diversity of
macroorganisms in the bottom surface, soft bottom realms
may harbor rich meiofaunal and other smaller sized
assemblages that were not targeted by our study (Beaman and

Harris, 2008). Bryozoans, which are colonial and sessile filter
feeders (Lidgard, 2008), were conspicuous in the valley bottom
portion. Bryozoans can settle in shelf environments that are
shaded or cryptic, and with lower sedimentation rates
(Winston et al., 2007).

The valley adjacent area comprises a flat region dominated
by rhodoliths, CGA, macroalgae, and bryozoans. Less frequent
groups included black corals, sponges, and sea squirts.
Temperature, carbonate and mud content were correlated
with the distribution of the benthic organisms. The flat and
less complex topography of the valley adjacent area seems to be
associated with a less diverse morphological setting, especially
when compared with the valley flanks and bottom. These flat
areas are also more susceptible to sediment transport and
deposition (Sherman et al., 2010; 2019), which might damage
filter feeders and macroalgae development, but allowing the
development of other biological communities (Locker et al.,

TABLE 3 (Continued) Biotic and abiotic characteristics of each habitat class.

Habitat classes Bottom type/Images in Figure 4 Physical
description

Biological description

Temperature:
21.3°C–24.59°C

Salinity: 36.02–36.4 psu

Rhodoliths with sediments on shallower
valley bottom

Sparse rhodoliths with fine sediment and few
carbonatic fragments/4E

Depth: 66–70 m ACG, Macroalgas, Corais, Rhodoliths

Slope (mean): 1.37°

Rugosity (mean):
0.000036

Temperature:
22.02°C–23.06°C

Salinity: 36.15–36.39 psu

Rhodoliths with sediments on deeper valley
bottom

Sparse rhodoliths with fine sediment/4E Depth: 76 m Macroalgas, Rhodoliths

Slope (mean): 1.27°

Rugosity (mean): 0.00264

Temperature: 22.33°C

Salinity: 36.22 psu

Bioencrustation on valley margin Bioencrustation/4A Depth: 66–63 m Biofilm, Sponges, Macroalgae, CCA
(incrustation on harbottom)

Slope (mean): 1.1°

Rugosity (mean):
0.000515

Temperature: 22.4°C

Salinity: 36.1–36.3 psu

Bioenscrustation on shallower valley bottom Bioencrustation/4A Depth: 70 m CCA (incrustation on harbottom)), Corals, Sea
squirt

Slope (mean): 0.9°

Rugosity (mean):
0.000066

Temperature: 22.09°C

Salinity: 36.18 psu
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2010). In these areas, rhodoliths are the dominant group, often
forming rhodolith beds. The Brazilian margin (3°–22°S)
encompasses the world’s largest rhodolith beds (Foster, 2001;

Amado-Filho et al., 2012), formed largely by calcareous and
geniculate coralline algae (Foster, 2001) and associated
preferably to coarse sandy sediment with bioclastic origin

FIGURE 10
Marine habitat map based on the results of the cluster analysis. Habitat classes were defined by clustering data obtained from seabed imagery and
geomorphometric analysis. Bioincrustations (BIOC-rigid bottomwith benthic cover); Unconsolidated sediment (SED-unconsolidated fine and coarse R>
sediments); Rhodoliths (40%->40% of the frame covered by rhodoliths).

FIGURE 11
Temperature (°C) and Salinity (PSU) profiles: (A) Valley bottomduring summer; (B) Adjacent area during summer; (C) Adjacent area during fall/winter.
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(Sañé et al., 2016) (Amado-Filho et al., 2012; Bastos et al., 2015;
Vieira et al., 2019; Holz et al., 2020). The tri-dimensional
rhodolith nodular structure, specially on seabed with a
nodule coverage above 40%, forms a fabric that add more
dimension to the habitat so rhodoliths are known as
“ecosystem engineers” (Crain and Bertness, 2006). This tri-
dimensional structure increases benthic diversity and
provides an important habitat for reef fishes (Steller and
Foster, 1995; Moura et al., 2021). Also, the nodular
rhodoliths’ form attenuates turbulent disturbances (Hinojosa-
Arango and Riosmena-Rodríguez, 2004), leading to a higher
stability of the seabead and ultimately favoring sessile organism
settlement. As observed in the video footage and presented by
Holz et al. (2020) in the study area, the rhodolith beds are denser
towards the continental shelf break, transitioning from sparse
nodules intercalated by carbonate/coarse/bryozoan sands to
very dense aggregations that can also merge and form
carbonate crusts. Macroalgae is widely observed in associated
with rhodoliths in the MPA. The majority of macroalgae
requires a rigid substrate to settle (Steller and Foster, 1995).
Due to their capacity to adapt in a variety of light and nutrient
conditions, macroalgae are found in the entire range of
mesophotic communities (Baker et al., 2016). When
associated with rhodoliths, they are highly dependent on
light and their abundance usually decreases with depth
(Amado-Filho et al., 2010). Regarding the rigid substrate
provided by rhodoliths, sea squirt was also observed. They
are encrusted organisms that constitute an important part of
the benthic fauna and consolidated substrate and could live
solitary or in a colony (Brusca et al., 2007).

The combined analysis of benthic terrain model with the
general benthic community description showed a closed
association between benthic groups and mapped features. The
results altogether allowed us to indicate that shelf-incised valleys
are a major geomorphological feature that lead to a complex
mosaic of habitats and potentially create a considerable variation
in depth and slope-controlled habitats. Further detailed studies
on the benthic community distribution and their ecological
dynamics in the valleys and adjacent areas can provide a
better understanding of the ecological significance of these
features and increase our knowledge about this understudy
mesophotic habitat. Moreover, mesophotic reefs are not
necessarily potential refuge from natural and anthropogenic
impacts, with evidences that even deep reefs are impacted
worldwide (Rocha et al., 2018). Thus, for a better conservation
planning and management, a seascape ecology investigation
approach is strongly encouraged for future works in the MPA
Costa das Algas mesophotic valleys.

6 Conclusion

A geomorphometric analysis combined with seabed imagery
defined a complex mosaic of mesophotic habitats that are, in part, a
legacy of Quaternary sea-level fluctuations. The presence of shelf-
incised valleys imprints a geomorphological feature that is
responsible for a distinct and heterogeneous habitat. The incised
valleys enable a variety of benthic community settlements due to
their complex morphology (margin, flank and bottom), producing
distinct habitats within and among the valleys.

FIGURE 12
Principal Components Analysis results: (A) Integrated analysis (valley bottom, flanks and valley adjacencies areas; (B) Valley bottom; (C) Valley flanks;
(D) Valley Adjacent areas.
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Valley flanks and bottom represent distinct habitats when compared
to adjacent flatter areas. The morphological complexity and the valleys’
relief enable the occurrence of a diverse mesophotic community. Steeper
areas covered by rigid substrates, such as the valley flanks, are high
potential areas that can be related to higher diversity of epifauna in
comparisonwith the unconsolidated substrate in gentler slopes such as on
the bottom of the valleys and marginal flat areas. Although temperature
and low light incidencemay limit the fauna in the valleys, the terrain slope
is one of the determinant factors influencing diverse and the occurrence of
distinct group of organisms.

Shelf-incised valleys, similarly to submarine canyons, can define a
complexmesophotic habitat and sustain distinct biodiversity. Shelf valleys
form mesophotic reefs dominated by rhodoliths and calcareous algae
crusts. The valley adjacent flatter areas were also recognized to be
important habitats, mostly because of extensive rhodolith beds.

The mesophotic habitats described herein are worth of attention
regarding the MPA management plans. A seascape ecology study is
an important step forward to investigate the benthic dynamics and
the ecological functions on this mesophotic habitats and understand
their potential response to climate vulnerability.
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