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Abstract: Mapping habitats is essential to assist strategic decisions regarding the use and protection
of coral reefs. Coupled with machine learning (ML) algorithms, remote sensing has allowed detailed
mapping of reefs at meaningful scales. Here we integrated WorldView-3 and Landsat-8 imagery
and ML techniques to produce a map of suitable habitats for the occurrence of a model species,
the hydrocoral Millepora alcicornis, in coral reefs located inside marine protected areas in Northeast
Brazil. Conservation and management efforts in the region were also analyzed, integrating human
use layers to the ecological seascape. Three ML techniques were applied: two to derive base
layers, namely geographically weighted regressions for bathymetry and support vector machine
classifier (SVM) for habitat mapping, and one to build the species distribution model (MaxEnt) for
Millepora alcicornis, a conspicuous and important reef-building species in the area. Additionally,
human use was mapped based on the presence of tourists and fishers. SVM yielded 15 benthic
classes (e.g., seagrass, sand, coral), with an overall accuracy of 79%. Bathymetry and its derivative
layers depicted the topographical complexity of the area. The Millepora alcicornis distribution model
identified distance from the shore and depth as topographical factors limiting the settling and
growth of coral colonies. The most important variables were ecological, showing the importance of
maintaining high biodiversity in the ecosystem. The comparison of the habitat suitability model with
species absence and human use maps indicated the impact of direct human activities as potential
inhibitors of coral development. Results reinforce the importance of the establishment of no-take
zones and other protective measures for maintaining local biodiversity.

Keywords: remote sensing; habitat mapping; Millepora alcicornis; machine learning; MaxEnt; species
distribution model

1. Introduction

Coral reefs are considered hotspots of marine biodiversity and complex ecosystems,
both ecologically and geomorphologically [1,2]. Furthermore, these environments support
socioeconomic activities and can be essential for the livelihood of millions of people [3,4].
For these reasons, they are usually considered as priority conservation areas [5,6], in
an effort to ensure the maintenance of coral reefs’ ability to provide their usual goods
and services.

Despite their importance, reefs around the world are in serious decline and are faced
with a wide range of impacts, varying from local (e.g., population growth, pollution, erosion,
coastal sedimentation) [1,7,8] to global threats (e.g., climate change, overfishing) [9,10]. In
fact, this last decade has been characterized by unprecedented coral bleaching and mass
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mortality due to a period of successive hot years, consecutive El Niño events and heat
waves [10–12]. Considering the combination of local and global effects, coastal reefs are
particularly affected, as they are usually also subjected to intense and direct human impacts
related to activities occurring in the reef framework [2,13,14].

The establishment of marine protected areas (MPAs) using ecosystem-based ap-
proaches has been long described as one of the most effective tools to reduce habitat
loss [15] and harmful impacts in coral ecosystems. Nevertheless, the practical effectiveness
relies heavily on how ecologically appropriate the chosen region is and how efficiently
they are managed [16,17]. MPAs should, ideally, be specified based on representativeness
of the habitat types in the area and prior knowledge of biologically (and/or economically)
essential species and ecosystems [18]. However, this information is seldom available, and
choices are frequently opportunistic relying mainly on socioeconomic factors.

The influence of topography and underwater relief in coastal coral reef ecosystems is
well documented [19–21]. Additionally, the maintenance of their inherent relief complexity
is a key process in protecting and monitoring the basic functions performed by these
ecosystems. Satellite-based remote sensing has been used to map tropical coral reefs since
the 1970s, with the launching of the first Landsat satellite [22]. Technological advancements
in the last decade have enabled the acquisition of satellite data in resolutions capable of
mapping biological assemblages on coral reef areas and their topographical environment in
detail [23,24]. Furthermore, satellite imagery is a budget-friendly way of deriving important
variables such as bathymetry [25], terrain complexity [26] and benthic cover [27,28], making
it a frequent reliable ally in species distribution models (SDMs) and conservation planning.
The introduction of machine learning (ML) techniques has improved accuracy [29,30] and
enabled prediction, thus enabling the detection of other nonmodeled variables.

SDMs can provide useful insights on how biodiversity is distributed across a region
based on environmental conditions [31]. Thus, these models have been used as tools to
help in identifying and delineating areas of biological importance and complexity [18,32]
and facilitate the determination of MPAs. MaxEnt [33] is an SDM tool that produces
straightforward, quantitative and spatially explicit information on the interactions of
environmental variables and targeted species by applying a ML (i.e., maximum entropy
modeling) [34]. By doing so, it derives an output map of “habitat suitability”, which
in practical terms depicts how suitable a certain location is for the presence of a certain
species. An initial step of modeling biodiversity distribution is implying and calculating
environmental variables that may influence the distribution of the species [35]. The major
challenge is usually the acquisition of these environmental data, particularly at spatial
extents and resolutions that reflect ecologically meaningful habitat structure. In coral
reefs, SDMs have been used to investigate corals species distribution, climate change,
conservation planning, the potential for spread of invasive species and past climates [36].

The coral reef complex of Tamandaré is of great biological and socioeconomic impor-
tance and harbors many commercially important fisheries [37,38]. The presence of three
mosaic-organized MPAs in the area is a strong indicator of these characteristics and demon-
strates the need for protection of the area as well as human occupation and dependence.
The main reef framework in the region is located less than 1 km from the coastline, and
the entire region experiences impacts due to recent developments, overfishing, pollution
and unorderly tourism [37,39]. The study area includes the first and oldest no-take area
in the MPA [40]. Multiple-use zonation, aiming to reconcile conservation and human
activities, is one of the main strategies of a Federal Government’s Management Plan for
the MPAs [38]. However, criteria for eligibility of those zones are often more practical than
scientific, partially due to data limitations on ecological aspects. Thus, it seems urgent to
develop and test methods that can aid in those choices while also evaluating the effective-
ness of management measures in place. Considering the aforementioned conditions and
characteristics, Tamandaré’s coral reefs and one of its dominant coral species (i.e., Millepora
alcicornis) were chosen as our study area and species.
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This study aims to produce a map of suitable habitats for the occurrence and devel-
opment of Millepora alcicornis in Northeast Brazil and to evaluate how this distribution is
affected by natural features and human impacts. We applied different ML tools to derive
and integrate data from cost-effective and multiresolution remote sensing, generating
SDMs and human use layers on shallow water coastal reefs. Such integration can optimize
cost–benefit relationships and aid in the management of MPAs and other protected areas.
Coral reef areas in anthropogenically impacted regions have shifted from past stages [9,41],
so present conditions are a result of ecological features and impact pressure. Along these
lines, we propose a discussion on the point in which, after environmental thresholds are
reached (i.e., “nature”), human use and conservation measures (i.e., “nurture”) start being
the main drivers of ecosystem development and maintenance. Habitat suitability must be
accessed by proxies that are significantly resistant to eradication in order to guide restora-
tion initiatives and optimize the intrinsic balance between nurture and nature. We hope
this work can offer another tool to guide passive or active coral reef restoration initiatives
in the next decade.

2. Materials and Methods
2.1. Study Area

The study area is located in the south of Pernambuco State, Brazil (Figure 1). The
main reef complex, in front of the city of Tamandaré, is a region known for its biodiversity,
associated with mangroves, estuaries and reef ecosystems present throughout the area [42].
The city has two main rivers, Formoso and Mamucabas, which are the main sediment
source for this coastal zone [43], especially during the austral winter months.

The coastal reefs resemble fringing reefs and are arranged in a particular pattern of
three lines parallel to the coast with an internal lagoon [44]. They harbor a rich fauna
and flora compared to similar areas of the Brazilian Northeast region [37,45]. These
environments are inserted in the Costa dos Corais MPA, in zones with different degrees of
protection, including no-take zones, exclusive fishing zones and conservation zones [38].

They are located on a shallow carbonate platform, where the clear water, proximity
to the coast and biodiversity make this region a regional tourist hotspot [42,46]. The area
harbors many commercially valuable fish species, and artisanal fishing is one of the most
traditional activities and sources of income in the area [38,47]. One of Costa dos Corais
MPA’s main goals is to reconcile the use of the ecosystem, specifically fishing, tourism and
its possible derivative impacts, with maintaining the region’s ecological status. Propelled
by this objective, a 2.6 km2 no-take zone (i.e., Marine Life Preservation Zone) was also
implemented in Tamandaré, in which no human activity is allowed, with the exception of
MPA monitoring and research purposes.

Coral reefs in the region, similar to most of the coastal reefs of Brazil, have suffered
declines in recent years due to mainly land-based impacts and direct human use [8,37].
One of the most abundant species on reef tops is the fast-growing hydrocoral Millepora
alcicornis, known as fire coral and the only branching genus in South Atlantic reefs [45,48,49].
This hydrocoral can be observed in Brazilian coral reefs mostly in its tree-like, branching
morphotype and, more rarely, in its encrusting form [49]. Three main morphotypes for
Millepora alcicornis (i.e., cellulosa, digitata and fenestrata), which are closely related to the
level of turbidity and turbulence in the region, are described [50].

Millepora alcicornis is considered an important reef builder and has a broad distribution
throughout the reefs in the study area [37,44,49], with zoning patterns that respond to
physical factors [51]. This species is highly tridimensional, contributing to the structural
complexity of the reef framework, and offers habitats for various species of fish and
invertebrates such as mollusks, crustaceans and polychaetes [51,52]. Due to its dominance
in reef tops and high ecological importance in the area, it was chosen as the model species
for the SDM.
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Figure 1. Study area at the coral reefs of Tamandaré (black polygon) and the location of the no-take
zone (white outlined polygon) within the Municipal Natural Park (MNP) Tamandaré Fort (white
polygon). The map on the left also shows the location of the three mosaic-organized marine protected
areas (MPAs): Costa dos Corais MPA (grey polygon), Serrambi MPA (light blue polygon) and
Guadalupe Environmental Protected Area (EPA) (yellow polygon). Background image: Google Earth.

2.2. Methodological Steps—Overview

Here we provide an overview of the following sections, which contain all the steps,
methods and processes used in our methodology (Figure 2). Section 2.3 details the field
survey conducted to obtain the species presence data for Millepora alcicornis and how
these data were subsequentially used in an SDM. Section 2.4 presents the calculation and
derivation of the ecological layers used as environmental variables: Section 2.4.1 describes
how the habitat map was produced, using supervised classification of a WorldView-3 (WV3)
scene, as well as the parameters used to run the support vector machine classifier (SVM)
algorithm and its accuracy metrics. Section 2.4.2 details the ecological layers derived from
the habitat mapping (diversity per area and major cover per area). Section 2.5 presents the
topographical layers used as environmental variables, the calculation of remotely sensed
bathymetry using geographically weighted regressions (GWR) from high- and medium-
resolution satellite imagery and its derivative layers. Section 2.6 details the calculation of
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distance to shore and turbidity, our “local layers”. Section 2.7 details the integration of
the aforementioned sections to produce an SDM using maximum entropy algorithm in
MaxEnt software. Finally, Section 2.8 presents the use layers considered in this study, i.e.,
fishing and tourism pressure.

Figure 2. General workflow of the methodology and expected resulting layers in the present study. Field surveys and dates
in which each survey was conducted are represented by white circles and white rectangles, respectively; the methodology,
satellite imagery and/or algorithm used in each specific step are represented by grey hexagons; layers related to species
presence data (yellow rectangles), ecological variables (green rectangles), topographical variables (blue rectangles) and local
layers (orange rectangles) used as input in the species distribution model (SDM) are also shown; use layers are represented
by grey rectangles. The number on the bottom right of each step corresponds to the subsection in which it is described.

2.3. Species Presence Data

Underwater mapping of hydrocoral Millepora alcicornis was conducted from February
2017 to May 2019, as part of a conjoined, ongoing effort to map the benthic habitats
and monitor the coral reefs of the area [53]. As habitat mapping was also an important
layer and had to be developed during this research, we purposely surveyed areas of
known occurrence of the species as well as areas of known absence, such as seagrass and
macroalgae beds, sand and exposed reef tops.

Field survey was undertaken using photo and video transects and a diver-towed GPS
(Garmin, Taiwan, model eTrex 20x) [35,54,55] recording location data at 5 s intervals. For
the photo-transects, a 30 × 30 cm quadrat was used, made using polyvinyl chloride (PVC)
for the frame and handle. Video recordings were undertaken by a patiently swimming
diver using a GoPro coupled on top of a one-meter handle. To enable the estimation of the
size of each coral colony, a measuring tape was attached to a PVC one-dimensional frame
(Figure 3). The location of each coral colony was recorded by checking the timestamp of
the specific photos and video frames containing the species and syncing it with a digital
watch carefully synchronized with the towed GPS.
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Figure 3. Polyvinyl chloride (PVC) apparatus (handle and frame with metric tape) used in the field
study to obtain presence records and measurements of Millepora alcicornis colonies.

Specimens of Millepora alcicornis were also classified by size, and only colonies larger
than 100 cm were used in the model. Considering the rapid growth rate exhibited by this
species and that the branches of Millepora alcicornis can be fragmented, dispersed and start
settlement and growth even under unexpected conditions [56,57], we believe that this
100 cm size rule indicates that the site has been colonized by the colony for at least five
years [57–59].

2.4. Environmental Variables—Ecological Layers

The ecological layers included the benthic habitat mapping of Tamandaré reefs and
its derivatives in different scales (i.e., diversity of habitats and major cover per area).
Biological features and benthic cover are known to greatly influence settlement, growth
and distribution of corals [60,61] and thus were deemed essential in this study.

2.4.1. Habitat Mapping

The habitat map was produced by supervised classification of a WV3 scene (Table 1),
which provided excellent detail due to its spatial resolution (2 m/pixel). The scene was
acquired through DigitalGlobe and selected based on visual criteria such as low cloud cover
and sun glint. The processing steps of the satellite imagery were radiometric and atmo-
spheric correction, land and cloud masking and water column corrections [27,62,63]. Glint
correction was not necessary as the image showed negligible sun glint in the study area.

Atmospheric correction was performed using ATCOR module in ERDAS IMAGINE
(ERDAS, 2014) software. This step converts digital numbers to surface reflectance and
intends to reduce atmospheric effects and thus improve the quality of the imagery and
recovery of surface reflectance values [64]. Atmospheric correction uses specific parameters
for the area and sensor, available in the scene’s metadata file, to produce atmospherically
and radiometrically corrected datasets (Table 1).

Land and cloud masking was performed by manually selecting and vectorizing
unwanted pixels. These pixels, which included land, clouds and off-land constructions
such as vessels and a pier, were subsequently excluded from the imagery.

Due to the influence of variable depth on spectral data, water column correction is a
recommended step in most underwater habitat mapping efforts and can greatly improve
the quality of the classification of marine habitats [62]. In this study, we generated depth-
invariant index (DII) of bottom type, following the methodology proposed in [62]. Five
spectral bands with good penetration of water were selected: coastal (B1), blue (B2), green
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(B3), yellow (B4) and red (B5). As the process is carried out using pairs of spectral bands,
the water column correction process was implemented in 10 band pairs. This final corrected
scene was the dataset used to derive the habitat map.

Table 1. Details of the WorldView-3 (WV3) scene used in this research for the habitat mapping
provided in the metadata file. Tide at acquisition (m) was calculated based on the tide charts
provided by the Brazilian Hydrographic Authority.

Satellite Sensor WV3

Scene 104001002788CE00
Map Projection UTM

Datum WGS84; Ellipsoid: WGS84

Coverage X: −8.80934577 to −8.68585772
Y: −35.11410824 to −35.06263346

Sun azimuth 94.20
Sun elevation 65.70

Date acquired (DMY) 23/02/2017
Scene center time 12:55:08

Resolution (m/px) 2
Tide at acquisition 1.1 m above spring tide

Field data collection was done in coordination with Millepora alcicornis colony surveys,
using georeferenced underwater photos and videos [54,55] (Section 2.3). Approximately
7500 frames resulted from these campaigns, which were synchronized with GPS data
and placed on the satellite scene. In every frame, the main benthic cover was identified
visually, following, whenever possible, the Reef Check Brazil substrate cover identification
scheme [53]. During the analyses of photos and videos, all coral colonies were identified
(genus and species) and counted.

We selected points that best represented each benthic habitat proposed to be used
as training sets in the supervised classification of the WV3 image (1500 points). SVM
(Spatial Analyst Toolbox in ArcMap 10.4) was used to classify the scene and map the
15 habitat classes we identified in the region (cross-validation rate = 0.91; kernel type =
radial basis function; svm type = c_svc): reef rubble, rock/algae and urchin, rock/coral
and urchin, fore-reef/“Itapitangas”, macroalgae, Millepora alcicornis, algae turf (leafy),
macroalgae and seagrass, Palythoa caribaeorum, hard substratum–reef flat, reef flat with
algae, sand, seagrass, terrigenous sediment and calcareous mat. To test the accuracy of the
resulting habitat map, we selected 30 pixels per class (totaling 450 pixels) and analyzed the
suggested cover against points that were not used to train the algorithms, which resulted
in an overall accuracy of 79%. The confusion matrix, kappa values and accuracy metrics
derived from this accuracy assessment are displayed in Table 2. Additionally, 10 frames
per class were analyzed in CPCe software [65], using 15 points per photo, to quantify each
cover’s percentage.

2.4.2. Derivative Ecological Layers

Using the habitat map produced previously, we derived the habitat diversity and
the major cover layers for three window sizes 30 × 30 m (900 m2), 50 × 50 m (2500 m2)
and 100 × 100 m (10,000 m2). Habitat diversity was derived by calculating the number
of different habitats in each grid cell (Zonal tool—Variety, in Spatial Analyst Toolbox
in ArcMap 10.4). Major cover was also derived directly from the habitat map (Zonal
tool—Majority) and was used to test if the dominant benthic cover within the colonies’
surroundings is a factor determining the distribution of Millepora alcicornis in the area.
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Table 2. Accuracy assessment metrics. The table shows the confusion matrix displaying the habitat classes and major
benthic cover (1–15) and the accuracy metrics: user’s accuracy (UAC.); producer’s accuracy (PAC.) and kappa value.

Class 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Total UAC Kappa
1 27 1 2 0 0 1 0 0 0 0 0 1 0 0 3 35 0.77
2 0 23 2 0 0 0 0 0 0 0 0 0 0 0 0 25 0.92
3 0 2 20 0 0 0 0 0 0 0 0 0 0 0 0 22 0.91
4 0 0 0 24 0 0 0 0 0 0 0 0 0 0 0 24 1.00
5 0 0 0 0 21 1 0 6 0 0 0 0 0 0 0 28 0.75
6 1 0 0 1 0 26 0 0 0 0 0 0 1 0 2 31 0.84
7 0 0 0 5 0 1 25 2 0 0 0 0 0 0 0 33 0.76
8 0 0 0 0 0 0 0 21 0 0 0 0 0 0 0 21 1.00
9 0 2 0 0 3 0 0 0 27 3 2 0 0 0 0 37 0.73
10 0 0 0 0 0 0 0 0 0 26 1 0 0 0 0 27 0.96
11 0 0 0 0 2 0 0 0 0 1 24 0 0 0 0 27 0.89
12 0 0 0 0 0 0 0 0 0 0 0 26 0 5 0 31 0.84
13 0 0 2 0 1 0 2 1 0 0 0 0 27 3 1 37 0.73
14 2 2 4 0 3 0 0 0 1 0 3 3 2 22 0 42 0.52
15 0 0 0 0 0 1 3 0 2 0 0 0 0 0 24 30 0.80

Total points 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 450 0.00
PAC 0.90 0.77 0.67 0.80 0.70 0.87 0.83 0.70 0.90 0.87 0.80 0.87 0.90 0.73 0.80 0.00 0.81

Kappa 0.79

2.5. Environmental Variables—Topographical Layers

Topographic layers were all derived from fine- and medium-resolution bathymetric
data available for Tamandaré’s coastal zone [25]. Both scenes were acquired during the
austral summer and selected based on visual criteria such as water transparency, low
cloud cover and turbidity (acquisition dates were 11 December 2016 and 23 February 2017
for Landsat-8 (L8) and WV3, respectively). Multiresolution satellite-derived bathymetry
was calculated using field data and GWR, which improved the accuracy and applicability
of the bathymetric models. GWR’s root mean square values were 0.92 and 0.95 for the
medium- and fine-resolution satellite-derived bathymetric datasets, respectively. A com-
plete and detailed description of the methodology is found in [25]. From these datasets,
four derivatives were calculated: bathymetric position index (BPI), slope, rugosity and
aspect. These seascape characteristics are known to influence coral reef zoning and species
distribution [51] and are frequently applied in distribution modeling studies [18,35,66]. To-
pographic layers were derived using Benthic Terrain Modeler (BTM) version 3.0 extension
for ArcGIS (Walbridge et al., 2018).

BPI compares the depth of each pixel to the mean depth of a determined surrounding
area [67,68]. In other words, it calculates where the pixel is (vertically) compared to its
surroundings. As a result, positive BPI values reflect how much shallower a pixel is, in
relation to the mean (such as reef structures, reef crests), and negative BPI values reflect
how much deeper a pixel is (such as channels, intra-reef lagoons). Slope is given in degrees
and is defined as the maximum rate of depth change, or the gradient of each cell using
a 3 × 3 screening window. Rugosity was inferred using the Vector Ruggedness Measure
(VRM) tool in BTM, and it incorporates slope and aspect into a single unidimensional
measure [69]. VRM calculates rugosity (i.e., terrain structural complexity) by measuring
the dispersion of vectors orthogonal to the ground surface [70]. It was derived using a
5 × 5 window for the high-resolution bathymetric dataset and a 3 × 3 window for the
medium-resolution data. Aspect, given in degrees (0 to 360◦), reflects the compass direction
of each cell’s gradient (i.e., the orientation of the seabed in a given location) and can be
an important predictor in areas where large-scale hydrodynamics and water flow are in
place [71–73].

2.6. Environmental Variables—Local Layers

Local environmental attributes that could affect the distribution of Millepora alcicornis
were distance to shore and turbidity. The coastline was vectorized using the WV3 image as
a reference. Distance to shore was then determined by calculating the Euclidean distance
between each pixel in the WV3 image and the closest shore point on a line drawn on
the coast–sea boundary. It can affect the stability of the habitat, since areas closer to the
coast usually suffer more impacts due to trampling, coastal erosion, pollution and tourist-
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related damage [7,13,32]. Turbidity is considered a relevant indicator of water quality and
a proxy of suspended particulate matter [74,75]. Turbidity (in formazin nephelometric
units (FNU)) was derived from a L8 satellite image acquired on 20 July 2016 showing
extreme flood conditions and an apparently increased influx of sediment to the area. The
algorithm [75] uses the red and near infra-red (NIR) bands to retrieve a relative measure of
turbidity. ACOLITE software (version 20181210.0) [76,77] was used to implement this step
and produce a turbidity map for the study area.

2.7. Modeling Suitable Habitats for Millepora alcicornis

We used MaxEnt software in this research to create predictive models of the location
of large colonies of the hydrocoral Millepora alcicornis. This methodology has been widely
used to produce SDMs and thus to analyze and predict suitable habitats for a range of
terrestrial and marine species [78–80]. We chose this software due to its robustness and
capacity of working well with presence-only data, even in small numbers [18,33]. It has
also resulted in higher map accuracy in coral reef modeling applications when compared
with other approaches [2]. MaxEnt identifies where a certain species is most likely to occur,
based on the similarities between each pixel in the study area and the presence pixels used
as input. To do so, it relies on two sets of input data: first, known occurrences of the target
species (or group) and second, topographical, physical and/or biological data on their
environment. The role of each environmental feature is also calculated and depicted by
response curves, which provide important information on the plausibility of the resulting
model [81]. To interpret and evaluate the results, MaxEnt provides a metric of model
fit, “area under the receiver operating characteristic curve” (AUC), which is a threshold
measure of the model’s discriminatory ability (an AUC score <0.5 means the resulting
model is no better than a random prediction) [81,82].

We used presence-only data and default parameters to run the analysis (convergence
threshold of 0.00005 and maximum iteration value of 500) and a “logistic” output type.
Duplicated records were removed from the analysis; 70% of occurrence data were used as
training, and the remaining 30% were used as test data. It is imperative to remember that
MaxEnt’s output relying on presence-only data, as is the case of this study, should not be
interpreted as probability of occurrence, but rather as a relative measure of how suitable
a location is for the occurrence of a certain species based on the input layers provided.
After running the model, we used jackknife and individual response curves to analyze the
contribution of each variable.

In this research, points where we found large colonies of the hydrocoral Millepora
alcicornis (diameter > 100 cm) were used as presence data. We applied a machine learning
approach, which suggests including all reasonable predictors and letting the algorithm
choose which are the most important ones [81]. The environmental variables chosen
here are displayed in Figure 4 and have been applied in previous similar studies [18,83].
Additionally, other authors have shown the importance of using variables in varying
window sizes [66]. Therefore, our topographical and ecological data were derived in
different scales, to consider a wider range of spatial resolution in which a predictor can
impact the final model.
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Figure 4. Histogram of the process to derive the predictive distribution model of Millepora alcicornis
in MaxEnt.

2.8. Use Layers

The “use layers” considered in this study were fishing and tourism pressure. These
activities occur on top of the reef structures, or in their immediate surroundings (Sil-
veira, 2018), and thus can interact negatively with the settling and continuous growth of
coral colonies.

The tourism layer was calculated using the maximum number of tourism-related
vessels observed in the proximities of a reef area or reef lagoon on a given day (including
speed boats, artisanal vessels called “jangadas” and catamarans). Three surveys were
conducted in 2018, during Brazilian holidays or busy weekends (2 February, 13 September,
14 September), to allow the estimation of the largest impacts.

Fishing data were collected during a 12-month period (July 2016 to June 2017), on an
average of two days each week, totaling 87 survey days [46]. Although the data used in this
study only comprised 2016 and 2017, artisanal fisheries in Tamandaré have been surveyed
since 2005 due to a multi-institutional collaboration of Instituto Recifes Costeiros and SOS
Mata Atlântica Foundation. Following the same pattern of the tourism layer calculation,
the fishing map was derived using the maximum number of fishers in a reef area on a
given day.

3. Results
3.1. MaxEnt Input Parameters
3.1.1. Millepora alcicornis Presence Data

Millepora alcicornis had the second highest rate of occurrence (registered in 859 in 7437
total points in the study area), surpassed only by Siderastrea sp. (1392 in 7437 total points).
Out of these 859, 222 registers were of colonies with diameters larger than 100 cm (2.98% of
total points). Almost all large colonies (185 registers) were found on a consolidated reef
structure, usually on reef crests. Few specimens (37 points) were also associated with reef
rubble, detached from a larger framework. All larger colonies in our survey data were on
the central region of the study area (Campas Beach and Tamandaré Bay) and were of the
ramified type with a “fine branching” form (Figure 5).
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Figure 5. Millepora alcicornis presence data in Tamandaré, Brazil, used as input in MaxEnt modeling. Red dots show
locations where large colonies of the species were found (222). Green dots show all Millepora alcicornis locations, considering
smaller colonies (637). Black dots show all remaining field data (6578). Background satellite image: WorldView-03 RGB431.

During the course of this study, we were able to register all 11 coral species described
for the area. The species and their rates of occurrence (number of points where the species
was registered in 7437 total points) were as follows: Siderastrea sp. (1392 points), Millepora
alcicornis (859), Agaricia humilis (455), Porites astreoides (430), Favia gravida (238), Millepora
braziliensis (199), Mussismilia hispida (73), Montastraea cavernosa (50), Mussismilia harttii (41),
Porites branneri (26) and Scolymia welsii (8).

3.1.2. Ecological Layers

Using SVM algorithm to perform a supervised classification of the WV3 scene, we were
able to identify 15 marine (benthic) habitats in the study area (Figure 6 and Supplementary
Data): reef rubble, rock/algae and urchin, rock/coral and urchin, fore-reef/“Itapitangas”,
macroalgae, Millepora alcicornis, algae turf (leafy), macroalgae and seagrass, Palythoa carib-
aeorum, hard substratum–reef flat, reef flat with algae, sand, seagrass, terrigenous sediment
and calcareous mat (Table 3). Each marine habitat was correlated with the main habitat
classification following the coral reef mapping scheme proposed by the National Oceanic
and Atmospheric Administration (NOAA) [84]. Close-up maps and example photos of
each benthic habitat can be found in the Supplementary Material.
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Figure 6. Ecological layers used as environmental variables in the predictive modeling of Millepora alcicornis. The hollow
blue polygon on the three images shows the location of the no-take zone. (a) Habitat map of the coastal reefs of Tamandaré,
Pernambuco, with 15 classes: (1) reef rubble, (2) rock/algae and urchin, (3) rock/coral and urchin, (4) fore-reef/“Itapitangas”,
(5) macroalgae, (6) Millepora alcicornis, (7) algae turf (leafy), (8) macroalgae and seagrass, (9) Palythoa caribaeorum, (10) reef
flat - hard substratum, (11) reef flat with algae, (12) sand, (13) seagrass, (14) terrigenous sediment and (15) calcareous
mat. (b) Number of different habitats present in a 30 × 30 m grid, or 900 m2 area. (c) Major benthic cover calculated for a
50 × 50 m grid, or 2500 m2 area.

Table 3. Benthic habitats identified in the habitat mapping of Tamandaré coastal area. Habitat classification is given
following the scheme proposed in [84]. Main cover of each benthic habitat was identified in CPCe software using 15 points
per photo and is displayed in order of contribution.

Number Major Habitat Classification Benthic habitat Main Cover (in Order of Contribution)

1 Fragmented patchy reef Reef Rubble rubble (gravel) turf algae rock Halimeda spp. -

2 Coral reef and colonized hardbottom Rock/algae and urchin rock turf algae Echinometra lucunter encrusting coralline
algae -

3 Coral reef and colonized hardbottom Rock/coral and urchin rock coral (Porites astreoides) Echinometra lucunter Palythoa caribaeorum -
4 Fore-reef Itapitanga/Fore-reef Palythoa caribaeorum Rock Caulerpa spp. - -
5 Submerged vegetation Macroalgae Sargassum spp. Dictyota spp. Caulerpa spp. turf algae -
6 Coral reef and colonized hardbottom Millepora alcicornis Millepora alcicornis turf algae - - -
7 Submerged vegetation Turf algae (leafy) turf algae calcareous mat Sargassum spp. Halimeda spp. rock

8 Submerged vegetation Seagrass and
macroalgae Sargassum spp. Seagrass (Halodule

wrightii) sand - -

9 Coral reef and colonized hardbottom Palythoa caribaeorum Palythoa caribaeorum turf algae - - -

10 Uncolonized hardbottom Reef flat – (hard
substratum) rock turf algae Palythoa caribaeorum - -

11 Colonized hardbottom Reef flat (algae) rock turf algae filamentous algae Halimeda spp. -
12 Unconsolidated sediments Sand sand gravel - - -
13 Submerged vegetation Seagrass Seagrass (Halodule wrightii) sand gravel - -
14 Unknown 1 Terrigenous sediment 1 - - - - -

15 Coral reef and colonized hardbottom Calcareous mat calcareous mat (multispecific
articulated calcareous algae) algae turf rock sand M. alci-

cornis

1 The marine habitat “terrigenous sediment” was only identified remotely (due to high sedimentation in the coastal area and on top of
some reefs and thus the infeasibility of mapping the substrata correctly with satellite imagery).
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Sand covered 61% of the study area, corresponding mostly to the lagoon area, while
11.4% of the study area comprised substrates associated only with reefs (i.e., reef rub-
ble, rock/algae and urchin, rock/coral and urchin, fore-reef, Millepora alcicornis, Palythoa
caribaeorum, reef flats, calcareous mat). The benthic habitat “calcareous mat” was found
covering most of the submerged parts of the reef structures in the area and is character-
ized by a multispecific assemblage of algae (e.g., articulated calcareous algae, filamentous
algae, Caulerpa spp., juvenile macroalgae) [53]. These mats are formed mainly by jointed-
calcareous algae forms (>80%), forming dense mats that extend over most reefs in the
area [85]. As noted, Millepora alcicornis was considered a benthic habitat, due to the joint
size of some colonies and specific spectral signature. Areas where Millepora alcicornis was
the main cover corresponded to 0.5% of the total study area. Most reefs had a very typical
habitat zonation: deeper regions covered by macroalgae, followed by turf algae (leafy), a
reef crest (characterized by calcareous mat and Millepora alcicornis as the dominant coral),
Palythoa caribaeorum on the shallow area partly exposed during lower tides and a reef flat
of calcareous rock and/or rock covered by algae.

Habitat diversity maps showed that the highest variety can be found on the reef areas,
mostly in grids that include the reef structure and the sea bottom. This trend could be
observed in every grid resolution we used in this study (i.e., 30 × 30 m, 50 × 50 m and
100 × 100 m).

It is possible to observe in the major cover map (Figure 6) that significant parts of the
region correspond to algae-dominant substrata, with macroalgae and algae turf covering
the third reef line and the basal area of the northern and southern reefs. We can also see the
seagrass areas almost attached to the coastline, as well as a region of significant reef rubble
near the limits of the no-take zone.

3.1.3. Topographical and Local Layers

Figure 7 shows the topographical layers derived in this study. Depth values varied
between −21 m in the deeper regions and 2 m in the shallowest areas, exposed during
the lowest tides (tide reference = 0.0 m). The overall tendency of the area is characterized
mainly by shallow areas, the reefs (>−5 m), separated by deeper channels (<−5 m). It is
possible to see the first reef line, almost attached to the coastline, and the main channels
occurring in front of the two bays (Tamandaré and Campas Bay). This observation can
also be inferred by analyzing the broad BPI derivations, which show negative values
corresponding to the channels’ areas and neutral/positive values on the reefs.

Low values of slope and rugosity characterize most of the study area and represent
areas of low topographic variation, mainly soft bottom (e.g., sand) without vegetation cover.
Low rugosity and slope values are also noticeable in deeper regions and in areas closer to
the shore, even when reefs are present. Alternatively, the highest values of both variables
were correlated with reefs and areas surrounding them, mostly in the second and third reef
bank lines. The most complex regions were always surrounded by intermediate rugosity
areas. Aspect maps show the variation in orientation across the area. A gradient oriented
to the east seems to be the most constant throughout the region and is mainly registered in
front of the bays and associated with the channels’ southern borders. Additionally, frequent
changes in orientation can be detected associated with the reefs in the area.

The local layers are shown in Figure 8. Distance to shore for all points in our study
area ranged from 7 m (closest to the coast) to 2122 m (furthest from the coast), with an
average of 827 m. Out of all field data, the closest point was located 69 m from the shore,
in a seagrass area, and the furthest point was 1398 m away from the coastline, on the
fore-reef of the third reef line. Large Millepora alcicornis colonies were found as close as
200 m and as far as 930 m but were mostly observed within a 300–800 m coast distance
range. Turbidity varied greatly in the region, with higher values near the coast of the two
rivers (northern and southern parts of the map). Increased turbidity can be seen in the
regions occupied by channels and near the shore (central area of the image), probably
associated with coastal sedimentation.
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Figure 7. Topographical layers used as environmental variables in the predictive modeling of Millepora alcicornis. The
hollow blue polygon on the images shows the location of the no-take zone. (a) Bathymetric dataset; (b) broad bathymetric
position index (BPI); (c) slope; (d) rugosity; (e) aspect.

Figure 8. Local layers used as environmental variables in the predictive modeling of Millepora
alcicornis. The hollow blue polygon on the images shows the location of the no-take zone. (a) Distance
to shore; (b) relative measures of turbidity in formazin nephelometric units (FNU).
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3.2. MaxEnt—Species Distribution Model’s Results

The model’s AUC for training and testing datasets was considered high (>0.97, stan-
dard deviation = 0.02). The results (Figure 9) are shown on a scale from 0 to 1, where
0 represents the most unsuitable habitats and 1 represents areas showing the best envi-
ronmental features for the target species. The habitat suitability map suggests a limited
availability of suitable areas for large colonies of Millepora alcicornis. Considering the entire
mapped area (17.64 km2), 81% of the pixels exhibited values ranging from 0 to 0.1, indicat-
ing an area of more than 14 km2 of highly unsuitable habitats. Alternatively, only 0.56% of
the area (0.1 km2) showed habitat suitability values higher than 0.5. In some regions, it is
possible to observe abrupt horizontal cuts between suitable and nonsuitable pixels. This
effect is due to the varying grid sizes we have used in some of the layers, such as “habitat
diversity per area”, considered in 30 × 30 m, 50 × 50 m and 100 × 100 m windows. The re-
sulting habitat suitability map was influenced by different layers with different resolutions,
and as a consequence, we observe the effect of an apparent discontinuity between suitable
and nonsuitable habitats.

Figure 9. MaxEnt georeferenced output showing relative habitat suitability for large colonies of Millepora alcicornis. (a) Complete map
of habitat suitability in Tamandaré, PE; (b) map focusing on the no-take zone and surrounding reefs. The reefs are pictured in light
brown to enable the visualization of the results.

Besides the habitat suitability map, MaxEnt offers jackknife tests and marginal and
individual response curves (in probability of presence) for each variable. We used the
jackknife on AUC test (Figure 10) and individual response curves (Figure 11) to analyze
how each variable influenced the modeled presence of Millepora alcicornis and in what
manner they influence occurrence.
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Figure 10. Jackknife test results exhibiting the influence of each variable on the final area under the
receiver operating characteristic curve (AUC) value.

Figure 11. Response curves for the most influential variables of the model: (a) benthic cover,
(b) habitat diversity, (c) bathymetry, (d) distance to shore and (e) broad-scale bathymetric position
index (BPI). The curves show the mean response of the 15 replicate MaxEnt runs (red) and the mean
+/− one standard deviation (blue, two shades for the categorical variable).

The most important ecological factors for our predictive model included habitat
diversity (in all three grid sizes) and habitat cover. The most influential topographic and
local variables were bathymetry (in both spatial scales), broad BPI and distance to coast. On
the other hand, aspect showed practically negligible influence on the predicted occurrence
of Millepora alcicornis. We can also infer by the jackknife test analysis that the model was
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not dependent on any single variable, since the AUC did not decline when a determined
variable was excluded from the model (light blue bars, in relation to the test’s AUC in red).

The individual response curve for habitat diversity showed that large colonies of
Millepora alcicornis are most likely to occur in areas with a higher variety of habitats and
thus higher biological complexity (Figure 11b). The probability of occurrence reaches 50%
only in sites with eight (or more) habitats in a 900 m2 area, with similar trends for the
other grid windows. As expected, the highest relative probability of occurrence of large
Millepora alcicornis is in areas where the benthic cover is Millepora alcicornis. The occurrence
rates related to benthic classes are followed by “reef rubble” and “calcareous mat”. The
bathymetric curve showed an optimum depth in which Millepora alcicornis are more likely
to occur (−3 m), considering both the medium-resolution analysis and the high-resolution
data. The most suitable are in depths between −5 and −1 m. BPI results showed the
species’ preference for areas that are shallower than their surroundings and that large
colonies are less likely to occur in regions such as channels and valleys. Additionally, a
distance of about 650 m from the coastline seems to be ideal, and areas too close or too
distant from the coast are less likely to harbor large colonies of Millepora alcicornis.

3.3. Human Use

Fishing and tourism density maps showed the broad distribution of these activities in
the study area (Figure 12). They also showed how related these activities are to the coral
reefs, occurring on top of the reef structures, reef lagoons and areas surrounding the main
reefs. Fishing had high densities in the southern (Mamucabas and Tamandaré bay), central
(Campas beach) and northern regions (Carneiros Bay); contrastingly, use in the southern
area is much less intense. It is possible to notice increased use of both activities right on the
boundaries of the no-take zone. We were able to detect five main tourist spots, four of them
in Campas Beach. Most tourist activities were in shallow reefs and very close to the shore.

Figure 12. Use maps of the study area, including the main regions: Tamandaré Bay, Campas
Beach and Carneiros Bay. (a) Fishing pressure, calculated using the maximum number of fishers
in the vicinities of a reef in a given day (max = 10 fishers); (b) tourism activities map, calculated
using the maximum number of tourism-related vessels on a reef or its proximities in a given day
(max = 18 vessels, 74 people).



Remote Sens. 2021, 13, 2907 18 of 25

4. Discussion

Considering the wide range of impacts the coral reefs are subjected to, including
global reoccurring threats such as El Niño related bleaching and climate change [9,10], it is
imperative to at least act locally to avoid mass mortality. In order to apply direct measures
that are effective in reaching conservation goals, one of the first and foremost steps is to
map the ecosystem, both physically and ecologically.

Since Laborel in 1969 [50], Millepora alcicornis has been described as one of the main
reef builders in the region and as a preferential occupant of shallow areas of the reefs [42,44].
Our results showed that this species can indeed be considered the coral with the highest
occupation on the reefs of the area, even though Millepora alcicornis was not the most
frequently occurring coral in number of colonies (surpassed only by Siderastrea sp.). The
occupancy becomes more explicit when we consider the average size of Millepora colonies
in comparison with scleractinian corals such as Siderastrea sp. and the other millepore
occurring in the area, Millepora braziliensis. Out of almost 1400 colonies, only 15 colonies
of Siderastrea sp. had diameters larger than 20 cm (5 of which occurred inside the no-take
zone), and only 1 was larger than 100 cm. Indeed, larger colonies of Siderastrea sp. suffered
intense mortality during the 1998 bleaching according to in situ observations at the time
(Ferreira, personal observation), which can explain their rarity.

Although the preference of M. alcicornis for shallow areas may allow reproductive
advantages, due to greater recruitment rates in areas between 4 and 6 m deep [51], it
also has several possible drawbacks. In a region where tourism and fishing activities
occur on top of the reefs or their immediate surroundings, direct physical impacts on the
limits of the reef framework (and the framework itself) are expected. Breakages due to
trampling, snorkeling, anchors and the passage of the boats can be observed in the area
and are common human-related impacts on coral reefs [13,86,87]. Millepora colonies can
use that to their advantage though, as fragmentation and regeneration of broken colonies
are important forms of asexual reproduction in the genus [51,56]. Postfragmentation
attachment usually occurs on other Millepora alcicornis colonies and rock substratum, but
this species has also been described to attach to soft substrates, such as sand [51,58]. On that
note, this inherent capability of settling and colonizing different substrates from broken
branches was the reason we chose to use only large colonies as input data in MaxEnt
modeling. Thus, we believe that by using all available data (i.e., including recently settled
branches) the resulting suitability map could suggest areas that are, in fact, not suitable
for occurrence on a long-term basis. Additionally, large colonies are valuable not only
as individual organisms, but also as habitats, as we were able to see in the habitat map
(Figure 6). M. alcicornis are usually found harboring rich associated micro- and macrofauna,
including fish, Crustacea, Bryozoa and other Cnidaria [49,51,52].

Large colonies of Millepora alcicornis were not registered in the extreme north of the
study area (Carneiros) or in the south (Mamucabas). In Carneiros, the field survey was
limited due to high-speed boat traffic, and we were not able to access many areas of
the main reef. Even so, other authors have described the scarcity of M. alcicornis in this
region [88], with the few colonies registered occurring in fore-reef regions. Large Millepora
colonies were absent in the two Mamucabas reefs surveyed. In contrast, presence data
were highly concentrated in the central area, which includes Campas Bay and Tamandaré
Beach and has a higher density of reef structures. These reefs are located further from the
river plumes, which may increase their suitability as habitats for corals.

The benthic mapping of the area exposed the habitat complexity that still exists in
Tamandaré’s coastal reefs. Even considering the relatively low coral cover in general
(10%) [42], colonies of Millepora alcicornis and small brooders (Porites astreoides, Siderastrea
sp., Agaricia humilis and Favia gravida) were found covering large areas of substratum.
In fact, two benthic classes directly reflected this dominance: “Millepora alcicornis” and
“rock/coral and urchin”. The latter refers to shallow eroded reef tops, located close to shore
(less <200 m from the coastline) and easily accessed by swimmers, tourists and fishers. In
one specific reef, we also found the highest densities of sea urchin (Echinometra lucunter),
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which has been associated with human impacts such as fishing [9,89,90]. The increased
abundance of urchins in reefs experiencing overfishing is explained mainly by trophic
replacement of herbivorous fish by urchins, especially with the removal of their predators
(e.g., lobsters, large fish) [91,92]. On the other hand, sea urchin abundance can control
algae cover, which seems to have favored brooders’ settlement and growth in the area.

Furthermore, the benthic mapping allowed a direct derivation of habitat-complexity
measures, such as the habitat diversity per area. Considering the average area of the reefs
in the region and the size of the study area itself, we believe that 30 × 30, 50 × 50 and
100 × 100 grids provide insights on localities concentrating habitat diversity. Albeit some
cover classes (i.e., sand, terrigenous sediment, rocky reef flat) are not direct indicators
of biological diversity [93], the presence of various types of substrates in a small area
is usually positively associated with increased niche availability. Most reef zones (with
exception of reef tops), exhibited increased habitat diversity (10–13 different habitats in
a 50 × 50 m area), a pattern easily observed in areas within the no-take zone and its
immediate surroundings.

MaxEnt modeling output showed the close association between the presence of large
colonies and the diversity of habitats: areas with higher habitat variety were the most
suitable for M. alcicornis presence. Since the presence of large Millepora colonies may
be responsible for an increase in biodiversity [52], these results can be considered part
of a feedback succession process that is typical of coral reef ecosystems. Additionally,
large colonies were mostly found on reef crests and fore-reefs, areas which, depending on
the spatial scale, can be considered “border areas” that limit the ecosystem and the open
bottom. Bordering, or very close to, main reef structures, we found cover classes that did
not occur in the reef itself, such as seagrass.

Benthic cover on the site was the second most important variable for the model. Not
surprisingly, large colonies were highly correlated with areas remotely interpreted as
“Millepora alcicornis”. In fact, M. alcicornis and Palythoa caribaeorum were the only single-
species substrata that could be detected by the 2 m resolution satellite image used in this
study. Interestingly, habitats classified as “reef rubble” showed a strong correlation with
M. alcicornis. This habitat was found in several regions throughout the area, but in a more
concise way, close to the shore and near the no-take zone. This corroborates this species’
capability of settling in fragmented substrata, as this habitat is mostly composed of reef
fragments, boulders covered by filamentous algae, macroalgae and sand. The proximity
to the no-take zone (less than 70 m) and its large colonies’ assemblages (400 m) may raise
the hypothesis that past natural breakage of large colonies within the protected zone has
been supplying fragments for this rubble area. Additionally, no other reef rubble region
had such a high presence of Millepora, except for these two near the no-take zone.

The other main correlation with benthic habitat and main cover is a characteristic
algae substratum in Tamandaré reefs [53,85], here classified as “calcareous mat”. This
class represents a multispecific assemblage of articulated calcareous algae (e.g., Jania spp.,
Amphiroa spp.) and is the dominant substratum in many parts of the reefs, notably on the
reef crests. This alone might explain the high habitat suitability for the presence of Millepora
alcicornis in areas classified as calcareous mat. Alternatively, it is generally known that
coral species show a negative relation to algae cover mainly due to a decreased availability
of substrate for settlement [9]. Remotely classified classes usually depict the major cover
(not necessarily a 100% dominance) of a determined pixel. Here, MaxEnt results imply that
contrary to other algae covers such as “macroalgae” and “seagrass”, a high percentage of
calcareous mat is not necessarily an indicator of unsuitable habitats.

Topographical values showed narrow response curves in general, implying that
Millepora alcicornis can be highly dependent on seascape relief. The optimal depths for the
species estimated by our modeling ranged between 0 and 5 m, a result that agrees with
other studies—0 to 15 m deep [49] and 0 to 10 m deep [94]. Indeed, we were able to see
large colonies that grew vertically to reach the upper water column limits, even causing
localized mortality on these colonies’ tops due to aerial exposure. Broad BPI results showed
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the high correspondence of the presence of large colonies and areas shallower than the
surroundings, limiting the suitable habitats to “peak-like” areas such as reef crests and, on
a broader scale, the reef framework. The two main channels in the area were characterized
by negative values of BPI and are highly unsuitable for the settlement and growth of coral
colonies in general, since these regions exhibit high turbidity, increased depth and mostly
sand substrata.

Distance to shore was also an important limiting factor, registering low suitability in
areas too close or too far from the coastline. The highest occurrence peak (650 m) coincides
with the second reef line, described as having the highest coral cover and biological
complexity [44]. The second highest peak, at about 350 m from the coast, seems to be related
to the occurrence of large colonies on reef rubble areas and some extended back reefs. As a
particular regional issue, the reefs closer to the shore are easily accessed by foot, swimming
and all kinds of vessels, which can cause a range of direct impacts to the corals and thus
suppress and impede growth. Coastal development can cause increased sedimentation
and fill coastal lagoons, decreasing the extension of suitable habitats. Additionally, higher
levels of pollution and coastal sedimentation can influence coral colonies both chemically
and physically [95].

On the other hand, areas further than 1000 m from the shore showed the lowest habitat
suitability. These regions are beyond the third line of reefs and exposed to wave action. In
this case, the “depth” variable is acting as a proxy for hydrodynamical factors, which were
not considered in our model. Branching colonies of Millepora, i.e., the ones mapped in
this study, are usually related to low to moderate wave energy [51,96]. Beyond the third
reef line, furthest from the shore, is an area of high wave energy and turbulence, and it
showed little to no habitat suitability. In future studies, researchers may consider using
oceanographical variables to test this theory.

The fact that we used only points where large colonies occurred and did not input
background points with absence data in the model enabled the comparison of the model
results with human use variables. The tourism and fishing maps clearly show that most
reef structures of Tamandaré’s coastal zone suffer from either one or both kinds of human
impact, with the exception of the no-take zone. Overfishing, uncontrolled tourism and
high pollution rates have been consistently described as the major source of impacts in
Tamandaré [39,42,97] and may act as limiting factors for coral settlement and growth. Apart
from direct impacts to the structure (e.g., anchoring, physical damages due to fishing gear),
overfishing may cause chronic impacts to coral reef areas via the removal of herbivores,
thus increasing competition between macroalgae and corals [9].

Tourism was higher on shallow reef lagoons, with a maximum of 74 people and
18 vessels in a day in one reef lagoon. We observed that local tourist guides usually use
small artisanal vessels called “jangadas” to take the tourists to practice diving activities
on the shallow reefs, mostly close to the shore. On the other hand, large speed boats and
catamarans were also seen in the area and on top of reefs. One may infer that they must
cause larger impacts to the structures than the jangadas, but according to the management
plan for the area, there are few differences in the rules regulating vessels used for tourism
activities in the Sustainable Use Zone [38].

MaxEnt modeling was mostly accurate in relation to where the most suitable and
unsuitable habitats were in the study area, as confirmed by field data. In the few areas
where it was not, negative synergies between human use maps and the occurrence of large
colonies of Millepora were registered. These instances occurred only in the Sustainable
Use Zone, which is the whole area except the no-take zone. Alternatively, large Millepora
colonies were registered in all modeled suitable habitats inside the no-take area. We
considered this a strong indicator that topography and physical variables may provide
the threshold features within which a coral species may occur, but ecological features and
conservation measures in place allow these animals to thrive. Meanwhile, some ecological
variables in this study may also reflect this evaluation, such as the benthic cover and a high
diversity of habitats.
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5. Conclusions

Species distribution modeling results may be extremely helpful when selecting areas
for the application of conservation measures and evaluating the performance of those
already in place [2,18,98,99]. Considering the wide range of impacts the coral reefs are
subjected to, including global reoccurring threats such as El Niño related bleaching and
climate-change-related heatwaves [10,12], it is imperative to at least improve local reef
conditions to prevent mass mortality [9,10]. This study shows that areas that are highly
suitable for settlement, growth and development of corals such as Millepora alcicornis and
other species can be reliably identified and predicted. These areas should be considered
as high priority for conservation and restoration and monitored closely. Furthermore,
we believe that the variables derived here can be applied in other predictive models and
possibly be extended to similar areas, thus including the whole Costa dos Corais MPA
since its coastal reef complex is a large system composed of a continuum of bays, coral
reefs and estuaries [44,50].

This may help decision-making by adding a scientific-based perspective on ecolog-
ically important areas and directing additional conservation and restoration efforts to
the ones currently in place. Notably, our analyses reinforce the importance of no-take
zones such as the Tamandaré Municipal Marine Park and the Marine Life Protection Zone
(ZPVM) of Costa dos Corais MPA for the maintenance of local biodiversity. Our models
also suggest the need for implementation of improved use management rules for the reef
areas in order to minimize impacts of tourism and fisheries, to prevent further damage and
restore reef areas.
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coastal reefs of Tamandaré – Pernambuco with a close-up of the reefs in Campas Beach, in the central
region of the study area.Figure S3: Habitat map of the coastal reefs of Tamandaré – Pernambuco
with a close-up of the reefs in Tamandaré Bay, in the Southern region of the study area. Figures S4
to S7: The 14 benthic habitats found in the coral reefs of the study area, pictured by representative
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Additionally, we provide example areas of each benthic habitat, using a Red, Green, Blue (RGB)
composite of the WorldView-3 scene used in this study.
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