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Resumo 
 

O Brasil possui a maior área contínua de manguezais do mundo, localizado na 
Amazônia legal. O objetivo do presente estudo é simular a resposta dos 
manguezais, da parte oriental da Amazônia legal, ao aumento do nível do mar 
e produzir uma avaliação de vulnerabilidade do manguezal para este trecho da 
costa brasileira. Foi utilizado um modelo espacialmente explícito, baseado em 
autômatos celulares e Sistema de Informações Geográficas (SIG) para 
identificar padrões de resistência, migração e/ou inundação desses 
manguezais para diferentes eventos de elevação do nível médio do mar 
(ENMM). A simulação considera 90 eventos de elevação de 0,00318 m a 
0,2862 m de acordo com uma progressão aritmética de razão 0,00318 m para 
o intervalo de tempo do ano de 2010 a 2100. A taxa de ENMM adotada foi de 
3,18 mm/ano (0,00318 m/ano). Esta taxa corresponde a uma  média dos 
valores observados para a costa brasileira de meados do século XX até início 
do século XXI. No final da simulação (ano 2100), a área de mangue original 
(4.180 km2) foi reduzida para 2.916 km2, representando uma perda de 30,24%. 
A simulação também mostrou significativa migração dos manguezais para o 
continente, e a perda da área de manguezal original foi compensada por um 
aumento de 301 km2 de novos manguezais para o continente, o que representa 
um aumento de 7,2% na área total de manguezais (4.481 km2 em 2100). Esses 
resultados sugerem que as florestas de mangues podem apresentar um padrão 
de aumento de área e migração para o continente a partir da ENMM projetado. 
Essas descobertas podem ajudar na identificação de corredores de migração 
para os manguezais da Amazônia e no desenvolvimento de estratégias de 
adaptação frente à iminente ENMM. 
 
Palavras-chave: Florestas de Mangue, Mudanças climáticas e Elevação do 
Nível Médio do Mar. 
 

 
 
 
 

 
 
 
 
 
 
 
 

 



 
 

Abstract 
 
Brazil has the largest continuous area of mangrove forests in the world, the 
Amazon Macrotidal Mangrove Coast (AMMC). The objective of the present 
study is to simulate the response of eastern Amazonian mangroves to sea-level 
rise, and to produce a vulnerability assessment for this section of the Brazilian 
coast. We used a spatially explicit model, based on cellular automata and 
Geographic Information System (GIS) to identify resistance patterns, migration 
and/or inundation of these mangroves for different events of sea-level rise 
(SLR). The simulation considers 90 elevation events from 0.00318 m to 0.2862 
m according to an arithmetic progression of reason 0.00318 m for the time 
interval from 2010 to 2100. The adopted SLR rate was 3.18 mm/year (0.00318 
m/year), this rate corresponds to an average of sea elevation values observed 
for the Brazilian coast during the mid-twentieth century and early twenty-first 
century. At the end of the simulation (year 2100), the original mangrove area 
(4,180 km2) was reduced to 2,916 km2, representing a loss of 30.24%. Our 
simulation also showed significant landward migration of the mangroves, and 
the modeled loss of the original mangrove area was compensated by a net 
addition of 301 km2 of new mangroves inland, a net increase of 7.2% in the total 
mangrove area (4,481 km2 in 2100). These results suggest that mangrove 
forests in the AMMC can present a pattern of area increase and migration to the 
continent from the projected SLR. These findings can help the identification of 
migration corridors for the Amazonian mangroves and the development of 
adaptation strategies in face of impending SLR. 
 
Keywords: Mangrove Forests, Climate Change and Sea-Level Rise,  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Epígrafe 
É preciso entender as novas dinâmicas resultantes da ação do Homem no 

Meio Ambiente.  Assim poderemos compreender as consequências dos nossos 

atos e despertar para ações que minimizem os nossos impactos.  
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1 INTRODUÇÃO/REFERENCIAL TEÓRICO 
       Os manguezais funcionam como um elo entre os ecossistemas marinhos e 

terrestres, desempenhando um papel vital na conservação da diversidade 

biológica em regiões tropicais e subtropicais (ROG, CLARKE e COOK, 2017).                                                    

      Os manguezais possuem adaptações morfológicas e fisiológicas  

desenvolvidas, que permitem que eles existam em condições de alta 

salinidade, marés extremas, ventos fortes, altas temperaturas e solos 

lamacentos e anaeróbios (ALONGI, 2009). Os manguezais também são 

ecossistemas produtivos, que abrigam uma grande variedade de peixes, 

caranguejos, camarões e espécies de moluscos (MANSON et al., 2005).  

      Os manguezais também contribuem com quantidades significativas de 

matéria orgânica para os ecossistemas costeiros e são considerados locais de 

intenso processamento biogeoquímico e podem impactar os ciclos globais de 

carbono e nitrogênio (BUILLON et al., 2008; COHEN e LARA, 2003). Além 

disso, os densos sistemas radiculares das florestas de manguezais absorvem 

quantidades significativas de sedimentos, estabilizando os litorais e prevenindo 

a erosão causada por ondas e tempestades (MAZDA, VOLANSKI e RIDD, 

2007).  

      Ao filtrar os sedimentos, os manguezais também permitem que os recifes 

de corais e as ervas marinhas realizem suas trocas gasosas com maior 

facilidade (GILLIS et al., 2014). Juntos, os recifes de corais, as ervas marinhas 

e as florestas de manguezais fornecem uma série de benefícios ecossistêmicos 

e estão entre os sistemas naturais mais valiosos do planeta. O valor anual de 

produtos e serviços fornecidos por florestas de mangue são estimados entre 

US $ 200.000 e $ 900.000 por km2 (WELLS et al., 2006).   

      O aquecimento do sistema climático, decorrente das atividades humanas, é 

sem precedentes (IPCC, 2013). O aquecimento global está causando 

mudanças com impactos generalizados em sistemas humanos e naturais, em 

todos os continentes e em todos os oceanos. Segundo Nicholls (2004), esses 

impactos nas regiões costeiras incluem inundações e erosão devido à elevação 

do nível médio do mar (ENMM), a intensificação do ciclo hidrológico 

(HUNTINGTON, 2006) e mudanças na freqüência e intensidade de eventos 

severos de tempestade (IPPC,  2013). 
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      De todos os efeitos da mudança climática, a ENMM é considerado o 

principal fator de vulnerabilidade para as florestas de mangue (FIELD, 1995).     

      Para a presente pesquisa, o conceito de vulnerabilidade adotado é aquele 

apresentado pelo IPCC (2013), a saber: vulnerabilidade é o grau pelo qual um 

sistema é provável ou incapaz de lidar com os efeitos adversos das mudanças 

climáticas, incluindo a variação climática e seus extremos.   

      O Brasil abriga a segunda maior área total e a maior área contínua de 

florestas de mangue do mundo (SPALDING, KAINUMA e COLLINS, 2010; 

NASCIMENTO et al., 2013). Portanto, entender a resposta dos manguezais 

brasileiros aos potenciais impactos decorrentes das mudanças climáticas é um 

desafio significativo.  

      É quase impossível reunir essas informações usando métodos tradicionais 

baseados em campo, já que os manguezais são extremamente difíceis de 

acessar. Felizmente, a tecnologia de sensoriamento remoto oferece uma 

alternativa promissora para resolver esse problema de acessibilidade (GREEN 

et al., 2000; HOWARD et al., 2015).  

      Nos últimos 20 anos, as técnicas de sensoriamento remoto demonstraram 

um alto potencial para detectar, identificar, mapear e monitorar as condições e 

mudanças dos manguezais (GUO et al., 2017; HEUMANN, 2011; KUENZER, 

2011; PURNAMASAYANGSUKASIH et al., 2016) . Existem alguns exemplos 

de estudos de sensoriamento remoto sendo utilizados exclusivamente para 

mapear a extensão e distribuição dos manguezais brasileiros (LACERDA, 

MENEZES e MOLISANI, 2007; NASCIMENTO et al., 2013; SOUZA-FILHO, 

2005; SOUZA-FILHO, 2009). No entanto, poucos estudos tentaram simular a 

resposta desses manguezais frente à ENMM. 

      Em 2009, foi-se proposto um modelo conceitual de resposta das florestas 

de mangue a um possível aumento na ENMM induzido pelo aquecimento 

global (SOARES, 2009). De acordo com esse modelo, as respostas dependem 

das taxas de aumento do nível do mar, taxas de sedimentação, topografia da 

área e disponibilidade de áreas adequadas para a migração de manguezais em 

direção ao continente.  

      Em 2010, foi-se proposta uma metodologia para estimar o grau de 

vulnerabilidade dos manguezais e populações pesqueiras frente aos impactos 
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das mudanças climáticas no Complexo Estuarino de Paranaguá, no sul do 

Brasil.  

      Em 2011, um estudo brasileiro propôs o uso do reflorestamento de 

manguezais como uma ferramenta para proteger a Bacia Potiguar  (nordeste 

brasileiro) contra a erosão generalizada e a susceptabilidade da costa 

resultante das mudanças climáticas e atividades antrópicas (DANTAS, AMARO 

e COSTA, 2011). 

      Em 2012, outra pesquisa brasileira analisou o pólen, diatomáceas e 

isótopos estáveis em uma região de sedimentos dos manguezais da Ilha do 

Cardoso e determinou que o desenvolvimento de manguezais cessou após um 

evento erosivo associado à ENMM pós-glacial na região (PESSENDA et al., 

2012). As florestas de mangue existentes hoje na região se desenvolveram nos 

últimos 2200 anos, após o retorno da linha costeira marinha à sua posição 

atual.  

      Em 2013, foram discutidas várias abordagens usando sensoriamento 

remoto e modelagem que poderiam simular as respostas dos manguezais à 

ENMM (BEZERRA, AMARAL e KAMPEL, 2013).  

      Mais recentemente, em 2016, uma pesquisa (FRANÇA et al., 2016) 

combinou dados geomorfológicos, sedimentológicos, paleontológicos e 

isotópicos para analisar a dinâmica dos manguezais no Sudeste do Brasil no 

contexto das mudanças climáticas. Eles identificaram vários ciclos em que as 

florestas de mangue holocênico foram substituídas por planícies de maré, após 

o declínio do nível do mar. Eles também concluíram que os manguezais 

existentes se desenvolveram nos últimos 900 anos, seguindo uma ENMM 

relativa.  

      Por fim, uma pesquisa realizada em 2017 (FONTES et al., 2017) também 

analisou dados geomorfológicos, sedimentológicos, paleontológicos e de 

sedimentos de manguezais para avaliar a compatibilidade entre as curvas de 

nível relativo do mar  propostas para a dinâmica brasileira do litoral e do 

manguezal ao longo do vale fluvial do rio Jucurucu (costa leste central do 

Brasil). Seus resultados indicam a ausência de manguezais durante o período 

holocênico, que ocorreu há cerca de 5.350 anos atrás. 

      Embora alguns desses estudos relacionando mudanças no nível do mar e a  
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dinâmica dos manguezais no Brasil tenham usado ferramentas e técnicas de 

sensoriamento remoto e/ou modelagem, nenhum deles tentou prever os 

impactos da mudança projetada do clima e do nível do mar nesses 

ecossistemas.  

      O objetivo do presente estudo é simular a resposta dos manguezais da 

costa oeste da Amazônia legal ao aumento do nível do mar e produzir uma 

avaliação de vulnerabilidade para este trecho da costa brasileira. 
 

2 Área de Estudo 
      O Brasil possui a segunda maior cobertura de manguezais do mundo 

(13.400 km2), representando 8,5% do total mundial e 50% dos manguezais da 

América do Sul (SPALDING, KAINUMA e OLLINS, 2010). Cerca de 57% da 

área de manguezais do Brasil são encontradas no litoral norte, na parte oriental 

da costa da amazônia legal e é dominado por um extenso complexo de 

sistemas de deltas. Essa área abrange mais de 7.000 km2 e forma o maior 

sistema contínuo de manguezais do mundo (NASCIMENTO et al., 2013; 

SOUZA-FILHO, 2005).  

      Nessa região, o litoral é bastante recortado, com numerosas e longas 

penínsulas, com até 10 km de largura e estendendo-se por cerca de 30 km até 

o mar (NASCIMENTO et al., 2013). Uma combinação de padrões de corrente 

marítima e de depósito de sedimentos de vários rios (incluindo o rio Amazônas) 

produz um ecossistema de mangue altamente dinâmico.   

      Este estudo foca apenas a porção da costa oriental da amazônia legal 

dentro do estado do Maranhão, região conhecida como Área de Proteção 

Ambiental das Reentrâncias Maranhenses (Fig. 1). Esta região foi transformada 

em uma Área de Proteção Ambiental em 1991 pelo governo brasileiro devido à 

ocorrência expressiva de manguezais. Devido à sua significativa importância 

ambiental em 1993, a APA das Reentrâncias Maranhenses também foi 

classificado como um sítio Ramsar (área úmida de interesse internacional), 

através do Decreto Estadual 11.901/91.  
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Figura 1. Área de Estudo: Costa oriental da Amazônia Legal inserida no Maranhão. 

 
2.1 Clima 
      As características meteorológicas e oceanográficas da costa oriental da 

Amazônia Legal inserida no Maranhão  são bastante distintas em comparação 

com outras regiões costeiras do Brasil. O clima é caracterizado por estações 

sazonais bem definidas, a estação seca (setembro-novembro) e a estação 

chuvosa (fevereiro-abril), período em que ocorre 73% da precipitação anual. As 

temperaturas médias do ar são geralmente acima de 25°C, com pouca 

variação entre as estações, e a precipitação anual varia de 2300 a 2800 mm 

(MORAES et al., 2005).   

 
2.2 Estimativas da ENMM para a costa brasileira   

      O Painel Brasileiro sobre Mudanças Climáticas (PBMC) é a instituição 

oficial   sobre mudanças climáticas (http://www.pbmc.coppe.ufrj.br) . 
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      Em 2017, o PBMC divulgou um relatório chamado “Impactos, 

vulnerabilidade e adaptação das cidades costeiras brasileiras às mudanças 

climáticas” (Disponível  em: 

(http://www.pbmc.coppe.ufrj.br/pt/publicacoes/relatorios-especiais-

pbmc/item/relatorio-de-zonas-costeiras?categoryid=19).                            

      Neste relatório, o PBMC indica que não há séries históricas contínuas e 

informações confiáveis sobre a elevação do mar na costa brasileira, e há 

poucos estudos de modelagem de projeções de ENMM, o que prejudica 

qualquer previsão futura de aumento do nível do mar no Brasil. No entanto, 

existem algumas observações regionais para as taxas de elevação do mar em 

algumas cidades costeiras do Brasil que mostram taxas anuais de elevação 

variando de 0,002 a 0,0126 m entre meados do século XX e início do século 

XXI, como pode ser visto na Tabela 1. 

 
Tabela 1. Mudanças no nível médio do mar ao longo da costa brasileira. Adaptado de PBMC 

(2017). 
 

Autor Cidades Taxas de Variação 
(m/ano1) 

Período 

Pirazolli (1986) Recife (PE) 0,0037 1950 a 1970 
Salvador (BA) 0,0016 

Canaveiras (BA) 0,0031 
Imbituba (SC) 0,00055 

Aubrey et al., (1988) Fortaleza (CE) 0,00003 1950 a 1970 
Belém (PA) 0,0034 
Recife (PE) 0,00002 

Salvador (BA) 0,0027 
Canaveiras (BA) 0,0041 
Rio de Janeiro 

(RJ) 
0,0036 

Imbituba (SC) 0,0007 
Silva  (1992) Rio de Janeiro 0,0126 1965 a 1986 

Harari e Camargo (1994) Recife (PE) 0,0056 1946 a 1988 
França (2000) e 
Mesquita (2003) 

Atlântico 
Equatorial 

0,004 Dado 
altimétrico 

Lasada et al., (2013) Salvador (BA) 0,002 1950 a 2009 
Médias observada (m/ano1) 0,00318  

Adaptado do PBMC (2017) 

 
2.3 Dinâmica de macromarés na costa oriental da Amazônia Legal 
      As marés nesta região variam em média em torno de 3,3 m da plataforma 

continental, porém podem ocorrer amplificações significativas das marés dentro 

dos estuários e baías. A amplitude das marés na Baía de Marajó (Pará/Brasil) é  
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de cerca de 4,0 m, enquanto na Baía de São José (Estado do Maranhão/Brasil) 

pode chegar a 7,5 m (DHN, 2017). A amplitude de maré é assimétrica (marés 

com elevação mais curtas), mas exibe uma queda acentuada das taxas de 

elevação cerca de 2 horas antes das marés altas, quando áreas extensas são 

inundadas (SOUZA-FILHO, 2005). Esse padrão de assimetria de maré pode 

impulsionar fluxos de vazante mais fortes, como indicado em estuários de 

macromarés  semelhantes (LESSA, 2000).   

      Na área de estudo, a APA das reentrâncias Maranhenses (ver Fig. 1)  há 

quatro eventos de maré em 24 h (dois eventos de maré baixa e dois eventos de 

maré alta). Nesta área, eventos de maré baixa variam de 0 a 4 m e os eventos 

de maré alta são geralmente superiores a 5 m. Para exemplificar, a figura 2 

demonstra o padrão de ocorrência de eventos de baixa-mar e marés altas para 

o ano de 2017 em São Luís, Maranhão (BRA), os dados utilizados são 

provenientes do Centro Hidrográfico da Marinha do Brasil (para acessar os 

dados: https://www.marinha.mil.br/chm/dados-do-segnav/dados-de-mare-

mapa). 

 
Figura 2. Variação da maré no Porto do Itaqui (São Luís, MA - Brasil) para o ano de 2017. (A) - 
Eventos de maré alta. (B) - Eventos de baixa maré. 
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3 METODOLOGIA 
3.1  Modelo Experimental (BR-Mangue) 
      O modelo experimental utilizado foi o BR-Mangue e foi elaborado de acordo 

com os preceitos teóricos descritos por Bezerra (2014) que objetivou simular os 

impactos da ENMM em manguezais através de um modelo computacional. O 

modelo simulou a ENMM para a área de estudo em 90 (noventa) etapas de 

elevação, de 0,00318 m até 0,2862 m, com uma taxa anual de elevação de 

0,00318 m para o período do ano de 2010 até 2100. 

       A taxa de elevação adotada para o presente estudo foi de 3,18 mm/ano 

(0,0318 m/ano), este valor corresponde aos valores médios de elevação do 

mar observados em algumas cidades brasileiras de acordo com o PBMC (ver 

tabela1). 

      Para o processo de elevação do nível do mar foi-se simulado um cenário de 

elevação do nível do mar até 0,2868 m, distribuído através de uma progressão 

aritmética na razão de 0,00318 m (“i”) com 90 fases de elevação 

intermediárias, como demonstrado na Equação (1): 

 
 ENMM = ca + (taxa de elevação x i)                                                 (Equação 1) 

 
Onde: 

ENMM: é o valor do aumento do nível do mar em cada célula de água para a 

atual "taxa de elevação”. 

ca: é o valor da elevação na coluna de água (em metros)  atual em cada célula 

de água; 

taxa de elevação: corresponde ao intervalo de tempo necessário para a 

elevação do nível do mar. Considera-se que cada etapa de elevação é 

equivalente a um ano; 

i: é uma constante relacionada ao aumento do nível do mar, cujo valor é 

0,00318 m / taxa de elevação x ano. 

      O fluxo de água (Fluxo) corresponde ao deslocamento de água que ocorre 

de uma célula para outra, este processo se origina de uma célula de água para 

as células vizinhas e que pode ser de qualquer classe de cobertura (célula de 

mangue, célula desenvolvida, célula de vegetação terrestre e célula de outros 
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usos) que tem o valor de altitude menor que a elevação do nível do mar, 

conforme expresso na Equação (2): 

 

Fluxo = elevação do nível do mar / células vizinhas                          Equação (2) 

 

Onde: 

Fluxo: corresponde ao valor de “elevação do nível do mar” dividido pelo número 

de células vizinhas que fora preenchidas por água. 

 

      A ENMM pode modificar os padrões de sedimentação do material 

transportado pela coluna de água em ambientes estuarinos (COHEN e LARA, 

2003). Para a simulação da acreção vertical dos bancos de lama que podem 

ser colonizados pelo manguezal, foi-se utilizada a Equação (3) estimada por 

Alongi (2008). 

 

Y = 1.693 + 0.939x                                                                            Equação (3) 

 

Onde: 

Y: valores de acreção vertical do sedimento (mm). 

X: valores de ENMM (mm). 

 

      Procedimentos de modelagem foram realizados para simular os seguintes 

eventos: (i) avanço da ENMM sobre o continente; (ii) deslocamento da área de 

influência das marés (DAIM); (iii) acúmulo longitudinal de sedimentos 

(formação de novos bancos de lama) em áreas adjacentes aos manguezais; 

(iv) mudanças na extensão das áreas de mangue e/ou nos manguezais 

resistentes à ENMM; (v) impacto dos obstáculos à migração do manguezal no 

continente para o desenvolvimento de novas áreas de manguezal.  

Descrição das variáveis presentes no modelo BR-Mangue: 

- Área de mangue original - corresponde à extensão de manguezal existente 

em 2010.   

- Redução das áreas de Manguezais - corresponde à área de floresta de 

mangue que é suprimida em cada nível de ENMM; 
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- Incremento das áreas de manguezais - corresponde às áreas de 

manguezais jovens que conseguem migrar em cada evento de deslocamento  

 

da área sob influência da maré (AIM); 

- Área remanescente de manguezal - corresponde às áreas originais de 

manguezal que não são afetadas pelo aumento da coluna de água ou pelas 

áreas de manguezal que não são afetadas pela ENMM devido às altas taxas 

de sedimentação (horizontal e vertical). 
      O modelo computacional foi implementado  na plataforma de modelagem 

denominada TerraME, um ambiente computacional de ferramentas para 

modelagem espacialmente explícita integrada com bancos de dados 

geoespaciais. O TerraME suporta autômatos celulares, modelos baseados em 

variáveis dinâmicas e execução das variáveis em espaços de células 2D. O 

TerraME fornece uma interface para o banco de dados geográficos TerraLib, 

permitindo aos modelos acesso direto aos dados geoespaciais. Sua linguagem 

de modelagem possui funções integradas que facilitam o desenvolvimento de 

modelos multi-escala e multi-variável para aplicações ambientais (mais 

informações em (http://www.terrame.org/doku.php). 

        A implementação do BR-Mangue foi baseada no modelo computacional 

de autômatos celulares, um sistema lógico que tem o conceito de célula como 

unidade básica: cada célula possui uma vizinhança de células em um estado 

inicial que pode variar durante a simulação, conforme suas regras de transição 

(WOLFRAM, 1983). 

 
3.2 Banco de dados e espaço celular 
      A base de dados geográficos e o espaço celular (Figura 3) foram criados 

em um sistema de informações geográficas desenvolvido pelo Instituto 

Nacional de 

Pesquisas Espaciais (INPE), o Terra View 4.2.0 (disponível em 

http:www.dpi.inpe.br/terraview) com projeção/datum: LatLong/WGS84. Foi 

adotada a resolução espacial de 1 km2 (1 km x 1 km) e a área de estudo foi 

representada por um espaço celular contendo 20603 células (Figura 3A). Como 

um sistema de autômatos celulares, cada célula possui em um determinado 

momento, um estado único e um conjunto de atributos que define esse estado.    
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      Durante os procedimentos de simulação, os estados e atributos de cada 

célula podem mudar de acordo com as regras de transição. O estado inicial da 

célula   corresponde   às  classes   de   cobertura   (floresta  de  mangue,  água,  

vegetação terrestre, áreas desenvolvidas e outras) para o ano de 2010 (Figura 

3B), e os atributos correspondem às classes de solos e altimetria (Figuras 3C e 

3D, respectivamente). Os dados utilizados para os estados e atributos provêm 

do mapeamento oficial realizado pela Empresa Brasileira de Pesquisa 

Agropecuária (EMBRAPA), e estão disponíveis no site de Zoneamento 

Ecológico e Econômico (ZEE) do Estado do Maranhão.   

(https://www.cnpm.embrapa.br/projetos/macrozee/). 

Figura 3. (A) Espaço celular vazio (B); Estado inicial da célula; (C) Atributo do solo das células; 
(D) Atributo de altimetria das células. 
 
      Inicialmente, o espaço celular se encontra vazio, sem informações 

geográficas no banco de dados. Para preencher as células com valores de 

atributos, usamos o plug-in ‘Fill cells’ no software TerraView. O plug-in ‘Fill 

Cells’ permite o cálculo de valores de atributos de tabelas associadas a 

camadas de tipos de células.  
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      O objetivo é padronizar informações de várias fontes, em diferentes 

formatos (dados vetoriais e raster, além de outras camadas celulares), 

agregando-os na mesma base espaço-temporal. Permite que os atributos de 

tabelas dinâmicas e estáticas sejam calculados. Dependendo da representação 

geométrica e da semântica dos atributos de dados de entrada, diferentes 

operadores podem ser aplicados. Foi-se utilizado o operador "classe 

majoritária".  

      O espaço celular é sobreposto aos arquivos com informações geográficas, 

e cada célula assume a informação geográfica que ocupa a maior parte da 

área da célula. Este procedimento foi utilizado para determinar os estados 

iniciais das células e seus atributos de solo e altimetria. Para o atributo de 

altimetria, o valor final da célula foi a média calculada de todos os valores de 

altimetria dentro de cada célula. 

 

3.3 Regras de transição BR-Mangue (calibração). 
      A seguintes regras de transição para calibração do modelo foram usadas: 

1. Os manguezais só existem na área sob influência das marés (AIM) 

(FARACO, ANGRETO-FILHO e LANA, 2010; FIELD, 1995; SPALDING, 

KAINUMA e COLLINS,2010)   

2.  A AIM é determinada pela amplitude das marés na área de estudo, isto é, 

entre eventos de baixa e alta maré;   

3.  Inicialmente, o valor da AIM varia de 2 a 5 m acima do nível médio do mar, 

conforme indicado por Ferreira (1988) e validado por dados de maré da base 

de dados oceanográficos da Marinha do Brasil (ver Figura 2). À medida que o 

nível do mar aumenta, o valor da AIM é atualizado pela adição dos incrementos 

do nível do mar calculados pelo modelo;  

4.   A cada etapa de elevação do nível do mar, as células de mangue podem 

migrar para células adjacentes, uma vez que barreiras naturais ou artificiais 

para migração de manguezais não estão presentes na AIM. Neste caso, as 

células da classe de cobertura da terra atribuídas como vegetação terrestre são 

convertidas em células de mangue;   

5.   Células de classe de cobertura de terra firme designadas como células de 

área desenvolvida correspondem a barreiras artificiais para migração de 

manguezais. Por outro lado, as barreiras naturais correspondem a células em 
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que o valor do atributo altimetria é maior do que o da AIM, ou o atributo do solo 

é diferente do “solo de mangue indiscriminado”   

6.    A inundação do mangue ocorre quando a altura da coluna  d'água é  maior  

ou igual à altimetria das células de mangue adjacentes. Neste caso, as células 

de mangue mudam para as células de água (inundação da célula de mangue); 

7.  Células classificadas como "área desenvolvida" ou "vegetação terrestre" 

podem ser inundadas pelo aumento do nível do mar. Neste caso, a inundação 

ocorre quando a altura da coluna d'água é maior ou igual à altimetria das 

células adjacentes. 
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4 Capítulo I: Artigo Submetido na Revista Estuaries and Coasts  
 

PREDICTING THE IMPACTS OF SEA-LEVEL RISE ON THE AMAZON 
MACROTIDAL MANGROVE COAST 

ABSTRACT  
Brazil has the largest continuous area of mangrove forests in the world, the 
Amazon Macrotidal Mangrove Coast (AMMC). The objective of the present 
study is to simulate the response of eastern Amazonian mangroves to sea-level 
rise, and to produce a vulnerability assessment for this section of the Brazilian 
coast. We used a spatially explicit model, based on cellular automata and 
Geographic Information System (GIS) to identify resistance patterns, migration 
and/or inundation of these mangroves for different events of sea-level rise 
(SLR). The simulation considers 90 elevation events from 0.00318 m to 0.2862 
m according to an arithmetic progression of reason 0.00318 m for the time 
interval from 2010 to 2100. The adopted SLR rate was 3.18 mm / year (0.00318 
m / year), this rate corresponds to an average of sea elevation values observed 
for the Brazilian coast during the mid-twentieth century and early twenty-first 
century. At the end of the simulation (year 2100), the original mangrove area 
(4,180 km2) was reduced to 2,916 km2, representing a loss of 30.24%. Our 
simulation also showed significant landward migration of the mangroves, and 
the modeled loss of the original mangrove area was compensated by a net 
addition of 301 km2 of new mangroves inland, a net increase of 7.2% in the total 
mangrove area (4,481 km2 in 2100). These results suggest that mangrove 
forests in the AMMC can present a pattern of area increase and migration to the 
continent from the projected SLR. These findings can help the identification of 
migration corridors for the Amazonian mangroves and the development of 
adaptation strategies in face of impending SLR. 
 
Keywords: Mangrove forests, Amazonian coast, Climate change, Sea-Level 

Rise, Computational modeling, Geographic Information System.  
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Introduction 
Mangroves function as a link between marine and terrestrial ecosystems, 

playing a vital role in the conservation of biological diversity in tropical and 

subtropical latitudes (Rog, Clarke and Cook, 2017). They possess highly 

developed morphological and physiological adaptations, which allow them to 

exist in conditions of high salinity, extreme tides, strong winds, high 

temperatures, and muddy, anaerobic soils (Alongi, 2009).  

Mangroves are also extremely productive ecosystems, home to a large 

variety of fish, crab, shrimp, and mollusk species (Manson et al., 2005). They 

also contribute significant quantities of organic matter to coastal ecosystems, 

and are considered sites of intense biogeochemical processing, potentially 

impacting the global elemental cycles of carbon and nitrogen (Buillon et al., 

2008; Cohen and Lara, 2003).  

In addition, the dense root systems of mangrove forests trap significant 

amounts of sediment, stabilizing coastlines and preventing erosion from waves 

and storms (Mazda, Volanski and Ridd, 2007). By filtering out sediments, 

mangroves also protect coral reefs and seagrass beds from being smothered 

(Gillis et al., 2014). Together, coral reefs, seagrass beds, and mangrove forests 

provide a number of ecosystem services, and are among the most valuable 

natural systems on the planet. The annual value of products and services 

provided by mangrove forests are estimated to range between $200,000 and 

$900,000 per km² (Wells, 2006).   

The warming of the climate system, because of human activities, is 

unequivocal and unprecedented (IPCC, 2013). This warming is causing 

changes with widespread impacts on both human and natural systems, on all 

continents and across all oceans. In coastal regions, these impacts include 

flooding and shoreline erosion due to sea-level rise (Nicholls, 2004), the 

intensification of the hydrological cycle (Huntington 2006), and changes in the 

frequency and intensity of severe storm events (IPPC, 2013).  

Of all the effects of climate change, a rising sea level is considered to be the 

main factor of vulnerability for mangrove forests (Field, 1995). For the present 

research, the concept of vulnerability adopted is that presented by IPCC (IPCC, 
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2013), namely: vulnerability is the degree by which a system is likely or unable 

to cope with adverse effects of climate change, including climate variability and 

extremes. 

Brazil is home to the second largest total area and the largest continuous 

area of mangrove forests in the world (Spalding, Kainuma and Collins, 2010; 

Nascimento et al., 2013). Therefore, understanding the response of Brazilian 

mangroves to the potential impacts of climate change is a significant challenge. 

      It is almost impossible to gather this information using traditional field-based 

methods, since mangrove swamps are extremely difficult to access. 

Fortunately, remote sensing technology provides a promising alternative to 

solve this problem of accessibility (Green et al. 2000; Howard et al., 2015).  

      Over the last 20 years, remote sensing techniques have demonstrated a 

high potential to detect, identify, map, and monitor mangrove conditions and 

changes (see the reviews by Guo et al., 2017; Heumann 2011; Kuenzer 2011; 

Purnamasayangsukasih et al., 2016). Some examples exist of remote sensing 

being used exclusively for mapping the extent and distribution of Brazilian 

mangrove forests (Lacerda, Menezes and Molisani, 2007; Nascimento et al. 

2013; Souza-Filho, 2005; Souza-Filho, 2009). Nevertheless, few studies have 

attempted to simulate the response of these mangroves to climate change.  

In 2009 was proposed a conceptual model of the response of mangrove 

forests to a possible increase in relative mean sea level induced by global 

warming (Soares, 2009). According to this model, responses will depend on the 

rates of sea level rise, rates of sedimentation, the topography of the area, and 

the availability of suitable areas for mangrove migration landward.  

In 2010 was formulated a methodology to estimate the degree of combined 

vulnerability of mangroves and fishing populations to the impacts of climate 

change in the Paranaguá Estuarine Complex, in southern Brazil. In 2011, a 

Brazilian study proposed using mangrove reforestation as a tool for protecting 

the Potiguar Basin (in NE Brazil) from widespread erosion and shoreline 

instability resulting from climate change and human activities (Dantas, Amaro 

and Costa, 2011). 

 In 2012, other Brazilian research analyzed pollen, diatoms, and stable 

isotopes in a sediment core from Ilha do Cardoso mangroves (SE Brazil) and 
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determined that mangrove development ceased after an erosive event 

associated to the post-glacial sea-level rise (SLR) in the region (Pessenda et 

al., 2012). 

 The mangrove forests existing today in the region developed over the last 

2200 years, after the return of the marine coastal line to its current position. In 

2013 was discussed multiple approaches using remote sensing and modeling 

that could simulate mangrove responses to SLR (Bezerra, Amaral and Kampel, 

2013).  

Most recently in 2016, a research (França et al., 2016) combined 

geomorphological, sedimentological, palynological, and isotope data to analyze 

the dynamics of mangrove forests in Southeastern Brazil within the context of 

millennial and secular climatic and sea-level changes. They identified multiple 

cycles in which Holocene mangrove forests were replaced by tidal flats, 

following the decline in sea level. They also concluded that the existing 

mangroves developed over the last 900 years, following a relative SLR. 

Finally, a survey conducted in 2017 (Fontes et al., 2017) also integrated 

geomorphological, sedimentological, palynological, and stable isotopic data 

from mangrove sediment cores to evaluate the compatibility between the 

Holocene relative sea-level curves proposed for the Brazilian littoral and 

mangrove dynamics along the fluvial valley of the Jucurucu River (central 

eastern coast of Brazil). Their results indicate the absence of mangroves during 

the Holocene high sea-level stand, which occurred about 5,350 years ago.  

Although some of these studies relating sea-level changes and mangrove 

dynamics in Brazil have used remote sensing and/or modeling tools and 

techniques, none have attempted to predict the impacts of the projected climate 

and sea-level change on these ecosystems.  

The objective of the present study is to simulate the response of eastern 

Amazonian mangroves to sea-level rise, and to produce a vulnerability 

assessment for this section of the Brazilian coast.  

 

Study Area  
Brazil has the second largest mangrove coverage in the world (13,400 km2), 

accounting for 8.5% of the world's total and 50% of South America's mangrove 
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forests (Spalding, Kainuma and Collins, 2010). The most extensive areas 

(about 57% of all mangroves in Brazil) are found in the northern coast, along an 

extensive, tide-dominated complex of deltaic systems, in the eastern sector of 

the Amazonian coast. This area, called the Amazon Macrotidal Mangrove Coast 

(AMMC), covers over 7,000 km2, and form the largest contiguous mangrove 

system in the world (Nascimento et al. 2013; Souza-Filho, 2005).  

In this region, the coastline is very jagged with numerous long peninsulas, 

up to 10 km wide and extending about 30 km out to sea (Nascimento et al., 

2013). A combination of coastal current patterns and sediment discharge from 

numerous rivers (including the Amazon) produce a highly dynamic mangrove 

ecosystem. 

This study focuses only on the portion of the AMMC within the Maranhão 

state, region known as environmental protection area of the Maranhão 

reentrances – EPA of the Maranhão reentrances (Fig. 1). Here, mangroves 

reach their maximum seaward development, with widths varying between 26-40 

km. This section contains about 72% (5,414 km2) of the mangroves in the 

AMMC (Souza-Filho, 2005).  

This region was transformed into an Environmental Protection Area in 1991 

by the Brazilian government due to the occurrence of its expressive area of 

mangroves. Due to its significant environmental importance in 1993, the EPA of 

the Maranhão reentrances was also classified as a Ramsar site (wetland of 

international interest). 
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Figure 1.  The study area comprises a section of the AMMC within the Maranhão state.  
 

The meteorological and oceanographic characteristics of the AMMC are 

quite distinct in comparison with other coastal regions of Brazil. The climate is 

governed by seasonal changes in the position of the Inter-Tropical 

Convergence Zone (ITCZ), which is positioned around 14°N during the dry 

season (September-November) and around 2°S during the wet season 

(February-April), when 73% of the annual precipitation occurs55. Average air 

temperatures are usually above 25°C, with little variation between seasons, and 

annual precipitation ranges from 2300-2800 mm (Moraes et al., 2005).  

The continental platform extends some 330 km into the Atlantic Ocean, and 

receives the discharge of the Amazon River (16% of the World’s freshwater 

discharge to the oceans) and dozens of other estuaries, which together supply 

over 1 billion tons of sediments, nutrients and organic material annually to the 

coastal zone (Martinelli et al., 1989). The outer shelf is dominated by carbonate 

sedimentation, both in the form of sand and reefs that have been dated at 

17,000 years BP (Milliman and Barreto, 1075).  
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The inner shelf initiates approximately at the 20 m isobath (15 km away from 

the coast along the northeast of Pará State), where transgressive siliciclastic 

marine sands start to occur. The majority of the sand is composed of well-

sorted clear quartz (Zembruscki 1971) and suggests a marine origin (Souza-

Filho, 2005). 

 

Estimates of Sea-level Rise for the Brazilian coast 
In Brazil there is the Brazilian Panel on Climate Change (PBMC, in 

Portuguese), official Brazilian institution on climate change issues (for more 

information: http://www.pbmc.coppe.ufrj.br/en/). In 2017, PBCM released a 

special report “Impacts, vulnerability and adaptation of Brazilian coastal cities to 

climate change” (Avaiable in: http:pbmc.coppe.ufrj.br/pt/publicacoes/relatorios-

especiais-pbmc/item/relatorio-de-zonas-costeiras?category_id=19).   

In this report, the PBMC indicates there is no continuous historical series 

and reliable information about sea elevation to the Brazilian coast, and there are 

few modeling studies of elevation projections, which undermines any future 

prediction of sea-level rise in Brazil.  However, there are some regional 

observations for sea elevation rates in some coastal cities of Brazil that show 

annual rates of elevation varying from 0.002 to 0.0126 m between mid-twentieth 

century and early twenty-first century, as can be seen in Table 1.   
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Table 1. Changes in mean sea level along the Brazilian coast. 
Author Brazilian cities Variation rates 

(m/year1) 
Period 

Pirazolli (1986) Recife (PE) 0.0037 1950 a 1970 
Salvador (BA) 0.0016 

Canaveiras (BA) 0.0031 
Imbituba (SC) 0.00055 

Aubrey et al. (1988) Fortaleza (CE) 0.00003 1950 a 1970 
Belém (PA) 0.0034 
Recife (PE) 0.00002 

Salvador (BA) 0.0027 
Canaveiras (BA) 0.0041 
Rio de Janeiro 

(RJ) 
0.0036 

Imbituba (SC) 0.0007 
Silva  (1992) Rio de Janeiro 0.0126 1965 a 1986 

Harari e Camargo (1994) Recife (PE) 0.0056 1946 a 1988 
França (2000) and Mesquita 

(2003) 
Atlântico 

Equatorial 
0.004 Altimetric 

data 
Lasada et al. (2013) Salvador (BA) 0.002 1950 a 2009 

Average of observations (m/year1) 0.00318  
Adapted from PBMC (2017) 

 

Dynamics of Macrotidal in AMMC 
Tides in the region are semidiurnal, with mean spring tide ranging around 

3.3 m on the inner shelf, although significant amplification occurs inside 

estuaries and bays. The tidal range in Marajó Bay (Pará State/Brazil) is around 

4.0 m, while in São José Bay (Maranhão State/Brazil) it can reach 7.5 m (DHN 

2017). The tide wave is asymmetrical (shorter rising tides), but displays a sharp 

decrease of rising rates about 2 hours before high spring tides, when extensive 

intertidal areas become inundated (Souza-Filho, 2005). This pattern of tidal 

asymmetry can drive stronger ebb flows, as indicated in similar macrotidal 

estuaries (Lessa 2000). 

In the case study area, the environmental protection area of the Maranhão 

reentrances (see Fig. 1); there are 4 tidal events in 24 h (two low tide events 

and two high tide events). In this area, low tide events vary from 0 to 4 m and 

the events of high tides are usually above 5 m. To exemplify, the Fig. 2 

demonstrates the pattern of occurrence of low tide events and high tides for the 

year 2017 for São Luís, Maranhão (BRA), the data used come from the 

Hydrographic Center of the Brazilian Navy (to access the data: 

https://www.marinha.mil.br/chm/dados-do-segnav/dados-de-mare-mapa). 
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Figure 2. Variation of the tide in the Port of Itagui (São Luís, MA - Brazil)1 for the year 2017. (A) 

- High tide events. (B) - Low tide events. 
 

Modeling Experiment (BR-MANGROVE)  
The model used in this paper (BR-MANGROVE) was prepared according to the 

theoretical precepts described by Brazilian research aimed at simulating the 

SLR impacts in mangrove (Bezerra et al., 2014), which developed a computer 

model to simulate mangrove ecosystem response to SLR. The model simulated 

the SLR for the study area in 90 (ninety) elevation steps, from 0.00318 m to 

0.2862 m, with an annual rate of elevation of 0.00318 m from 2010 to 2100.           

      Elevation rate adopted for the present study was 3.18 mm/year (00318 

m/year), this value corresponds to the average values of sea elevation 

observed in some Brazilian cities according to the PBMC (see Table 1).  

      The process of sea-level rise: we simulate a scenario of sea-level rise up to 

0.2868 m, distributed as an arithmetic progression of reason 0.00318 m (“i") 

over 90 intermediate elevation steps, as demonstrated in the equation (1):  

                                                        
1 Area belonging to AMMC. 
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(1) - Sea-Level Rise = wc + (elevation step x i) 

 

Where:  

"Sea-level rise" is the value of sea-level rise in each water cell at current 

"elevation step";  

"Elevation step" corresponds to the time step required for the sea-level rise. 

We consider that each elevation step is equivalent to one year;  

"wc" is the value of water column (in meters) at current elevation step in 

each water cell; "i" is a constant related to the sea-level rise increment whose 

the value is 0.2868m/elevation step (year).  

The water flux (Flux) corresponds to the displacement of water that occurs 

from a cell to another, this process originates from a water cell towards 

neighboring cells of any land cover class (mangrove cell, anthropic cell, 

terrestrial vegetation cell and beach cell) that have the altitude value lower than 

the sea-level rise, as expressed at equation (2):  

 
(2) Flux = Sea-level rise / neighboring cells, 

 

Where:  

“Flux” corresponds to the value of “Sea-level rise” divided by the number of 

neighboring cells of each water cell. 

The elevation of the sea can modify the sedimentation patterns of the 

material transported by the water column in estuarine environments (Cohen and 

Lara, 2003). For the simulation of vertical accretion of mud banks that can be 

colonized by the mangrove, we used equation (3) estimated by Alongi (2008). 

 
(3) Y = 1.693 + 0.939x 

 

 

 

Where:  
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Ø "Y" - values of vertical accretion of sediment in mm. 

Ø "X" - SLR values in mm. 

 

Modeling procedures were carried out in order to simulate the following 

events: (i) sea level advancement over the continent; (ii) displacement of the 

tidal influence area (TIA); (iii) sediment longitudinal accretion (formation of new 

mud banks) in areas adjacent to the mangrove forests; (iv) changes in the 

extent of the mangrove areas and/or the mangrove resists to SLR; (v) the 

impact of barriers to landward migration and the development of new mangrove 

areas. Below is a description of the elements in the BR-MANGROVE model: 

Ø Original mangrove area - correspond to the existing mangrove extent in 

2010 at the study area. 

Ø Mangrove Decrease – correspond to the area of mangrove forest that is 

suppressed at each elevation step. 

Ø Mangrove increase – correspond to the young mangrove areas that 

manage to migrate at each event of displacement of the TIA; 

Ø Remaining mangrove area  correspond to the original mangrove areas 

that are not affected by increased water column or the mangrove areas  

that are not affected by the SLR due to the high rates of sedimentation 

(horizontal and vertical). 

      The computational model was implemented using TerraME, a toolbox for 

spatially explicit modeling integrated with geospatial databases. TerraME 

supports cellular automata, agent-based models, and network models running 

in 2D cell spaces. TerraME provides an interface to the TerraLib geographical 

database, allowing models direct access to geospatial data. Its modelling 

language has built-in functions that makes it easier to develop multi-scale and 

multi-paradigm models for environmental applications (more information at 

http://www.terrame.org/doku.php).  

      Our implementation is based on the cellular automata computational model, 

a logical system that has the concept of cell as the basic unit: each cell has a 

neighborhood of cells and a discrete state that may vary during the simulation, 

according to its transition rules (Wolfram 1983).  
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Database and Cellular Space 
      The geographic database and cellular space (Fig. 3) were created in a 

geographic information system developed by the National Institute for Space 

Research (INPE), the TerraView 4.2.0 (available at 

http://www.dpi.inpe.br/terraview/), with projection/datum: LatLong/WGS84.   

      Adopting the spatial resolution of 1 km2 (1 km x 1 km), the study site was 

represented by a cellular space containing 20,603 cells (Fig. 3A). As a cellular 

automata system, each cell has, at a certain time, a unique state and a set of 

attributes that defines this state. During the simulation procedures, the states 

and attributes of every cell can change according to the transition rules. The 

initial state of the cell corresponds to the land cover classes (mangrove forest, 

water, terrestrial vegetation, developed areas2, and others) at the initial time for 

year 2010 (Fig. 3B), and the attributes correspond to the soils and altimetry 

classes (Figs. 3C and 3D, respectively).  

      The data used for the states and attributes comes from the official mapping 

conducted by the Brazilian Agricultural Research Corporation (EMBRAPA), and 

is available at the website of the Ecological-Economic Zoning of the Maranhão 

State (https://www.cnpm.embrapa.br/projetos/macrozee/).  

                                                        
2 Areas occupied with human uses, where the original vegetation was removed.  
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Figure 3.  (A) Empty cellular space (B); Initial cell state; (C) Soil attribute of the cells; (D) 

Altimetry attribute of the cells.  
 

Initially, the cellular space was empty, with no geographic information in the 

database. To fill the cells with attribute values, we used the ‘Fill cells’ plugin in 

the TerraView software. The ‘Fill Cells’ plugin allows the calculation of attribute 

values of tables associated with cell type layers.  

The objective is to standardize information from various sources, in different 

formats (vector and raster data, in addition to other cell layers), by aggregating 

them in the same spatial-temporal base. It allows attributes from both dynamic 

and static tables to be calculated. Depending on the geometric representation 

and the semantics of the input data attributes, different operators can be 

applied. For this research, the ‘majority class’ operator was used.  

The cellular space was superimposed on the files with geographic 

information, and each cell assumed the geographic information that occupied 

most of the cell area. This procedure was used to determine the cells initial 
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states and their soil and altimetry attributes. For the altimetry attribute, the final 

cell value was the calculated average of all altimetry values within each cell. 

 

BR-MANGROVE rules transition (model calibration)   
The following are the specific rules used for calibration of the model: 

1. Mangrove only exists in the area under tidal influence (ATI) (Faraco, 

Angreto-Filho and Lana 2010; Field 1995; Spalding, Kainuma and Collins 

2010);  

2. The ATI is determined by the tidal range in the study area, that is, 

between low tide and high tide events;  

3. Initially, the ATI value ranges from 2 to 5 m above the mean sea level, as 

indicated by Ferreira (1988) and validated by tide data from the 

oceanographic database of the Brazilian Navy (see Fig. 2). As sea-level 

rises, the value of ATI is updated by adding the sea level increments 

calculated by the model;  

4. At every elevation step of sea-level rise, mangrove cells may migrate to 

adjacent cells since natural or artificial barriers for mangrove migration 

are not present on the ATI. In this case, cells of land cover class 

assigned as terrestrial vegetation are converted to mangrove cell 

(mangrove migration); 

5. Cells of land cover class assigned as developed cells correspond to 

artificial barriers for mangrove migration. Conversely, natural barriers 

correspond to cells in which the altimetry attribute value is higher than 

the ATI, or the soil attribute is different than ‘indiscriminate mangrove 

soil’; 

6. The mangrove inundation occurs when the height of the water column is 

greater than or equal to the altimetry of adjacent mangrove cells. In this 

case, mangrove cells change to water cells (mangrove inundation); 

7. Cells classified as ‘developed area’ or ‘terrestrial vegetation' can be 

inundated by the rising sea level. In this case, the inundation occurs 

when the height of the water column is greater than or equal to the 

altimetry of adjacent cells. 
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Result 
This modelling exercise provides a vulnerability assessment of a portion of 

the eastern Amazonian mangrove forests to SLR, and their potential to migrate 

towards landward areas. Although we recognize the importance of other factors, 

such as changes to the local sedimentology and sediment supply (Gilman, 

Ellison and Coleman, 2007), changes in salinity resulting from hydrological 

adjustments to new water levels (Howard et al., 2015), and the species 

composition of the local mangrove forests (McKee, 2010), this vulnerability 

assessment is based solely on (1) sea-level rise relative to a static mangrove 

surface elevation, and (2) the existence of landward barriers, both natural and 

artificial. 

In this study, the initial conditions for the model (corresponding to the year 

2010) are: original mangrove, terrestrial vegetation, water, developed areas and 

bare soil. For this initial condition, the calculated mangrove area was 4,180 km2, 

which corresponds to 20.3% of the study area (Fig. 4 A).  

 
Figure 4.  Initial condition for the modeling exercise in the study area (based on data for the 

year 2010). 
      At the end of the simulation (year 2100), the original mangrove area was 

reduced to 2,916 km2, a loss of 30.24%, compared to the initial mangrove 

extent of 4,180 km2. However, this loss of original mangrove area was 

compensated by extensive landward migration, which resulted in the addition of 

1,585.4 km2 of new mangrove cover, following the modeled SLR.  

     The study area presents favorable conditions for mangrove landward 

migration, since there are no significant anthropogenic barriers and no 

significant sediment inputs. In addition, the occurrence of macro-tides (with daily 

variations around 5 m) produces migration corridors along the many existing 
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stream channels, allowing mangroves to move upstream as sea level rises. 

Therefore, although the results of this modeling exercise indicate that there is a 

loss of the original mangrove area from the projected SLR, local conditions 

favors the expansion of new mangrove areas towards the continent (Fig. 4 B). 

      The total mangrove area at the end of the modeling exercise in 2100 

presented a value of 4,481 km2 (original mangrove areas minus mangrove area 

lost to inundation plus new mangrove area from landward migration), which, 

when compared to the original mangrove area, indicates an increment of 301 

km2 from the beginning to the end of the simulation. This corresponds to an 

increase in the total mangrove area of 7.2%, indicating that events of SLR can 

derive a positive impact on eastern Amazonian mangroves.  
 
Discussion 
      The results of present study suggest that the Amazonian mangroves are 

very resilient, and their adaptive capacity to SLR appears to be large, as 

observed in similar tidal-dominated systems elsewhere (Alongi, 2009; Twilley 

and Day, 2012; Kirwan and Megonigal, 2013).  

      These mangroves are able to migrate vertically and horizontally, keeping 

pace with SLR by directly or indirectly influencing soil accretion processes 

through the production and accumulation of organic matter, as well as the 

trapping and retention of mineral sediment. Organic matter accumulation and its 

contribution to soil formation is widely recognized, and the processes controlling 

it has been well studied in many habitats.  

      A study showed that the relative contribution of organic solids to surface 

accretion in Caribbean mangroves was one to three times that of inorganic 

solids across study sites (McKee, 2010). This study also pointed to biological, 

rather than mineral controls on vertical accretion. Physical processes also 

contribute to mangrove vertical accretion, including inorganic sedimentation, 

groundwater influx (causing soil swelling) and deep land movements – such as 

geological uplift or glacial isostatic rebound (Krauss, McKee and Lovelock, 

2014).  

      Landward migration has also been observed in other modeling studies. 

Alternative future sea-level rise and urbanization scenarios were used to map 



Artigo Submetido à Revista Estuaries and Coasts. ISSN: 1559-2731 

 
41 

 

landward migration of tidal saline wetlands along the Gulf of Mexico, and to 

identify locations where barriers may prevent such migration, and how existing 

protected lands might accommodate expected landward migration (Enwright, 

Griffith, Osland, 2016).  

      In Brazil, in the year 2014 was published the first Brazilian research aimed 

at simulating the SLR impacts in mangrove areas for the 21st century (Bezerra 

et al., 2014). The study focused on the Island of Maranhão, and the authors 

concluded that human occupation intensifies the negative impacts of the SLR, 

since they act as a barrier preventing the landward migration of the mangrove. 

In the AMMC was used radar data to map the dynamics of expansion and 

retraction in Amazonian mangrove forests (Nascimento et al., 2013). This 

research showed that, between 1996 and 2008, the mangrove experienced a 

loss of 14% (1212.50 km2) of original area, and an expansion of 22% (1931.04 

km2) due to landward migration (Fig. 5), resulting in a net increase of the 

mangrove area of about 718.54 km2, a 10.7% increase.  

      The authors suggest that a high sedimentation rate was the main factor 

responsible for the observed increase. The PBMC, in their 2013 report, indicate 

that, in addition to SLR, climate change can affect coastal dynamics and 

sedimentation rates, which may promote expansion of mangrove areas (PBMC, 

2013). 
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Figure 5.  Changes in the extent of mangrove forests in the AMMC using radar data: (A) 
Mangrove area in 2008, (B) Mangrove area in 1996. Modified from Nascimento et al. (2013). 

 

      Other Brazilian researchers using robust methodological procedures for 

identifying changes in mangrove area coverage have observed similar patterns.     

For example, a study used a combination of GIS and remote sensing 

techniques to analyze a 25-year time series of radar and satellite images, 

aiming to identify changes in mangrove coverage along a section of the central 

Amazon coastline (Cohen and Lara 2003).  

      In this study was concluded that mangrove stands were migrating landward, 

possibly as a response to relative sea level rise, and that this migration was 

limited by local topography.  
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      A literature review on the mangrove ecosystem response to climate change 

in the last 25 years and concluded that the mangroves of southeastern Brazil 

present patterns of expansion to the continent consistent with the sea-level rise 

impacts described in the scientific literature (Godoy and Lacerda, 2015; PBMC 

2017). For example, studies indicate that some areas of mangroves in northeast 

Brazil showed an increase of 400% between 1993 and 2008. 

      Although SLR have been mentioned in these studies as a possible factor in 

the observed changes in mangrove area coverage, these authors point out to 

the peculiar coastal dynamics (erosion, progression, etc.) and to the influence of 

local land use and occupation as the main causes for the observed 

expansion/retraction patterns.  

      The uncertainty on the impacts of SLR in Brazilian mangroves results from 

the inexistence of an orthometric reference for the coastal zone, and the lack of 

historical sea level data that allows the establishment of specific rates of 

elevation for the Brazilian coast (Godoy and Lacerda, 2015).  

 

Final considerations 
      The results presented here suggest that mangrove forests in the AMMC 

may present a pattern of migration to the continent and show a net gain of area 

(7.2% increase in mangrove area) for potential SLR events. These mangroves 

can use existing tidal channels to migrate landward into the continent, as sea 

level rises, and thus colonize areas of terrestrial vegetation or other areas that 

allow the colonization of the mangrove.  

     Another factor that corroborates the pattern of mangroves migration 

observed in the simulation is the small influence of human occupations in the 

AMMC, as well as, the presence of macrotides that can amplify the effects of 

SLR. Based on these findings, Brazilian public policies for preservation of areas 

adjacent to Amazonian mangroves should be intensified, focusing on the 

identification of migration corridors for the mangroves and the development of 

adaptation strategies in face of impending sea-level rise. In this context, new 

studies should be developed that identify areas with potential to be colonized by 

mangroves in different scenarios of SLR in the AMMC. 
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       The Amazonian mangroves comprise the largest continuous area of 

mangroves in the world, and provide numerous environmental services to the 

coastal zone (nursery for marine life, a precious stock of blue carbon, and 

coastline protection to extreme climatic events). Therefore, it is vital to promote 

a better understanding of their response patterns to SLR events and other 

impacts of climate change, and to promote landscape-scale conservation plans 

that will enable these unique ecosystems to migrate both vertically and 

horizontally in response to future SLR. 
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5 CONCLUSÕES 
      O presente estudo sugere que os manguezais da Amazônia oriental são 

muito resilientes e possuem alta capacidade de adaptação à ENMM, como 

observado em outros sistemas dominados por maré (ALONGI, 2009; TWILLEY 

e DAY, 2012; KIRWAN e MEGONIGAL, 2013). Esses manguezais são capazes 

de migrar vertical e horizontalmente em resposta à ENMM, influenciando direta 

ou indiretamente os processos de acúmulo do solo através da produção de 

matéria orgânica, bem como a retenção de sedimentos minerais. O acúmulo de 

matéria orgânica e sua contribuição para a formação do solo são amplamente 

reconhecidos, e os processos que o controlam foram bem estudados em 

muitos habitats.  

      Neste estudo concluiu-se que os manguezais estavam migrando para o 

interior, possivelmente como resposta à elevação do nível do mar, e que esta 

migração foi limitada pela topografia local.  

      Os resultados aqui apresentados sugerem que as florestas de mangue na 

área de studo podem apresentar um padrão de migração para o continente e 

mostrar um ganho líquido de área (aumento de 7,2% na área de manguezal) 

para potenciais eventos ENMM.  

      Esses manguezais podem usar os fluxos de maré existentes para migrar 

para o continente, à medida que o nível do mar aumenta, colonizando assim 

áreas de vegetação terrestre ou outras áreas que permitem a colonização do 

manguezal. Outro fator que corrobora o padrão de migração dos manguezais 

observado na simulação é a pequena influência das ocupações humanas na 

zona costeira oriental da Amazônia Legal, bem como a presença de 

macromarés que podem ampliar os efeitos da ENMM.  

      Com base nesses resultados, as políticas públicas brasileiras de 

preservação de áreas adjacentes aos manguezais da Amazônia devem ser 

intensificadas, com foco na identificação de corredores de migração para os 

manguezais e no desenvolvimento de estratégias de adaptação frente à 

elevação iminente do nível do mar.  

       Neste contexto, novos estudos devem ser desenvolvidos para que sejam 

identifacadas as áreas com potencial para serem colonizadas por manguezais 
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em diferentes cenários de  ENMM. 

       Os manguezais da Amazônia compreendem a maior área contínua de 

manguezais do mundo e fornecem vários efeitos ambientais positivos para a 

zona costeira (berçário para a vida marinha, um estoque precioso de carbono 

azul e proteção costeira para eventos climáticos extremos). 

      Portanto, é vital promover uma melhor compreensão de seus padrões de 

resposta aos eventos da ENMM  e outros impactos da mudança climática, e 

promover planos de conservação que permitirão que esses ecossistemas 

únicos migrem vertical e horizontalmente em resposta à futura ENMM. 
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English Language 
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received without such evidence will be assumed to originate from the authors. 
Online Submission 
Please follow the hyperlink “Submit online” on the right and upload all of your 
manuscript files following the instructions given on the screen. 
TITLE PAGE 
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• The name(s) of the author(s) 
• A concise and informative title 
• The affiliation(s) and address(es) of the author(s) 
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Please provide an abstract of 150 to 250 words. The abstract should not contain 
any undefinedabbreviations or unspecified references. 
Keywords 
Please provide 4 to 6 keywords which can be used for indexing purposes. 
TEXT 
Text Formatting 
Manuscripts should be submitted in Word. 
• Use a normal, plain font (e.g., 12-point Times Roman) for text. 
• Use double-spaced lines. 
• Use italics for emphasis. 
• Use the automatic page numbering function to number the pages. 
• Do not use field functions. 
• Use tab stops or other commands for indents, not the space bar. 
• Use the table function, not spreadsheets, to make tables. 
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• Authors are required to include line numbering in their text file; the line 
numbering should restart on each page 
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Please use no more than three levels of displayed headings. 
Abbreviations 
Abbreviations should be defined at first mention and used consistently 
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Footnotes 
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details of a reference. They should also not contain any figures or tables. 
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Acknowledgments 
Acknowledgments of people, grants, funds, etc. should be placed in a separate 
section on the title page. 
The names of funding organizations should be written in full. 
REFERENCES 
Citation 
Cite references in the text by name and year in parentheses. Some examples: 
• Negotiation research spans many disciplines (Thompson 1990). 
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• This effect has been widely studied (Abbott 1991; Barakat et al. 1995; Kelso 
and Smith 1998; Medvec et al. 1999). 
Reference list 
The list of references should only include works that are cited in the text and 
that have been published or accepted for publication. Personal communications 
and unpublished works should only be mentioned in the text. Do not use 
footnotes or endnotes as a substitute for a reference list. 
Reference list entries should be alphabetized by the last names of the first 
author of each work. 
• Journal article 
Alber, John, Daniel C. O’Connell, and Sabine Kowal. 2002. Personal 
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Martin’s Press. 
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formatting of in-text citations and reference list. 
• EndNote style (zip, 2 kB) 
TABLES 
• All tables are to be numbered using Arabic numerals. 
• Tables should always be cited in text in consecutive numerical order. 
• For each table, please supply a table caption (title) explaining the components 
of the table. 
• Identify any previously published material by giving the original source in the 
form of a reference at the end of the table caption. 
• Footnotes to tables should be indicated by superscript lower-case letters (or 
asterisks for significance values and other statistical data) and included beneath 
the table body. 
ARTWORK AND ILLUSTRATIONS GUIDELINES 
Electronic Figure Submission 
• Supply all figures electronically. 
• Indicate what graphics program was used to create the artwork. 
• For vector graphics, the preferred format is EPS; for halftones, please use 
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• Vector graphics containing fonts must have the fonts embedded in the files. 
• Name your figure files with "Fig" and the figure number, e.g., Fig1.eps. 
Line Art 
• Definition: Black and white graphic with no shading. 
• Do not use faint lines and/or lettering and check that all lines and lettering 
within the figures are legible at final size. 
• All lines should be at least 0.1 mm (0.3 pt) wide. 
• Scanned line drawings and line drawings in bitmap format should have a 
minimum resolution of 1200 dpi. 
• Vector graphics containing fonts must have the fonts embedded in the files. 
Halftone Art 
• Definition: Photographs, drawings, or paintings with fine shading, etc. 
• If any magnification is used in the photographs, indicate this by using scale 
bars within the figures themselves. 
• Halftones should have a minimum resolution of 300 dpi. 
Combination Art 
• Definition: a combination of halftone and line art, e.g., halftones containing line 
drawing, extensive lettering, color diagrams, etc. 
• Combination artwork should have a minimum resolution of 600 dpi. 
Color Art 
• Color art is free of charge for online publication. 
• If black and white will be shown in the print version, make sure that the main 
information will still be visible. Many colors are not distinguishable from one 
another when converted to black and white. A simple way to check this is to 
make a xerographic copy to see if the necessary distinctions between the 
different colors are still apparent. 
• If the figures will be printed in black and white, do not refer to color in the 
captions. 
• Color illustrations should be submitted as RGB (8 bits per channel). 
Figure Lettering 
• To add lettering, it is best to use Helvetica or Arial (sans serif fonts). 
• Keep lettering consistently sized throughout your final-sized artwork, usually 
about 2–3 mm (8–12 pt). 
• Variance of type size within an illustration should be minimal, e.g., do not use 
8-pt type on an axis and 20-pt type for the axis label. 
• Avoid effects such as shading, outline letters, etc. 
• Do not include titles or captions within your illustrations. 
Figure Numbering 
• All figures are to be numbered using Arabic numerals. 
• Figures should always be cited in text in consecutive numerical order. 
• Figure parts should be denoted by lowercase letters (a, b, c, etc.). 
• If an appendix appears in your article and it contains one or more figures, 
continue the consecutive numbering of the main text. Do not number the 
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appendix figures, "A1, A2, A3, etc." Figures in online appendices (Electronic 
Supplementary Material) should, however, be numbered separately. 
Figure Captions 
• Each figure should have a concise caption describing accurately what the 
figure depicts. Include the 
captions in the text file of the manuscript, not in the figure file. 
• Figure captions begin with the term Fig. in bold type, followed by the figure 
number, also in bold type. 
• No punctuation is to be included after the number, nor is any punctuation to be 
placed at the end of the caption. 
• Identify all elements found in the figure in the figure caption; and use boxes, 
circles, etc., as coordinate points in graphs. 
• Identify previously published material by giving the original source in the form 
of a reference citation at the end of the figure caption. 
Figure Placement and Size 
• Figures should be submitted separately from the text, if possible. 
• When preparing your figures, size figures to fit in the column width. 
• For most journals the figures should be 39 mm, 84 mm, 129 mm, or 174 mm 
wide and not higher than 234 mm. 
• For books and book-sized journals, the figures should be 80 mm or 122 mm 
wide and not higher than 198 mm. 
Permissions 
If you include figures that have already been published elsewhere, you must 
obtain permission from the copyright owner(s) for both the print and online 
format. Please be aware that some publishers do not grant electronic rights for 
free and that Springer will not be able to refund any costs that may have 
occurred to receive these permissions. In such cases, material from other 
sources should be used. 
Accessibility 
In order to give people of all abilities and disabilities access to the content of 
your figures, please make sure that: 
• All figures have descriptive captions (blind users could then use a text-to-
speech software or a textto-Braille hardware) 
• Patterns are used instead of or in addition to colors for conveying information 
(colorblind users would then be able to distinguish the visual elements) 
• Any figure lettering has a contrast ratio of at least 4.5:1 
ELECTRONIC SUPPLEMENTARY MATERIAL 
Springer accepts electronic multimedia files (animations, movies, audio, etc.) 
and other supplementary files to be published online along with an article or a 
book chapter. This feature can add dimension to the author's article, as certain 
information cannot be printed or is more convenient in electronic form. 
Before submitting research datasets as electronic supplementary material, 
authors should read the journal’s Research data policy. We encourage research 
data to be archived in data repositories wherever possible. 
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Submission 
• Supply all supplementary material in standard file formats. 
• Please include in each file the following information: article title, journal name, 
author names; affiliation and e-mail address of the corresponding author. 
• To accommodate user downloads, please keep in mind that larger-sized files 
may require very long download times and that some users may experience 
other problems during downloading. 
Audio, Video, and Animations 
• Aspect ratio: 16:9 or 4:3 
• Maximum file size: 25 GB 
• Minimum video duration: 1 sec 
• Supported file formats: avi, wmv, mp4, mov, m2p, mp2, mpg, mpeg, flv, mxf, 
mts, m4v, 3gp 
Text and Presentations 
• Submit your material in PDF format; .doc or .ppt files are not suitable for long-
term viability. 
• A collection of figures may also be combined in a PDF file. 
Spreadsheets 
• Spreadsheets should be converted to PDF if no interaction with the data is 
intended. 
• If the readers should be encouraged to make their own calculations, 
spreadsheets should be submitted as .xls files (MS Excel). 
Specialized Formats 
• Specialized format such as .pdb (chemical), .wrl (VRML), .nb (Mathematica 
notebook), and .tex can also be supplied. 
Collecting Multiple Files 
• It is possible to collect multiple files in a .zip or .gz file. 
Numbering 
• If supplying any supplementary material, the text must make specific mention 
of the material as a 
citation, similar to that of figures and tables. 
• Refer to the supplementary files as “Online Resource”, e.g., "... as shown in 
the animation (Online 
Resource 3)", “... additional data are given in Online Resource 4”. 
• Name the files consecutively, e.g. “ESM_3.mpg”, “ESM_4.pdf”. 
Captions 
• For each supplementary material, please supply a concise caption describing 
the content of the file. 
Processing of supplementary files 
• Electronic supplementary material will be published as received from the 
author without any conversion, editing, or reformatting. 
Accessibility 
In order to give people of all abilities and disabilities access to the content of 
your supplementary files, please make sure that 
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• The manuscript contains a descriptive caption for each supplementary 
material 
• Video files do not contain anything that flashes more than three times per 
second (so that users prone to seizures caused by such effects are not put at 
risk) 
AFTER ACCEPTANCE 
Upon acceptance of your article you will receive a link to the special Author 
Query Application at Springer’s web page where you can sign the Copyright 
Transfer Statement online and indicate whether you wish to order OpenChoice, 
offprints, or printing of figures in color. 
Once the Author Query Application has been completed, your article will be 
processed and you will receive the proofs. 
Copyright transfer 
Authors will be asked to transfer copyright of the article to the Publisher (or 
grant the Publisher exclusive publication and dissemination rights). This will 
ensure the widest possible protection and dissemination of information under 
copyright laws. 
• Creative Commons Attribution-NonCommercial 4.0 International License 
Offprints 
Offprints can be ordered by the corresponding author. 
Color illustrations 
Online publication of color illustrations is free of charge. For color in the print 
version, authors will be expected to make a contribution towards the extra 
costs. 
Proof reading 
The purpose of the proof is to check for typesetting or conversion errors and the 
completeness and accuracy of the text, tables and figures. Substantial changes 
in content, e.g., new results, corrected values, title and authorship, are not 
allowed without the approval of the Editor. 
After online publication, further changes can only be made in the form of an 
Erratum, which will be hyperlinked to the article. 
Online First 
The article will be published online after receipt of the corrected proofs. This is 
the official first publication citable with the DOI. After release of the printed 
version, the paper can also be cited by issue and page numbers. 
OPEN CHOICE 
In addition to the normal publication process (whereby an article is submitted to 
the journal and access to that article is granted to customers who have 
purchased a subscription), Springer provides an alternative publishing option: 
Springer Open Choice. A Springer Open Choice article receives all the benefits 
of a regular subscription-based article, but in addition is made available publicly 
through Springer’s online platform SpringerLink. 
• Open Choice 
Copyright and license term – CC BY 
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Open Choice articles do not require transfer of copyright as the copyright 
remains with the author. Inopting for open access, the author(s) agree to 
publish the article under the Creative Commons Attribution License. 
RESEARCH DATA POLICY 
The journal encourages authors, where possible and applicable, to deposit data 
that support the findings of their research in a public repository. Authors and 
editors who do not have a preferred repository should consult Springer Nature’s 
list of repositories and research data policy. 
General repositories - for all types of research data - such as figshare and 
Dryad may also be used. 
Datasets that are assigned digital object identifiers (DOIs) by a data repository 
may be cited in the reference list. Data citations should include the minimum 
information recommended by DataCite: authors, title, publisher (repository 
name), identifier. 
Springer Nature provides a research data policy support service for authors and 
editors, which can be contacted at researchdata@springernature.com. 
This service provides advice on research data policy compliance and on finding 
research data repositories. It is independent of journal, book and conference 
proceedings editorial offices and does not advise on specific manuscripts. 
ETHICAL RESPONSIBILITIES OF AUTHORS 
This journal is committed to upholding the integrity of the scientific record. As a 
member of the Committee on Publication Ethics (COPE) the journal will follow 
the COPE guidelines on how to deal with potential acts of misconduct. 
Authors should refrain from misrepresenting research results which could 
damage the trust in the journal, the professionalism of scientific authorship, and 
ultimately the entire scientific endeavour. Maintaining integrity of the research 
and its presentation can be achieved by following the rules of good scientific 
practice, which include: 
• The manuscript has not been submitted to more than one journal for 
simultaneous consideration. 
• The manuscript has not been published previously (partly or in full), unless the 
new work concerns 
an expansion of previous work (please provide transparency on the re-use of 
material to avoid the hint of text-recycling (“self-plagiarism”)). 
• A single study is not split up into several parts to increase the quantity of 
submissions and submitted to various journals or to one journal over time (e.g. 
“salami-publishing”). 
• No data have been fabricated or manipulated (including images) to support 
your conclusions. 
• No data, text, or theories by others are presented as if they were the author’s 
own (“plagiarism”). 
Proper acknowledgements to other works must be given (this includes material 
that is closely copied (near verbatim), summarized and/or paraphrased), 
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quotation marks are used for verbatim copying of material, and permissions are 
secured for material that is copyrighted. 
Important note: the journal may use software to screen for plagiarism. 
• Consent to submit has been received explicitly from all co-authors, as well as 
from the responsible authorities - tacitly or explicitly - at the 
institute/organization where the work has been carriedout, before the work is 
submitted. 
• Authors whose names appear on the submission have contributed sufficiently 
to the scientific workand therefore share collective responsibility and 
accountability for the results. 
In addition: 
• Changes in authorship, or in the order of authors, are not accepted after the 
acceptance for publication of a manuscript. 
• Requesting to add or delete authors at revision stage, proof stage, or after 
publication is a serious matter and may be considered when justifiably 
warranted. Justification for changes in authorship must be compelling and may 
be considered only after receipt of written approval from all authors and a 
convincing, detailed explanation about the role/deletion of the new/deleted 
author. In case of changes at revision stage, a letter must accompany the 
revised manuscript. In case of changes after acceptance for publication, the 
request and documentation must be sent via the Publisher to the Editor-in-
Chief. In all cases, further documentation may be required to support your 
request. 
The decision on accepting the change rests with the Editor-in-Chief of the 
journal and may be turned down. Therefore authors are strongly advised to 
ensure the correct author group, corresponding author, and order of authors at 
submission. 
• Upon request authors should be prepared to send relevant documentation or 
data in order to verify the validity of the results. This could be in the form of raw 
data, samples, records, etc. 
If there is a suspicion of misconduct, the journal will carry out an investigation 
following the COPE guidelines. If, after investigation, the allegation seems to 
raise valid concerns, the accused author will be contacted and given an 
opportunity to address the issue. If misconduct has been established beyond 
reasonable doubt, this may result in the Editor-in-Chief’s implementation of the 
following measures, including, but not limited to: 
• If the article is still under consideration, it may be rejected and returned to the 
author. 
• If the article has already been published online, depending on the nature and 
severity of the infraction, either an erratum will be placed with the article or in 
severe cases complete retraction of the article will occur. The reason must be 
given in the published erratum or retraction note. 
• The author’s institution may be informed. 
DISCLOSURE OF POTENTIAL CONFLICTS OF INTEREST 
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Authors must disclose all relationships or interests that could have direct or 
potential influence or impart bias on the work. Although an author may not feel 
there is any conflict, disclosure of relationships and interests provides a more 
complete and transparent process, leading to an accurate and objective 
assessment of the work. Awareness of a real or perceived conflicts of interest is 
a perspective to which the readers are entitled. This is not meant to imply that a 
financial relationship with an organization that sponsored the research or 
compensation received for consultancy work is inappropriate. Examples of 
potential conflicts of interests that are directly or indirectly related to the 
research may include but are not limited to the following: 
• Research grants from funding agencies (please give the research funder and 
the grant number) 
• Honoraria for speaking at symposia 
• Financial support for attending symposia 
• Financial support for educational programs 
• Employment or consultation 
• Support from a project sponsor 
• Position on advisory board or board of directors or other type of management 
relationships 
• Multiple affiliations 
• Financial relationships, for example equity ownership or investment interest 
• Intellectual property rights (e.g. patents, copyrights and royalties from such 
rights) 
• Holdings of spouse and/or children that may have financial interest in the work 
In addition, interests that go beyond financial interests and compensation (non-
financial interests) that may be important to readers should be disclosed. These 
may include but are not limited to personal relationships or competing interests 
directly or indirectly tied to this research, or professional interests or personal 
beliefs that may influence your research. 
The corresponding author collects the conflict of interest disclosure forms from 
all authors. In author collaborations where formal agreements for representation 
allow it, it is sufficient for the corresponding author to sign the disclosure form 
on behalf of all authors.  
The corresponding author will include a summary statement in the text of the 
manuscript in a separate section before the reference list, that reflects what is 
recorded in the potential conflict of interest disclosure form(s). 
See below examples of disclosures: 
Funding: This study was funded by X (grant number X). 
Conflict of Interest: Author A has received research grants from Company A. 
Author B has received a speaker honorarium from Company X and owns stock 
in Company Y. Author C is a member of committee Z. 
If no conflict exists, the authors should state: 
Conflict of Interest: The authors declare that they have no conflict of interest. 
ENGLISH LANGUAGE SUPPORT 
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For editors and reviewers to accurately assess the work presented in your 
manuscript you need to ensure the English language is of sufficient quality to be 
understood. If you need help with writing in English you should consider: 
• Asking a colleague who is a native English speaker to review your manuscript 
for clarity. 
• Visiting the English language tutorial which covers the common mistakes 
when writing in English. 
• Using a professional language editing service where editors will improve the 
English to ensure that your meaning is clear and identify problems that require 
your review. Two such services are provided by our affiliates Nature Research 
Editing Service and  
Please note that the use of a language editing service is not a requirement for 
publication in this jornal and does not imply or guarantee that the article will be 
selected for peer review or accepted. If your manuscript is accepted it will be 
checked by our copyeditors for spelling and formal style before publication. 


