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RESUMO 

O mapeamento da geobiodiversidade é um importante passo no processo de 

identificação de áreas prioritárias para o manejo e conservação. O sensoriamento remoto 

(mais especificamente, imagens de satélite) tem sido considerado uma metodologia segura 

para investigar habitats bentônicos, se calibrado com dados de campo confiáveis. No entanto, 

a aplicação destas ferramentas para áreas recifais no Atlântico Sul ainda é insuficiente, 

principalmente em regiões como o Nordeste brasileiro, que acumula limitações financeiras e 

topográficas para a utilização do sensoriamento remoto no meio marinho (e.g. baixa qualidade 

ou ausência de dados in situ para calibração, relevo marinho complexo, heterogeneidade de 

substratos). O complexo recifal de Tamandaré, na APA Costa dos Corais, abriga um mosaico 

de habitats interconectados, que inclui recifes de coral, gramíneas e manguezais. Em todo o 

mundo, esses ambientes costeiros sofrem impactos crônicos como poluição, sedimentação e 

erosão, e uso humano, que podem levar a perda ou transformação do ecossistema. Apesar de 

sua importância socioeconômica e ecológica, há uma escassez de mapeamento batimétrico e 

de cobertura dos recifes de Tamandaré e plataforma adjacente. Neste estudo, aplicamos uma 

abordagem de relativo baixo custo, com técnicas de sensoriamento remoto em diferentes 

resoluções para mapear os habitats bentônicos da zona costeira e identificar paleocanais e 

recifes mesofóticos na plataforma continental. Uma cena Worldview-03 (2 metros/pixel) foi 

utilizada no mapeamento dos habitas do ecossistema recifal, usando classificação 

supervisionada com o método Vector Machine Classifier e aproximadamente 1500 pontos de 

verdade de campo (acurácia média = 79%). Esta mesma cena foi utilizada para obter um 

modelo batimétrico da área e camadas derivativas adicionais (e.g. diversidade de 

habitats/área, rugosidade). Foi possível identificar áreas de elevada complexidade de habitats, 

como a atual ZPVM (conhecida como “área fechada”) de Tamandaré (máximo de 14 

habitats/0.01km2). Utilizamos também o software MaxEnt para verificar a influência de 

dezoito variáveis ambientais na distribuição do coral Millepora alcicornis. O modelo 

resultante (AUC>0.98) revelou fatores ecológicos e topográficos atuantes na distribuição da 

espécie na região. Mapas de uso (turismo e pesca) mostraram também que além das variáveis 

ambientais, impactos antrópicos podem definir a presença ou ausência de grandes colônias de 

Millepora alcicornis nos recifes de Tamandaré, mesmo em uma APA. Adicionalmente, após 

extensivo processamento, imagens Landsat-8 OLI (30 metros/pixel) foram usadas para 

detectar feições de fundo na plataforma continental entre Alagoas e Pernambuco. Foi possível 

visualizar a paisagem marinha em uma área total de 9700 km2, em regiões de profundidade 



 
 

média de 45 metros. Detectamos 14 paleocanais nas imagens, 9 dos quais ainda não mapeados 

por métodos tradicionais. Estes canais são conhecidos como áreas de pesca importantes, com 

ocorrência de agregações reprodutivas de peixes. Os resultados alcançados evidenciam a 

complexidade topográfica e ecológica da zona costeira de Tamandaré e plataforma adjacente. 

Ademais, geram subsídios para o planejamento espacial marinho da APA Costa dos Corais, 

uma vez que fornecem um mapeamento detalhado da área e a descrição de metodologias e 

ferramentas avançadas para a obtenção de dados futuros.  

Palavras-chave: Imagens de satélite. Recifes de coral. MaxEnt. Plataforma continental. 

  



 
 

ABSTRACT 

Mapping geobiodiversity is an important step towards identification of priority areas 

for conservation and management. Satellite imagery have been considered a trustworthy way 

of investigating benthic habitats when calibrated with reliable field data. Still, important 

tropical reefs around the world are faced with an array of limitations that challenge its 

application, like budgetary restrictions, topographical heterogeneity, turbidity and 

confounding signals. The coral reef complex of Tamandaré (Costa dos Corais MPA-Brazil), 

embrace a mosaic of interconnected habitats (mangroves, coral reefs, seagrass beds). 

Following a worldwide trend, these habitats are under chronic impacts such as sedimentation, 

erosion and human use that may lead to habitat loss. Despite the social and ecological 

importance, there is a lack of bathymetric and habitat maps in the area. We applied a budget-

friendly, multi-resolution approach to map benthic habitats in the coastal zone and identify 

and mesophotic features on the platform. A high-resolution Worldview-03 scene was used in 

the habitat mapping of the reefs, using Vector Machine Classifier with an overall accuracy of 

79%. The same image was used to derive the bathymetry of the area, and derivative layers 

(e.g. diversity of habitats/area, slope, bathymetric position index). We identified areas of 

increased biodiversity, like the no-take zone located in our study area (maximum of 14 

habitats/0.01 km2). Eighteen environmental layers were used in MaxEnt (AUC>0.98) to make 

predictive models of Millepora alcicornis distribution. Results revealed ecological and 

topographical factors limiting the species distribution in the area. Tourism and fishing maps 

showed that not only environmental factors, but human use define the presence/absence of 

coral colonies in the area, even within an MPA. After extensive processing, a Landsat-8 OLI 

scene was used to detect bottom features on the continental platform. We were able to 

visualize the seascape in an area of 9700 km2, with an average depth of 45 meters. We 

detected fifteen paleochannels, nine of them still unmapped by traditional means. These 

valleys are known as fishing grounds and can harbour fish spawning aggregations. Our results 

highlight the complexity of Tamandaré coastal zone and platform. The products and 

techniques used in this research generate subsidies for the marine special planning and future 

studies in Costa dos Corais MPA and areas that may face similar limitations. 

 

Keywords: Satellite imagery. Coral reef. Habitat mapping. MaxEnt. Continental shelf. 
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1 INTRODUÇÃO 

Os recifes de coral são ambientes de extrema complexidade ecológica e 

geomorfológica (Bellwood et al. 2004; Pittman e Brown, 2011). São ecossistemas marinhos 

distribuídos em todo o mundo em regiões tropicais, nas plataformas continentais ou em ilhas 

oceânicas. Estes ambientes são considerados hotspots de biodiversidade (Roberts, 2002), 

transformando áreas naturalmente oligotróficas em ricos sistemas bióticos capazes de 

sustentar diversas formas de vida. Além disso, áreas recifais são locais de extrema 

importância econômica (Pascal et al., 2016; Spalding et al., 2017). São, em geral, locais de 

intensa atividade turística, fonte de recursos pesqueiros e lazer, e atuam como barreira física 

da ação erosiva de ondas na zona costeira. Atualmente, estima-se que bens e serviços 

provenientes de áreas recifais fornecem o meio de subsistência de 500 milhões de pessoas, 

sendo a base da economia de diversos locais diversas comunidades (Burke et al., 2011, 

Wilkinson e Salvat 2012). 

Apesar de sua inegável importância para a manutenção da vida marinha e do modo de 

vida de milhões de pessoas, recifes de coral estão sendo degradados em todo o mundo. A 

fragmentação destes ambientes é de especial preocupação em regiões costeiras. Ocupação 

desordenada, turismo excessivo, sobrepesca e poluição são considerados os principais 

causadores da modificação de habitats costeiros, entre os quais, o ambiente recifal (Braga e 

Gherardi, 2001; Bruckner, 2002; Ferreira e Maida, 2006). Ademais, a ligação entre 

fenômenos de larga escala como as mudanças climáticas, e o branqueamento e mortalidade de 

corais já é evidente. As transformações nunca foram tão extensas: 75% dos recifes de corais 

são considerados ameaçados (Burke et al., 2011; Schlüter et al., 2019). Os impactos são 

tamanhos e tão amplos que esta nova condição dos recifes é conhecida como “a crise dos 

recifes de corais” (Hodgson e Liebler, 2002; Belwood et al., 2004; Bak et al., 2005).  

A zona costeira brasileira é significativamente extensa, ocupando mais de três milhões 

de km2 e quase 7500 km de extensão (MMA, 2002). Além de recifes de corais, abrigam uma 

variedade de habitats bentônicos e geohabitats, como recifes algálicos, areníticos, 

manguezais, prados de fanerógramas, bancos de algas, recifes mesofóticos, vales de 

plataforma, cânions submarinos e paleocanais. No Brasil os recifes se estendem desde o Rio 

Grande do Norte até o sul da Bahia, e sua distribuição tem sido dividida em seis principais 

regiões: 1) Ilhas e bancos oceânicos da cadeia de Fernando de Noronha; 2) Touros-Natal; 3) 

Pirangi-Maceió; 4) Baía de Todos os Santos-Camamú; 5) Porto Seguro-Cabrália e 6) 

Itacolomis e Abrolhos (Amaral & Jablonski, 2005). Adicionalmente aos impactos comuns a 
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zonas costeiras em todo o mundo, a costa brasileira sofre forte influência de impactos 

iniciados com o desmatamento da Mata Atlântica para os ciclos sucro-alcooleiros que se 

sucederam desde o descobrimento até os dias atuais. Ademais, a ocupação humana nesta área 

representa adensamentos comparáveis as zonas mais populosas do mundo (Lacerda et al., 

2002; Marques et al., 2004). 

 Neste contexto de conflitos de uso, impactos e riqueza ecológica, insere-se a Área de 

Proteção Ambiental Costa dos Corais (APACC). Esta APA ocupa territórios de dois estados, 

Pernambuco e Alagoas, e é a maior Unidade de Conservação marinha do Brasil, abrangendo 

uma área total de aproximadamente 4135 km2. A APACC é a primeira no país a incluir recifes 

costeiros, reconhecendo a importância ecológica, ambiental e econômica desses ecossistemas 

(Ferreira & Maida, 2006; ICMBio, 2012). Nos recifes costeiros da APACC os principais 

problemas atuantes que afetam diretamente a Unidade Marinha são: o turismo desordenado, 

descarga de efluentes da agricultura e urbanos, destruição de manguezais e outros 

ecossistemas costeiros (dunas, pradarias de fanerógamas), carreamento de sedimentos e 

agrotóxicos, pesca predatória e o aumento do fluxo de embarcações de pequeno a grande 

porte (ICMBio, 2012). Apesar de esforços de ordenamento, através de elaboração de plano de 

manejo e estabelecimento e conselhos consultivos (e.g. Plano de Manejo APA Costa dos 

Corais), tentativas de zoneamento do uso esbarram com falta de dados que permitam escolhas 

informadas sobre a representatividade dos tipos de recife e suas coberturas, e acabam sendo 

efetuadas com base somente em consenso local. 

O estabelecimento de Áreas de Proteção Marinhas utilizando critérios baseados na 

visão do ecossistema como um todo tem sido amplamente descrito como uma das ferramentas 

mais efetivas na redução de perda e fragmentação de habitats marinhos (Agardy et al., 2011). 

É importante também salientar que a eficácia prática destas áreas depende do quão 

ecologicamente apropriada a delimitação é, e do quão efetivo é seu manejo (Jameson et al.,  

2002; Adam et al., 2015). 

Atualmente, o zoneamento da APACC é baseado em um sistema que visa a integração 

de interesses ecológicos e socioeconômicos, submetendo a zona costeira a um mosaico de 

áreas que foram estabelecidas a partir de decisões da sociedade, pesquisadores e poder 

público (ICMBio, 2012). Desta forma, locais que necessitam de ações de manejo distintas são 

organizados em zonas, que são: Zona de Uso Sustentável (ZUS), Zona de Praia (ZP), Zona de 

Conservação (ZC), Zona Exclusiva de Pesca (ZEP), Zona de Visitação (ZV), Zona de 

Preservação da Vida Marinha (ZPVM) e Zona de Transição (ZT).  
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Nos mais de quatro mil quilômetros quadrados da APACC, é possível encontrar um 

número de feições biogeográficas de pequena e média escala, principalmente inerentes aos 

recifes de corais, ou associadas à hidrodinâmica e condições ambientais. A biogeografia 

regional e local  (McCook et al., 2009; Hamilton et al., 2010);  e o conceito de conectividade 

ecológica (Roberts, 2002; Almany et al., 2009; Gaines et al., 2010);  são tidos como dois dos 

principais critérios a serem considerados no desenvolvimento de áreas de proteção marinhas 

eficazes e representativas. Programar estes critérios a uma APA só é possível através da 

identificação, delimitação e do estudo dos diferentes tipos de habitats inseridos na área, e do 

entendimento da conectividade entre estas zonas biogeográficas. 

Tendo em vista a extensão da área estudada, a necessidade de informações de maior 

escala se faz urgente. Medidas in situ são, por vezes, incapazes de se traduzir 

instantaneamente em escalas regionais e globais (Kerr e Ostrovsky, 2003), para isso, é 

necessário o uso de ferramentas como fotografia aérea e imagens de satélite, capazes de cobrir 

grandes áreas com diferentes resoluções (Philipson e Lindell, 2003). Desde 1975, quando foi 

realizada uma análise de imagens de satélite da Grande Barreira de Corais (Smith et al., 

1975), grande esforço tem sido feito a fim de incorporar imagens de satélite a estudos de 

ambientes coralíneos. O sensoriamento remoto (SR) consiste em imagens digitais como 

produto da medição da radiação eletromagnética emitida e absorvida pelo substrato em 

questão (Green et al., 2000). A diferença dessas radiações reflete diferentes tipos de substrato, 

tornando possível o uso dessa ferramenta no mapeamento e distinção de locais em uma 

mesma área. Dessa forma, o SR pode ser utilizado para o zoneamento de habitats em um 

ecossistema recifal uma vez que diferentes substratos são traduzidos em diferentes tons na 

imagem resultante. 

Assim, imagens de satélite possibilitam a aquisição de dados em larga escala e o 

reconhecimento das principais feições geográficas e biológicas do ecossistema recifal, além 

de ambientes em torno do recife (e.g. Andréfouët et al., 2003; Eugenio et al., 2017; Raitsos et 

al., 2017). Atualmente, tendo em mãos uma imagem de boa qualidade (i.e. alta resolução, 

provenientes de sensores como IKONOS, Quickbird, WorldView-2, WorldView-3) é possível 

realizar uma gama de tratamentos para fins distintos. A interpolação de dados físicos, 

batimétricos, biológicos, ambientais e geomorfológicos provê uma visualização do 

ecossistema e suas interações como um todo, e a partir disso, importantes decisões de manejo 

podem ser tomadas de maneira estratégica (Hedley et al., 2016; Selgrath et al., 2016).  
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A utilização de imagens de satélite para o mapeamento do ambiente físico e ecológico 

é considerada uma metodologia de excelente custo benefício (Mumby et al., 1999; Benfield et 

al., 2007). Cenas com até 10 metros de resolução espacial podem ser obtidas sem custo e 

cenas com até 0.5 m de resolução têm um baixo custo de aquisição, se comparadas a outras 

metodologias (e.g. Light Detection and Range – LIDAR, pesquisas in situ com ecossondas e 

sonares). No entanto, apesar de todos os benefícios supracitados, o uso e aplicação destas 

ferramentas para áreas recifais no Atlântico Sul ainda são escassos. Esta situação é 

particularmente notável em regiões como o Nordeste brasileiro, que por sua vez, acumula 

limitações financeiras e topográficas para a utilização de técnicas de mapeamento no meio 

marinho (e.g. baixa qualidade ou ausência de dados in situ para calibração, relevo marinho 

complexo, heterogeneidade de substratos). O sensoriamento remoto por meio de imagens de 

satélite pode também auxiliar na detecção de feições de plataforma carbonática, apesar de não 

ser uma técnica comumente utilizada em áreas de profundidades maiores que 30 metros 

(Liceaga-Correa e Euan-Avila, 2002; Gao, 2009). 

Ao considerar o monitoramento de áreas biologicamente complexas como recifes de 

corais utilizando imagens de satélite, uma preocupação especial deve ser dada aos dados de 

campo, calibradores de quaisquer análises derivadas das imagens. A partir da integração de 

dados remotos com estudos in situ, é possível um melhor entendimento das causas que 

envolvem perda de tecido coralíneo, diminuição na biomassa de peixes e perdas de 

diversidade em geral. Possibilita-se dessa forma, a interferência de forma preventiva e/ou 

mitigadora com melhor chance de sucesso para evitar maiores perdas de biodiversidade no 

meio marinho. 

Esta Tese foi elaborada considerando as principais dificuldades envolvidas no 

mapeamento de habitats bentônicos e de plataforma rasa. Teve, portanto, como objetivo geral, 

contribuir para o avanço do conhecimento dos recifes e do mapeamento da geobiodiversidade 

através de ferramentas orbitais acessíveis, subsidiando assim o Planejamento Espacial 

Marinho e implementação de medidas de manejo. Diferentes ferramentas foram aplicadas no 

mapeamento batimétrico e ecológico a área de estudo, uma região de reconhecida importância 

por sua diversidade, protegida por quatro unidades de conservação (incluindo uma zona de 

uso restrito) que enfrentam inúmeros desafios frente ao acelerado desenvolvimento.  

  Assim, este estudo foi dividido em três capítulos, organizados em artigos científicos. 

No primeiro e no segundo capítulos, a abordagem é focada na zona costeira de Tamandaré, 

constituída por um mosaico de habitats onde predomina o ecossistema recifal. Os recifes 
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costeiros de Tamandaré estão em uma região rasa, extremamente complexa topograficamente 

e que confere desafios para a batimetria in situ. Desta forma, no primeiro capítulo é 

apresentado um mapa batimétrico obtido integrando dados coletados em campo por ecossonda 

(single-beam) e imagens de satélite de alta e média resolução. O segundo capítulo integra as 

métricas topográficas (derivadas a partir da batimetria construída anteriormente) com métricas 

ecológicas (obtidas in situ e remotamente) para modelar a distribuição de grandes colônias de 

coral nos recifes da área. A modelagem preditiva é feita de forma que permita analisar a 

influência de cada variável, e como estas atuam em conjunto para limitar ou possibilitar a 

ocorrência da espécie no ambiente recifal de Tamandaré. Além disso, a integração com o 

mapeamento de uso permite uma visão integrada da área, com camadas ecológicas, 

topográficas e seres humanos atuando de forma conjunta em uma área de proteção ambiental. 

O terceiro capítulo apresenta uma visão da plataforma continental a partir de imagens 

processadas, obtidas gratuitamente. Este capítulo representa uma nova oportunidade no uso de 

sensoriamento remoto por satélite em áreas de plataforma como a do Nordeste brasileiro, ao 

verificar feições biologicamente importantes em áreas a mais de 40m de profundidade. 

Em suma, este estudo almejou contemplar toda a paisagem marinha da região, unindo 

um mapeamento detalhando e de fina resolução da zona costeira com uma visão em larga 

escala da plataforma continental. 
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2 MULTIRESOLUTION SATELLITE-DERIVED BATHYMETRY IN 

SHALLOW CORAL REEFS: improving linear algorithms with geographical 

analysis 
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2.1 Abstract 

Bathymetric maps are one of the first steps for most hydrological and ecological 

studies of the seascape, as depth is a determinant factor in the distribution of organisms, 

patterns of wave exposure and coastal circulation. The coral reefs of Tamandaré-Brazil, 

located at Costa dos Corais Marine Protected Area (MPA), encompass a mosaic of 

interconnected habitats of complex geomorphology, including coral reefs, algal and seagrass 

beds. These coastal habitats are subjected to chronic impacts such as sedimentation, reef 

erosion and increasing human use leading to habitat loss. Despite their social and ecological 

importance and conservation measures in place, there is a lack of bathymetric and habitat 

maps of this coast. Indeed, in situ surveys are not always feasible in shallow coral reef areas. 

The present study offers a detailed bathymetric mapping of the area using multiresolution 

satellite imagery. One Landsat-8 (December 2016) and one WorldView-03 (February 2017) 

imagery were used to derive medium (30m) and high-resolution (2m) bathymetry of the study 

area. Single-beam echo sounder surveys were performed to obtain field data to calibrate the 

depth retrieving algorithms: Linear Model, Band-Ratio Model, Principal Component 

Analyses of the transformed bands, and Geographically Weighted Regressions (GWR). For 

both resolution datasets, results showed that the algorithms’ Root Mean Squares were 

significantly improved by the GWR technique (RMS > 0.9), due to its adaptability to the 

bottom heterogeneity found in complex areas such as coral reefs. Specific geomorphological 

reef zones were recognizable in the resulting bathymetric maps, such as intra-reef lagoon, reef 

crest, fore-reef, and reef flat. This research concluded that affordable methods such as single-

beam data coupled with satellite imagery through GWR can provide the required inputs for 

mapping shallow areas with complex relief. Such results may be further used to habitat 

mapping, necessary to inform the multiple-use zonation foreseen in MPA management plans. 

Keywords: Landsat. WorldView. High-resolution. Remote sensing. Satellite imagery. 

Tropical. Coastal reef. Heterogeneous. Geographically-weighted regression. Single-beam 
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2.2 Introduction 

The influence of underwater relief on the biodiversity in the coastal zone and coral 

reef ecosystems is well documented and described globally (Ledlie et al., 2007; Wilson et al., 

2007; Mumby and Steneck, 2008; Graham, 2014; Gonzalez-Rivero et al., 2017). The three-

dimensional nature of these habitats enables the coexistence of a wide variety of ecological 

niches and thus increases biodiversity (Hoegh-Guldberg et al., 2007; Fabricius et al., 2011). 

The maintenance of the inherent relief complexity of coral reefs is a key process in protecting 

and monitoring the ecological, social and economic functions performed by these ecosystems. 

All over the world, coral reef health has been weakened by local (e.g. population 

growth, oil spill, pollution) and global impacts (e.g. climate change, overfishing) (Halpern et 

al., 2008; Hughes et al., 2003). Coastal coral reefs can be adversely impacted, suffering with 

direct impacts to its structure by activities like trampling (Barker and Roberts, 2004; 

Rinkevich, 1995), river discharge (McCulloch et al., 2003) pollution, coastal erosion (Syvitski 

et al., 2005) and tourism-related damage (Davenport and Davenport, 2006). These impacts are 

known to cause flattening of the relief (i.e. three-dimensionality loss) and subsequent declines 

in coral and fish biodiversity (Alvarez-Filip et al., 2009; Graham, 2014). Therefore, relief 

variations must be inferred and monitored closely in various spatial scales to avoid further 

negative impacts on reef biodiversity and services (Bozec et al., 2015; Darling et al., 2017; 

Kuffner and Toth, 2016).  

One of the first and most crucial steps in recognizing morphology and the diversity of 

marine environments is the study of local bathymetry (Eugenio et al., 2015; Purkis, 2018), as 

bathymetric data allow the observation of the complexity of the bottom relief. Field 

bathymetry of the coastal zone is usually constrained by environmental and technical 

conditions that prevent its applicability to complex and shallow areas such as tropical coral 

reefs (Gao, 2009; Kanno et al., 2011). The structural complexity, defined as the heterogeneity 

of natural elements and topographic irregularities (Taniguchi and Tokeshi, 2004), is one of the 

main characteristics of tropical coral reefs, but is also the main constraint for surveying these 

environments (Su et al., 2008). 

Due to the difficulties regarding in situ bathymetric surveys in coral reefs, techniques 

that obtain or derive depth data remotely have been developed and improved since the first 

applications of remote sensing in tropical waters (e.g. Chauvaud et al., 1998; Mumby et al., 

1997, 1998). More recent advances in remote sensing have allowed the development of fine 

resolution bathymetric data (i.e., pixel less than 10 m) (Collin et al., 2017; Eugenio et al., 
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2015; Hamylton et al., 2015). However, state-of-the-art LIDAR and high-resolution satellite 

imagery technology are still not feasible due to budgetary constraints in several areas, 

(Kuenzer et al., 2015; Pickrill and Todd, 2003). So, even when considering the variety of 

options available for obtaining bathymetry, some highly important areas (both biologically 

and economically) still lack quality regional-scale bathymetric data. Examples of this are 

abundant in Brazil, a country of continental size that harbours the only coral reef formations 

in the South Atlantic (Leao et al., 2003). 

The Brazilian coastal zone, particularly in the Northeast region, has several of the 

constraints faced in bathymetric mapping, which include low-quality pre-existing field data, 

high, complex relief in shallow waters and heterogenous substrata.  The coral reefs of 

Tamandaré - Pernambuco, are located close to the coast (less than 1 km) and thus experience 

impacts intensified by recent developments (Ferreira and Maida, 2006; ICMBio, 2012).  The 

area is of great biological and socio-economic importance and part of the Costa dos Corais, a 

Marine Protected Area (MPA) that spreads over 120 km of coastline (ICMBio, 2012).  

Multiple-use zonation, aiming to reconcile conservation and human activities, is one of the 

main strategies of a Federal Government’s Management Plan for this MPA (ICMBio, 2012). 

In this region, the ecological and economic importance of the area contrasts with the lack of 

representative bathymetric data on a regional scale. 

The main objective of this study is to aid in the process of deriving bathymetry in 

coastal shallow coral reefs environments. Considering the challenges involved in coral reef 

relief research, different depth deriving algorithms were tested in a multi resolution analysis. 

Four different approaches and methodologies were applied to derive bathymetry for medium 

and high-resolution satellite imagery. The second goal of this study was to produce a 

bathymetric map of the seascape in the study area that can be used a base map for future 

research, and as a tool to assist decision making, follow up monitoring and management 

strategies in the coral reef area. 

 

2.3 Methods 

This section describes the study area, the bathymetric field survey and the steps 

required to derive bathymetry from Landsat-8 and WorldView-3 satellite imagery. 

 

2.3.1 Study Area 

This research was conducted at the reef complex on the coast of Tamandaré, in the 

state of Pernambuco, Brazil, located in Costa dos Corais MPA (Figure 1). The study area is 
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composed by two main bays: Carneiros Bay (North) and Tamandaré Bay (South), which are 

bounded by two rivers: Formoso and Mamucabas, respectively. These rivers’ discharge 

account for increased turbidity in the area, especially during winter and autumn (April – 

September) (Macedo, 2009).  

The study area is a shallow platform area where the reef formations are arranged in a 

particular pattern of three parallel lines along the coast (Maida and Ferreira, 1997). The 

topography of the area is complex, with high reliefs and emerged reef flats in low tide. The 

reefs of Tamandaré harbour rich fauna compared to other reefs of the Northeast Brazil 

(Ferreira and Maida, 2006; Leao et al., 2003) and have been morphologically described since 

Laborel (1969). Within Costa dos Corais MPA, these environments are inserted in areas with 

different degrees of protection, among them: no-take zones, exclusive fishing zones and 

conservation zones (ICMBio, 2012). Since 2017, Tamandaré’ seascape is also a site listed in 

the Long Term Ecological Research (LTER) network. In spite of scientific efforts and 

ecological and social importance of the marine environment in the region, the coastal zone of 

Tamandaré still lacks bathymetric information that can be properly applied in research and 

local demands. 
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Figure 1 Study area at Tamandaré (PE, Brazil) reef complex, located within the limits of Costa dos Corais 

Marine Protected Area (MPA). Coordinates of WGS84 / UTM zone 25S. Brazil’s and South America’s polygons 

source: IBGE (2017) 

 

2.3.2 In situ Bathymetric Survey 

The bathymetric surveys were conducted during January and February 2017, using a 

single beam echo sounder (SonarMite BT-TM System ®). The survey followed a pre-set path, 

based on shore-perpendicular transects of an average length of 2 km and arranged 25-100 

meters apart from each other. The survey tracks totalled 200 km, corresponding to a 22.5 km² 

area. All surveys were conducted on the high tide time to allow maximum water depth. 

Resulting bathymetric data were processed using ERDAS IMAGINE® and ArcGIS® 

softwares. Duplicated points were identified, deleted and a correction of transducer depth was 

carried out. Tidal height correction was performed based on tide charts provided by the 

Brazilian Hydrographic Authority (DHN, 2017) for the closest harbour, Suape - Imbituba 

vertical datum – reference level RN5-DHN (estimated error = 0.1 m). The tide regime in the 
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region is classified as strongly mesotidal and astronomical, with an average of 12.42 hours, 

meaning two high tides and two low tides per lunar day (Gomes and da Silva, 2014; Hayes, 

1979). As these tidal tables only display the time and height of the high and low tides, the data 

were merged and interpolated using spline method to fit the bathymetric data to a tide value of 

0.0 m, and to the tide height of the remote sensing data. 

The short time-lapse (i.e. less than two months) between the bathymetric surveys and 

both satellite images used in this study reduced the chance of significant variations on the 

bottom relief. To ensure comparability between the data sets, the bathymetric data were 

plotted in GIS software and converted to a grid matching the resolution of the satellite images. 

In the case of more than one depth point per cell, the value of the grid cell was calculated 

using the mean depth value. 

Empirical Bayesian Kriging (EBK) is considered a robust method of data interpolation 

(Danielson et al., 2016; Krivoruchko, 2012; Pilz and Spöck, 2008). Its approach is based on 

the calculation of multiple semivariograms, thus decreasing the error introduced by the 

estimation of a single semivariogram (i.e. one best fit model) for all unknown regions 

(Krivoruchko, 2012).  It has been widely used for interpolating bathymetric data, especially 

considering its possibility to produce accurate predictions for moderate non-stationary input 

data (e.g. Araújo and Amaral, 2016; Bennecke and Metaxas, 2017; Mulcan et al, 2015; Zang 

et al., 2014). EBK was chosen as interpolation method to convert the bathymetric point data 

into a digital elevation model (DEM) that could be compared with the satellite derived 

bathymetry (SDB). 

 

2.3.3 Satellite-Derived Bathymetry 

This section details the approach used to derive the medium and high-resolution 

bathymetric data from satellite imagery. First, the acquisition and pre-processing of remote 

sensing data are described, followed by the calculation and application of the chosen 

algorithms. 

2.3.3.1 Satellite-imagery data 

The Landsat-8 OLI (L8) scene was downloaded from USGS database 

(http://earthexplorer.usgs.com) and WorldView-3 (WV3) scene was acquired through 

DigitalGlobe. Both images were taken during the dry season (summer) when sea water 

transparency is higher, and the sea surface is less rough due to low wind friction. The scenes 

were selected based on visual criteria such as low cloud cover, sun glint and turbidity. Table 1 
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displays the details of each scene.  

Table 1. Details and coverage of Landsat-8 (L8) and WorldView-3 (WV3) images used in this study. Scene, 

map projection, datum, coverage, sun azimuth and elevation, acquisition time and date and resolution were 

described in each dataset’s metadata file. Tide at acquisition (m) was calculated based on tide charts provided by 

Brazilian Hydrographic Authority (DHN). 
 

Satellite sensor Landsat-8 OLI WorldView-3 

Scene LC82140662016346LGN00 104001002788CE00 

Map projection UTM UTM 

Datum WGS84; Ellipsoid: WGS84 WGS84; Ellipsoid: WGS84 

Coverage 
X: -9.73430 to -7.63743 

Y: -36.57156 to -34.50052 

X: -8.80934577 to -8.68585772  

Y: -35.11410824 to -35.06263346 

Sun azimuth 122.66 94.20 

Sun elevation 60.80 65.70 

Date acquired 11/12/2016 23/02/2017 

Scene center time 12:29:45 12:55:08 

Resolution (m/px) 30 2 

Tide at acquisition 2.5 m above spring tide 1.1 m above spring tide 

2.3.3.2 Pre-processing of satellite data 

The pre-processing steps of L8 data were atmospheric and radiometric correction, land 

masking and sun glint removal. A similar procedure was applied to the WV3 scene, with the 

exception of sun glint removal, which was not necessary due to the practical absence of glint 

in the scene. 

2.3.3.2.1 Atmospheric correction  

Atmospheric correction was carried out to minimize atmospheric effects and thus, 

improve the recovery of surface reflectance (Richter and Schläpfer, 2002) of L8 and WV3 

imagery. ATCOR module in ERDAS IMAGINE® software was applied to produce 

atmospherically and radiometrically corrected datasets, using specific parameters for the area 

and for each sensor as inputs. 

2.3.3.2.2 Land masking 

After converting digital number values to surface reflectance, a land mask was built to 

remove unwanted land areas from the image. The Near Infrared (NIR) band was used to allow 

better visualization of the water/land boundaries. The land mask was then manually 
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vectorized to also include vessels and off-land constructions such as piers and harbours in the 

area, excluding these pixels from the following analysis. 

2.3.3.2.2 Glint removal 

The sun glint removal (i.e. de-glint) was carried out to remove the effects of the light 

reflection on sea surface. Hedley’s method (Hedley et al., 2005) was chosen to de-glint the L8 

scene. This method was applied to each L8 visible band (coastal blue, blue, green and red), 

which were stacked to produce the final de-glinted scene. 

The resulting images (atmospherically corrected, not influenced by land pixels and de-

glinted) were used for the calculation of depth retrieval algorithms. The processing results for 

each dataset are presented in Figure 2. 
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Figure 2 Before and after pre-processing of both datasets, all four presented RGB (red, green, blue) 4,3,1: (a) 

Original Landsat-8 image of Tamandaré coral reef complex; (b) Landsat-8 strip of the study area after 

atmospheric correction, land masking and sun glint removal; (c) Original WorldView-3 image; (d) WorldView-3 

image of the study area after atmospheric correction and land masking 
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2.3.3.3 Depth retrieval from satellite imagery 

The methodology for depth values retrieval from multispectral satellite imagery has 

been applied mainly using two approaches: the linear model (LM) (Lyzenga, 1985; Lyzenga 

et al., 2006) and ratio bands model (RBM) (Stumpf et al., 2003). The latter is theoretically 

better suited for areas with heterogeneous bottom, such as coral reefs (Stumpf et al., 2003). 

For this work, adaptations of both algorithms were tested on L8 and WV3 visible bands. Also, 

Principal Component Analysis (PCA) (Gholamalifard et al., 2013) was added to the 

procedure, to identify components that best relate with depth and to test the possibility of 

using such component to build the depth retrieval algorithm.  

The application of these methods relied on raster calculations to obtain derived values 

for each pixel of the image. Initial procedures and calculations for the depth retrieval from L8 

and WV3 followed the same methodology, shown in the workflow below (Figure 3). 

 

Figure 3 Workflow illustrating the inputs (white background), functions (blue) and outputs (gray) in the process 

of calculating the bands to be used in the depth retrieval algorithms. To produce the Linear Model (LM) 

variables, first, the natural logarithms plus one (Lnρi + 1) of each visible band were calculated; resulting ln 

bands were stacked to the raster “LM image”. The ratio of each ln band against one another (Lnρi + 1/ Lnρj + 1) 

were the inputs to produce the “RBM image”. Principal Component Analyses (PCAs) were performed in each of 

these later images to produce the PCA(LM) and PCA(RMB) outputs 

The following analyses were implemented in ArcMap 10 software using the Spatial 

Statistics Toolbox (Modelling Spatial Relationships Tool). Exploratory regressions were 

performed in each dataset, to verify which output’s band (and/or combination or bands) best 
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correlated with in situ depth values (i.e. higher Root-Mean-square). The original bathymetric 

data was gridded to match L8 (30 m) and WV3 (2 m) resolutions. 

The results of exploratory regressions allowed the investigation of the best depth 

predictors (Table 2). These predictors were tested as possible explanatory variables in a 

prediction model using Ordinary Least Squares (OLS) regressions in a training dataset 

containing 80% of the field data, for each model. The resulting expressions were tested 

against the remaining 20% of field data (testing dataset). An error comparison between the 

depth predictions of the equations and the depth values obtained by single-beam echo sounder 

confirmed the Root Mean Squares (RMS) obtained in the OLS suggested equations. 

Table 2 Results of Exploratory regressions using Ordinary Least Squares (OLS) for the medium resolution 

dataset - Landsat-8 (L8) and high-resolution dataset – WorldView-3 (WV3). All variables included in the models 

showed a p value < 0.01. A VIF of 7.5 was used to reduce multicollinearity issues. 
Model L8 WV3 

 RMS (VIF < 7.5) Model RMS (VIF < 7.5) Model 

LM 0.63 -Blue +Green < 0.5 - 

RBM 0.63 -Blue/Green 0.61 -blue/green -blue/yellow 

PCA (LM) 0.71 +PC1 – PC2 -PC3 + PC4 0.64 +PC1 – PC2 -PC3 -PC4 

PCA (RBM) 0.72 -PC1 +PC3 +PC4 0.65 -PC1 -PC2 +PC3 +PC4 

 

For both datasets, corresponding grids were built, and the pixels’ values of the best 

predictors were sampled. The pixels were used as input in the resulting equations to produce 

each satellite derived bathymetric map. 

The correlations (RMS < 0,8) between depth and the predictors led to an error 

analysis. A Spatial Correlation Analysis was applied to the residuals, and its results indicated 

clustered distributions for both the L8 and WV3 datasets. Previous studies have confirmed the 

potential use of Geographically Weighted Regression (GWR) to decrease the errors inferred 

by applying one global model to a heterogeneous area (e.g. Monteys et al., 2015; Su et al., 

2013; Vinayaraj et al., 2016). This model addresses bottom type heterogeneity by adapting its 

parameters to geographical variations, identifying and applying optimal parameters for each 

area. Thus, GWR was applied to improve the models’ outputs. GWR was applied to the 

algorithm which yielded the best results in the OLS regressions (Table 2). For both datasets, 

the algorithm with higher RMS was the Principal Component Analysis of the Ratio Bands 

Model, (PCA-RBM) as shown on Table 2. 
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2.4 Results 

The current section presents the results of in situ surveys and the medium and high-

resolution satellite-derived bathymetry. Additionally, the comparison between the resulting 

models and the testing dataset is demonstrated. 

2.4.1 In situ Bathymetry 

The single-beam depth data ranged from -17.4 meters to -0.20 meters. Tide correction 

was performed to the data to eliminate depth differences due to tide variations during field 

surveys’ dates and times. Depth in the area reached approximately 1.7 m in the shallowest 

areas, exposed during low tides, and -16.0 m in the deepest channels, located mainly on the 

fore reef of the last reef line (Table 3). 

Table 3 Post-processed depth values obtained by the single-beam echo-sounder during the field survey at 

Tamandaré reef complex. 

Total depth records Minimum (m) Maximum (m) Mean St. deviation 

209184 -15.90 1.72 -4.09 3.72 

 

Bathymetric data acquired by the single-beam survey were plotted and interpolated 

using EBK to produce a DEM of the study area (Figure 4). EBK’s cross-validation prediction 

error results were: Root-Mean-Square = 0.24; Root-Mean-Square-Standardized = 0.96; Mean 

Standardized Error = 0.0006; Average Standard Error = 0.34. This model was later resampled 

to allow comparison between the medium and high-resolution satellite derived bathymetry (30 

and 2 m, respectively). 
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Figure 4 Digital elevation model of Tamandaré coral reef complex generated using the depth values retrieved by 

single beam echo-sounder. Empirical Bayesian Kriging (EBK) was the geostatistical method of interpolation 
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2.4.2 Satellite-Derived Bathymetry 

To calibrate the satellite depth derivation algorithms, all available in situ data points 

were gridded to match the imagery datasets (Figure 5). Observing the field survey final path, 

several data gaps were noticed in the research area. Very shallow (or even emerged reef tops) 

and areas with high turbulence were bypassed or had their transect path divided in two, to be 

later accessed. 

 

Figure 5 Field depth points distribution and grids used to calibrate the satellite depth derivation algorithms. (a) 
shows the post-processed field data points acquired by single beam echo-sounder (Google Earth image); (b) and 

(c) show a close-up of the data distribution for the Landsat-8 (spatial resolution = 30 m) and WorldView-3 

(spatial resolution = 2 m) datasets, respectively  

The satellite-derived data was calculated applying the best predictors as input bands of 

the OLS equations (Table 2). In addition, the best results were chosen from the previous 

analyses to predict the depths in the area using GWR (Table 4). 

Table 4 Best results for the Ordinary Least Squares (OLS) and Geographically Weighted Regression (GWR) 
analysis carried out to test the correlation between the bands combinations and ground depth data by different 

models and for each satellite dataset – Landsat-8 (L8) and WorldView-3 (WV3) imagery. 

 Best fit model OLS RMS GWR RMS 

L8 PCA(RBM) 0.72 0.92 

WV3 PCA(RBM) 0.65 0.95 
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2.4.2.1 Medium resolution satellite-derived bathymetry 

The four bathymetric maps derived from OLS using Landsat-8 bands bear similar 

resemblance with each other (Figure 6). The maximum depth is variable dependent on the 

algorithm applied. LM algorithm and its derived PCA show deeper depth limits (Figures 6a 

and 6c) than RBM and its PCA (Figures 6b and 6d). 
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Figure 6 Medium resolution satellite (Landsat-8) depth derivation in Tamandaré Coral Reef Complex, using: (a) 

Linear Model (LM); (b) Ratio Band Model (RBM); (c) Principal component analysis of log-transformed bands 

(PCA[LM]); (d) Principal components analysis of the ratio bands model (PCA[RBM])  
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Applying a GWR to the best OLS results improved the RMS (from 0.72 to 0.92). The 

GWR-derived bathymetry successfully shows reef boundaries, subtle depth variations across 

different substrata and across sand channels (Figure 7). Of all the previous bathymetric maps, 

the GWR derivation shows the best fit to ground truth data. 

 

Figure 7 Medium resolution satellite (L8) depth derivation in Tamandaré Coral Reef Complex, using 

Geographically Weighted Regressions (GWR). Three images on the right show close-ups of different areas in 
the scene (reefs with deep and shallow borders, sand channels) 
 

A raster difference operation (Figure 8) was applied to expose the differences between 

all three datasets (EBK, PCA-RBM and GWR) in a pixel-by-pixel basis. This operation 

allowed the visualization of which areas were responsible for the most variable results. 
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Figure 8 Results of raster operations for medium resolution bathymetry: (a) “Empirical Bayesian Kriging (EBK) 

minus Geographically Weighted Regression (GWR)”; and (b) “PCA(RBM) minus GWR. Positive values (red) 

show areas where GWR depth values were lower (deeper) than EBK or PCA(RBM). Negative values (blue) 

show shallower estimations by GWR than the compared model. Neutral colours show high agreement areas. (c) 

Landsat-8 (L8) (RGB432) 

The medium resolution satellite bathymetric derivation (L8-SDB) results are 

consistent with the regional depth and reef distribution. The three reef lines pattern is well 

defined, and large-scale relief are spotted throughout the scene (e.g. channels, depth variation 

between large reef formations, wide tide pools and lagoons). Most depth differences between 

the field bathymetry DEM and L8-SDB are in areas that represent a challenge for in situ data 

acquisition. Lower correlations between PCA(RBM) and GWR derived bathymetry infer a 

contribution of a lighter water colour in the shallowest estimations by PCA(RBM). The reefs 

present in the eastern borders of the image may indicate a depth overestimation by 

PCA(RBM), due to their darker visual representation.  

2.4.2.2 High resolution satellite-derived bathymetry 

 The results of the high-resolution satellite derivation and comparisons with in situ 

interpolations follow the same scheme as the previous section. OLS results for the best WV3 

depth predictors are shown in Figure 9. The linear model (LM) was not used to calculate a 

bathymetric map due to its low correlation with in situ values (RMS < 0.5). 
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Figure 9 High resolution satellite (WorldView-3) depth derivation in Tamandaré Coral Reef Complex, using: (a) 

Ratio Band Model (RBM); (b) Principal component analysis of log-transformed bands (PCA[LM]); (c) Principal 

components analysis of the ratio bands model (PCA[RBM]) 

Analogous to the medium-resolution derivation, the bathymetric maps derived from 

OLS using Worldview-3 bands look similar to each other in general. The maximum depths 

are again, different, dependent on the method. RBM’s values registered up to 30-meter deep 

areas, what may be identified as an exaggeration, considering in situ values and the other 

derivation results. The three maps show a great level of detail, with well-defined reefs, even 

in more complex areas, such as the reefs in the central zone of the image.  

PCA(RBM) model was used as input to produce the GWR bathymetric model (Figure 

10), improving the RMS of the algorithm from 0.65 to 0.95. The close-up images show 

specific structure variations, like small tide pools on reef flats and, distinct reef zoning and 

small-scale variations in deeper reefs. On the other hand, due to the high-resolution of the 

image and the arrangement of in situ data, the resulting image exhibited artefacts even after 

applying smoothing techniques. These “glitches” resemble narrow ridges, both parallel and 

orthogonal to the shoreline and are caused by the distance between data points from one 

transect to another, and to the number of neighbours used to derive the GWR model. 
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Figure 10 High-resolution satellite (WV3) depth derivation in Tamandaré Coral Reef Complex, using 

Geographically Weighted Regressions (GWR). Three images on the right show close-ups of different areas in 

the scene 

GWR(WV3) results were compared against EBK interpolation of in situ values and 

against the best OLS predictor (PCA[RBM]) to identify further discrepancies between the 

three bathymetric datasets (Figure 11). 

EBK’s comparison with GWR(WV3) the majority of the area has a neutral colour, 

exhibiting similar values. The different values appear to be considerable extreme in colour 

(dark red and dark blue) but small in area. These are mostly in zones lacking in situ data, 

reflecting possible errors in the EBK interpolation. Comparing the PCA(RBM) results, it is 
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possible to notice that the differences are much more diffuse in area but in general, are 

represented by a neutral colour scheme. PCA(RBM) appear to be more influenced by the 

water colour than the GWR, showing shallower values in known deep areas (e.g. sand 

channels in the lower and upper bays visible in Figure 11c). 

 

Figure 11 Result of raster operations for high-resolution bathymetry: (a) “EBK minus GWR”; and (b) 

“PCA(RBM) minus GWR. Positive values (red) show areas where GWR depth values were lower (deeper) than 

EBK or PCA(RBM). Negative values (blue) show shallower estimations by GWR than the compared model. 

Neutral colours show high agreement areas. (c) WV3 (RGB431) is provided for comparison purposes 

2.4.2.3 Bathymetric models’ comparison with in situ testing dataset 

Each model was tested against the testing dataset (i.e. 20% of the original in situ data) 

to analyse the differences between depth values derived by the bathymetric models and the 

values observed in situ. Figures 12 and 13 show the analyses’ results for the medium and 

high-resolution bathymetric models, respectively. The medium resolution model derived from 

EBK interpolation (Figure 12a) shows more depth differences than the high-resolution EBK 

derivation (Figures 13a), which can be due to resampling the depth data to match Landsat’s 

30-meter resolution. For both datasets, OLS-derived models (Figures 12b, 13b) show the 

highest deviations from in situ values. The resulting depth differences confirm the water 

colour influence in these models observed in Figures 8 and 11. GWR-derived maps (Figures 

12c, 13c) seem to account for these discrepancies, as the majority of depth difference values 

are within a 0.5-m range. 



 
 

 

 

36 
 

 

Figure 12 Medium resolution dataset’s differences observed between in situ depth values and; a) EBK-derived 

depth; b) Principal Component Analysis of the Ratio-Band Model (PCA[RBM])-derived depth; c) 

Geographically Weighted Regression (GWR)-derived depth. Blue points show areas where the real (situ) depth 

were deeper than predicted by the models, red points show areas where the real depth were shallower than the 

predicted by the models and white points show high agreement between the datasets (i.e. depth difference < 0.5 

m) 
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Figure 13 High resolution dataset’s differences observed between in situ depth values and; a) EBK-derived 

depth; b) Principal Component Analysis of the Ratio-Band Model (PCA[RBM])-derived depth; c) 

Geographically Weighted Regression (GWR)-derived depth. Blue points show areas where the real (situ) depth 

were deeper than predicted by the models, red points show areas where the real depth were shallower than the 

predicted by the models and white points show high agreement between the datasets (i.e. depth difference < 0.5 

m) 

2.4 Discussion 

Depth is one of the main controlling physical factors in the distribution of benthic and 

fish communities (Green et al., 2005; Wilson et al., 2007; Pittman et al., 2009). The 

complexity of the relief in a coral reef environment needs to be analysed at different scales: it 

requires a scale small enough to perceive the details of the ecosystem, yet large enough to 

cover large areas that harbour the complexity intrinsic to coral reefs. Satellite imagery can be 

classified by spatial resolution, based on the size of each pixel: very high (< 1 m/pixel), high 

(1 – 10 m), moderate or medium (10 – 100 m) and low (> 100 m) (Hedley et al., 2016). 

Deriving depth by remote sensing in coral reefs is generally accomplished by using moderate 

(e.g. Hedley et al., 2018; Pacheco et al., 2015; Vinarayaj et al., 2016) or high-resolution 

datasets (e.g. Collin and Hench, 2012; Doxani et al. 2012; Manessa et al., 2016; Monteys et 
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al., 2015). Considering the large area covered by each satellite image, remote sensing is 

considered a feasible option for mapping and monitoring coral reefs, as it can be implemented 

in fine resolution in a large spatial scale (Mumby et al., 2004). 

The first step to study the depth variations in the study area was a bathymetric survey, 

as field data is necessary to calibrate the algorithms used to derive bathymetry from satellite 

imagery. Several authors (e.g Su et al., 2014; Kabiri, 2017) have used depth data from local 

nautical charts to calibrate bathymetry from remote sensing, thus avoiding the onerous field 

survey. This was not possible in the area due to errors and sparse data associated with the 

outdated nautical chart for the Tamandaré coastal region.  

The linear and ratio models (LM and RBM) are widely used to derive depth from 

satellite imagery (e.g. Gao 2009; Contreras-Silva et al., 2012; Zoffoli et al., 2014; Casal et al., 

2019). The ratio approach is an adaptation of the LM approach, and it was developed to 

minimize the effects of varying albedo in heterogeneous areas (Stumpf et al., 2003). 

Therefore, in a coral reef region, with heterogeneous bottom substrate and complex relief, 

RBM is expected to show higher correlation with in situ values. Oppositely, in the present 

research, LM and RBM showed similar correlation (Figure 6 a, b) for the medium-resolution 

bathymetry (LM-L8 RMS and RBM-L8 RMS = 0.63). This contrasts to what was observed in 

previous studies (e.g. Stumpf et al., 2003) but agrees with some others (Lyons et al., 2011; 

Pacheco et al., 2015), that considered the LM an acceptable method for deriving bathymetry 

in shallow waters. For the high-resolution dataset (Figure 10 a, b), this result was quite 

different, since LM could not be used to derive bathymetry due to its extremely low RMS. 

This result by itself can attest to the differences in using multiple satellite sensors, even when 

applied to the same study area, tuned with the same ground data and following the same 

corrections’ protocol. The ratio of the blue and green bands, consistently used in remote 

sensing bathymetric derivation (e.g. Daniell, 2008; Jagalimgam et al., 2015; Stumpf et al., 

2003), was also the best fit for the RBM using Landsat-8 and WorldView-3 pixel values. 

The Principal Component Analyses of LM and RBM (Figures 6 c, d and 10 c, d) 

yielded the best results for linear regression for both satellite images (for L8, PCA-LM RMS 

= 0.71, PCA-RBM RMS = 0.72; and for WV3, PCA-LM RMS = 0.64, PCA-RBM = 0.65). 

The range of values found in the present study is generally considered reasonably good results 

and have been used to derive bathymetry and topographic metrics from satellite image (e.g 

Gholamalifard et al., 2013; Knudby et al., 2010), so both these coefficients can already be 

considered good depth predictors (RMS > 0.65). This result can be applied to estimate the 
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depth of other areas in the same scene, which, when considering the total size of the original 

Landsat 8 scene for example (185 x 180 km), can be very promising for future studies.  

Even though the PCA(LM) and PCA(RBM) were the best OLS discriminators of 

depth, they were still influenced by spatial effects. This error yielded the need of a 

geographically adaptative model, which effectively improved the results. Other studies 

corroborate this approach (e.g. Monteys et al., 2015; Vinarayaj et al., 2016), showing better 

performances of geographically adaptative models over one “global” model for the whole 

scene. This GWR applied to obtain the best results is locally specific, and although it may 

properly predict missing data in the study area, its applicability in other parts of the scene is 

limited.  

Regarding the differences between EBK interpolation of in situ values and the SDBs 

the majority of the surface areas show good similarity. As previously stated, deeper areas, 

most reef tops and high turbidity zones do not show high accuracy due to gaps in the survey 

transects. SDB could predict the depth values of these areas, inferring that the error relies on 

the interpolation and not on the bathymetry derived by L8 or WV3. In fact, the depth range in 

the study area was almost ideal, as the coastal blue and blue bands (present in both sensors) 

have their maximum penetration in 30 meters in perfectly transparent water and about 15-20 

m in normal conditions (Gao, 2009; Liceaga-Correa and Euan-Avila, 2002). 

Both scenes selected for this study were taken during summer (December 2016 and 

February 2017 for L8 and WV3 respectively), to minimize the chance of high sediment influx 

from the two main rivers in the area. Even so, it is possible to see a sediment plume across the 

region in both images. Reduced accuracy in depth derivation by satellite imagery due to 

sedimentation was observed in previous works (e.g. Green et al., 2000; Monteys et al., 2015). 

This appears to be an issue in this research only in the OLS derivations but was mitigated by 

the GWR. In summary, the medium resolution bathymetric map derived from GWR (Figure 

8) improves the results of EBK interpolation (removes artefacts from the resulting raster and 

corrects the errors due to missing data) and of the OLS derivation (GWR was less influenced 

by water colour that overestimates depths in coral reef tops and underestimates in high-

sediment areas). For the reasons mentioned, it was considered the best medium resolution 

bathymetry for the area, and thus, the resulting bathymetric map is recommended for use in 

future studies and demands. 

GWR high-resolution derivation is highly important as it offers a spatial resolution 

detailed enough to allow ecological studies (Eugenio et al., 2015; Purkis, 2018). The results 

(Figure 12) show a much more detailed vision of the area, with structures and patterns that 
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could not be observed in the medium resolution bathymetry. The high definition mapping of 

the complex coral reef area is a substantial improvement especially for the derivation of 

bathymetry-dependant metrics such as rugosity that can be used to infer complexity areas and 

as a tool in management decision. 

The main morphological features described for the reefs in the area (Maida and 

Ferreira, 1997), with the three reef lines parallel to the coast, could be observed in the SDBs 

generated by the algorithms. The differences in results of the medium-resolution bathymetry, 

the high-resolution bathymetry, and the algorithms used to generate them can be noticeable 

when profiles of a large area (Figure 14) and a small area (Figure 15) are analysed. These 

profiles were generated following the same path made during the field survey. 

 

Figure 14 Depth profiles of “Area 1” (>1500m) in Tamandaré coral reef complex on single-beam survey 

transects using the different depth derivative algorithms. The profiles on the right show in situ depth values 

(black), Empirical Bayesian Kriging (EBK) interpolation (blue), Principal Component Analysis of the Ratio 
Bands Model (PCA[RBM]) (grey) and Geographically Weighted Regression (GWR) (red). (a) location of “Area 

1”, considered a large area for the scope of this research, WorldView-3 RGB 431 is displayed for visualization 

purposes. (b) Medium-resolution bathymetric profiles; (c) High-resolution bathymetric profiles 
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Figure 15 Depth profiles of “Area 2” (< 500 m) in Tamandaré coral reef complex on single-beam survey 

transects using the different depth derivative algorithms. The profiles on the right show in situ depth values 

(black), Empirical Bayesian Kriging (EBK) interpolation (blue), Principal Component Analysis of the Ratio 

Bands Model (PCA[RBM]) (grey) and Geographically Weighted Regression (GWR) (red). (a) location of “Area 

2”, considered a small area for the scope of this study, WorldView-3 RGB 431 is displayed for visualization 

purposes. (b) Medium-resolution bathymetric profiles; (c) High-resolution bathymetric profiles 

The profiles of the medium-resolution bathymetry (Figure 14b) across a large area 

show the agreement between the algorithms and depth values obtained by single-beam survey. 

Analysing closely, GWR and EBK were able to perceive an increase of depth at the beginning 

of the profile (first 150m). This lagoon is very close to the shore and can reach more than 8 m 

of depth in the first 50 m. This area should be monitored closely, as it can be a hazard to 

beach users. On the other hand, this particular relief's configuration (depth and proximity to 

the coast) has made this area historically known as an ideal harbour location (Branner, 1904; 

Oliveira, 1864). PCA-RM is not able to detect this lagoon in the first 200 m of the profile, 

probably influenced by water colour and high sedimentation in the area. It is possible to 

visualise a gradual decrease of depth until the profile reaches the second reef line (circa 1000 

m). The algorithms show the complex relief associated with the spur-and-groove and 

fragmentation in the region between the second and third reef lines. Satellite imagery of the 

region (e.g. Figures 2 and 14a) allow the observation of the third reef life throughout the 

region. These reefs, as described by Maida and Ferreira (1997) form a barrier line and can be 

exposed during low tides. In this profile, the third line is first detected at 1600 m, followed by 

a lagoon and the remaining reef formation. Due to high rugosity and increased wave action, 

field survey of these features was challenging and sometimes, not possible. In areas with 
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missing field data, EBK interpolation registered a sudden increase of depth (Figure 4), 

missing the outer reef line. On the other hand, SDB profiles were able to register this feature, 

evidencing better suitability to map such regions. 

The high-resolution bathymetry of Area 1 (Figure 14c) show similar geomorphologic 

features in the area. The narrow lagoon (1700 m) separating the shallower portion of the third 

reef line from its deeper fore reef and intra-reef lagoons can be seen in the profiles and were 

registered by all three algorithms. Even though it is a large area, the level of detail brought by 

the GWR derived from WV3 is remarkable: small topographic variations can be seen 

throughout the profile, successfully showing the complex relief of the reefs and sand 

channels. 

The small scale profiles (Figure 15) confirm the robustness of the high-resolution 

GWR for detailed studies. While in the medium-resolution bathymetry it is only possible to 

observe the presence of a reef (Figure 15b), distinct geomorphological zoning and specific 

structures are efficiently observed in the high-resolution GWR profile (Figure 15c). The 

vertical zonation of the Tamandaré reefs, first described more than four decades ago (i.e. 

Laborel, 1969 and later, by Maida and Ferreira, 1997), were registered in detail by the 

GWR(WV3) bathymetry. In the first 40 meters of the profile, it is possible to observe the 

lagoon and the beginning of the reef with a step-like formation associated with the back-reef 

slope. Two small intra-reef lagoons (or tide-pools) can be visualized (circa 120 and 180 m), as 

well as small indentations across the reef flat. The reef crest appears (240-250 m from the 

beginning of the profile) followed by an upper fore-reef slope and the fore-reef wall. The 

possibility of detecting these specific zoning and small-scale relief support the application of 

GWR(WV3) on a local and detailed scale in coral reefs. 

Discrepancies between the previous description of the area (i.e. Maida and Ferreira, 

1997) and the resulting GWRs depth derivations (Figures 8 and 12) indicate that some 

changes may have occurred in the area in the last 20 years. The reefs in front of Campas 

beach were formerly depicted as being separated from the shore by a shallow lagoon occupied 

by a seagrass bed (Maida and Ferreira, 1997). This area now appears to be almost attached to 

the coastline, with little bathymetric variations and very shallow depths. This suggests that in 

the two decades between the studies, the lagoon has been filled up by sediments and as a 

consequence of this sedimentation, a decrease in seagrass cover may have occurred. The fact 

that the shallow area also functions as an anchoring area for the local marinas during summer 

could have added to destabilization of the bottom, causing a loop between seagrass loss 

causing, and caused by, increased sediment suspension. 
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The tendency to siltation was also observed by Strenzel (2004) when comparing the 

coastal bathymetry of Tamandare bay in 1961 and 2001. Since then, anthropogenic pressures 

in the coastal zone of Tamandaré have gradually increased (IBGE, 2017) and may have 

contributed to coastal erosion and sediment accumulation on the lagoon and on top of the 

reefs. These reefs’ proximity to the coast add other sources of direct impacts (e.g. human 

trampling, which cause physical destruction of the structure) (Santos et al., 2015; Sarmento 

and Santos, 2012). These observations suggest loss of structural habitat complexity and 

therefore, loss of biodiversity. They also confirm the urge for more studies targeting the 

benthic morphology in the area at both regional and fine scales. 

Considering the well-established role of the bathymetry in the coral reef environment, 

any significant bathymetric change in the reef area must be addressed as soon as possible to 

avoid destructive impacts (Mumby et al., 2004). The application of a multiresolution 

approach is recommended, specifically, Landsat-8 for a broad-scale analysis and WorldView-

03 for fine-scale studies. Monitoring the area in a temporal scale also becomes possible: once 

the base map is generated, it is possible to detect changes in the area using multitemporal 

analysis, as already exemplified in this study. GWRs in GIS environment can be used to 

predict the change in the dependent variable (depth) by altering the explanatory variables 

(pixel values). This provides a range of testing scenarios and diagnostics for past/future 

spatial changes that are highly important for management and monitoring strategies (Dunn 

and Halphin, 2009; Hedley et al., 2016; Mumby et al., 2004). In addition, the remotely sensed 

bathymetry derived in this study can be used to derive terrain complexity parameters in a 

broad (i.e. 10-100 m) (e.g. Duan et al., 2016; Hedley et al., 2018) and fine scales (i.e. 1-10 m) 

(e.g. Collin et al., 2013; Ferrari et al., 2018) matter. These metrics can then be applied in coral 

reef health evaluations and as a tool in MPA design. 

2.5 Conclusions 

This study suggests that deriving depth by remote sensing and more precisely, satellite 

imagery, is a feasible alternative for a shallow, high relief coastal coral reefs, like the study 

area, since other methods are unavailable and/or cost-ineffective.  

An EBK interpolation of in situ values was not enough to depict the bottom relief of 

this coastal coral reef area, as shallower regions and areas with increased wave action were 

not accessed during the field survey. On the other hand, the in situ data points that were 

properly acquired were highly valuable to calibrate the SDB models. 
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Considering SDB models derived from linear regressions, PCA(RBM) was the best 

depth predictor using both Landsat-8 and WorldView-03 images. Although such models 

could be used for the bathymetric mapping of Tamandaré coastal zone, applying GWR is 

recommended, as it substantially improved the results. 

Medium resolution SDB using GWR is recommended for mapping large areas and 

structures. L8’s low cost, high temporal resolution, repeatability and coverage allow further 

monitoring and broader scale studies to be done in the area and areas alike. WV3 derived 

bathymetry using GWR showed capability of mapping the sea floor in the level of detail 

required by a range of ecological studies. Thus, this bathymetric model may be used as input 

in fine resolution terrain modelling and may contribute to the habitat mapping of the region. 

In fact, this research is the first step in the high-resolution monitoring of the area and 

contributes in present and future ecological and management programs. 
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3.1 Abstract 

Mapping topographical and ecological relevant measures that can be interpreted as 

habitat complexity proxies is essential to assist strategical decisions that aim to conciliate use 

and conservation in coral reef ecosystems. Satellite-based remote sensing has been frequently 

used to derive environmental values in spatial scales large enough to depict entire ecosystems 

at once. Additionally, high-resolution datasets have recently became available and cost-

effective, making these ideal tools to map coral reef areas, if calibrated with reliable field 

data. Our study region is situated on the Northeast Coast of Brazil and located within a 

Marine Protected Area (Costa dos Corais), subjected mostly to human-related impacts such as 

pollution, fishing, unorderly tourism and coastal sedimentation. The coral reefs of Tamandaré 

are in a shallow, topographically complex area which offers numerous challenges for in situ 

mapping. The geobiodiversity of the area was derived using high and medium resolution 

datasets (i.e. WorldView-03 and Landsat-8 OLI) and georeferenced photos and videos 

acquired in situ. We derived ecological (e.g. benthic cover, habitat diversity per area), 

topographical (e.g. bathymetry, rugosity) and local (e.g. distance to shore, turbidity) to 

analyse the distribution of a dominant coral species in the region, Millepora alcicornis. 

Habitat suitability for the occurrence of the species was calculated using MaxEnt (AUC > 

0.98). We have also assessed the relevance and effectiveness of a no-take area in the region. 

The model identified topographical limiting factors to the settling and growth of coral 

colonies in the area, such as the distance to the shore and depth. Albeit, the most important 

variables were ecological, showing the importance of maintaining high biodiversity values in 

a coral reef ecosystem. Integrating the habitat suitability model with absence data and human 

use maps suggested the impact of fishing and tourism as potential inhibitors to coral growth. 

The results in this study reinforce the importance of a no-take zone and protective measures 

for the maintenance of local biodiversity. Furthermore, it offers a detailed mapping of the 

coral reef complex of Tamandaré, which may be applied in future research. 

Keywords: Coral reef. Millepora alcicornis. MaxEnt. Remote Sensing. Benthic mapping.  
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3.2 Introduction 

Coral reefs are considered hotspots of marine biodiversity and complex ecosystems, 

both ecologically and geomorphologically (Bellwood et al., 2004; Pittman and Brown, 2011). 

Furthermore, these environments support socioeconomic activities and can be essential for the 

livelihood of millions of people (Wilkinson and Salvat, 2012; Burke et al., 2017).  For these 

reasons, they are usually considered as priority conservation areas (Pittman et al., 2007; 

Magris et al., 2016), 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) (Belwood et al., 2004; Halpern et al., 2008) to global threats (e.g. 

climate change, overfishing, El-Niño related bleaching and mortality) (Hughes et al., 2007; 

Hughes et al., 2017). These effects may be heightened in coastal reefs, where frequent direct 

human impacts related to activities occurring in the reef framework occur (Davenport and 

Davenport, 2006; Pittman et al., 2011; Lai et al., 2015). 

The establishment of Marine Protected Areas (MPAs) using ecosystem-based 

approach have been constantly described as one of the most effective tools to reduce habitat 

loss (Agardy et al., 2011) and harmful impacts in coral ecosystems. Nevertheless, the 

practical effectiveness of such areas relies heavily on how ecologically appropriate the chosen 

region is and how efficiently they are managed (Jameson et al., 2002; Adam et al., 2015). 

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 

(Bridge et al., 2012). 

Species Distribution Models (SDM) can provide useful insights on how the 

biodiversity is distributed across a region based on environmental conditions (Elith et al., 

2011). Thus, these models have been used as tools to help identifying and delineating areas of 

biological importance and complexity (e.g. Selig et al., 2012; Bridge et al., 2012) and 

facilitate the determination of MPAs. MaxEnt (Philips, Dudík and Schapire, 2017; version 

3.4.1) is an SDM tool which produces straightforward, quantitative and spatially explicit 

information on the interactions of environmental variables and targeted species. 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 modelling 

biodiversity distribution is implying and calculating environmental variables that may 
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influence the distribution of the species (Poulos et al., 2015). The major challenge is usually 

the acquisition of these environmental data, particularly at spatial extents and resolutions that 

reflect ecologically meaningful habitat structure.  

The influence of topography and underwater relief in coastal coral reef ecosystems is 

well documented (Ledlie et al., 2007; Graham and Nash, 2014; González-Rivero et al., 2017). 

Additionally, the maintenance of their inherent relief complexity 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 70’s, with the launching of the first 

Landsat satellite (Green et al., 1996). Technological advancements on 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 (Collin and Hench, 

2012; Reshitnyk et al., 2014). Furthermore, satellite imagery is a budget-friendly way of 

deriving important habitat variables such as bathymetry (e.g. Silveira et al., 2019), terrain 

complexity (e.g. Lundblad et al., 2006) and benthic cover (e.g. Andréfouët et al., 2003; 

Eugenio et al., 2011), making them frequently reliable allies in SDMs and conservation 

planning. 

This study aims to integrate cost-effective and multi-resolution remote sensing 

techniques, species distribution models and human use layers to aid in the management of a 

tropical coastal reef in Northeast of Brazil. Located in the most extensive MPA in the country 

(Costa dos Corais), the coral reef complex of Tamandaré if of great biological socioeconomic 

importance and harbours many commercially important fisheries (Ferreira and Maida, 2006; 

ICMBio, 2012). The main reef framework in the region is located less than 1 km from the 

coastline, and the entire region experiences impacts intensified by recent developments, 

overfishing, pollution and unorderly tourism (Castro and Pires, 2001; Ferreira and Maida, 

2006). The area includes the first and oldest no-take area in the MPA (Ferreira et al., 2006a).  

Multiple-use zonation, aiming to reconcile conservation and human activities, is one of the 

main strategies of a Federal Government’s Management Plan for this MPA (ICMBio, 2012).  

However, criteria for eligibility of those zones are often more practical than scientific, 

partially due to data limitations on ecological aspects.  The present study aims to develop and 

test methods to aid in those choices, while evaluating the effectiveness of previous 

management measures in the region. 
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3.3 Methods 

This research was conducted under a permit issued for the authors by the Brazilian 

Ministry of Environment (MMA – Ministério do Meio Ambiente and ICMBio – Instituto 

Chico Mendes de Biodiversidade). 

3.3.1 Study Area 

The study area is located in the South of Pernambuco State, Brazil (Figure 1). The city 

of Tamandaré is a region known for its biodiversity, associated with mangroves, estuaries and 

coral ecosystems present throughout the area (Ferreira et al., 2006b). The city has two main 

rivers, Formoso and Mamucabas, which are the main sediment source for this coastal zone 

(Macedo, 2009), especially during winter months. 

The reefs of Tamandaré resemble fringing reefs and are arranged in a particular pattern 

of three lines parallel to the coast (Maida and Ferreira, 1997). They harbour a rich fauna and 

flora compared to similar areas of the Brazilian Northeast region (Leao et al., 2003; Ferreira 

and Maida, 2006). These environments are inserted in the Costa dos Corais Marine Protected 

Area (MPA), in zones with different degrees of protection, among them: no-take zones, 

exclusive fishing zones and conservation zones (ICMBio, 2012).  

They are located in a shallow carbonate platform, where the clear water, proximity to 

the coast and biodiversity make this region a regional tourist spot (Ferreira et al., 2006b; 

Silveira, 2018). The area harbours many commercially valuable fish species, and artisanal 

fishing is one of the most traditional activities and source of income in the area (Ferreira et 

al., 2001; ICMBio, 2012). One of Costa dos Corais MPA’s main goal 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, 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. 
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Figure 1 Study area at the coral reefs of Tamandaré (hollow black polygon) and the location of the no-take zone 

(hollow blue polygon). The area is located within the limits of Costa dos Corais MPA (green polygon). Satellite 

Image: Landsat8 RGB431 

3.3.2 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 hydrocoral can be observed in 

Brazilian coral reefs mostly in its tree-like, branching morphotype and more rarely, in its 

encrusting form. Laborel (1969) described three main morphotypes (i.e. cellullosa, digitata 

and fenestrata), which are closely related to the level of turbidity and turbulence in the region. 

In Tamandaré coastal reefs, only observations of the branching form (fenesterata) have been 

registered. 
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This methodology has been widely used to produce species distribution models, and 

thus, analyse and predict suitable habitats for a range of terrestrial and marine species (e.g. 

Couce et al., 2012; Freeman et al., 2013; Bargain et al., 2017). We chose this software due to 

its robustness and capacity of working well with presence-only data, even in small numbers 

(Philips and Dudík, 2008; Bridge et al., 2012). MaxEnt identifies where a certain species is 

most likely to occur, based on how similar each pixel in the area is to the presence pixels. To 

do so, it relies on two sets of input data: first, known occurrences of the target species (or 

group of) 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 (Merow et al., 

2013). To interpret and evaluate the results, MaxEnt provides a metric of model fit, “area 

under the receiver-operator 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) (Merow et al., 2013; Radosavljevic and Anderson, 2014).  

We used 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, and 70% of occurrence data was used as training, and the 

remaining 30%, used as test data. It is imperative to remember that MaxEnt’s raw 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.  

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 (Merow et al., 2013). The environmental variables chosen 

here are displayed on Figure 2 and have been applied in previous similar studies (e.g. Bridge 

et al., 2012; Costa et al., 2015). Additionally, other authors have showed the importance of 

using variables in varying window sizes (e.g. Etnoyer et al., 2018). 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 2 Histogram of the process to derive the predictive distribution model of Millepora alcicornis in MaxEnt. 

3.3.2.1 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 (Ferreira et al., 2018). Millepora alcicornis is 

considered an important reef builder and has a broad distribution throughout the reefs in the 

study area (Maida and Ferreira, 1997; Ferreira and Maida, 2006; Amaral et al., 2008), with 

zoning patterns that respond to physical factors (Lewis, 2006). 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 eTrex 20x) (Roelfsema and Phinn, 2010; Roelfsema et al., 2015; Poulos et al., 2016) 

recording location data at 5-second intervals. For the photo-transects, a 30x30cm quadrat was 

used, made using poly vinyl 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 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 time stamp 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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Specimens of Millepora alcicornis were also classified by size, following a minimum 

diameter rule of 100 cm. This was done to ensure the site was truly colonized by the species, 

since Millepora alcicornis’ branches can be fragmented, dispersed, and start settlement and 

growing rapidly even under unexpected conditions (Rodríguez et al., 2019; Wirtz and 

Zilberberg, 2019). 

 

Figure 3 PVC apparatus (handle and frame with metric tape) used in the field study to obtain presence records 

and measurements of Millepora alcicornis colonies 

3.3.2.2 Environmental layers 

The environmental layers that were used as input in MaxEnt modelling were divided 

in three categories: ecological (biological), topographical and local. 

3.3.2.2.1 Ecological 

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 (Dalleau et al., 2010; McManus et al., 2019), and thus were deemed essential in this 

study. 

The habitat map was produced by supervised classification of a WorldView-03 scene, 

which provided excellent detail due to its spatial resolution (2 meters/pixel). The processing 

steps of the satellite imagery were radiometric and atmospheric correction, land and cloud 

masking and water column corrections (e.g. Green et al., 2000; Andréföuet et al., 2003; 

Deidda and Senna, 2012). Glint correction is a usual step in this process but was not necessary 

as the image showed negligible sun glint in the study area. 
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Field data collection was done in coordination with Millepora alcicornis colonies 

surveys, using georeferenced photo and videos (e.g. Roelfsema et al., 2010, Roelfsema et al., 

2015). Approximately 7500 frames resulted from these campaigns, which were synchronized 

with GPS data and placed on the satellite scene. First, the main benthic cover was identified 

visually, following, whenever possible, the Reef Check Brazil substrate cover identification 

scheme (Ferreira et al., 2018). Additionally, all coral colonies (of all species occurring in the 

area) were identified, counted and colonies with a diameter of more than 50 cm were singled 

out and measured. We selected the most representative points of each benthic cover identified 

to be used as training set in the supervised classification of WorldView-3 image (1500 

points). A machine learning algorithm, Vector Machine Classifier (Spatial Analyst Toolbox in 

ArcMap 10.4), was used to classify the scene and map the 15 classes we identified in the 

region. To test the accuracy of the resulting habitat map, we selected 30 pixels per class 

(totalling 150 pixels) and analysed the suggested cover against points that were not used to 

train the algorithms, which resulted in an overall accuracy of 79%. 10 frames per class were 

also analysed in  CPCe software (Kohler and Gill, 2006) using 15 points per photo, to 

quantify each cover’s percentage. 

Using this habitat map, we derived the habitat diversity and the major cover layers for 

three window sizes 30 x 30 m (900m2), 50 x 50 m (2500 m2) and 100 x 100 m (10000 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 milleporas in the area. 

3.3.2.2.2 Topographic 

Topographic layers were all derived from fine and medium resolutions bathymetric 

data (2 and 30 m/pixel, respectively) available for Tamandaré’s coastal zone (Silveira et al., 

2019). 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 (Lewis, 2006) and are frequently applied in distribution 

modelling studies (e.g. Bridge et al., 2012; Etnoyer et al., 2018; Poulos et al., 2016). 

Topographic layers were derived using Benthic Terrain Modeler (BTM) version 3.0 extension 

for ArcGIS (Walbridge et al., 2018). 
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BPI compares the depth of each pixel to the mean depth of a determined surrounding 

area (Yamamoto et al., 2012; Secomandi et al., 2016). In other words, it calculates where the 

pixel is (vertically) compared to its surroundings. As a result, BPI’s positive values reflect 

how shallower a pixel is, in relation to the mean (such as reefs structures, reef crests). 

Contrarily, BPI’s negative values reflect how 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 3x3 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 (Walbridge et al., 2018). VRM calculates rugosity (i.e. terrain 

structural complexity) by measuring the dispersion of vectors orthogonal to the ground 

surface (Sappington et al., 2007). It was derived using 5x5 window for the high-resolution 

bathymetric dataset and a 3x3 window for the medium-resolution data. Aspect, given in 

degrees (0 to 360º), 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 (Wilson et al., 2007; Henry et al., 2009; Henry et 

al., 2013). 

3.3.2.2.3 Local 

Local environmental attributes that could affect distribution of Millepora alcicornis were 

distance to shore and turbidity. Distance to shore was determined by calculating the distance 

between each pixel in the WV3 image and 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-related damage (Davenport and 

Davenport, 2006; Halpern et al., 2008; Selig et al., 2014). Turbidity (TSU) was derived from 

a Landsat 8 satellite image (July 20,2016) showing an increased influx of sediment to the 

area. We used the algorithm of Dogliotti et al. (2015) in the software ACOLITE 

(Vanhellemont and Ruddick, 2016; 2018) to retrieve a relative measure of turbidity and 

sedimentation in the region. 

3.3.3 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 (Silveira, 

2018), and thus can interact negatively with the settling and continuous growth of coral 

colonies.  
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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 (February 02; September 13, 

September 14), to allow the estimation of largest impacts.  

Fishing data were collected during a twelve-month period (July 2016 to June 2017), on 

an average of two days each week, totalling 87 survey days (Silveira, 2018). 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’s 

layer calculation, the fishing map was derived using the maximum number of fishers in a reef 

area on a given day. 

3.4 Results 

3.4.1 MaxEnt Input Parameters 

3.4.1.1 Millepora alcicornis presence data 

Millepora alcicornis colonies were found on 859 locations, out of the total 7437 points 

in the study area. Out of these, only 222 registers were of “large colonies”, following the 

proposed 100-cm diameter rule (2.98% of total points). As expected, almost all colonies (185 

registers) were found on a consolidated reef structure, and usually on reef crests. Few 

specimens (37 points) were also associated to reef rubble, detached of 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 type fenesterata, with a “fine branching” form (Figure 

4). 

Aditionally, during the course of this study, we were able to register all 11 coral 

species described for the area: Siderastrea sp., Millepora alcicornis, Agaricia humilis, Porites 

astreoides, Favia gravida, Millepora braziliensis, Mussismilia hispida, Montastraea 

cavernosa, Mussismilia harttii, Porites branneri and Scolymia welsii (in order of occurrence). 
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Figure 4 Millepora alcicornis presence data in Tamandaré-Brazil used as input in MaxEnt modelling. Red dots show locations where large colonies of the species were found 
(222). White dots show all Millepora alcicornis locations, considering smaller colonies (637). Black dots show all remaining field data (6578). Satellite image: WorldView-03 

RGB431 
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3.4.1.2 Ecological layers 

Using supervised classification of the WV3 scene, we were able to identify 15 benthic 

classes in the study area (Figure 5), which were: reef rubble; rock/algae and urchin; coral, 

rock 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; turf (calcareous algae) (Table 1). Close-up maps 

and example photos of each class can be found in Supplementary Materials. 
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Table 1 Major composition of each benthic cover identified in the Habitat Mapping of Tamandaré’s coastal area. Benthic cover identification was performed in CPCe 

software using 15 points per class. The class “Terrigenous sediment” was only identified remotely (due to high sedimentation in the area and thus, unfeasibility of mapping 

the bottom with satellite imagery)  

Class Benthic cover Major Cover 

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

2 Algae, rock and 

urchin 

rock turf algae Echinometra lucunter encrusting coralline 

algae 

- 

3 Coral, rock and 

urchin 

rock coral (Porites 

astreoides) 

Echinometra lucunter Palythoa caribaeorum - 

4 Itapitanga/Fore-

reef 

Palythoa caribaeorum rock Caulerpa spp. - - 

5 Macroalgae Sargassum spp.  Dictyota spp. Caulerpa spp. turf algae - 

6 Millepora 

alcicornis 

Millepora alcicornis turf algae - - - 

7 Turf algae turf algae calcareous turf algae Sargassum spp.  Halimeda spp. rock 

8 Seagrass and 

macroalgae 

Sargassum spp.  Seagrass (Halodule 

wrightii) 

sand - - 

9 Palythoa 

caribaeorum 

Palythoa caribaeorum turf algae - - - 

10 Rock rock turf algae Palythoa caribaeorum - - 

11 Rock-algae flat rock turf algae filamentous algae Halimeda spp. - 

12 Sand sand gravel - - - 

13 Seagrass Seagrass (Halodule 

wrightii) 

sand gravel - - 

14 Terrigenous 

sediment 

* - - - - 

15 Calcareous turf calcareous turf algae turf rock sand Millepora 

alcicornis 
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Most of the study area was covered by sand (61%) followed by algae turf (10%).  This 

class is characterized by a multi-specific assembly of various algae (e.g. filamentous algae, 

Caulerpa spp., juvenile macroalgae) with a typical maximum height of 2 cm (Ferreira et al., 

2008). They were found covering most of the submerged parts of the reef structures in the 

area. As noted, Millepora alcicornis was considered a benthic cover, 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 of: deeper regions covered by macroalgae, followed by algae turf, a reef crest 

(characterized by Millepora alcicornis and/or calcareous turf), Palythoa caribaeorum on the 

shallow area 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 which include the reef structure and the sea bottom. This trend could be 

observed in every grid resolution we used in this study (i.e. 30x30m, 50x50m and 100x100m). 

It is possible to observe in the major cover map (Fig 5), that significant parts of the 

region correspond to algae-dominant covers, with macroalgae and algae turf covering the 

third reef line and the basal area of the northern and southern reefs. Also, we can see the 

seagrass areas almost attached to the coastline, and a region of significant reef rubble near the 

limits of the no-take zone. 
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Figure 5 Ecological layers used as environmental variables in the predictive modelling 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) coral, rock and 

urchin, (4) fore-reef/“Itapitangas”, (5) macroalgae, (6) Millepora alcicornis, (7) Algae turf (leafy), (8) Macroalgae and seagrass, (9) Palythoa caribaeorum, (10) hard 

substratum – reef flat, (11) reef flat with algae, (12) sand, (13) seagrass, (14) terrigenous sediment, (15) calcareous algae turf. b) number of different habitats present in a 

30x30m grid, or 900m2 area. c) Major benthic cover calculated for a 50x50m grid, or 2500m2 area. 
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3.4.1.3 Topographical and local layers 

Figure 6 shows the topographical layers derived in this study. Depth values varied 

from -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 mainly shallow areas (reefs) separated 

by deeper channels. 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 analysing the Broad BPI derivations, which show the 

negative values corresponding to the channels’ areas and neutral/positive on the reefs.  

Low values of slope and rugosity make the most of the study area and represent areas 

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 were 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. Also, 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. 
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Figure 6 Topographical layers used as environmental variables in the predictive modelling 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 
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The local layers are shown on Figure 7. Distance to shore of 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 300-800m 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). Also, 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. 

 

Figure 7 Local layers used as environmental variables in the predictive modelling of Millepora alcicornis. The 

hollow blue polygon on the images shows the location of the no-take zone. a) WorldView03 image RGB431 for 

visualization purposes; b) distance to shore; and c) Relative measures of turbidity. 

3.4.2 Species Distribution Modelling Results 

AUC model for training and testing datasets were considered high (>0.97). The results 

(Figure 8) are shown in a scale from 0 to 1; 0 being the most unsuitable habitats and 1, areas 

showing the best environmental features for the target species. The habitat suitability map 

suggests a limited availability of suitable habitats for large colonies of Millepora alcicornis. 
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Considering the entire mapped area (17.64 km2), 81% of the pixels exhibited values ranging 

from 0 to 0.1, indicating 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. 

 

Figure 8 MaxEnt georeferenced output showing relative habitat suitability for large colonies of Millepora 

alcicornis. a) Complete map of habitat suitability in Tamandaré - PE; and 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 jacknife tests and marginal and 

individual response curves (in probability of presence) for each variable. We used the jacknife 

on AUC test (Figure 9) and individual response curves (Figure 10) to analyse how each 

variable influenced the modelled presence of Milleporas and in what manner they determined 

occurrence.  

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 jacknife test analysis that the model was not 

dependant 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). 
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Figure 9 Jacknife test results exhibiting the influence of each variable on the final AUC (Area Under the 

receiver-operator Curve) value 

The individual response curve for habitat diversity showed that large colonies of 

Millepora alcicornis are most likely to occur on areas with a higher variety of habitats, and 

thus, higher biological complexity. The probability of occurrence reaches 50% only in sites 

with 8 habitats (or more) in a 900m2 area, with similar trends for the other grid windows. As 

expected, the highest relative probability of large Millepora alcicornis’ occurrence is in areas 

where the benthic cover is Millepora alcicornis. The occurrence rates related to benthic 

classes are followed by “reef rubble” and “turf of calcareous algae”. 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’s results showed the specie’s preference for 

areas that are shallower than their surroundings, and that large colonies are less likely to occur 

in regions like channels and valleys. Additionally, a distance of about 650 meters from the 

coastline seems to be ideal, and areas too close or too distant from the coast are less likely to 

harbour large colonies of Milleporas. 
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Figure 10 Response curves for the most influencial variables of the model: a) Benthic cover; b) Habitat 

Diversity, c) Bathymetry, d) Broad Scale Bathymetric Position Index (BPI); and e) distance to shore.  

3.4.3 Human use 

Fishing and tourism density maps showed the broad distribution of these activities in 

the study area (Figure 11). Also, showed how related they 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 
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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 11 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; b) Tourism activities map, calculated using the maximum number of tourism-

related vessels on a reef or its proximities in a given day 

 

3.5 Discussion 

Millepora alcicornis had the second highest rate of occurrence (859 in 7437 total 

points), surpassed only by Siderastrea sp. (1392 in 7437 total points). Besides these numbers, 

the occupation of Millepora alcicornis on the reefs of the area can be considered higher than 

any other coral, especially due to their average size in comparison with Scleractinia corals like 

Siderastrea sp. and the other Millepore occurring in the area, Millepora braziliensis. For 
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example, out of almost 1400 colonies, only 15 colonies of Siderastrea sp. had diameters 

larger than 15 cm (5 of which occurred inside the no-take zone), and only one was larger than 

100 cm. Indeed, larger colonies of Siderastrea stelatta suffered intense mortality during the 

1998 bleaching according to in situ obsevations at the time (Ferreira per obs), what can 

explain their rarity. 

Since Laborel (1969), Millepora alcicornis has been described as one the main reef 

builders in the region and as a preferential occupant of shallow areas of the reefs (Maida and 

Ferreira, 1997; Ferreira et al., 2006b). Although this preferential location may hinder 

reproductive advantages, due to greater recruitment rates in areas between 4 and 6 meters 

deep (Lewis 2006), 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. Breakage 

due to trampling, snorkelling, anchors, passage of the boats can be observed in the area and 

are common human-related impacts on coral reefs (Tratalos and Austin, 2001; Davenport and 

Davenport, 2006; Flynn and Forrester, 2019). Millepora colonies can use that to their 

advantage, though, as fragmentation and regeneration of broken colonies are important forms 

of asexual reproduction in the genera (Lewis, 2006; Rodriguéz et al., 2019). The branches’ 

settlement post fragmentation usually occurs on other Millepora alcicornis colonies and rock 

substratum, but it has also been described to attach to soft substrate, such as sand (Edmunds, 

1999; Lewis, 2006). 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 on MaxEnt modelling. 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 in a long-term basis. Additionally, large colonies are not only valuable 

as individual organisms, but also as habitats, as we were able to see in the habitat map (Fig 4). 

M. alcicornis are usually found harbouring rich associated micro and macro fauna, including 

fish, Crustacea, Bryozoaria, and other Cnidaria (Amaral et al., 2008; Lewis, 2006; Ferreira et 

al., 2006b). 

Large colonies of Millepora alcicornis were not registered in the extreme North of the 

study area (Carneiros) nor in the South (Mamucabas). In Carneiros, field survey was limited 

due to high turbidity and we were not able to access many areas of the main reef, which might 

explain the lack of presence data. Even so, other authors have related the scarcity of M. 

alcicornis in this region (e.g. Correia et al., 2018) with the few colonies registered occurring 
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in fore-reef regions. According to our field data, Milleporas were absent in the two 

Mamucabas reefs surveyed, and had very few coral colonies in general, a trend related in Reef 

Check monitoring in the area (coral cover < 1%) (Reef Check, unpublished data). 

Alternatively, the presence data was highly concentrated on the central area, which included 

Campas Bay and Tamandaré Beach and has a higher density of reef structures.  

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%) 

(Ferreira et al., 2006b), colonies of Millepora alcicornis and small brooders (Porites 

astreoides, Siderastraea 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 “coral, rock and urchin”. The latter refers to a highly characteristic reef 

located only 200 meters from the coastline and easily accessed by swimmers, tourists and 

fishers. This specific reef also has the highest densities of seaurchin (Echinometra lucunter), 

which has been associated with human impacts such as fishing (Roberts, 1995; Hughes et al., 

2007; Topor et al., 2019). 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 from the region (e.g. lobsters, large fish) 

(McClanaham, 1994; Graham et al., 2017).  

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 30x30, 50x50, and 100x100 

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 

(Wedding et al., 2008), the presence of various types of substrates in a small area is usually 

positively associated with increased niches availability. Most reef zones (with exception to 

reef tops), exhibited increased habitat diversity (10-13 different habitats in a 30x30m area), a 

pattern easily observed in areas within the no-take zone and its immediate surroundings. 

MaxEnt modelling 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 Milleporas may be responsible for an 

increase of biodiversity (Garcia et al., 2008; 2009), these results can be considered part of a 

feed-back 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 
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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-meter resolution satellite image used in this 

study. Interestingly, habitats classified as “reef rubble” showed strong correlation with M. 

alcicornis. This cover was found on several regions throughout the area, but in a more concise 

way, close to the shore and near the no-take zone. This corroborates this specie’s capability of 

settling in fragmented substrata, as this class is mostly composed by reef fragments, boulders 

covered by filamentous algae, macroalgae and sand. The proximity to the no-take zone (less 

than 70m) and its large colonies’ assemblages (400 m) may raise the hypothesis that the 

natural breakage of large colonies within the protected zone have been frequently supplying 

fragments for this rubble area. Additionally, no other reef rubble region had such high 

presence of Milleporas, except for these two near the no-take zone. 

The other main correlation with habitat cover is a characteristic algae turf in 

Tamandaré reefs (Ferreira et al., 2018), here classified as “calcareous turf”. This class 

represents a multi-specific assemblage of articulated calcareous algae (e.g. Jania spp., 

Amphiroa spp.) and is the dominant substrata 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 algae turf. 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 (Hughes et al., 2007). Remotely classified classes usually depict the 

major cover (not necessarily a 100% dominance) of a determined pixel. Here, MaxEnt results 

imply that contrarily to other algae covers like “macroalgae” and “seagrass”, a high 

percentage of calcareous turf is not necessarily an indicator of unsuitable habitats. 

Topographical values showed narrow response curves in general, implying that 

Millepora alcicornis can be highly dependable on seascape relief. Bathymetry’s results were 

partly corresponded to those of other studies which related the species’ depth of occurrence 

(e.g. 0 to 15m in Amaral et al., 2008; 0 to 10 m in Leao and Kikuchi, 2001). The optimal 

depths estimated by our modelling ranged between 0 and 5 meters. Indeed, we were able to 

see large colonies which grew vertically to reach the upper water column limits, causing a 
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localized mortality on these colonies tops due to aerial exposure. Broad BPI’s results showed 

the high correspondence of 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 negative values of BPI were characterized by the two 

main channels in the area, which 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) coincide 

with the second reef-line, described as having the highest coral cover and biological 

complexity (Maida and Ferreira, 1997). The second peak, at about 350 m from the coast, 

seems to be related with the occurrence of large colonies on reef rubble areas and some 

extended backreefs. The low habitat suitability in areas close to the shore seems to disagree 

with the bathymetric curve, since this is the distance range in which most shallow areas occur. 

This conflict infers limiting impacts of other variables, which can in this case, be caused by 

human activities. In an extensive study of the Brazilian coast, Ferreira et al. (2004) concluded 

that pollution, fishing and tourism-related impacts typically decrease with distance from the 

coast. As a particular regional issue, the reefs closer to the shore are easily accessed by foot, 

swimming and by all kinds of vessels, which can cause a range of direct impacts to the corals 

and may supress and impede growth. Additionally, higher levels of pollution and coastal 

sedimentation can influence coral colonies both chemically and physically (Zaneveld et al., 

2016). On the other hand, low correlations of areas further than 1000 m from shore may be 

highly related to depth. This variable may also be acting as a proxy for hydrodynamical 

factors, which were not considered in our model. Branching colonies of Millepora genera as 

the ones mapped in this study, are usually related to low to moderate wave energy (Lewis, 

2006; Dubé et al., 2017). The third reef-line, furthest from the shore, is an area of high wave 

energy and turbulence, (which in fact, impeded field survey several times) and showed little 

to no habitat suitability. In future studies, researches 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 Tamandare’s coastal zone suffer with either one or both kinds human impact, 
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with the exception of the no-take zone. Overfishing, uncontrolled tourism and high pollution 

rates have been constantly described as the major source of impacts in Tamandaré (Castro et 

al., 2001; Ferreira et al., 2006a; Chaves et al., 2013) and may act as limiting factors of 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, with 

the removal of herbivores and thus increasing competition between macroalgae and corals 

(Hughes et al., 2007).  

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 take the 

tourists using small artisanal vessels called “jangadas”, to practice diving activities in 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 on the rules regulating vessels used for tourism activities on the 

Sustainable Use zone (ICMBio, 2012). 

MaxEnt modelling 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 

Milleporas were registered. These instances occurred only on the Sustainable Use Zone, 

which is the whole area except from the no-take zone. Alternatively, large Milleporas were 

registered in all modelled 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. 

Species distribution modelling results may be extremely helpful when selecting areas 

for the application of conservational measures and evaluating the performance of those 

already in place (e.g. Pawar et al., 2007; Carrol, 2010; Pittman and Brown, 2011; Bridge et 

al., 2012). Considering the wide range of impacts the coral reefs are subjected to, including 

global re-occurring threats like El-Niño related bleaching and climate change, it is imperative 

to at least, act locally to avoid mass mortality (Hughes et al., 2007). This study shows areas 

that are highly suitable for settlement, growth and development of Millepora alcicornis and 

probably, other coral colonies. These areas should be considered as high priority and 
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monitored closely. We recommend that, when faced with options, decision makers and 

managers should protect areas with high diversity and coral cover, which can be biological 

suppliers to other areas, if needed. Indeed, we believe that the variables derived here can be 

applied in other predictive models and that further studies should be conducted in the area 

using this methodology. This would provide a rich perspective on ecologically important 

areas, and whether Tamandaré’s coastal zone needs of additional conservation efforts than the 

ones currently in place. Notably, our analyses reinforce the importance of a no-take zone for 

the maintenance of local biodiversity and suggest the implementation of improved use 

management measures of the reef areas. 
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3.7 Supplementary Material 

 



 

88 

 

 
Fig S 1 Habitat map of the coastal reefs of Tamandaré – Pernambuco. The hollow blue polygon shows the location of the no-take zone. The dotted square shows a close-up of 

the reefs in Carneiros Bay, in the North of the study area.  
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Fig S 2 Habitat map of the coastal reefs of Tamandaré – Pernambuco. The hollow blue polygon shows the location of the no-take zone. The dotted square shows a close-up of 

the reefs in Campas Beach, in the central region of the study area.  
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Fig S 3 Habitat map of the coastal reefs of Tamandaré – Pernambuco. The hollow blue polygon shows the location of the no-take zone. The dotted square shows a close-up of 

the reefs in Campas Beach, in the central region of the study area. 
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Example photos of the benthic covers found in the coastal reefs of Tamandaré 

Below we present the 14 benthic covers found in the coral reefs of the study area, pictured by 

representative video-frames taken during field survey: 

 

 

Fig S4 Class 1: “Reef rubble” 

Substrate cover characterized 

by gravel, usually covered by 

turf algae and/or filamentous 

algae. Fragmented parts of the 

reef. 

 

Fig S5 Class 2: “Algae, rock 

and urchin” 

Consolidated substrate with 

regions showing bare rock and 

encrusting coralline algae. Turf 

algae is also present. High 

density of sea-urchin 

(Echinometra lucunter). 

 

Fig S6 Class 3: “Coral, rock 

and urchin” 

Region with high densities of 

(mainly) brooding corals such 

as Porites astreoides, Agaricia 

humilis and Favia gravida. 

High density of sea-urchin (E. 

lucunter). Large areas with bare 

rock and encrusting coralline 

algae. 
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Fig S7 Class 4: “Fore 

reef/Itapitangas” 

Areas of high wave energy, 

mostly on the third reef line in 

the study area. Isolated rocks, 

covered by Palythoa 

caribaeorum on the base and 

green algae, encrusting 

coralline algae on the top. It is 

also possible to observe 

Millepora alcicornis on the top, 

usually showing a flat structure. 

 

Fig S8 Class 5: “Macroalgae” 

High density of brown algae, 

mostly Sargassum spp. and 

Dyctiota spp. 

 

Fig S9 Class 6: “Millepora 

alcicornis” 

Areas mostly covered by 

colonies of the coral Millepora 

alcicornis. 
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Fig S10 Class 7: “Turf algae” 

Multi-specific assembly of 

various algae (e.g. filamentous 

algae, Caulerpa spp., Halimeda 

spp., juvenile macroalgae) with 

a typical maximum height of 2 

cm. 

 

Fig S11 Class 8: “Macroalgae 

and seagrass” 

Areas of seagrass (Halodule 

wrightii) with associated 

macroalgae covering most of 

the substrate. 

 

Fig S12 Class 9: “Palythoa 

caribaeorum” 

Consolidated substrate, mostly 

reef flats, covered by Palythoa 

caribaeorum 
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Fig S13 Class 10: “Rock” 

Consolidated substrate (i.e. 

calcareous rock), mostly 

emerged reefs. Turf algae and 

Palythoa caribaeorum may also 

be observed covering the 

substrate 

 

Fig S14 Class 11: “Rock-algae 

flat” 

Consolidated substrate (i.e. 

calcareous rock), mostly 

emerged reefs covered by turf 

and filamentous algae. 

 

Fig S15 Class 12: “Sand” 

Unconsolidated substrate: sand 

and in smaller proportions, 

gravel. Usually found 

surrounding each reef structure 

throughout the study area 
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Fig S16 Class 13: “Seagrass” 

Seagrass beds mostly 

comprised by Halodule 

wrightii. The species Halophila 

decipiens was also registered in 

the study region. 

 

Fig S17 Class 15: “Calcareous 

turf” 

Multi-specific assemblage of 

articulated calcareous algae 

(e.g. Jania spp., Amphiroa 

spp.). It is a dominant 

substratum in many parts of the 

reefs, notably on the reef crests. 
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4 PUSHING SATELLITE IMAGERY TO NEW DEPTHS: seascape feature 

mapping in a tropical shelf 
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4.1 Abstract 

 The Brazilian Northeast Continental shelf harbours a variety of geo and benthic 

habitats, including coral and algal reefs, beachrocks, mesophotic reefs, shelf valleys, canyons, 

and paleochannels. Due to the low sediment budget that reaches this platform, it is classified 

as a “sediment-starved shelf”. In spite of the intense use, there is a lack of studies directed to 

habitat mapping in many tropical shelfs, mainly due to the high costs associated with 

surveying large marine areas with traditional techniques. Thus, this study tested the 

applicability of Landsat-8 (L8) imagery to detect bottom features in the Brazilian Northeast 

Continental Shelf. Nine scenes were tested and processed following the same steps: 

radiometric and atmospheric correction, masking, glint removal, water column correction and 

individual image adjustments. Out of the nine, two were deemed the best to portray targeted 

features. We detected 14 paleochannels in a 9700 km2 area, as well as the shelf break. 

Bathymetric field data were used to validate a set of the identified features. We were able to 

offer a detailed view of submerged valleys including previously unmapped channels, and the 

shelf break. Mapped features were distributed up to areas deeper than 100 meters using free of 

charge, medium resolution satellite imagery. Some of these channels are known fishing 

grounds and fish spawning aggregation areas, making them priority zones for the application 

of management and monitoring efforts. To the best of our knowledge, this represents the first 

study applying Landsat imagery to map paleochannels in submerged areas, and most 

importantly, in areas deeper than 30 meters. We believe this research can help focusing future 

mapping efforts and may advance the general knowledge of the area. 

 

Keywords: Landsat 8. Satellite imagery. Continental shelf. Ocean. Paleochannels. Shelf 

valleys. 
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4.2 Introduction 

 The Brazilian Continental Shelf and its water column have been studied for almost six 

decades (i.e. Emílsson, 1961; Martins and Coutinho, 1981). Researches describing the 

geological framework (Ponte and Asmus, 1978; Ojeda, 1982; Cainelli and Mohriak, 1999; 

Mahiques et al., 2010), structure, hydrodynamics (e.g. Bittencourt et al., 2002), and biological 

characteristics are extensive (e.g. Bastos et al., 2015), but are mainly focused on the Southern, 

South-eastern, Eastern and Northern margins. There is a lack of studies directed to the tropical 

shelf, which includes the Northeast (NE) Continental Shelf (Vital et al., 2010; Camargo et al., 

2015; Gomes et al., 2016). This bias has been associated with the oligotrophic characteristics 

of the region, and to the low sediment budget that reaches this platform, which renders it a 

“sediment-starved shelf” (Vital, 2014). Diversely, this region has also been associated with a 

variety of geo and benthic habitats, including coral and algal reefs, beachrocks, shelf valleys, 

canyons, and paleochannels (Leao et al., 2003; Ferreira and Maida, 2006; Gomes et al., 2015; 

Camargo et al., 2015; Fontes et al., 2019). 

 Paleochannels are indicators of their margins’ evolutionary history (Conti and Furtado, 

2009; Wang et al., 2012), and thus can provide insights on sea-level changes, paleoclimate 

and oceanographic conditions. Most of the paleo-valleys are geologic vestiges of rivers that 

were in-land in previous periods (Vervoort and Annen, 2006). The paleochannels found on 

NE Continental Shelf have been linked to the Last Regressive Period (18000 years BP), when 

the presently submerged continental shelves were exposed to subaerial processes due to sea-

level lowstands (approximately 120m lower than today) (Michelli et al., 2001; Vital, 2014; 

Camargo et al., 2015). During the following sea-level rise, most of these rivers were 

submerged and filled with sediments. On the NE Continental Shelf, due to the low capacity of 

rivers in the region (Knoppers et al., 1999; Vital, 2014), some paleochannels remain unfilled, 

preserving an incision-like shape. These areas harbour a higher diverse of features, including 

mesophotic reefs (Camargo et al., 2015)  associated with increased biological activity (Baro et 

al., 2011; Bourguignon et al., 2018) and spawning aggregations (Ferreira et al., 2017), 

making them important fishing grounds in an otherwise oligotrophic region. 

 The bottom topography and the continental shelf itself are currently investigated using 

a range of possible technologies (Harris et al., 2013; Harris and Baker, 2012). In the shallow 

clear waters of the coastal zone and inner continental shelf, remote sensing based on satellite 

imagery has been widely applied (e.g. Silveira et al., 2019; Andréfouët et al., 2003; Eugenio 

et al., 2017). Laser-light detection and ranging (LIDAR) is also an option for waters shallower 
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than 50 meters and with low turbidity, though budgetary restraints can limit its applicability 

(Su et al., 2015). Single and multi-beam echosounders can survey areas of depths ranging 

from 10 to 2000 meters (Harris and Baker, 2012) and thus are frequently applied in the 

continental shelf. Considering the size of our study area, and the cost associated with field 

surveys (i.e. acoustic, sonar, video techniques), most bottom features in the deeper regions of 

the NE Continental Shelf remain unmapped. 

 This study aims to test the possibility of using satellite imagery to detect bottom 

features of the continental shelf. Most specifically, we intend to use Landsat-8 OLI processed 

scenes to map paleochannels that have been reported to occur throughout the external NE 

Brazilian margin. This technique is budget-friendly, as Landsat’s database can be downloaded 

free of charge (USGS). Additionally, currently available datasets are able to cover the entire 

tropical continental shelf. Satellite imagery are rarely used in areas deeper than 30 meters, due 

to limited light penetration in water (Gao, 2009; Harris and Baker, 2012). Although 

paleochannels may be in waters exceeding this limit, we believe that due to the targeted area’s 

typical characteristics (i.e. relatively shallow, low sediment influx) some features may be 

registered post image processing. Once proven successful, this methodology may be an 

invaluable tool to help managing ecologically and geologically important areas. 

 

4.3 Methods 

4.3.1 Study Area 

The study area is located on the Brazilian Northeast Continental Shelf, between 

Pernambuco and Alagoas states (35°37’24’’W - 34°30’06’’W; 9°32’49’’S - 7°55’09’’S). 

Within its 9700 km², an International Long-Term Ecological Research site, PELD-Tams  that 

include MPAs such as Costa dos Corais Marine Protected Area (MPA), Guadalupe 

Environmental Protected Area, and the recently declared Serrambi MPA, (Figure 1). These 

areas were created in an effort to promote the sustainable use and conservation of the region’s 

marine biodiversity and seascape, and thus maintain the socio-economic and ecological status 

of the area. 
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Figure 1 Study area (grey polygon), located between the Brazilian states of Pernambuco and Alagoas and the 

Environmental Protected Areas in the region: Long Term Ecological Research Site (PELD) – Tams (in blue); 

Costa dos Corais Marine Protected Area (in green); Guadalupe Environmental Protected Area (in yellow); and 

Serrambi Marine Protected Area (in light purple) 
 

 The Brazilian Continental Shelf is a tectonically passive margin (Martins and 

Coutinho, 1981). The Northeast region is relatively shallow (shelf breaks at 40 to 80 meters of 

depth), and flat (Martins and Coutinho, 1981; Vital et al., 2010), reaching a maximum width 

of approximately 40 km. On the inner part of the shelf, closer to the continent, the most 

prominent features are sandstone reefs (beach rocks and coral-algal reefs) that occur in lines 

parallel to the coast (Maida and Ferreira, 1997; Ferreira and Maida, 2006). The presence of 

incised valleys, paleochannels and canyons associated with submerged reefs can be observed 

throughout the medium and outer part of the shelf (Camargo et al., 2007; Vital, 2014; 

Camargo et al., 2015; Fontes et al., 2019). The area is oligotrophic and most of its sediment 

cover are biogenic carbonates (Vital, 2014; Assis et al., 2016). Due to the low sediment 

budget and reduced continental sedimentation, this area is typically considered a sediment 

starved shelf (Vital, 2014; Camargo et al., 2015). 
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 However, habitat diversity is reflected by a diversity of species that sustain many 

fisheries typologies (Frédou et al., 2006) with higher catches associated to higher feature 

complexity (Olavo et al., 2011).  The outer shelf in particular, where channels meet the shelf 

break, have been declared of environmental and ecological importance by the Convention on 

Biological diversity (EBSAS in CDB) (Druel, 2012; Bax et al., 2016).  

4.3.2 Image Processing 

 We selected nine Landsat-8 OLI scenes (2015-2019) with relatively low cloud cover 

in the study area to try and visualize the continental shelf (Table 1). Each scene was submitted 

to the following image processing steps: 

Table 1 Details of the Landsat-8 OLI scenes used in this study. The table exhibits the following information: 

Scene ID, date of scene acquisition, total cloud cover (%), sun azimuth, sun elevation, and Earth-sun distance 

(astronomic unit). 

Scene ID Date 

YYYYMMDD 

Cloud cov. 

(%) 

Sun az. Sun el. Earth-

sun dist. 

LC82140662015311LGN01 2015-11-07 33.61 110.29 65.38 0.99 

LC82140662016042LGN00 2016-02-11 9.14 102.87 58.47 0.99 

LC82140662018223LGN00 2018-08-11 15.68 51.03 52.18 1.01 

LC82140662016346LGN00 2016-12-11 15.57 122.66 60.86 0.98 

LC82140662016202LGN00 2016-07-20 35.87 44.74 48.66 1.02 

LC82140662018143LGN00 2018-05-23 12.18 42.51 50.05 1.01 

LC82140662016298LGN00 2016-10-24 28.90 100.06 66.06 0.99 

LC82140662016026LGN01 2016-01-26 27.62 111.76 58.07 0.98 

LC82140662018319LGN00 2018-11-15 37.23 115.22 64.42 0.99 

 

4.3.2.1 Atmospheric correction 

 Atmospheric and radiometric corrections were carried out to minimize the scattering 

and absorption effects caused by molecules in the atmosphere (De Keukelaere et al., 2018). 

We used ATCOR II module in ERDAS IMAGINE software to produce the corrected datasets, 

using each scene’s parameters as inputs. 
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4.3.2.2 Land masking 

 We manually defined a land mask that was applied to all atmospherically corrected 

datasets. Clouds, vessels, off-land constructions, piers, and coastal, saturated regions were 

also masked off the scene, to allow better visualisation of the targeted areas. 

4.3.2.3 Sun-glint removal 

 Sun-glint removal (i.e. deglint) was carried out to minimize the effects of light 

reflection on sea surface. Sun-glint can cause the sea surface to appear very rough, preventing 

a good visualization of the bottom features. We followed the methodology proposed by 

Hedley et al. (2005) to deglint each visible band separately (i.e. coastal aerosol, blue, green 

and red), which were then stacked to produce each deglinted dataset. 

4.3.2.4 Water Column Correction 

 Water column correction algorithms are applied to compensate for the confounding 

effects that varying depths have over underwater substratum (Green and Edwards, 2000). This 

additional step improves the accuracy of benthic mapping (i.e. Andréfouët et al., 2003; 

Manessa et al., 2016; Fritz et al., 2017) and aids in the differentiation of each underwater 

habitat’ spectra. We implemented water column correction by generating depth-invariant 

index (DII) of bottom type, as proposed by Green & Edwards (2000). For the present study, 

we selected a number of “sand” pixels in different depths to create the DII. Sand is usually the 

bottom type chosen for this type of correction since this substrate is easily recognizable even 

in the absence of field samples. 

 In this methodology, first, pairs of bands with good water penetration are selected. We 

considered all Landsat-8 OLI visible bands in this step, which totalled six band pairs: coastal 

aerosol/blue, coastal aerosol/green, coastal aerosol/red, blue/green, blue/red, green/red. After 

implementing the depth-invariant algorithm, we analysed each depth-corrected pair of bands 

of the datasets to verify its potential to map the bottom features. It was possible to verify that 

the pairs with the red band added provided no valuable information on the substrate. For each 

scene, the bands that were able to perceive the channels (i.e. 1: coastal aerosol/blue, 2: coastal 

aerosol/green, 3: blue/green) were stacked to produce a 3-band composite. 

4.3.2.5 Individual Image Adjustments 

 We applied different image correction techniques and algorithms to try to reduce noise 

and amplify the differences between the valleys and other possible features. Contrast, light 

adjustments, low pass filtering and histogram editions were made in ArcMap 10.4 using the 

Image Processing and Spatial Analyst toolsets. In addition, we tested the Noise Reduction and 
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Radar Speckle Suppression filters in ERDAS Imagine 2014 to try to enhance the final mosaic 

of the area. 

4.3.3 Ground Truth 

 Three bathymetric datasets were used to verify if the bottom features observed in the 

satellite imagery were indeed submerged valleys or paleochannels. Both datasets were 

collected using a single-beam echosounder coupled with GPS and sonar softwares.  

 Camargo et al. (2015) compiled and complemented a set of bathymetric data from two 

different projects (“Pro-Arribada – Reef Fishes Spawning Aggregations in Brazil” and 

“Mapping and Characterization of Emerged and Submerged Coral Reefs and Beachrocks at 

the Pernambuco Shore”) and researches (Michelli et al., 2001 and Camargo et al., 2007). The 

first surveys followed pre-set profiles from the coastline to the shelf break. Following field 

surveys focused efforts on the identified “Zieta Channel”, a well-known fishing ground for 

the artisanal fishers of the area. These latter field studies, from 2001 to 2015, resulted in 

102.334 depth values.  

 In 2016 and 2018, separate field surveys were conducted (CMAR-II/PELD-TAMs), 

including more profiles using a Garmin GPSMAP 521 echosounder coupled with Furuno 

Network Sounder DFF. These surveys added important field data on two other channels, 

totalling 433.216 depth points (Fig 2). All depth values were interpolated using natural 

neighbours interpolation method to produce a final 10-meter resolution raster. 

 In addition, to confirm the location of the shelf break throughout the area, we overlaid 

vectorized isobaths from the official rasterized Nautical Chart produced by the Brazilian 

Navy, Chart number 01 “Costa e Ilhas ao Largo” (DHN, 2017) on top of our final map. 
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Figure 2 Ground truth points used to produce the bathymetric raster used to verify the true depth of the mapped 

features 

4.4 Results 

 Out of the nine processed scenes, two were selected to produce a mosaic to picture the 

targeted features in the study area. Criteria was based on the best possible representation of 

the channels and shelf break, since one dataset was deemed best to represent the Northern 

area and another one for the Southern area (Table 2). Four scenes were not able to depict any 

bottom features, even though all imagery were subjected to the same processing techniques 

and methodologies. 

 The results of each processing step for the selected datasets are shown below. 

4.4.1 Atmospheric Correction 

 Radiometric and atmospheric correction made in ATCOR2 module in ERDAS-

Imagine software (Richter and Schläpfer, 2013) enabled the visualization of some bottom 

features (Fig 3 and 4). On both scenes, it is possible to detect what is, apparently, the 

boundary between deep and shallow water at about 30 km and 41 km from the coastline on 

the Northern and Southern regions, respectively. From this border on (oceanwards), the 

satellite signal is lost due to the depth-limiting characteristics of light penetration.   In 

addition, we can observe a great number of channel-like features on the continental shelf (Fig 

3c and 4c). These results, and best imagery visual parameters were obtained using Histogram 

Equalize as stretch type (RGB 321) in ArcMap 10.4. 
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Figure 3 Atmospheric correction process for the Landsat-8 OLI image used for the Northern region. a) Original image, pre atmospheric correction; b) atmospherically 

corrected scene; c) histogram equalized, atmospherically corrected scene, RGB321 with arrows indicating possible shelf break and channel-like indentations on the bottom. 
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Figure 4 Atmospheric correction process for the Landsat-8 OLI image used for the Southern region. a) Original image, pre atmospheric correction; b) atmospherically 

corrected scene; c) histogram equalized, atmospherically corrected scene, RGB321 with arrows indicating possible shelf break and channel-like indentations on the bottom.



 
 

 

 

107 
 

4.4.2 Masking and Sun-glint Removal 

 The combination of masking out land and cloud pixels and glint removal significantly 

improved the visualization of the benthic features in both images. Using composites of the 

deglinted coastal aerosol, blue and green bands, we were able to easily identify eleven 

channel-like features on scene “LC82140662015311LGN01” (i.e. North) and three on scene 

“LC82140662016298LGN00” (i.e. South).  The composites did not include the red band, 

since it showed no useful information on the water column or substrate. Both targeted features 

(i.e. channels and she shelf break) were visually enhanced and identifiable throughout the 

processed scenes (Fig 5). 
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Figure 5 Landsat 8 imagery used in this study after cloud and land masking, and sunglint correction. a) North image; b) South image



 
 

 

 

109 
 

4.4.3 Final Corrections and Filters 

 Final image corrections were applied to visually enhance the quality of the scenes. 

Water column correction is carried out by estimating the ratio of attenuation coefficients 

(ki/kj) for each pair of visible bands and thus, theoretically making each pixel value 

independent of depth. The parameters and results can vary from scene to scene, as shown in 

Table 3. 

Table 3 Depth invariant index for the water column correction of scenes LC82140662015311LGN01 

(North) and LC82140662015311LGN01 (South). B1: Coastal aerosol, B2: blue, B3: green, B4: red. 

Scene Pixels (n) ki/kj 

  B1 / B2 B1 / B3 B1 / B4 B2 / B3 B2 / B4 B3 / B4 

North 1440 0.818 0.761 10.819 1.085 894.731 3.162 

South 1198 0.551 0.231 9.162 1.080 1973.381 2.451 

 

 Considering the results of the water-column correction and each band pairs’ 

performance, a composite was built using bands 1, 2 and 4 (pairs: coastal aerosol/blue; coastal 

aerosol/green; and blue/green) for each image. The results of the individual scenes were 

mosaicked together and subjected to a Radar Speckle Suppression filter, implemented on 

ERDAS-Imagine software. The final mosaic still exhibits the seamline and the colour 

differences between the two scenes. This effect was not corrected since further manipulation 

of the pixels (e.g. histogram matching) caused a great loss of detail and obscured the 

representation of bottom features. 

 The previous processing techniques provided the best results and allowed the 

depiction of the channels and depressions in the area in remarkable detail. The channel-like 

features and the shelf break were vectorized to produce the final map of the study area (Fig 6). 
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Figure 6 Composite of both Landsat-8 imagery post-processing. The blue line shows the suggested shelf break 
location and brown polygons mark the channel-like features in the study area. 
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4.4.4 Ground Truth 

 We analysed our results by overlaying the vectorized channels and shelf break 

identified by remote sensing on the official Brazilian Nautical Chart (DHN, 2017) and on the 

rasterized bathymetric model of the area.  

 The satellite imagery was able to detect the boundary between deep and shallow water 

at the shelf break’s location (Fig 7, left). The shelf break detected in this study matches with 

the limits of the continental shelf and beginning of continental slope on the Nautical Chart. 

One apparent exception is a region in the north end of the line, where the remotely identified 

shelf break appears in a shallower area, deflecting to the continent. According to the Nautical 

Chart, the continental slope starts at a depth of about 44 meters and most of the study area is 

inserted between the 30 and 50 meters isobaths. 

 The results also showed that the indentations on the imagery were indeed channels, or 

underwater valleys, as they represent features that are deeper than the adjacent areas (Fig 7, 

right). The depth in the areas surrounding the channels on the outer part of the shelf (blue 

colours on the bathymetric model) varied from 40 to 50 meters. The maximum depth 

observed in the channels mapped by in situ surveys was 87 meters and the average depth was 

approximately 60 meters. 
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Figure 7 On the left, a map of the study area with all predicted bottom features (channels in brown and shelf break in black), with with 30 and 50-meter isobaths. On the right, 

a close-up of the area with the bathymetric raster built with available field data and the channels detected in this study (brown polygons)  
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4.5 Discussion 

 Our results showed the possibility of using satellite imagery as a tool to map 

underwater features in areas deeper than previously expected. In the last two decades, six 

submerged channels and valleys have been described in the study area using bathymetric data 

derived from field surveys with single and multi-beam echo sounders (Michelli et al., 2001; 

Camargo et al., 2015; Fontes et al., 2018) and LIDAR (Valle, 2018). Using satellite imagery, 

fourteen channels could be detected during the present study, including their shelf break 

incision. (Green and Edwards, 2000; Nazeer et al., 2014). We observed that atmospheric 

correction improved the possibility of detecting bottom features in depths greater than 30 

meters. In the original unprocessed images, the limits between the shallow continental shelf 

and deep water remained undetected, and the entire marine region (with exception to the 

coastal zone) appeared homogeneous. Additionally, upon further observations and subsequent 

image analyses (i.e. compositing bands RGB 321 and using histogram equalize as stretch 

type), it was possible to observe the first indications that some channel-like features could 

also be mapped. Although satellite images are seldom used to map in-water features deeper 

than 30 meters, the application of atmospheric correction algorithms have been used in 

general in several studies to improve the accuracy and enhance the mapping potential of final 

products (e.g. Su et al., 2013; Eugenio et al., 2017).  

 The sunglint removal algorithm (Hedley et al., 2005), applied subsequently to land 

and cloud masking, provided the most visually significant differences between pre and post 

processing imagery. Sunglint is known to affect proper visualization of sea bottom features to 

the point where they can be completely outshined by glint effects (Hochberg et al., 2003; 

Deidda and Sanna, 2012). In our study area, removing the apparent roughness on seawater 

surface caused by sunglint was paramount in the benthic features identification processes for 

both scenes. Considering the depth range in the area, it was not surprising that out of Landsat-

8’s four visible bands, the red band (0.64 – 0.69µm) provided no useful information, since its 

penetration in the water column is confined to the first few meters (Fisher et al., 2016). 

Furthermore, applying masks to land, cloud and construction areas, enabled an optimal 

histograms’ usage and handling. This proved to be essential to a more detailed visualization 

of the bottom indentations and to define the limits between shallow and deep water. 

 Further image processing, specifically water column correction (Green and Edwards, 

2000) and noise filtering were used to enhance the features already displayed after sunglint 

removal. By doing so, we were able to vectorize the channel-like structures and shallow/deep 

water boundaries, and thus, compare our results with ground data for the area. Knowing that 
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the presence of paleochannels and valleys has been described for the Northeast Continental 

Shelf (Martins and Coutinho, 1981; Knoppers et al., 1999; Vital et al., 2010; Vital, 2014; 

Camargo et al., 2014;), it is reasonable to infer that the channel-like morphology we were able 

to see in the images are indeed, paleochannels. To confirm the depth differences between the 

features and the surrounding areas, we used bathymetry data provided by different sources 

(i.e. Michelli et al., 2001; Camargo et al., 2015; CMAR II and PELD-TAMS Projects). The 

analysis of these data with the vectorized channels and the Brazilian Nautical Chart (DHN, 

2017) corroborate this hypothesis, since the features exhibit depths of more than 70 meters 

and are located mainly between the 30- and 50-meters isobaths (Figure 7).  

 Paleochannels have been mapped using remote sensing in land areas through indirect 

and direct interpretations of these ancient rivers’ characteristic spectral signature (Wang et al., 

2012). Yet, the application of satellite imagery to detect these features on continental shelves 

seascapes have not been fully explored, mainly due to depth and turbidity in target areas. 

Considering the depth range in the external continental shelf, we believe that we were able to 

map the valleys due to the signal discontinuity in these deep regions, and not to a different 

spectral signature itself. In fact, this was also made possible due to the extremely low 

sediment fluxes that are typical in the Northeast Continental Shelf, a direct consequence of the 

low availability and transport of coastal sedimentation (Vital et al., 2010; Vervoot and Annen, 

2006; Camargo et al., 2015). Hence, they remain reasonable “preserved” in shape and form, 

and can be detected in bathymetric surveys and now, in satellite imagery. 

 These areas are part of the NE Brazilian Ecologically or Biologically Significant 

Marine Areas (EBSA). The presence of paleochannels add to the complexity of the 

environments within the area and may act as a fish “corridor”, linking species along the shelf- 

edge zone in South America with those in the southwestern Atlantic and Caribbean (CDB, 

2014; Druel, 2012; Bax et al., 2014).  

 Seascape ecology is a new field that has as one of its main constraints difficulties for 

mapping submerged features, particularly in deeper areas. The presence of positive 

topography (i.e. beachrocks and reefs) and heterogeneous substratum has been indicated for 

the study area (Fontes et al., 2019; Camargo et al., 2015) . This also highlights the possibility 

of further using Landsat imagery to detect mesophotic reef habitats and focus field surveys. 

As the region harbours several Marine Protected Areas, the present result may help on future 

marine spatial planning activities in the area.  
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5 CONCLUSÃO 

 Os resultados alcançados nesta Tese demonstram de forma prática a utilização de 

técnicas de sensoriamento remoto em ambientes recifais e de plataforma. A área de estudo, 

localizada em grande parte na APA Costa dos Corais, é de extrema importância socio-

econômica e ambiental, e não obstante, possui uma demanda de dados diretas acerca de sua 

topografia e biodiversidade.  

 Os modelos batimétricos desenvolvidos no primeiro manuscrito desta Tese foram 

utilizados para a derivação de métricas de topografia que por sua vez, são tidas como proxies 

de biodiversidade. Foram assim, o primeiro passo para um monitoramento remoto em alta 

resolução da zona costeira de Tamandaré. Adicionalmente, a batimetria da área era uma 

lacuna a ser preenchida, posto que a área de estudo, um local de intenso uso, incluindo de 

transporte marítimo, contava apenas com a carta náutica oficial da Marinha do Brasil datada 

de 1962. As técnicas que precisaram ser empregadas para o desenvolvimento destes modelos 

refletem a condição heterogênea da área, com uma alta complexidade de substratos comum a 

recifes de coral.  

 O mapeamento dos habitats bentônicos de Tamandaré, desenvolvido no decorrer do 

segundo manuscrito aqui apresentado, forneceu dados importantes acerca da biodiversidade 

encontrada na área. Foi também utilizado para o cálculo de métricas ecológicas, como a 

diversidade de habitats por área. Esta espacialização da distribuição de ecossistemas na zona 

costeira possibilita a inferência de áreas prioritárias para manejo e proteção, além da análise 

das medidas de manejo presentes.  

 Os resultados obtidos com a modelagem preditiva de Millepora alcicornis podem 

impulsionar o uso de ferramentas como o MaxEnt para outras espécies. Estes modelos são 

extremamente úteis para a seleção de áreas prioritárias, principalmente considerando a 

variedade de impactos já sofridos pelos recifes costeiros. Neste trabalho, foi possível avaliar 

de forma qualitativa e quantitativa como cada variável topográfica, regional e ecológica atuou 

na distribuição de Millepora alcicornis. Foram também substanciais para verificar 

diretamente a importância da Zona de Proteção da Vida Marinha (“área-fechada”) presente na 

região de estudo. Ademais, o extenso trabalho de campo realizado na região deixa uma gama 

de possibilidades de estudos futuros, complementares e contínuos a este. 

 O terceiro manuscrito apresentou a utilização de duas imagens de satélite Landsat-8 

para o mapeamento e verificação de feições de fundo a mais de 50 metros de profundidade. 



 
 

 

 

121 
 

Esta representa a primeira descrição de paleocanais da área de uma forma unificada, sendo 

capaz de otimizar futuros esforços de campo e pesquisas na área. A descrição minuciosa da 

metodologia aplicada para a obtenção do grau de detalhe que obtivemos, possibilita a 

replicação deste resultado em outras regiões da plataforma Nordeste. É possível que o 

sensoriamento remoto esteja sendo subutilizado como ferramenta de detecção de feições 

submarinas em toda a costa e recomendamos que esta tentativa seja realizada em outras 

regiões da costa. 

 Em suma, os resultados alcançados nesta tese podem auxiliar o Planejamento Espacial 

Marinho da APA Costa dos Corais. Um planejamento com base ecossistêmica depende de 

dados diretos da região, inferidos em escalas condizentes com a ecologia, complexidade 

topográfica e dimensões da área, como os obtidos nos estudos aqui apresentados. Com estes 

resultados, foi possível fornecer um mapeamento específico da zona costeira e plataforma 

adjacente. 
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