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Que agarram lamas nutridas por rios e oceano

Guardando filhos do carbono e protegendo geracdes futuras das mazelas
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RESUMO

Durante o Holoceno a distribuicdos dos manguezais foi controlada em grande parte pelo clima e
flutuacGes do nivel do mar. O clima limitou essas florestas as latitudes 30°N e 28°S. Portanto, em
resposta ao aquecimento global no Antropoceno, espera-se que 0S manguezais migrem para
latitudes mais temperadas invadindo &reas Umidas colonizadas por marismas (Spartina sp.). O
objetivo geral desta Tese é avaliar os efeitos das mudancas climaticas e flutuacbes do NRM na
distribuicdo dos manguezais americanos ao longo do Holoceno e Antropoceno, baseado em
imagens de satélite e drone, facies sedimentares, diatoméaceas, pélen, geoquimica (LOI, XRF,
COT, NT, ST, C: N, C: S, 8®3C e 5°N) e datagGes por 2°Pb e 14C. Para isto, foi escolhido um
estuario do litoral sul do Espirito Santo como representante dos manguezais tropicais (20°41'S),
além de regiGes costeiras subtropicais situadas na costa norte (26° 6'S) e sul de Santa Catarina
(28°29’ S) e litoral da Louisiana (29°09°N). Os resultados desta pesquisa estdo apresentados em
quatro artigos cientificos. O primeiro, (ver, capitulo Il) trata sobre os efeitos do aquecimento
global no estabelecimento dos manguezais na regido costeira da Louisiana (29° 09’ N) durante o
Holoceno. O segundo artigo cientifico (ver, capitulo I11) mostra a migracdo dos manguezais para
o limite austral desse ecossistema no continente sul-americano, na regido de Laguna, de acordo
com 0 aumento nas temperaturas minimas de inverno no Antropoceno (costa sul de Santa
Catarina, 28°29’ S). O terceiro manuscrito (ver, capitulo IV) avalia os impactos do aumento do
nivel do mar nos manguezais tropicais do sudeste brasileiro (costa sul Espirito Santo, 20°41'S)
durante o Holoceno e Antropoceno, usando uma abordagem multi-proxy. O quarto artigo
cientifico (ver, capitulo V) aborda o estabelecimento dos manguezais na Baia de S&o Francisco
do Sul (costa norte de Santa Catarina, 26°6'S), em resposta ao aquecimento global nos ultimos
1000 anos. Os resultados indicaram uma transgressao marinha na costa sul de Santa Catarina
(28°29’ S) e litoral da Louisiana (29° 09’ N) no Holoceno inicial. Este processo natural converteu
ambientes lacustres em lagunas colonizadas por ervas adaptadas a ambiente estuarino. Na costa
tropical brasileira 0 aumento do NRM no Holoceno médio (2-5 m acima do nivel atual) foi
determinante para o estabelecimento dos manguezais. Este comportamento foi observado em um
estuario localizado na costa sul do Espirito Santo (20°41'S) onde uma planicie herbacea foi
gradualmente substituida por uma laguna cercada por manguezais entre ~6300 anos cal AP e
~4650 anos cal AP. No entanto, entre ~4650 anos cal AP e 2700 anos cal AP a laguna colonizada

por manguezais em suas margens foi convertida em uma planicie de maré ocupada por ervas,



palmeiras e arvores/arbustos refletindo a reducéo da influéncia estuarina no Holoceno tardio, de
acordo com a queda do NRM. A partir dos ltimos mil anos ocorreu uma diminuicao significativa
na ocorréncia de polen de manguezal nos sedimentos das planicies de maré do sul do Espirito
Santo (390 cal anos AP (1560 DC) e 77 cal anos AP (1873 DC), provavelmente causado por uma
gueda no NRM associada a Pequena Idade do Gelo (LIA). Estudos paleoclimaticos indicaram
flutuacdes na temperatura durante LIA (380 a 50 anos cal AP) e MCA — Periodo Quente Medieval
(950 a 750 anos cal AP) no Holoceno tardio e consequente mudanga na vegetacao no sul do Brasil.
Estes eventos climaticos provavelmente influenciaram o aparecimento da sucessdo de géneros de
manguezais na Baia de Sdo Francisco do Sul (costa norte de Santa Catarina, 26°6" S). Os efeitos
da queda e/ou estabilizacdo do nivel do mar no Holoceno tardio foram registrados na costa sul
catarinense (Laguna, 28°29'S) através da mudanga na geomorfologia costeira. Neste mesmo
periodo no litoral de Louisiana (29°09'N), sedimentos arenosos (sedimentos overwash) foram
depositados nesses estuarios refletindo a migracdo gradual desses sedimentos em direcdo ao
continente provavelmente resultado de eventos de tempestade. As tendéncias de NRM na costa
sul brasileira (Laguna, 28°29'S) e norte americana (litoral da Louisiana, 29°09'N) a partir do
Holoceno médio foram as mesmas apresentando condicgdes fisico-quimicas apropriadas para o
desenvolvimento de manguezais, como ocorreu no litoral do Espirito Santo (~6300 anos cal AP)
e na Baia de Sao Francisco do sul (~1500 anos cal AP). Entretanto, ndo foram registrados graos
de polen de manguezal nos sedimentos do atual limite austral (Laguna, 28°29'S) e boreal (litoral
da Louisiana, 29°09'N) dos manguezais americanos durante o Holoceno. Neste intervalo de tempo
ocorreu uma contribuicdo significativa de matéria organica de origem estuarina em planicies de
maré ocupadas por Spartina sp. Em relacdo ao aguecimento global e aumento do NRM no
Antropoceno um aumento de p6len de manguezal nos testemunhos sedimentares do Espirito Santo
(20°40'S) refletiram a migracdo do mangue para planicies arenosas topograficamente mais
elevadas anteriormente dominada por vegetacao herbacea. Em relacdo aos manguezais de Laguna
(atual limite austral dos manguezais americanos, 28°29'S), analises de polen e datagdes de *C e
210Pp indicaram que os manguezais foram estabelecidos sob influéncia estuarina entre ~ 1957 e
1986 DC, representados por arvores de Laguncularia sp. Anélises espaco temporal com base em
imagens de satélite e drone indicaram que 0s manguezais vém se expandindo nas Gltimas décadas
com introducdo de novos géneros de mangue. Em nossa area de estudo na Baia de S&o Francisco

do Sul (costa norte de Santa Catarina, 26°6' S), analises palinoldgicas e datagdo **C revelaram que



0S manguezais se estabeleceram em torno de ~ 1500 anos cal AP representados por Laguncularia
sp. seguido por Avicennia sp. (~500 anos cal AP) e Rhizophora sp. apenas no ultimo século.
Provavelmente, essa sucessdo de géneros de manguezais foi causada por uma tendéncia de
aquecimento na América do Sul durante o Holoceno tardio e as arvores de Rhizophora sp. pelo
aquecimento durante o Antropoceno. Em relacdo aos manguezais localizados no litoral da
Louisiana registros histéricos indicaram a presenca de pequenos arbustos de Avicennia sp. no
inicio do século XX. Atualmente, estudos de sensoriamento remoto coordenado por Cohen (2021)
indicam uma expanséo latitudinal de Avicennia sp. colonizando areas que eram anteriormente
ocupadas por Spartina sp. apds duas décadas de invernos quentes. Portanto, 0s manguezais
migraram dos tropicos para zonas temperadas na medida que as temperaturas minimas de inverno
aumentaram durante o Holoceno. No entanto, os manguezais de Laguna e Louisiana (atual limite
dos manguezais sul e norte americano) estabeleceram- se apenas no inicio e meado do século
XXI, respectivamente. Tal dindmica dos manguezais americanos estudados na presente tese foi
causada provavelmente pelo aguecimento global natural do Holoceno e intensificado durante o
Antropoceno. Esse processo tambem causou um aumento do nivel do mar que resultou na

migracdo dos manguezais de zonas baixas para novas planicies de maré mais elevadas.

Palavras-chave: Aquecimento global. Aumento nivel do mar. Manguezais americanos.

Palinologia. Holoceno e Antropoceno.
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ABSTRACT

During the Holocene, mangrove distributions were primarily controlled by climate change and sea
level fluctuations. In particular, low winter temperatures in the subtropical coastal areas limited
these ecosystems to expand beyond 30°N and 28°S in the North and South Hemisphere. Therefore,
under the continuous warming trend during the Anthropocene, mangroves are expected to migrate
to more temperate regions previously occupied by saltmarshes (e.g., Spartina sp.). The purpose of
this Thesis is evaluate the effects of climate changes and SLR fluctuations on the distribution of
American mangroves along the Holocene and Anthropocene, based on satellite and drone images,
sedimentary facies, diatoms, pollen, geochemistry (LOI, XRF, TOC, TN, TS, C: N, C: S, 8!3C and
5°N) as well 22%Pp and !#C datings .To achieve the aforementioned objectives, studies were
conducted on the tropical coast of southeastern Brazil - south of the Espirito Santo State (20°41'S),
the subtropical coastal regions located on the north (26°6'S) and south (28°29” S) coast of Santa
Catarina, and Louisiana littoral (29° 09' N). The results of this research are presented in four
scientific papers. The first one (see, chapter 1) deals with the effects of global warming on the
establishment of mangroves in the Louisiana littoral (29° 09° N) during the Holocene. The second
scientific paper (see, chapter I11) shows southward migration of the austral limit mangroves in
South America, according to the increase in minimum winter temperatures in the Anthropocene
(southern Santa Catarina coast, 28°29" S). The third manuscript (see, chapter 1V) assesses the
impacts of sea level rise on tropical mangroves in southeastern Brazil (southern Espirito Santo
coast, 20°41'S) during the Holocene and Anthropocene, using a multi-proxy approach. The fourth
scientific paper (see, chapter V) addresses the establishment of mangroves in the S&o Francisco
do Sul Bay (north Santa Catarina coast , 26° 6'S), in response to global warming in the last 1000
years. The results indicated a marine transgression off the southern coast of Santa Catarina (28°29°
S) and the Louisiana littoral (29°09° N) during early Holocene. This natural process converted a
lake into lagoons colonized by herbs adapted to an estuarine environment. On the Brazilian tropical
coast, the middle Holocene high sea-level stand (2-5 m above the current level) was decisive for
the establishment of mangroves. This comportment was observed in an estuary located on the south
coast of Espirito Santo (20°41'S) where a herbaceous plain was gradually replaced by a lagoon
surrounded by mangroves between ~6300 cal yr BP and ~4650 cal yr BP. However, between ~
4650 cal yr BP and 2700 cal yr BP the lagoon colonized by mangroves on its margins was converted

to a tidal flat occupied by herbs, palms and trees/shrubs reflecting the reduction of estuarine



Xii

influence in the late Holocene, according to with the fall and/or stabilization of the RSL. From the
last thousand years there has been a significant decrease in the occurrence of mangrove pollen in
the sediments of the tidal flats of southern Espirito Santo (390 cal yr BP (1560 AD) and 77 cal yr
BP (1873 AD), probably caused by a RSL fall associated with Little Ice Age (LIA). Paleoclimatic
studies have indicated temperature fluctuations during LIA (380 to 50 cal yr BP) and MCA —
Medieval Warm Period (950 to 750 cal yr BP) in the late Holocene and consequent change in the
Brazil southern vegetation. These climatic events probably influenced the appearance of the
mangrove genera succession in the Sdo Francisco do Sul Bay (north Santa Catarina coast, 26°6' S).
The effects of the sea level fall and/or stabilization during late Holocene were recorded on the
southern coast of Santa Catarina (Laguna, 28° 29 ' S) through changes in coastal geomorphology.
In this same period at the Louisiana coastline (29°09 ' N), sandy sediments (overwash sediments)
were deposited in these estuaries reflecting the gradual migration of these sediments towards land
likely a result of storm events. The position of RSL on the southern Brazilian coast (Laguna, 28°
29 ' S) and north american (Louisiana coast, 29° 09 ' N) from the middle Holocene were the same
presenting suitable physicochemical conditions for mangrove development, as occurred on the
coast of Espirito Santo (~6300 cal yr BP) and S&o Francisco do Sul Bay (~1500 cal yr BP).
However, no mangrove pollen grains were recorded in the sediments of the current austral (Laguna,
28° 29 " S) and boreal (Louisiana coast, 29° 09 ' N) limit of American mangroves during the
Holocene. During this time interval, there was a significant contribution of organic matter of
estuarine source in tidal flats occupied by Spartina sp. Regarding to global warming and RSL rise
during Anthropocene an increase mangrove pollen of Espirito Santo sedimentary cores (20° 40'
S) reflected mangrove migration to topographically higher sandy plains previously dominated by
herbaceous vegetation. Regarding Laguna mangroves (current southern limit of the American
mangroves, 28° 29 ' S), pollen analyzes, *C and 2'°Pb datings indicated that the mangroves were
established under estuarine influence between ~1957 and 1986 AD, represented by Laguncularia
sp. trees. Spatio-temporal analyzes based on satellite and drone images indicated that mangroves
have been expanding in recent decades with the introduction of new mangrove genera. In our study
area in S&o Francisco do Sul Bay (north coast of Santa Catarina, 26°6" S), palynological analyzes
and C dating revealed that mangroves were established around ~ 1500 cal yr BP represented by
Laguncularia sp. followed by Avicennia sp. (~500 cal yr BP) and Rhizophora sp. in the last

century. This mangrove succession genera were likely caused by a warming trend in South
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America during the late Holocene and Rhizophora sp. by warming during the Anthropocene. In
relation to the mangroves located on the Louisiana littoral, historical records indicated the presence
of small shrubs of Avicennia sp. at the beginning of the 20th century. Currently, remote sensing
studies coordinated by Cohen (2021) indicate a latitudinal expansion of Avicennia sp. colonizing
areas that were previously occupied by Spartina sp. after two decades of warm winters. Therefore,
mangroves migrated from the tropics to temperate zones as winter minimum temperatures
increased during the Holocene. The Laguna and Louisiana mangroves (currently South and North
American mangroves limit) were only established in the early and mid-21st century, respectively.
Such dynamics were likely caused by the natural global warming of the Holocene and intensified
during the Anthropocene. This process also caused a RSL rise which resulted in the migration of

mangrove from lowlands to new higher tidal flats.

Keywords: Global Warming. SL rise. American Mangroves. Palynology. Holocene and

Anthropocene.
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CAPI'TEJLO I INTEGRADOR: EFEITOS DO AQUECIMEN'I:O GLOBAL E AUMENTO

DO NIVEL RELATIVO DO MAR NA DISTRIBUICAO DOS MANGUEZAIS

AMERICANOS DURANTE O HOLOCENO E ANTROPOCENO

1 INTRODUCAO

Os manguezais sdo ecossistemas costeiros de transi¢do entre 0os ambientes terrestres e
marinhos, tipicos de regides tropicais e subtropicais ocorrendo entre as latitudes 30°N e 30°S
com maior desenvolvimento préximo a linha do Equador (Giri et al. 2011). Esses bosques
tropicais se desenvolvem em planicies lamosas, muitas vezes com alto contetdo organico em
areas protegidas da acdo de ondas. Desempenham diversas funcdes naturais de grande
importancia ecoldgica e econémica, tais como: barreiras naturais capazes de atenuar os efeitos
de tempestades e aumento do nivel do mar, retencdo de sedimentos carreados pelos rios, acao
de filtro bioldgico, concentragdo de nutrientes e renovacao da biomassa costeira (Franca et al.
2019, Yao et al. 2020). Denominados “carbono azul” podem atuar como sumidouros,
armazenando uma quantidade significativa de carbono, além de nutrientes e metais em seus
sedimentos (Debrot et al. 2020, Taillardat et al. 2018). Os manguezais também sdo altamente
susceptibilidade as mudancas na temperatura, subsidéncia, frequéncia de inundacéo das marés
e aumento da precipitacdo nas bacias hidrogréficas (Cohen et al. 2012, Liu et al. 2014, Alongi
2015, Yao & Liu 2017). E importante salientar que a distribuicdo dos manguezais esta
relacionada com a variacdo da temperatura ocorrendo em regides onde a média mensal mais
fria esta acima de 20°C e sua mortalidade ocorre em temperatura préximo a 0°C (Duke 1992).
Tais restricbes ambientais impostas aos manguezais torna-o um importante indicador das
mudancas do nivel do mar e clima (Blasco et al. 1996), e uma ferramenta Gtil para mitigar
essas mudancas na zona costeira de regides tropicais e subtropicais. No entanto, dependendo
da latitude e proximidade de grandes estuarios, alguns fatores ambientais podem operar mais
intensamente no controle da dindmica dos manguezais, como as temperaturas de inverno em
zonas subtropicais.
As mudangas na distribuicdo espacial dos manguezais ocorreram proporcionalmente

as mudangas climaticas e flutuacdo do nivel do mar (Ellison 2008, Quisthoudt et al. 2012).
Por exemplo, no final do Quaternario, devido ao clima mais frio e grandes oscilacdes do nivel
do mar palino-estudos forneceram evidéncias de contragdo em larga escala nas areas dos

manguezais na América do Sul (Van der Hammen et al. 1994). Neste periodo 0s manguezais



devem ter sobrevivido em varios refagios onde o clima mais aquecido permitisse sua
colonizagdo (Woodroffe & Grindrod 1991). No Hemisfério Norte 0s manguezais se
expandiram de acordo com as mudangas do clima no Holoceno (Sandoval-Castro et al.
2012b). A partir do Holoceno inicial as baixas temperaturas (Toomey et al. 1993) e posi¢édo
do nivel do mar (-8m abaixo do nivel atual) impossibilitaram o desenvolvimento dos
manguezais na costa do Golfo do México - GOM (Donoghue et al. 2011, Van Soelen et al.
2010, Nordt et al. 2004). Entretanto, entre o Holoceno médio e o tardio o nivel do mar se
estabilizou favorecendo um aumento na extensdo destas florestas em ambos os hemisférios,
permitindo que se expandissem para areas no interior dos continentes (Osland et al. 2017).
Amplos estudos paleoclimaticos registraram manguezais expandindo na Flérida (Yao & Liu
2017a), Texas (Sherrod & McMillan 1985a) e Louisiana (McKee & Vervaeke 2018), em
diferentes intervalos de tempo. Do mesmo modo, em torno de ~ 7000 anos cal AP os
manguezais tropicais da costa brasileira foram estabelecidos no Espirito Santo (19° S), Bahia
(17° S), Rio Grande do Norte (5° S), Para (1° S) e Amapa (2° N) (Cohen et al. 2012, 2014,
2020a, Pessenda et al. 2012, Franca et al. 2013, 2015, Fontes et al. 2017, Ribeiro et al. 2018).
Nos ultimos séculos, as concentracdes de gases de efeito estufa de origem antropica vem
aumentando gradualmente (Marengo 2006), intensificando ondas de calor e causando degelo
das calotas polares da Groenlandia e a Antartida (Shepherd et al. 2021) no qual tornou-se a
predominante causa para a aceleracdo do aumento do nivel do mar nos dias atuais
(Oppenheimer et al. 2019). Essas florestas dificilmente persistirdo se a taxa de elevagédo do
nivel do mar for > 5 mm ano™* (Mckee et al. 2007), podendo sofrer submersdo ao longo da
zona mais baixa das planicies de maré e\ou migrarem em direcdo ao continente (Cohen et al.
2018b, 2020a).

Até o final do século XXI espera-se gque as frequéncias de calor elevem o nivel do mar
(98cm) e os manguezais migrem para planicies topograficamente mais elevadas anteriormente
ocupadas por vegetacdo herbacea. Além disso, a maior parte do aquecimento previsto
globalmente esta concentrado em zonas temperadas, permitindo que 0s manguezais migrem
para zonas mais ao norte, substituindo pantanos salgados (Gilman et al. 2008).

Nesse contexto, 0 objetivo deste estudo foi comparar os efeitos do aquecimento global
e aumento NRM, durante o Holoceno e Antropoceno em manguezais tropicais (Espirito Santo,
20°40'S) e subtropicais do litoral sul brasileiro (costa norte e sul de Santa Catarina,



26°6'S/28°29'S) e norte americano (Louisiana, 29°09° N). Para alcangar tal objetivo, este
trabalho utilizou a integracdo de dados multi-proxy baseado em imagens de satélite e drone,
facies sedimentares, diatomaceas, polen, geoquimica (LOI, XRF, COT, NT, ST, C: N, C: S,
313C e 5'°N) e datagBes por 2°Pb e *4C em treze (13) testemunhos sedimentares extraidos do
litoral da Louisiana (Capitulo Il), costa norte e sul de Santa Catarina (capitulos V e Ill) e
Espirito Santo (Capitulo IV).



2 AREA DE ESTUDO

Os locais de estudo compreendem os estuarios do litoral sudeste (Espirito Santo,
20°40" S) e sul brasileiro (Baia de S&o Francisco do Sul, 26° 6' S e Lagoa de Santo Anténio,
28°29' S) e norte americano (Bay Champagne, 29° 09’ N) (Figura 1). Vale ressaltar que a
Lagoa de Santo Antobnio em Laguna e Bay Champagne na Louisiana representam os atuais
limites austral e boreal dos manguezais americanos, respectivamente.

A primeira area de estudo (ver, capitulo I1) se localiza no promontério de Caminada-
Moreau, sul de Nova Orleans (litoral do Estado da Louisiana, EUA). Este estuario apresenta
uma das maiores taxas de retracdo costeira da América do Norte. A area é predominantemente
influenciada pela precipitacdo local e o Bayou Lafourche (Dietz et al. 2018). Dois (2)
testemunhos sedimentares (BC81, 200cm e BC82, 400cm) foram coletados nas margens de
uma laguna semi-circular (Tabela 1) chamada de Bay Champagne com 2 metros de
profundidade e cercada por marismas (Spartina sp.) e manguezais (Avicennia germinans).

A segunda area estudada, encontra-se na costa sul do Estado de Santa Catarina e esta
inserida na lagoa de Santo Antdnio no qual faz parte de um complexo lagunar posicionado
entre as cidades de Imbituba e Laguna, ocupando cerca de 40 km de extensdo (Lagoa de
Imarui e Lagoa Mirim). Um total de seis (6) testemunhos sedimentares (LAG-3, LAG-4,
LAG-5, LAG-6, RP-3 e RP-4) foram amostrados nesta lagoa cercada por manguezais
representados por Laguncularia racemosa e Avicennia schaueriana. Informagdes sobre
método de coleta e localizacdo estdo inseridos na Tabela 1 (ver, capitulo I11).

A terceira area em destaque se localiza na costa norte de Santa Catarina. A Baia de
Séo Francisco do Sul, abrange uma area estimada de 160 km2 com 20 km de comprimento, 5
km de largura e 28 m de profundidade (Kilca et al. 2011). A coleta do testemunho sedimentar
SF05 (Tabela 1) foi realizada na parte sudeste da Baia de Sao Francisco do Sul (ver, capitulo
V). E um estuério que inclui 60 Km? de areas de manguezais bem preservadas além de ser
fortemente influenciado por rios (ex., rio Palmital) e cérregos (Barros et al. 2010)

A Ultima area de estudo esta localizada na costa sul do Espirito Santo, sudeste do
Brasil, em dois estuarios sob influéncia dos rios Jabuti, Aldeia Velha e Benevente proximos
aos municipios de Guarapari e Anchieta. Sdo considerados os mais extensos e conservados
do Espirito Santo, com uma érea de aproximadamente 4,6 km? (Vale & Ferreira 1998).

Espécies importantes de mangue, como Rhizophora mangle, ocorrem proximas as margens



do canal, enquanto Avicennia germinans estdo localizadas em planicies de maré mais elevadas

topograficamente. Quatro (4) testemunhos sedimentares (G-3, G-4, RBN-2 e RBN-1) foram

coletados (Tabela 1) a partir de uma area transicional manguezal e vegetacao herbacea. (ver,

capitulo 1V).

Tabela 1- Vegetacdo, método de amostragem e localizacdo dos testemunhos

Caodigo Unidade de
testemunhos vegetacdo
BC81 Manguezal
BC82 Manguezal
LAG-3 Manguezal
LAG-4 Manguezal
LAG-5 Manguezal
LAG-6 Manguezal
RP0O3 Manguezal
RP04 Manguezal
G-3 Manguezal/herbacea
G-4 Manguezal/herbacea
RBN2 Manguezal/ herbacea
RBN1 Manguezal
SF05 Mangrove

Método
de
coleta
TR
TR
TR
TR
TR
TR
TR
TR
TR
TR
TR
TR
TR

Coordenadas

N 29°6"53:10"/0 90°10'33,38"

N 29° 6" 48,88’ /O 90° 10' 0,83"
28°29'42.9"S /48°47'43.1"0O
28°29'38.0"S/ 48°47'49.6"0O
28°29'34.9"S /48°47'49.7"0O
28°29'37.5"S/ 48°47'57.2"0

28°29'35.2333"S/48°5052.9254"0
28°29'14.6022"S/48°50'31.4710"O

20°41 4.03” S/40°31° 22.57"0O

20°41° 4.47” S/40°31° 22.97" O
20°40'21.24"S/ 0°31'57.61"0O
20°47'1.42""S/40°38'34.06"0O
26°6'48.10"S /48°47'17.00"0O

Localizacéo

Louisiana
Louisiana
Laguna
Laguna
Laguna
Laguna
Laguna
Laguna
Espirito Santo
Espirito Santo
Espirito Santo
Espirito Santo
Baia de Séo
Francisco do Sul.

TR- Trado Russo
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Figura 1 - Setores da costa norte e sul americana onde foram amostrados testemunhos.



2.1 BAY CHAMPAGNE - LOUISIANA (29 ° 09 ' N)
2.1.1 Contexto geoldgico e geomorfoldgico
A laguna de Bay Champagne faz parte de um complexo deltaico formado ha ~ 3500
anos cal AP e permaneceu ativo até 1600 anos cal AP. Esta planicie costeira é coberta por
depdsitos sedimentares do Quaternario e Terciario (Meyer & Turcan 1955). As formas de
relevo formados por depositos holocénicos tém elevacGes relativamente baixas e estdo
sujeitos as inundacgdes provocadas por furacfes e tempestades. Os depositos sedimentares
pleistocénicos estdo localizados abaixo dos depdsitos holocénicos onde estéo localizados os
ecossistemas de pradarias. Esses sedimentos foram depositados durante a Gltima glaciacao
quando o desgelo das calotas resultaram no transporte e deposicao de grandes quantidades de
sedimentos. Atualmente, esses depositos formam uma espessa camada cobrindo a area em
direcdo ao litoral (Fisk 1952). O tipo de morfologia costeira de Bay Champagne faz com que
seja particularmente vulneravel as inundacdes causadas por furacdes (Ritchie & Penland
1988).
2.1.2 Clima
Ao longo da costa da Louisiana as temperaturas do ar no inverno sao tipicamente mais
frias no interior e mais quentes ao longo da costa. O clima é subtropical Umido, com
temperatura anual mensal variando entre 6°C e 30°C. Proje¢des climaticas indicam um
aumento na intensidade e no nimero de furacGes em resposta ao aquecimento global, uma vez
que essas tempestades mais fortes sdo normalmente responsaveis pela maioria dos danos as
areas costeiras (Dietz et al. 2018, Zimmerman et al. 2001). As interacdes entre a elevacdo do
nivel do mar e o aquecimento do ar e do oceano no inverno na Louisiana tem influenciado na
dindmica da vegetacdo costeira, inclusive nos manguezais (Krauss et al. 2011).
2.1.3 Vegetacgado
O sul da Louisiana apresenta 40 a 45 % de sua vegetacdo na forma de pantanos, pois
a Louisiana é a porta de drenagem da Bacia Hidrografica do Baixo Mississippi. Seus wetlands
(zonas umidas) sdo muito expressivas, abrangendo um gradiente climéatico que vai desde
manguezais, pantanos salinos, pantanos salobros (saltmarshes) e de agua “doce” (swamp)
seguidos por florestas periodicamente alagadas (bottomland hardwood swamps) com
predominancia de ervas, vegetacdo arbdrea e arbustiva variada (Field 1991). A maioria das

zonas Umidas costeiras da Louisiana sdo classificadas como pantanos intermarés. Os



manguezais sdo representados pela espécie Avicennia germinans (Acanthaceae - black
mangrove), o qual tem se expandido ao longo da regido costeira da Louisiana devido a
ocorréncia de invernos menos rigorosos (Osland et al. 2017, Snyder et al. 2021). Estes
ecossistemas sdo encontrados nos limites das planicies deltaicas margeando lagunas e ilhas

barreira em um total de 2.400 ha.

2.2 LAGUNA - SUL DE SANTA CATARINA (28°29'S)
2.2.1 Contexto geoldgico- geomorfologico

A lagoa de Santo Antbnio esta inserida na unidade geomorfoldgica de planicies
litoraneas que correspondem a uma estreita faixa situada na porcéao oriental do estado junto
ao Oceano Atlantico, no qual existem praias arenosas e dunas que mostram a predominancia
de processos marinhos e eolicos. (Santa Catarina 1986). Os ambientes deposicionais
encontrados na regido sdo: ilhas barreira, planicies costeiras com corddes litoraneos (strand
plains), lagunares e edlicos (Giannini 1993).

O canal de entrada da lagoa atua como um filtro dindmico, em consequéncia disso, 0s
efeitos da acdo da maré e das correntes sdo bastante atenuados no interior da lagoa (Miranda
et al. 2002). Outra singularidade desta regido, do ponto de vista geomorfolédgico, é a
desembocadura do Rio Tubardo com o maior exemplo de delta lagunar ativo da costa
brasileira (Santa Catarina 1986).

2.2.2 Clima

O clima de Santa Catarina é Cfa e Cfb (segundo a classificacdo de Kdppen) ou seja,
subtropical umido com verdo quente e temperado (Alvares et al. 2013). A temperatura do ar
possui uma média anual de 19°C apresentando 15°C nos meses mais frios. A umidade € em
torno de 85%, e a precipitacdo média anual esta entre 1250 mm (Imbituba) e 1400 mm
(Laguna) (INMET 2017). O clima é controlado pelo Anticiclone Tropical do Atlantico Sul e
Anticiclone Migratorio Polar.

2.2.3 Vegetagdo

As florestas de mangue da Lagoa de Santo Antdnio sdo bastante homogéneas em
termos de desenvolvimento estrutural e composicao de espécies. A vegetacao no local consiste
quase inteiramente de Laguncularia racemosa e pequenos arbustos de Avicennia schaueriana,

além de Spartina densiflora, uma espécie de pantano salino. A pteridofita Acrostichum



aurum, tipica de pantano, também vivem associadas as florestas de mangue (Soares et al.
2012, Tomlinson 1994).

2.3 SAO FRANCISCO DO SUL- COSTA NORTE DE SANTA CATARINA (26°6' S)
2.3.1 Contexto geologico- geomorfologico

A caracteristica geomorfoldgica mais proeminente da Baia de Sdo Francisco do Sul é
a faixa costeira escarpada que, ao cruzar a costa cria embainhamentos costeiros onde varzeas
e, com menos frequéncia, sistemas estuarinos sdo encontrados (Angulo et al. 2009). A
geologia do quaternario da area de estudo € caracterizada por barreiras do Pleistoceno e
Holoceno e planicies de maré com sedimentos lamosos, praias, sucessao de cristas de praia e
dunas (Angulo et al. 2009). Dunas parabdlicas sdo facilmente notadas colonizadas por
diferentes tipos de vegetacdo adaptadas a substratos com baixo teor de matéria organica.
Cristas de praia apresentam uma elevacdo de até 6 m acima do nivel relativo do mar atual.

2.3.2 Clima

A érea do estuério da Baia de S&o Francisco do Sul apresenta clima subtropical (Cfa,
de acordo com a classificagio de Koppen) apresentando verdo Umido e inverno
moderadamente seco, sendo que a precipitacdo média anual varia entre 1000 e 1500 mm e a
temperatura média é de 18°C. Segundo Berger (2008), os meses mais quentes na area da Baia
de Séo Francisco do Sul sdo janeiro e fevereiro, com temperatura de 24,5°C, ja 0s meses mais
frios sdo julho e agosto, com temperatura média de 16,5° e 17,3°, respectivamente.
2.3.3 Vegetacéao

A vegetacdo que circunda a Baia de Sao Francisco do Sul é caracterizada pelo
ecossistema de restinga onde as mais representativas familias de plantas sdo Asteraceae (ex.,
Baccharis singularis), Bromeliaceae (ex., Aechmea gamosepala), Dryopteridaceae (ex.,
Rumohra adiantiformis), Fabaceae (ex., Dalbergia ecastaphyllum), Mytaceae (ex., Marlierea
tomentosa), Rubiaceae (ex., Psychotria) e Poaceae (ex., Lasiacis ligulata). Além disso,
florestas de mangue ocorrem na planicie costeira, caracterizada por Rhizophora mangle (1,5-
7 m de altura), Laguncularia racemosa (1-9 m de altura) e Avicennia germinans (3—4 m de
altura) (Cunha et al. 2006).



2.4 LITORAL SUL DO ESPIRITO SANTO (20° 40'S)
2.4.1 Contexto geoldgico- geomorfologico
O Estado do Espirito Santo apresenta um quadro morfoldgico que permite divisdo
esquematica do estado em trés regides: 1) Litoral — formacbes Quaternérias constituidas por
planicies litoraneas, praias, restingas e aluvifes continentais depositados pelo Rio Doce e
outros cursos d’agua menores; 2) Tabuleiros — correspondendo a chapad@es areniticos
paleogénicos pouco alterados pela erosdo fluvial; e 3) Areas Elevadas Interiores —
correspondendo a terrenos pré-cambrianos bastante acidentados, onde sdo comuns
ocorréncias de picos isolados, denominados de pontdes ou pées-de-agucar. Tal divisao reflete
diretamente sua evolucdo tectbnica e disposicdo litologica, somada as acdes de ordem
climaticas atuantes na regido (CPRM 2014).
2.4.2 Clima
A regido é caracterizada por um clima tropical quente e imido, com precipitacdo
média anual de 1400 milimetros (Peixoto & Gentry 1990), que esta concentrada no verao,
entre novembro e janeiro. A temporada seca (outono-inverno) ocorre entre maio e setembro e
é regulada pela posicdo da Zona de Convergéncia Intertropical (ZCIT) e a Zona de
Convergéncia do Atlantico Sul (ZCAS) (Tomaziello et al. 2016).
2.4.3 Vegetacao
As areas Umidas cobrem uma parte significativa da area de estudo, com manguezais
que variam de 3 a 15 m de altura. Espécies importantes de mangue, como Rhizophora mangle,
ocorrem proximas as margens do canal, enquanto Avicennia germinans cresce principalmente
em areas topograficamente mais altas. Nas planicies herbaceas, existem arbustos e ervas ao
longo das planicies arenosas em areas topograficas mais altas que os manguezais. As espécies
predominantes sdo Euphorbiaceae, Poaceae, Asteraceae, Cyperaceae e Fabaceae. Além da
floresta ombrofila densa, com espécies de Arecaceae, Myrtaceae, Euphorbiaceae, Poaceae,
Fabaceae e Rubiaceae. Essas unidades sdo distribuidas dentro de regimes especificos de
inundac&o, tipos de sedimentos e salinidades da &gua intersticial (Cohen & Lara 2003, Cohen
et al. 2019).
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3 METODOS
3.1 TRABALHO DE CAMPO E PROCESSAMENTO DE AMOSTRA

Para este estudo, nove (9) testemunhos de sedimentos foram coletados em planicies
de marés ocupadas por manguezais e quatro (4) testemunhos coletados a partir de planicies
de inundacdo em uma &rea transicional colonizada por manguezal e vegetacdo herbacea, em
diferentes niveis topograficos: “manguezal” (BC81, BC82, LAG-3, LAG-4, LAG-5, LAG-6,
RP03 ¢ RP04) “manguezal/vegetagdo herbacea” (G-3, G-4, RBN-1e RBN-2) (ver, Tabela 1).

Os treze (13) testemunhos analisados seguiram a mesma metodologia de coleta (Cohen
et al. 2003). Dois testemunhos sedimentares foram coletados nas margens de Bay
Champagne, litoral da Louisiana (BC81 e BC82, 29 ° 09 ' N). Na costa sul de Santa Catarina
(28° 29 ' S), seis (6) testemunhos foram amostrados na Lagoa de Santo Ant6nio (LAG-3,
LAG-4, LAG-5, LAG-6, RP03 e RP04) e na costa norte de Santa Catarina (26°6' S), um (1)
testemunho (SF05) na extremidade sudeste da Baia de S@o Francisco do sul. O trabalho de
campo do litoral sul do Espirito Santo (20° 40" S) ocorreu ao longo de dois vales estuarinos e
foram coletados quatro (4) testemunhos sedimentares: G-3, G-4, RBN-2 e RBN-1.

O total de dez (10) testemunhos foram radiografados para identificacdo de estruturas
sedimentares. Os testemunhos amostrados no litoral da Louisiana (BC81 e BC82) n&o foram
radiografados (ver, capitulo Il). Esses testemunhos foram amostrados por vibracdo e
armazenados em tubos de aluminio que dificultam a remocéo das colunas de sedimentos para
uma adequada radiografia em uma clinica.

As amostras para analise granulométrica foram coletadas em um intervalo de 5cm ao
longo dos testemunhos sedimentares estudados e levadas ao Laboratério de Oceanografia
Quimica / UFPA. Grdao e tamanho foram determinados por meio de um analisador de
particulas a laser (Laser Particle Size, SHIMADZU SALD 3101). As distribuicdes do
tamanho de grdo do sedimento seguiram o método de Wentworth (1922) e os graficos foram
elaborados no software SYSGRAN (Camargo 1999), com fragdes areia (2-0,0625 mm), silte
(62,5-3,9 um) ¢ argila (3,9-0,12 um). A analise das facies incluiu descrigdes de cor (Color
2009), litologia, textura e estrutura (Walker 1992) e foram codificadas de acordo com Miall
(1978).
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3.2 PALINOLOGIA

Para analise palinoldgica os treze (13) testemunhos foram sub-amostrados (1cm®) com
total de 482 amostras em diferentes intervalos. Todas as amostras foram preparadas usando
técnicas analiticas padrdo para pélen, incluindo acetolise (Faegri & Iversen 1989). Os residuos
das amostras foram colocados em microtubos (Eppendorf) e mantidos em gelatina glicerinada.
Os residuos das amostras foram montados em laminas com glicerina. Manuais para descricéo
morfoldgica de pdlen e esporos foram consultados (Roubik & Moreno 1991, Colinvaux et al.
1999, Lorente et al. 2017), juntamente com a colecdo de referéncia do Laboratério de
Dindmica Costeira da Universidade Federal do Para (UFPA- BR) e Laboratorio de
Paleoecologia Global da Universidade da Louisiana (LSU-EUA), a fim de identificar graos
de pdlen e esporos. O total de 300 a 400 grdos de pdlen foram contados em cada amostra.
Programas como TILIA e TILIAGRAPH foram usados para calcular e tracar diagramas

polinicos (Grimm 1990).

3.3 DIATOMACEAS

As diatoméceas ha muito sdo elogiadas por serem usadas como indicadores ambientais
confiaveis (Harding & Taylor 2005). O aumento da relevancia desse indicador ambiental pode
ser atribuido a sua alta abundancia e diversidade de espécies, que é distribuida entre os
ambientes aquaticos. Além disso, as estruturas sdo altamente duraveis e bem preservadas nos
sedimentos (Barker et al. 2005). A analise para diatoméaceas foi realizada no testemunho
coletado na Baia de S&o Francisco do Sul, 26°6' S (costa norte de Santa Catarina) (ver, capitulo
V).

A metodologia aplicada seguiu (Battarbee 1986), utilizando amostras de lcm?®
coletadas em intervalos de 20 cm ao longo de testemunho sedimentar (SF5, 100cm). Cada
amostra foi pré-tratada com 30% de H20 e 10% de HCI. Em seguida foram preparadas um
total de cinco (5) laminas, montadas com a resina Naphrax como meio de inclusdo. A
identificacdo das diatoméceas foi baseada na andlise microestrutural da parede celular
silicificada, como camada externa, tamanho dos poros, formas e volume (Lorente et al. 2020,
Tremarin et al. 2008). Para caracterizacdo quantitativa pelo menos 500 valvulas para cada
amostra foram contadas e os diagramas foram produzidos pelo software Tilia graph e CONISS
(Grimm & Troostheide 1994).
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3.4 513C, 815N, C/N e C/S

Um total de 800 amostras (6-50 mg) foram coletadas no intervalo de 5cm ao longo de
treze (13) testemunhos sedimentares para realizacdo das anélises geoquimica (Pessenda et al.
2010). Valores isotopicos de 8°C, §*°N e elementares C, N e S (C/N-C/S) foram analisados
no Laboratdrio de Is6topos Estaveis do Centro de Energia Nuclear na Agricultura (CENA).
Neste laboratdrio as amostras foram analisadas em um Espectrémetro de Massas ANCA SL
2020, da Europe Scienfic, que contém um analisador elementar acoplado. Os resultados
elementares (C, N e S) foram expressos em porcentagem por peso seco, e 0s isotdpicos (& *C
e 5 1°N) sio expressos em delta por notagio de milhar com uma precisdo analitica maior que
0,2%o, em relagdo ao VPDB (molusco féssil Belemnitella americana da Formagéo Peedee da
Carolina do Sul, USA), sendo o desvio padrao de 0,1%o para a matéria organica. A partir dos
resultados elementares (C, N e S) foi possivel calcular as razées C/N e C/S para as amostras
sedimentares.

A relagio entre 513C, 8'°N e C/N foi usada para fornecer informacdes sobre a origem
da matéria organica preservada no ambiente costeiro (Meyer 1997, 2003). Os valores de §*°C
tém valores médios diferentes entre plantas terrestres, de agua doce e fontes marinhas (Meyers
1997). Algumas classes de plantas também tém diferentes fontes de CO- (ar vs. &gua) ou
diferentes fracionamentos isotdpicos de carbono (C3 vs. C4 vias fotossintéticas). O nitrogénio
atmosférico tem um valor 8°N de zero, e as plantas terrestres tendem a ter valores 3BN
proximo a 0%o. Marismas (Spartina sp.) tem valores de *°N em torno de + 6%o e plancton
tem valores entre +6 a + 10 %o (McCarthy 1985).

A anélise elementar de ST foi aplicada nas amostras do testemunho sedimentar SF5
(100 cm), amostrado na Baia de Séo Francisco do Sul, 26°6' S (costa norte de Santa Catarina)
(ver, capitulo VI). Um total de vinte (20) amostras foram maceradas e homogeneizadas e
enviadas para o Laboratorio de Ciclagem de Nutrientes do CENA-USP, onde foram pesadas
(~100 mg) em recipientes de cerdmica e submetidas a combustéo. A quantidade de enxofre
(S) por peso seco da amostra foi obtida através de detecgdo infravermelha pelo equipamento
SC 144DRLECO. Em relacéo a razéo entre C e S (C/S), pode ser utilizada para distinguir
sedimentos de origem marinha ou de agua doce (Lorente et al. 2020). E possivel essa razio
ser calculada levando em consideracdo a quantidade de sulfato dissolvido disponivel e a

formacdo de pirita nas amostras. Sedimentos organicos que apresentam valores de C/S
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maiores que 10 indicam a influéncia de agua doce, enquanto valores de C/S entre 0,5 e 5
correspondem a amostras com influéncia marinha (Berner & Raiswell 1984).

3.5 LOI (LOSS-ON-IGNITION) - XRF (FLUORESCENCIA DE RAIOS-X)

Os testemunhos sedimentares (BC81, 400cm e BC82, 200cm) coletados em Bay
Champagne, (litoral da Louisiana, 29 ° 09 ' N) foram levadas ao Laboratorio de Paleoecologia
Global da Universidade da Louisiana (LSU- EUA) para determinacdo das andlises de XRF e
LOI. Os valores de XRF foram determinados a partir das concentracGes de elementos mais
encontrados em ambientes terrestres e costeiros (Cl, K, Ca, Ti, Mn, Fe, Br, Sr, Zn e Zr, ppm)
analisados em um Innov-X Delta Premium DP-4000 (Dispositivo portatil de fluorescéncia
raios - X). Este dispositivo registra as concentragdes iniciais em contagens por segundo (cps)
para > 30 elementos, convertendo cps em concentracdes (partes por milhdes) usando uma
calibracdo interna para padrdes s6lidos NIST 2710a e 2711a. Ap0s a abertura dos testemunhos
a andlise foi conduzida através de trés frequéncias para 30 segundos cada em intervalos de 2
cm. Para as determinagdes com base em “loss on ignition” (LOI), as amostras sedimentares
(BC81, 200cm e BC82, 400cm) de Bay Champagne (litoral da Louisiana, 29 ° 09 ' N)
seguiram o procedimento de Liu & Fearn (2000). Um total de 600 amostras foram coletadas
para analise de LOI. As amostras foram retiradas ao longo do testemunho sedimentar com
intervalo de 1cm e queimadas a uma temperatura entre 105°, 550°, e 1000°C em um forno de
Barnstead. Os valores de LOI foram expressos em percentagem (%) de agua, matéria
organica, carbonatos e residuais (ver, capitulo 1)

Em relacéo aos testemunhos sedimentares (G-3-100 cm, G-4-100 cm, RBN-2-170 cm
e RBN-1- 400cm) coletados no litoral sul do Espirito Santo (20° 40" S), as analises de XRF
foram realizadas no Laboratorio de *C do Centro de Energia Nuclear na Agricultura
(CENA/USP). A analise de XRF foi realizada escaneando quatro (4) testemunhos
sedimentares em intervalos de 2 cm usando um espectrdmetro de energia dispersiva de
fluorescéncia de raio-X portatil (pED-XRF-modelo Tracer I11-SD, Bruker AXS, Madison,
EUA). Apenas os principais elementos quimicos em sedimentos costeiros representativos de
origens marinhas (Yao et al. 20153, Br, Ca, Cl, K e Sr) foram selecionadas para esta anélise

(ver, capitulo 1V)
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3.6 DATACAO POR **C e ?%Ph

Trinta e sete (37) amostras ~ 10g cada foram usadas para datacdo por radiocarbono
(Tabela 2). As amostras foram verificadas e fisicamente limpas (sem raizes) sob o
microscopio estereoscopico. O material residual para cada amostra foi extraido com 2% de
HCl a60°C por 4 horas, lavado com agua destilada até pH neutro (Pessenda et al. 2010, 2012).
A matéria organica do sedimento foi analisada por Accelerator Mass Espectrometria (AMS)
no Centro de Estudos Aplicados a Isétopos (Athens, Georgia, EUA) e LACUFF -BR
(Universidade Federal Fluminense). As idades do radiocarbono sao relatadas em anos antes
do presente 1950 (ano AP) normalizado para 5!3C de —25 %o VPDB, ano cal AP, 2 (Reimer
et al. 2009).

As datacbes de Pb-210 foram realizadas em dois (2) testemunhos sedimentares
amostrado na costa sul de Santa Catarina, 28° 29 ' S — Lagoa de Santo Antonio. Testemunhos
LAG-3 e LAG-6 (Tabela 2)

As andlises para datacdo com Pb-210 foram realizadas no Departamento de Petrologia
e Metalogenia, do Instituto de Geociéncias e Ciéncias da Terra, Universidade Estadual
Paulista Julio de Mesquista Filho (UNESP/Rio Claro). As amostras de sedimentos foram
analisadas utilizando as atividades de Po-209 (tracador) e Po-210 (natural). Apos varias etapas
de separacao, os isétopos de Po-209 e Po-210 foram removidos por deposicao espontanea, e,
entdo, contados usando um sistema de espectrometria alfa. O método do Pb-210 é apropriado
para determinar a idade dos sedimentos modernos na faixa de até 100-150 anos de idade.
Quantificando as atividades de Pb-210 e Ra-226 nos sedimentos, foi possivel determinar o
excesso de Pb-210 atmosférico e estimar a idade de deposicdo, a partir da taxa de
sedimentac&o.

No Capitulo 111, o uso de datacdo multipla permitiu uma corroboracdo entre métodos
que se apoiariam no fornecimento de cronologias precisas (Piotrowska et al. 2010D).

Deve ser destacado que a datagdo **C do LAG-6 (40 cm) indicou uma idade de 1922—
1876 DC, enquanto o 210Pb (42cm) revelou uma idade por volta de 1943 DC, entéo 21 anos
mais jovem do que a margem de erro da datacéo *C (Tabela 2 e 3). Esta diferenca cronoldgica
entre os dois métodos pode ser considerada aceitavel porque a bioturbagéo causada pela fauna
do solo pode misturar matéria organica local em diferentes niveis estratigraficos (Boulet et al.
1995, Gouveia & Pessenda 2000) (ver, capitulo I11).
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Tabela 2- Profundidade estratigréfica selecionada para identificacdo de taxas de sedimentacdo com base
em datacdo de ?°Ph.

Testemunhos/profundidade 2!°Pb (AD) anos 2°Pb (AD) anos

(cm) sedimentation

LAG3/0cm 2015

LAG3/10 cm 2012 (5,3 mm/ano
(0-60 cm)

LAG3/20 cm 2008

LAG3/30 cm 2004

LAG3/40 cm 2000

LAG3/50 cm 1996

LAG3/58 cm 1993

LAG6/0cm 2015 (16,13 mm/ ano
(0-50 cm)

LAG 6/7 cm 2009

LAG 6/14 cm 1998

LAG 6/21 cm 1986

LAG 6/28 cm 1974

LAG 6/35 cm 1961

LAG 6/42 cm 1943

LAG 6/50 cm 1921
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Tabela - 3 Amostras de matéria organica sedimentar selecionadas para datagao por radiocarbono com: local
de codigo (profundidade), nimero do laboratério, porcentagem de carbono moderno (pMC), idade *C,
idades calibradas (cal- Calib 6.0; Reimer et al.2009) e mediana das idades do Litoral da Louisiana (Capitulo
I1), Laguna (SC) (Capitulo I11) litoral sul do Espirito Santo (Capitulo IV) e Baia Séo Francisco do sul (SC)
(Capitulo V)

Laboratorio Amostra 14C ano AP pMC média (cal ano
(UGAMYS) profundidade (z error) AP)
(cm)
UGAMS 27,333  LAG3\60-65 361 + 23 ~385
UGAMS 34,672  LAG3\90-95 960 £ 26 ~840
UGAMS 34,673  LAG4\20-25 103.819 (0.322) 1957 AD
UGAMS 34,674  LAG4\60-65 589 + 23 ~540
UGAMS 34,675  LAG5\52-55 104.329 (0.302) 1957 AD
UGAMS 26,627  LAG5\90-95 1019+ 24 ~940
UGAMS 34,676 LAG6\35-40 5123 ~50
UGAMS 34,680 RP4\30-32 100.036 (0.298) 1956 AD
UGAMS 34,681 RP4\60-65 359 + 23 ~380
UGAMS 34,682  RP4\170-175 8130 + 30 ~9050
UGAMS 34,677 RP3\32-35 104.64 (0.302) 1957 AD
UGAMS 34,679 RP3\ 100-105 ~585
UGAMS-34381 BC81\ 170 2150 £ 20 ~2128
UGAMS-34379 BC82\170 1580 = 20 ~1470
LAC 190456 BC82\300 5766 + 48 ~6525
LAC 190457 BC82\ 350 5621 + 48 ~6370
UGAMS-34380 BC82\ 400 7330 £ 30 ~8113
LAC190419 G-3\28 104,5 1958 AD
LAC190690 G-3\40 3274 66,529 ~3500
LAC190691 G-3\75 5497 50,442 ~6300
LAC190692 G-4\35 117 98,551 ~77
LAC190693 G-4\82 2585 72,487 ~2704
LAC190420 RBN2 \53-55 106,441 +0.689 2007 AD
LAC190421 RBN2\ 95-97 100,802 +0,617 1955 AD
LAC190422 RBN2\141-143 314 93,902 ~390
LAC190423 RBN2\168-170 505 96,169 ~515
LAC190410 RBN1\50-52 103.669 +0.555 Moderno ~1957AD
LAC 190412  RBN1\ 104-106 1261-1423 ~1342
LAC190413 RBN1\ 155-157 1343-1570 ~1457
LAC 190414 RBN1\ 203-205 2745-2930 ~2838
LAC 190415 RBN1\ 253-255 4137-4317 ~4227
LAC 190416 RBN1\ 303-305 4498-4651 ~4575
LAC 190417 RBN1\ 353-355 4569-4831 ~4700
LAC 190418 RBN1\ 394-396 48404974 ~4907
LAC180247 SFO05\ 15-20 100.88 + 0.340* 424-496 1958-1957AD
UGAMS34683 SF05\ 40-45 360 £23 ~429
LACUFF180246 SF05\ 60-65 1540 = 20 ~1462




4 RESULTADOS E DISCURSAO
4.1 HOLOCENO

Apbs o Ultimo Maximo Glacial, o aumento gradual da temperatura global provocou o
derretimento dos mantos de gelo causando transgressdes marinhas em muitas areas da costa
americana, mudando a morfologia costeira e a distribuicdo da vegetacdo (Yao & Liu 2017,
Franca et al. 2018). Isto foi evidenciado ao longo dos testemunhos sedimentares coletados
no litoral da Louisiana, 29 ° 09 ' N e costa sul brasileira (Laguna, 28° 29 ' S). No litoral da
Louisiana este processo natural mudou um lago de &gua doce (~ 8100 - ~ 6500 anos cal AP)
cercada por ervas, samambaias e uma floresta boreal (Pinus sp., Betula sp., Quercus sp.) para
uma laguna (~ 6500 - ~ 1500 anos cal AP) ocupada por herbaceas e macrofitas adaptadas a
agua salobra (Bolboschoenus sp., Spartina sp, Typha angustifolia e Typha latifolia). O
enriquecimento nos valores isotdpicos *3C (-24 a -22 %o) e diminuicdo da razdo C/N (25 para
9), sugerem uma maior contribuicdo da matéria organica marinha neste intervalo de tempo.
Além disso, as andlises de XRF indicaram um maior aporte de elementos tipicos de ambiente
estuarino (> Cl e Br) e menor de elementos de origem terrestre (< Fe e Ti). Essa lagoa
provavelmente foi estabelecida no Holoceno inicial quando o nivel do mar no Golfo do
México estava ~ 8 m abaixo do nivel moderno (Donoghue 2011) e substituida por uma laguna
de acordo com o aumento do nivel do mar no Holoceno médio (Blum et al. 2002, ~2 m acima
do atual) (ver, capitulo II).

Uma situacdo semelhante ocorreu em Laguna, (costa sul de Santa Catarina, 28° 29" S).
Uma tendéncia de aumento no percentual de grdos de polen de ervas associado ao
enriquecimento isotopico 8*3C e a diminuicio nos valores de C/N sugerem uma transicéo de
uma planicie fluvial ocupadas por gramineas, arbustos e samambaias para uma planicie de
maré dominado por ervas e com uma contribuigdo substancial de matéria organica de origem
estuarina no Holoceno inicial-médio (ver, capitulo 111).

Em Laguna (costa sul de Santa Catarina) e litoral da Louisiana (Bay Champagne) a
elevacdo do NRM no Holoceno foi determinante para o estabelecimento de planicies de marés
lamosas ocupadas por vegetacao e espécies adaptada a ambientes estuarinos (ex. Spartina sp.;
bivalve Rangia cuneata). Neste intervalo de tempo néo houve registro de pélen de manguezal

nos sedimentos de planicies de maré destas areas de estudo (ver, capitulo Il e I1)



Na costa tropical brasileira 0 aumento do NRM no Holoceno médio (2-5 m acima do
nivel atual) foi determinante para a migracdo dos manguezais para o interior de estuarios e
lagunas (Angulo et al. 2006, Suguio et al. 2013, Toniolo et al. 2020, Cohen et al. 2020).

Em nossa area de estudo no Espirito Santo (20° 40" S) os efeitos do aumento NRM
foram registrados em dois testemunhos posicionados em diferentes niveis topograficos (G-3;
0,7 m e RBN-1; 0,1 m acima do NRM). Em relacdo ao testemunho G-3, os resultados
revelaram a conversao de uma planicie de inundagédo ocupada por palmeiras e ervas em uma
laguna cercada por manguezais, caracterizado por uma tendéncia de aumento nos gréos de
polen de mangue de 5% para 60% e indicadores marinhos (ex. dinoflagelados) entre ~ 6300
anos cal AP e ~ 4650 anos cal AP. A anélise XRF também indicou uma tendéncia de aumento
nas concentracdes de Ca, Sr, Cl, Br e K (ver, capitulo IV). No testemunho RBN-1, localizado
a 17 km distante do testemunho G-3 em uma planicie de maré mais baixa os dados indicaram
uma laguna com matéria organica sedimentar proveniente de plantas terrestres C3 e carbono
organico marinho e manguezais (5-15% polen do mangue) presente ao longo de sua margem
entre ~ 4900 anos cal AP e ~ 4230 anos cal AP. A analise de XRF também indicou maiores
concentracgdes Ca e Sr.

Da mesma forma durante o Holoceno médio uma forte influéncia marinha foi
registrada na base do testemunho sedimentar SF5 (100-70 cm) coletado na Baia de Séo
Francisco do sul (costa norte de Santa Catarina, 26°6' S) situada 300 km de Laguna (28° 29 '
S) (ver, capitulo V). A assembleia de pélen indicou a presenca de vegetacdo de restinga e
plantas aquéticas. Essa vegetacdo geralmente esta associada a um substrato sob influéncia de
agua salobra além de ocorrerem perto da costa (Korte et al. 2013). O diagrama binario §*C
(X =-26,3 %o) e os valores C: N (X = ~ 16) indicaram contribui¢des de plantas terrestres C3
e matéria organica de ambiente estuarino. Além disso, indicadores marinhos abundantes (ex.
foraminiferos, diatomaceas marinhas, Acritarcas e outros dinoflagelados) também estavam
presentes. Os cistos de Acritarca normalmente habitam em aguas costeiras rasas (Félix &
Souza 2012). Tal assinatura de polen e microfosseis confirmam a influéncia marinha. Néo
ouve registro de pélen de manguezal na Baia de Séo Francisco do Sul neste intervalo de tempo
(Capitulo V).

Em torno do Holoceno médio e tardio ocorreu uma gradual queda de NRM (Angulo

et al. 2006, Toniolo et al. 2020), o que facilitou a construcéo de deltas. As florestas de mangue
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migraram para 0 mar durante este periodo (Cohen et al. 2014, Franca et al. 2015, Cohen et al.
2020a, 2020b).

No Espirito Santo (20° 40’ S) os efeitos da queda do NRM foram registrados ao longo
de dois (2) testemunhos sedimentares: G-4 e G-3 (0,1 m, 0,45m e 0,7 m acima do NRM). Este
processo favoreceu a expansao de ervas e palmeiras nas planicies mais altas, e a migracdo dos
manguezais para as planicies de maré mais baixas entre ~4650 cal anos AP e 2700 cal anos
AP. Os valores da razdo C/N aumentaram e os isotopicos (5°N) diminuiram, indicando uma
tendéncia de diminuicdo da matéria organica sedimentar proveniente de algas. Concentractes
de Ca, Sr, e Br diminuiram durante este tempo. No entanto, em um testemunho (RBN-1, 0,1
m acima do NRM) amostrado em planicie de maré inferior ao testemunho G-3 e cuja
assembleia polinica era dominada por Rhizophora, apresentou um aumento de polen de
mangue de 10 a 20% em torno de ~ 4230 e ~ 1450 cal anos AP. A tendéncia de diminuicéo
isotopica de 8°C e 8N, provavelmente reflete um aumento de plantas terrestres C3 e
influéncia terrestre. Esta zona topograficamente mais baixa favoreceu a expansdo dos
manguezais apresentando menores taxas de sedimentacdo (~ 0,35 mm /ano), indicando uma
diminuicao do espaco disponivel para acimulo de sedimentos causado pela queda do NRM.

Durante os ultimos 1000 anos o nivel do mar global atingiu o nivel méaximo, entre 12
e 21 cm, e 0 minimo, entre -19 e -26 cm ocorridos em ~ 1150 DC e ~ 1730 DC,
respectivamente (Grinsted et al. 2009). Esta queda no NRM foi atribuida a Pequena Idade do
Gelo (LIA) que ocorreu durante os Gltimos seis ou sete séculos (Lean & Rind 1999), tendo
terminado entre 1850 e 1890 DC (Bradley & Jones 1992).

No litoral do Espirito Santo (20° 40' S) um testemunho (RBN-2, 100 cm acima NRM))
coletado no ecétono floresta de manguezais e vegetacdo herbacea, registrou os impactos do
LIA no Holoceno tardio. Entre 390 anos cal AP (1560 DC) e 1955 DC, o p6len de mangue
estava quase totalmente ausente com aumento de polen de ervas em comparagdo com a fase
anterior (515 - 390 cal anos AP). Indicadores marinhos (foraminiferos e dinoflagelados) nao
foram encontrados. Essa fase tambeém foi caracterizada por uma tendéncia de aumento da
razdo C/N, sugerindo uma diminuicdo da influéncia aquatica na matéria organica sedimentar.
As concentragdes de elementos tipicos de ambiente estuarino (Br, Ca, Cl e K) diminuiram
durante esse intervalo de tempo, provavelmente como consequéncia de uma queda do NRM

atribuida a Pequena Idade do Gelo - LIA (ver, capitulo IV).
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Estudos paleocliméticos indicaram flutuacdes na temperatura durante LIA (380 a 50
anos cal AP) e MCA — Periodo Quente Medieval (950 a 750 anos cal AP) e consequente
mudanca na vegetacdo no sul do Brasil (Behling et al. 2004, Franca et al. 2018). Estes eventos
climaticos provavelmente influenciaram o aparecimento da sucessdo de géneros de
manguezais na Baia de S&o Francisco do Sul (costa norte de Santa Catarina, 26°6' S) com a
colonizagao pioneira de Laguncularia sp. (~ 1400 anos cal AP) seguido pelo estabelecimento
de Avicennia sp. (~500 anos cal AP) e o aparecimento tardio de Rhizophora sp., apenas no
final século XX (ver, capitulo V).

Os efeitos da queda seguido da estabilizacdo do nivel do mar no Holoceno tardio foram
registrados na costa sul catarinense (Laguna, 28° 29 ' S) através da mudanga na geomorfologia
costeira. Depositos arenosos foram acumulados entre ~ 940 e ~ 385 anos cal BP nas
profundidades 120 e 100 cm, 100 e 65 cm, 100 e 60 cm, 70 e 43 cm e 100 e 55 cm dos
testemunhos RP-3, RP-4, LAG-3, LAG-4 e LAG-5, respectivamente. Provavelmente, ap6s a
queda e estabilizacdo do NRM, ilhas barreiras surgiram isolando a laguna e permitindo o
estabelecimento de planicies de maré lamosas (ver, capitulo I11).

No litoral de Louisiana (29 ° 09 ' N), sedimentos arenosos (sedimentos overwash)
foram depositados no interior de uma laguna nos altimos ~ 1470 cal anos AP e ~ 2100 cal
anos AP indicados nas profundidades 170 - 0 cm dos testemunhos BC82 e BC81. Esses
depositos arenosos refletem a migracdo gradual desses sedimentos em direcdo a terra
provavelmente resultado de eventos de tempestade neste intervalo de tempo. Estudos mostram
que o litoral da Louisiana foi afetado por intensos furacdes e tempestades tropicais em torno
do Holoceno (Dietz et al. 2018). Os valores de XRF mostram aumento nas concentracoes de
Zn e Zr, tais valores estdo relacionados a fracdo areia e provavelmente indicam fases de
intemperismo da rocha levado pela acdo das correntes e marés e depositada como areia de
praia. (Johnson et al. 2020) (ver, capitulo 1)

A posi¢ao do NRM na costa sul brasileira (Laguna, 28° 29 " S) e norte americana
(litoral da Louisiana, 29 ° 09 ' N) no Holoceno médio criou ambientes deposicionais e
condicbes fisico-quimicas apropriadas para o desenvolvimento de manguezais, como
constatado também no litoral do Espirito Santo com o desenvolvimento de manguezais
tropicais desde o Holoceno médio. Entretanto, ndo foram registrados gréos de polen de

manguezais nos atuais limites austrais e boreais dos manguezais americanos durante o
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Holoceno médio-tardio. Provavelmente, apesar dos ambientes deposicionais apropriados para
0 desenvolvimento dos manguezais nessas latitudes subtropicais no Holoceno médio, os
impactos das temperaturas frias do inverno nas planicies de marés ocupadas por marismas
(Spartina sp.) e posicionadas no atual limite austral e boreal dos manguezais americanos
inibiram o desenvolvimento dessas florestas costeiras (ver, capitulo Il e 111).

Nossos estudos, a partir de uma analise comparativa de dados multi-proxy indicam
que os manguezais foram estabelecidos no litoral Espirito Santo (20° 40" S) de acordo com a
elevacdo do NRM no Holoceno médio (~ 6300 e ~ 4200 anos cal AP). Os manguezais da Baia
de S&o Francisco do sul (26°6' S) foram estabelecidos em torno ~1500 anos cal AP associado
ao aumento da temperatura no Holoceno tardio, impulsionando a migragcdo dos manguezais
para latitudes temperadas ao longo da costa sul brasileira (ver, capitulo IV e V). Essa tendéncia
revela uma gradual expansdo dos manguezais tropicais para costas subtropicais brasileiras
associado ao aquecimento global natural e 0 aumento NRM do Holoceno (Kaufman et al.
2020). Os manguezais de Laguna e Louisiana foram estabelecidos apenas em meados e inicio

do século XX, provavelmente influenciados pelo aquecimento global pds era industrial.

4.2 ANTROPOCENO

O Antropoceno descreve o periodo no qual a humanidade impactou a atmosfera e
oceanos mudando a dindmica dos ecossistemas costeiros (Zalasiewicz et al. 2018). Para os
manguezais, isso significa lidar com uma composicdo diferente de gases atmosféricos,
aumento do nivel do mar, aguecimento da temperatura, e mudancas na frequéncia e
intensidade de eventos climaticos (furacdes e tempestades de inverno) (Allen et al. 2018).
Nosso trabalho revelou que ndo ouve registro de pélen de mangue nos sedimentos de planicies
de maré situadas no limite austral (Laguna, 28° 29 ' S) e boreal (litoral da Louisiana, 29 ° 09
’N) do continente americano durante o Holoceno, mesmo apresentando condi¢6es adequadas
para seu estabelecimento promovido pela elevagdo do NRM no Holoceno. Nesse periodo
ocorreu uma contribuigdo significativa de matéria organica de origem estuarina em planicies
de maré ocupadas por Spartina sp. No entanto 0s manguezais americanos posicionado em
Laguna (28°29 ' S) e litoral da Louisiana (29 ° 09 ' N) apareceram apenas em meados € inicio
do século XX (ver, capitulo 1l e I11).

Em relacdo ao aumento NRM no Antropoceno os testemunhos do Espirito Santo (20°

40' S) indicaram a migracdo dos manguezais situados em planicies de maré mais baixas para
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as mais altas, ocupando planicies arenosas anteriormente dominada por vegetacdo herbacea
(ver, capitulo 1V). Anélise espaco temporal baseado em imagens de satélite e drone revelou
um aumento na area de mangue de 458 ha em 1985 para 470 ha em 2003 e para 479 ha em
2017, com um ganho de 4,6% entre 1985 e 2017. Isto foi registrado no testemunho RBN-2
onde apresentou uma tendéncia de aumento de p6len de mangue (0 a 60%) e uma tendéncia
decrescente de polen de ervas (70 a 40%) desde ~ 1955 DC. A razdo C/N diminuiu de 27 para
15, enquanto os valores isotopicos de 8*°N aumentaram de 2,6 para 3,7%o, revelando um
aumento da influéncia da matéria organica aquatica durante o Antropoceno. As analises de
XRF indicaram maiores concentra¢fes de elementos tipicos de ambiente costeiro (Br, Cl e
K). A mesma tendéncia foi vista no testemunho G-3 no qual apresentou um aumento
significativo de polen de mangue (5 a 60%) e a auséncia de polen de palmeiras desde 1958
DC. Os valores da razdo C/N diminuiram de 22,5 para 15 engquanto os valores isotopicos do
SN aumentaram de 1,7 para 4,4%o. O testemunho G-4 também apresentou uma tendéncia
de aumento de p6len de mangue (15 a 65%) desde ~ 77 anos cal AP (~ 1870 DC). Os valores
da razdo C/N e 8°N apresentaram uma diminuicéo de 24 para 16 e um aumento de 1,6 para
3,6%o, respectivamente, sugerindo um aumento na influéncia aquética nos tltimos 77 anos cal
AP. Essas tendéncias observadas nos manguezais do Espirito Santo (20° 40" S) devem estar
relacionadas ao aumento NRM desde o final da Pequena Idade do Gelo (LIA) e intensificado
nas Ultimas décadas. O aumento da porcentagem e concentracdo de polen sugere uma incursao
da zona de mangue de planicies de maré mais baixas para mais altas nas Gltimas décadas (ver,
capitulo 1V).

Considerando o limite austral dos manguezais americanos, com base nas analises de
polen e datacdes de C e 21%Ph, os manguezais de Laguna (28° 29 ' S) foram estabelecidos
sob influéncia estuarina entre ~ 1957 e 1986 DC, representados por arvores de Laguncularia
sp. Nas Ultimas décadas as areas de manguezais vem se expandindo e sendo ocupadas por
arvores/arbustos de Laguncularia sp. e Avicennia sp. com estatura entre 2 e 11 m. (ver,
capitulo I1). Essas diferencas na estatura da vegetacdo de mangue entre os setores da lagoa
de Santo Antdnio (Laguna, 28° 29 ' S) podem ser atribuidas as variagdes de temperatura
através de um gradiente de impacto da borda para o interior dessas florestas. As partes internas
da lagoa com arvores de mangue mais altas oferecem alguma protecdo contra os ventos do

inverno. Em contraste, setores mais expostos aos ventos de inverno apresentam baixas
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estaturas de arvores de mangue. Estas caracteristicas geomorfoldgicas da lagoa controlam o
desenvolvimento dos manguezais. Outro fator importante para explicar a diferenca de estatura
dos manguezais entre os setores da Lagoa de Santo Antonio (Laguna, 28° 29 ' S) seria
diferentes graus de tolerancia a temperatura entre as espéecies de mangue. Diante disso, plantas
de Spartina sp. colonizam grande parte do litoral de Santa Catarina e substituem os
manguezais nas regides onde as temperaturas sdo mais baixas que 5°C (Soares et al. 2012).
Na Baia de Sao Francisco do sul (costa norte de Santa Catarina, 26°6' S), 0S manguezais
exibem arvores de Rhizophora sp., Avicennia sp. e Laguncularia sp. (ver, capitulo V)
enquanto os manguezais da costa sul de Santa Catarina sdo representados apenas por
Laguncularia e com pontuais arbustos de Avicennia sp. (ver, capitulo Il1). Esta distribuicéo
do género manguezal ao longo do litoral sul brasileiro deve revelar sua intolerancia as baixas
temperaturas de inverno, onde Laguncularia sp. e Avicennia sp. sao mais tolerantes as baixas
temperaturas do que Rhizophora sp. (Duke et al. 1998). Em nossa area de estudo na Baia de
S&o Francisco do Sul (costa norte de Santa Catarina) estudos de polen e datacéo C revelaram
gue 0s manguezais se estabeleceram em torno de ~ 1500 anos cal AP representados por
Laguncularia sp. seguido por Avicennia sp. (~500 anos cal AP) e Rhizophora sp. apenas no
altimo século. Provavelmente, essa sucessao de géneros de manguezais foi causada por uma
tendéncia de aquecimento na América do Sul durante o Holoceno tardio e as arvores de
Rhizophora sp. pelo aquecimento durante o Antropoceno. (ver, capitulo V).

Em relacdo aos manguezais localizados no litoral da Louisiana registros historicos
indicaram a presenca de pequenos arbustos de Avicennia sp. no inicio do século XX. A
primeira evidéncia de manguezais no Litoral da Louisiana data o ano de 1900 DC,
representados por plantas de Avicennia sp. com estatura menor que 0,6 m (Lloyd & Tracy
1901). Atualmente, estudos no litoral da Louisiana reportam a expansdo latitudinal de
Avicennia sp. colonizando areas que eram anteriormente ocupadas por Spartina sp. apds duas
décadas de invernos quentes (Perry & Mendelssohn 2009). Da mesma forma o trabalho de
sensoriamento remoto coordenado por Cohen (2021) indicou um aumento significativo nas
areas (3 ha) e estatura dos manguezais nas Ultimas décadas (ver, capitulo I1).

Portanto, esta tendéncia em escala continental da migragdo dos manguezais para zonas
temperadas e para planicies de maré mais elevadas desde o século XX pode ser considerada
um fendmeno global no qual esta relacionada com o aquecimento global e aumento do NRM.
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5 CONCLUSAO

A andlise comparativa entre 0s manguezais tropicais situados no litoral do Espirito
Santo (20° 37" S) e subtropicais localizados na costa norte e sul de Santa Catarina (26°6' S e
28° 29 ' S) e litoral da Louisiana (29 ° 09 ' N) revelou que esses ecossistemas foram
estabelecidos em zonas tropicais no Holoceno médio por conta do aumento do nivel do mar.
Durante o Holoceno inicial nos atuais limites austrais e boreais dos manguezais americanos,
a transgressao marinha transformou ambientes lacustres em lagunas ocupadas por vegetacoes
adaptadas aos ambientes de agua salobra no atual limite austral (sul de Santa Catarina, 28° 29
’S) e boreal (litoral da Louisiana, 29 © 09 ' N) do continente americano. No entanto, ndo foram
identificados graos de pdlen do mangue durante o Holoceno mesmo apresentando condigdes
fisico-quimicas e hidrodindmicas adequadas para 0s manguezais nos seus atuais limites norte
e sul. Neste intervalo de tempo 0s manguezais subtropicais do sul de Santa Catarina e
Louisiana tiveram suas planicies de marés ocupadas apenas por marismas representadas
principalmente por Spartina sp.

Nos ultimos 1000 anos oscilac@es na temperatura associados a eventos climaticos no
Holoceno tardio (LIA e MCA) influenciaram na sucesséo de géneros de manguezais na Baia
de S&o Francisco do Sul (costa norte de Santa Catarina, 26°6' S). O aparecimento tardio do
género de Rhizophora sp. no ultimo século em planicies de maré localizada na Baia de S&o
Francisco do sul sugere uma maior intolerancia as baixas temperaturas desde género quando
comparada a Laguncularia sp. e Avicennia sp., que sdo mais tolerantes as baixas temperaturas.

Portanto, nossos dados indicam que a elevacdo do NRM durante o Holoceno inicial e
médio no litoral do Espirito Santo foi a principal forca que impulsionou o estabelecimento e
migracdo dos manguezais para planicies mais elevadas anteriormente ocupadas por vegetacao
herbacea. No entanto, embora a tendéncias de aumento do NRM ser a mesma para a costa
tropical e subtropical brasileira, os manguezais subtropicais da Baia de Sdo Francisco do Sul
foram estabelecidos apenas em ~1500 anos cal AP sugerindo que o aquecimento global
natural do Holoceno causou a expansdo do mangue de areas tropicais para subtropicais no
Holoceno tardio. Assim, 0s manguezais migraram dos trépicos para zonas temperadas na
medida que as temperaturas minimas de inverno aumentaram durante o Holoceno tardio. Os
manguezais se estabeleceram no atual limite sul e norte americano apenas inicio e meado do

século XXI, respectivamente. Tal dinamica foi causada provavelmente pelo aquecimento
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global natural do Holoceno e intensificado durante o Antropoceno. Esse processo também
causou um aumento do nivel do mar que resultou na migracdo dos manguezais de zonas baixas

para novas planicies de maré mais elevadas.
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Winter temperature and sea-level position are critical factors affecting the global distribution of mangroves and
saltmarshes. The replacement of saltmarshes by mangroves is expected due to global warming, reflecting the
long-term natural trends in the Holocene and anthropogenic impacts since the 20th century. We documented the
Holocene history of wetlands dynamics in the boreal limits of the American mangroves, located at Bay Champagne,
Louisiana (USA), by integrating sedimentological, palynological, geochemical (6'>C and C\N), X-ray fluorescence
(XRF) data, and radiocarbon chronology from two sediment cores. The results indicated a freshwater lake environ-

mﬁmc ment with herbs and wetland ferns, as well as C; terrestrial plants, between ~8100 and ~6500 cal yr BP. This environ-
Avicennia ment shifted into a lagoon and saltmarshes having sedimentary organic matter sourced from marine algae between
Isotopes ~6500 and ~1500 cal yr BP. In the final stage, washover sediments were deposited in the lagoon during the last ~1500
Palynology callyr BP. Despite the increased marine influence over the last ~6500 cal yr BP, mangrove pollen were not recorded
Port Fourchon n -8100 and ~1500 cal yr BP, suggesting that mangroves were absent in the study area during that time in-
terval. Historical evidence and a comparative analysis of our multi-proxy data with other mangrove studies from the
Gulf of Mexico, Caribbean, and eastern South America revealed a gradual mangrove expansion from tropical to sub-
tropical coasts of South and North America during the mid-late Holocene. The mangrove colonies at their current bo-
real (29° 09’ N) and austral (28° 29’ S) limits were established in the early and mid-20th century, respectively. This
mangrove dynamics on a continental scale suggests that the poleward mangrove migration was likely caused by the
warming climate during the Holocene. More importantly, the industrial-era warming has likely accelerated the man-

grove expansion, but it was not the primary force that drove the mangrove migration into temperate zones.
© 2021 Elsevier B.V. All rights reserved.
1. Introduction the high susceptibility to variations in air/water temperatures, subsi-

Mangroves are perhaps some of the most typical ecosystems of tropi-
cal coasts, consisting of valuable and productive intertidal forests (Food
and Agriculture Organization of the United Nations, 2007; Ribeiro et al.,
2019). The main products and services of mangroves include protection
from storms and sea-level rise (Alongi, 2008); plant and animal produc-
tivity (Ewel et al.,, 1998); sources of organic matter for coastal ecosystems
(Walsh and Nittrouer, 2004; Dittmar et al., 2006); and sequestration and
storage of atmospheric and oceanic carbon, thereby mitigating climate
change effects (Fisher and Huo, 2012; Taillardat et al., 2018).

Mangroves are also very useful indicators of climate and sea-level
changes (Blasco et al., 1996; Fromard et al.,, 2004; Alongi, 2008) due to

* Corresponding author at: Federal University of Para - Brazil, Rua Augusto Corréa, 01 -
Guamd, CEP 66075-110 Belém, PA, Brazil.
E-mail address: mcohen@ufpabr (M.CL Cohen).

https://doi.org/10.1016/j.geomorph.2021.107648
0169-555X,/© 2021 Elsevier BV, All rights reserved.

dence, tidal flooding frequency, river discharge, estuarine salinity, and
nutrient flux, as well as tropical cyclones intensified by climate changes
(Amaral et al., 2006; McLeod and Salm, 2006; Cohen et al., 2012; Krauss
etal, 2014; Liu et al., 2014; Alongi, 2015; Yao and Liu, 2017). However,
depending on the latitude and proximity of large estuaries, some envi-
ronmental drivers may operate more intensely in controlling the man-
grove dynamics, such as winter temperatures on subtropical zones
(Cohen et al., 2020b), and fluvial discharge, for instance, near the Ama-
zon River (Cohen et al., 2012). Regarding the northern and southern
limits of American mangroves, the air/water temperature becomes the
most critical factor in controlling the establishment, expansion, and
contraction of mangroves (Cavanaugh et al., 2018, 2019). This ecosys-
tem cannot develop under low temperatures, and then they occur
mainly between latitudes 25° N and 25° S (Giri et al., 2011). Its distribu-
tion is limited to zones where the coldest-monthly temperature average
is above 20 °C and the annual temperature range is <5 °C (Walsh, 1974;
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Chapman, 1975; Duke, 1992). This restriction is associated with
mangrove's low tolerance tc low air temperature, usually inhibiting at
around 5 °C (Tomlinsom, 1986; Stuart et al., 2007; Krauss et al.,2014).
A consequence of global warming is that mangraves can expand into
temperate zones. Some studies have documented the influence of
changes in air temperature in the latitudinal distrbution of mangroves
(Everitt et al., 1996; Stevens et al., 2006; Perry and Mendelssohn,
2009; Stokes et al., 2010; Osland et al.,, 2015, 2017, 2018, 2019).

Records of mangrove species on Earth during the Tertiary (Sherrod
and McMillan, 1985) and Quaternary (Cannon et al.,, 2009) revealed
that the climate controlled their establishment and extinction in the
northern hemisphere (Sun and Li, 1999). Margrove dynamics is gener-
ally associated with global climate and sea-level changes since the Last
Glacial Maximum (LGM) (Alongi, 2008). In North America, there were
alternations of mangrove expansion and contractian in response to pro-
nounced changes in temperatures over the late Quaternary (Sherrod
and McMillan, 1985; Woodroffe and Grindrod, 1$91; Sandoval-Castro
et al, 2012; Saintilan et al., 2014; Osland et al., 2017, and they were re-
stricted to regions equatorward of their modern limits during the LGM.
During this period, mangroves also decreased in Asia and Europe
(Woodroffe and Grindrod, 1991; Cannon et al., 2009), being restricted
to refuge areas with less impact of cold air temperature (Cannon et al,
2009). However, a poleward expansion was recorded in the Northern
Hemisphere after 19,000 years ago (Sandoval-Castro et al., 2012;
Kennedy et al., 2016). In the Caribbean, mangrove northern limit
retreated to more equatorial zones during the Fleistocene (Sherrod
and McMillan, 1985). As a result of warmer climates and higher sea
levels during the Holocene, mangroves expanded poleward, reaching
Florida (Yao and Liu, 2017), Texas (Sherrod and McMillan, 1985), and
Louisiana (McKee and Vervaeke, 2018) at different times.

According to pollen and isotopic studies from the South China Sea,
mangroves would have replaced boreal forests ¢énd temperate grass-
lands due to a slight increase in air temperature and slow marine

Port Fourchon
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transgression at ~14,000 cal yr BP (Sun and Li, 1999). Meanwhile, man-
groves were not recorded in North America or Europe, probatly due to
the low temperatures (Sherrod and McMillan, 1985).

The increased winter temperatures during the last century (IPCC,
2014), mainly in boreal and temperate regions (Solomon et al., 2007),
caused a mangrove expansion in the Gulf of Mexico (Cavanaugh et al.,
2014), resulting in the replacement of salt marsh vegetation dominated
by Spartina alterniflora (Sherrod and McMillan, 1985).

The ecological implications of global warmingto the new biogeogra-
phy of ecosystems adapted to tropical areas in the near future can be
studied by reconstructing the long-term dynamics of mangroves,
mainly along the northern and southern mangrove limits in the
Americas. As such, a stratigraphic analysis of mangroves relative to
sea-level and climate changes during the Holocene must be provided
from various coastal environments to permit an inter-regional compar-
ison. This work aims to discuss the influence cf sea-level changes and
global warming on American mangroves during the Holocene. We stud-
ied the Holocene changes in coastal depositional paleoenvironments,
and the dynamics of temperate vegetation and mangroves in southern
Louisiana, USA, representing the modern boreal limit of the American
mangroves, by the integration of sedimentological, palynological, geo-
chemical (6"C and C\N), X-ray fluorescence (XRF) data, and radiocar-
bon chronology. These data are essential to evaluate and calibrate
models that predict the fate of mangroves as the minimum winter tem-
peratures continue to increase (Cavanaugh et al., 2014, 2015, 2018).

2. Study area
2.1. Geomorphology
The Caminada-Moreau Headland is a complex mosaic of barrier

islands formed by the transport of sediments by wind, waves, and
tidal and longshore currents (Kulp et al., 2005). The study area in Bay

" Il Mangrove
M Marsh
© Sampling core site

Fig. 1. a) Location of the study area, b) vegetation map with a stratigraphic profile (a’-b/) exhibiting vegetation geomorphology, and the facies associations, ©) drone image showing the

coring sites along a sandy coastal barrier.
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Champagne (29° 6’ 53, 10" N/90" 10’ 33, 38"W, Fig. 1) is located in the
southwestern end of this headland, near Port Fourchon in the State of
Louisiana. This site is part of the Lafourche complex delta lobes, formed
~3500 years ago, and remained active until 1600 to 600 cal yr BP. During
this time, nutrient-rich sediments were deposited in floodplains along
tributaries, contributing to establishing wetland systems across
subdeltas (Blum and Roberts, 2012).

Bay Champagne (BC) is a semi-circular brackish lagoon (salinity:
32%.) (Fig. 1b, and c), with a maximum depth of 2.5 m (Liu et al.,
2011). The lagoon is surrounded by cordgrass (Spartina alterniflora) and
black mangrove (Avicennia germinans) vegetation (Naquin et al.,, 2014).
A sandy barrier, standing ~2 m above the mean relative sea-level, par-
tially protects the backbarrier tidal flat wetlands from the impact of
high energy waves and storm-forced winds (Dietz et al., 2018). Local bar-
rier islands, including the Timbalier Island and Grand Isle (Shea Penland,
1988), are strongly affected by erosion due to overwashing (Liu et al.,
2011; Dietz et al., 2018). In addition, the decadal historical record from
Bay Champaign indicates rapid shoreline retreat and coastal erosion in
this area, especially during active periods of hurricanes, exacerbating
the long-term trend of coastal subsidence and land loss (Dietz et al.,
2018). A re-nourishment project was initiated in 2012 and completed
in 2014 (Coastal Engineering Consultants, 2015), attempting to interrupt
the rapid shoreline retreat process and sustain barrier beaches along the
Caminada-Moreau headland (Jafari et al,, 2018).

The coastal region in southern Louisiana is especially vulnerable to
global climate change (Dietz et al., 2018; Johnson et al., 2020), resulting
from the Holocene sea-level rise (Kjerfve, 1994). Traditional models
have indicated a sea-level 3 to 4 m below present at 6000 years BP,
followed by a rise to 1.5 m below present at 5000 BP (Saucier, 1994).

2.2. Physiography

The climate in the study area is humid subtropical, with mean
monthly temperatures between 6 °C and 30 "C. The mean precipitation
is about 1600 mm/year, with the wetter season from June to September
and the drier season from September to June (National Climatic Data
Center, 2018). During the last two centuries, the Louisiana coast has
been subjected to climatic anomalies (Mock et al., 2007; Perry and
Mendelssohn, 2009). The Louisiana coast is frequently affected by se-
vere weather phenomena, including hurricanes, heavy rainfall, flooding,
drought, heatwaves, and freezing events (Vega, 2012). Beach fronts and
dunes along the Caminada coast support salinity tolerant vegetation, es-
pecially graminoid such as cordgrass (Spartina alterniflora), sea oats
(Uniola paniculata), and bitter panicum (Panicum amarum var. amarum
‘Fourchon’). Cordgrass is found on active overwash deposits (Brantley
et al,, 2014). Trees and shrubs are mainly represented by wax myrtle
(Myrica cerifera), iva (Iva imbricate), vine (Lycium barbarum), eastern
baccharis (Baccharis halimifolia), and black mangroves (Avicennia
germinans L.) (Henry and Twilley, 2013). After the restoration project
(Coastal Engineering Consultants Inc., 2015), the Caminda coastline
has been used for vegetative plantations, including various native
dune grass species. Data about the modern American mangrove distri-
bution were obtained at http://data.unep-wemc.org/datasets/4.

3. Materials and methods
3.1. Remote sensing

The spatial analysis was developed with high-resolution images ob-
tained by the drone Phantom 4 Advanced DJI. This drone had a FC 6310
digital 4K/20MP (RGB), which provided images of high spatial resolu-
tion (2.6 cm) of the study area. The drone images were processed
using the Agisoft Metashape Professional version 1.6.2 software. The
vegetation was visually classified by photointerpretation using various
tools in the Global Mapper Software 19. Details about the image pro-
cessing may be obtained in Cohen et al. (2020a, 2020b).
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3.2. Sampling and facies description

Two sediment cores (BC81-2,75m,29° 6" 53,10” N/90" 10" 33,38"W
and BC82 - 4 m, 29° 6" 48,88" N/90° 10’ 40,83" W) were acquired via an
aluminum push corer at the southern margin of the BC lagoon (Fig. 1b
and c). The cores were measured and photographed in the field and
kept in a cold room (4 °C) at Louisiana State University. Grain size anal-
ysis (5 cm intervals) was determined by laser diffraction in the Labora-
tory of Chemical Oceanography of the Federal University of Para UFPA
(Brazil).

Sedimentary features, such as color, texture, lithology, and structure,
were used to characterize the facies (Harper, 1984; Walker, 1992). The
code of sedimentary facies was based on Miall (1978). The facies, pollen,
isotopes, and elemental analyses were grouped into facies associations
to determine a sedimentary environment (Reading, 1996). Cluster anal-
ysis of pollen grains supported the grouping of the facies associations.

3.3. LOI and XRF data

Loss-on-ignition (LOI) analysis was performed at 1 cm intervals. It
involved heating sediment samples at 105°, 550°, and 1000 °C to deter-
mine the contents of water, organic matter, and carbonates, respec-
tively. XRF analysis was performed by scanning the core at 2 cm
intervals using a handheld Innov-X Delta XRE. Only the major chemical
elements in coastal sediments (ppm) representative of marine (e.g. Br,
Ca, Cl, and Sr) and terrestrial (e.g. Fe, Ti, and Mn) origins were selected
for this analysis (Yao et al., 2015).

3.4. Palynological analysis

The cores were sub-sampled at intervals of 5 cm, whereby 1 cm? of
sediment was removed for pollen analysis. Before the sediment process-
ing, one tablet of exotic Lycopodium spores was inserted into each sam-
ple to calculate the pollen concentration (grains/cm?) and pollen
accumulation rates (grains/cm?/year). Sediment samples were treated
following traditional pollen analytical procedures, using hydrochloric
acid, hydrofluoric acid, and acetic anhydride/sulfuric acid (Faegri and
Iversen, 1989). The product of this treatment was fixed on slides in a
glycerin gelatin medium. Pollen and spore morphology books were
used as references (McAndrews et al., 1973; Willard et al., 2004), as
well as the collections of the LSU Global Paleoecology Lab. A minimum
of 300 pollen grains were counted for each sample. The total pollen
sum did not include fern spores, algae, and foraminifers. Pollen dia-
grams are presented as percentages of the total pollen sum. The taxa
were categorized into: herbs, trees and shrubs, and aquatics. Cluster
analysis and pollen diagram plotting were processed by the software
TILIA (Version 1.7.16) (Grimm, 1990).

3.5. Isotopic analysis and radiocarbon dating

The isotopic composition (&'>C) of modern organic matter was ana-
lyzed from 134 samples (6-50 mg) taken at 5 cm intervals along the
two cores. The stable carbon isotopes were determined at the Stable Iso-
topes Laboratory of the Center for Nuclear Energy in Agriculture (CENA/
USP), using an ANCA SL2020 mass spectrometer (see further details in
Pessenda et al. (2004)). Five sediment samples (~2 g each) were used
for radiocarbon dating. The samples were physically cleaned using a mi-
croscope to prevent natural contamination at '*C Laboratory of CENA
(Pessenda et al., 2004). The organic matter was chemically processed
by treating with 2% HCl at 60 °C over 4 h, washed with distilled water,
and dried (50 °C) to eliminate young organic fractions (fulvic and/or
humic acids) and carbonates (Pessenda et al., 2010, 2012). The sedi-
ment organic matter was analyzed by Accelerator Mass Spectrometry
(AMS) at the *C Laboratory of CENA/USP, LACUFF (Fluminense Federal
University, Brazil), and Center for Applied Isotope Studies (UGAMS) of
the University of Georgia. Radiocarbon ages are reported in years before
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Samples of sedimentary organic matter selected for radiocarbon dating and results with code site, laboratory number, depth (my), ''C ages (yr BP, 10), calibrated ages (cal. yr BP, 20 de-

viation), sedi ation rate and median of calibrated ages (cal. yr BP).
Sediment core Code site and laboratory number Depth Ages Ages Sedimentation rate Median of calibrated ages
(m) (**Cyr BP, 10) (cal. yr BP, 20 deviation) (mm/yr) (cal. yr BP)
BC81 UCAMS-34381 170 2150 + 20 2096-2160 0.76 2128
BC82 UGAMS-34379 170 1580 + 20 1412-1528 1.1 1470
BC82 LAC 190456 300 5766 + 48 6406-6645 026 6525
BC82 LAC 190457 350 5621 + 48 6286-6454- 6370
BC82 UGAMS-34380 400 7330 £ 30 8035-8191 0.6 8113

1950 CE (yr BP). The radiocarbon ages were normalized to 6'*C of
—25%.VPDB, and are presented in cal yr BP, with a precision of 20
(Reimer et al., 2013).

4. Results
4.1. Radiocarbon ages and sedimentation rates

Radiocarbon ages and sedimentation rates are provided in Table 1.
The ages recorded ranged from 8113 to 1470 cal yr BP (Figs. 2 and 3).
Partial age inversions were observed between 350 (6286-6454 cal yr
BP) and 300 cm (6406-6645 cal yr BP) (Fig. 3). It can be attributed to
high sedimentation rates and/or reworking of organic remains by
storms or bioturbation by benthic organisms (Pessenda et al., 2012).
The sedimentation rates (0.2 to 1 mm/yr) were within the range re-
corded in other cores sampled from tidal flats in the Gulif of Mexico
(Naquin et al.,, 2014; Yao et al., 2015). The sedimentation rates in the
muddy segment (400-170 cm) of core BC82 were lower (0.6 an 6
mm/y) than in the sandy intervals (170-0 cm) of this core (1.11 mm/
yr) and core BC81 (0.77 mm/yr) (Figs. 2 and 3).

4.2, Facies description
Three facies associations were recognized in the studied cores

(Figs. 4, 5, and Table 2). Facies association A consisted of massive sand
(facies Sm) and massive mud (facies Mm), related to a lacustrine

environment. Facies association B consisted of lenticular and flaser
heterolithic bedded deposits of facies Hl and Hf, respectively, related
to a lagoonal environment. Facies association C, which included massive
sand (Sm), and flaser heterolithic deposits (Hf), was attributed to
washovers. These environments were interpreted based on the integra-
tion of sedimentary features with pollen, isotopic, C/N, LOI, and XRF
data, as described in the following.

4.2.1. Facies association A (lacustrine)

This facies association was represented by the 400-310 ¢cm interval
of core BC82, accumulated between ~8100 and ~6500 cal yr BP. It was
characterized by massive mud (Mm) and lenticular heterolithic bedded
deposits (HI; 40-80% silt, 20-60% clay), ranging in color from dark
brown (2.5/110Y) to dark gray (3/1 10Y). This facies association
contained -4% of carbonate and ~7% of organic matter. Two ecological
groups characterized by herbaceous (25-65%) and tree and shrub pol-
len (30-55%) were present. The herbaceous taxa were predominantly
composed of Amaranthaceae (0-20%), Asteraceae (0-18%), Poaceae
(0-12%), Amaranthus (0-5%), and Artemisia (0-4%). Arboreal taxa
were mainly represented by Pinus (0-35%), Fagaceae (0-3%), Betula
(0-1%), and Quercus (0-1%). Fern pollen mainly consisted of
Polypodiaceae (Fig. 3). XRF analysis indicated the highest concentration
of Fe (14 k-20 k ppm), K (8 k-13 k ppm), Ti (1.5 k-2 k ppm), and Mn
(370-800 ppm), while the values for Cl (3.5 k-12 k ppm), Ca (5.3 k-
8.6 k ppm), Br (184-248 ppm), and Sr (63-98 ppm) were the lowest.
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6"C values oscillated between —24.4%. and —22.02%. (X = —24%.),
while the C/N ratio alternated between 12 and 52 (x = 25) (Fig. 5).

4.2.2. Facies association B (lagoonal)

This facies association was evidenced in cores BC81 (270-170 cm)
(Figs. 2 and 4), and BC82 (300-170 cm) (Figs. 3 and 5). The sediments
were accumulated between -6525 and -1470 cal yr BP in core BC82
and up to ~2128 cal yr BP in core BC81. They consisted of dark gray (4/1
10Y) massive mud (Mm) and lenticular heterolithic bedded deposits
(HI; 0-80% sand, 15-80% silt, 5-60% clay). This facies association
contained ~4% of carbonate and ~7% of organic matter. The bivalve Rangia
cuneata was present in life position. The palynological analysis permitted
the identification of three ecological groups, represented by pollen of
herbs (50-70%), trees and shrubs (20-55%) and aquatic plants (2-10%),
in addition to marine markers, such as dinoflagellate cysts and foraminif-
era. Herbs were mainly represented by Poaceae (0-25%), Amaranthaceae
(0-14%), Asteraceae (0-6%), Amaranthus (0-4%), Ambrosia (0-4%),
Bolboschoenus (5%), Caryophyllaceae (2%), Spartina (0-3%) and
Chenopodiaceae (0-2%). Arboreal pollen included mainly Pinus (0-20%),
Quercus (0-3%), Betula (0-3%), and Alnus (0-2%). The group of aquatic
plants was predominantly composed of Typha angustifolia (0-14%) and
Typha latifolia (0-3%) (Figs. 2 and 3). Typha angustifolia disperses as a re-
ticulate, monoporate monad pollen (22.7 4+ 2.6 pm) (Fig. 1a and b, sup-
plementary material), and Typha latifolia is reliably represented in the
pollen record as perforate-reticulate, tetrads pollen (25.70 + 1.58)
(Finkelstein, 2003; Hamdi et al., 2010; Skvarla and Larson, 1963)
(Fig. 1c and d, supplementary material). XRF results revealed an increas-
ing trend in Cl (3 k-20 k ppm) and Br (190-950 ppm) and a decreasing

trend in Fe (7 k-17.5 k ppm) and Mn (186-500 ppm) compared to facies
association A. Facies association B presented more enriched 6'*C values{(~
—22%,) than the facies association A (-—24%.). C/N values decreased up-
ward from ~25 to ~11 within this association (Figs. 4 and 5).

4.2.3. Facies association C (washover)

These deposits were identified in both studied cores in the interval
170-0 cm, formed during the last ~1470 cal yr BP (170-0 ¢cm) and
~2100 cal yr BP in the cores BC82 and BC81, respectively. The cores
consisted of dark gray (4/1 10Y) flaser heterolithic bedded deposits (fa-
cies Hf; 60-100% sand, 0-40% silt, 0-10% clay); sandy layers were cross
laminated. The upper part of facies association A was characterized by
massive sand (Sm; 14% coarse, 73% medium, 13% fine); grain size in-
creased gradually upward in this sandy facies. Shell fragments were fre-
quent in this association. The carbonate concentration oscillated
between 4 and 20%, while the organic matter decreased upward from
4 to 2%. A wide range of variation was recorded for the concentrations
of Ca (2.7 k=130 k ppm), Sr (100-572 ppm), Zn (0-46 ppm), and Zr
(44-422 ppm). The concentration of Ti (270-1134 ppm), and Fe
(2100-7200 ppm) also varied largely, but with values that were lower
than in facies associations A and B. 6'*C and C/N values oscillated be-
tween —20 and —27%. and 3 and 28, respectively. No pollen grain
was found in this facies association (Figs. 4 and 5).

5. Discussion

The sampling sites are accumulating washover sediments at present
(Fig. 1b and c). These sites were chosen due to their position in the central

I S " y features :\ LO1 + XRF 1 Organic G istry —H#— E: i Gmﬂg—l
& o ol 8
s & & W : W
o )é\i{ff\ ‘f;b:“é *,\\4’;}’\' Water W_‘ Cantomate €1 K Ca n Ma :_.A- B S :: » b« E Hd‘ » ng 6‘?“:‘2
7 ~ AEEE R = | i
CREEET B O { =
i 4 ¥ L ek = [
ie < L < = = f’ %
i TEEERE R (B ¢
i3 g r (=8 |
s zﬁgL:u_i? LlEl | LU
L[| :
B il
BRI il
ey Ty . =i
hd % L L) o b W & 20

PR

% %’

B |Lagoon| € | Washover Wg:ﬂ‘“ .77 Soa- Massive sand pee

yyyyy
A AL

[ T <
1 Flaser heterotithic bedding [ - Massivemea |3 1 {Thickeaing spward. I3

=
b
3

succession C o feagments

Fig. 4. Summary of core BC81, presenting sedimentary characteristics, pollen ecological groups, and geochemical data,

5



E. Rodrigues, M.CL. Cohen, K. Liu et al.

33

Geomorphology 381 (2021) 107648

features i LOF k XRF Organic Geoch Ecological Group——
P o) » '/f
il ‘r’i:" - K Ci T Ma Fe Br St 7n B o rf#\ &
' 3
, ? Z
L e e

IR
\

Ilklimllz opward

Fig. 5. Summary of core BC82, presenting sedimentary characteristics, pollen ecological groups, and geochemical data.

portion of an old lake (Fig. 7), with the potential to preserve the oldest la-
custrine records. Depositional environments with a predominance of
sandy sediments are not suitable for preserving pollen grains (Havinga,
1967). However, such environment may have evolved from an environ-
ment with low hydrodynamic flow that was favorable for the muddy
(silt and clay) sedimentation (Reineck and Singh, 1980; Reading, 1996)
and suitable for pollen preservation, as indicated by several pollen studies
in tidal flats (Behling et al., 2001, 2004; Cohen et al., 2005a, 2005b, 2012,
2020b; Guimaraes et al.,, 2013; Moraes et al., 2017; Ribeiro et al., 2018),
fluvial flood plains (Cohen et al., 2014a, 2014b, 2014c, 2020a; Fontes
et al, 2017; Lima et al,, 2017; Silva et al., 2018), lagoons (Cohen et al.,
2020b, 2016; Franca et al., 2016), and lakes (Lara and Cohen, 2009;
Smith et al., 2011; Buso Junior et al., 2013). For example, oxbow lakes, de-
veloped after a channel abandonment, can be filled by muddy sediments
and converted into a fluvial terrace or an active channel with sandy depo-
sition (Cohen et al., 2014c¢; Rossetti et al., 2014). In the case of the study
area, evidence based on facies association indicated the development of
a lake (~8100 to ~6500 cal yr BP), which subsequently evolved into a la-
goon (6500-1470 cal yr BP). Relatively high pollen concentrations{{50
k-200 k pollen grains/cm’, Figs. 2 and 3) in the sediments from this pe-
riod suggested that the land around the lake and lagoon was well-
vegetated. Gradually over the last ~1470 cal yr BP, this coastal lake and la-
goon at the coring site has been filled by washover sandy sediment, which
was not conducive to retention and preservation of pollen.

5.1. Depositional phases
5.1.1. Early Holocene (~8100 to ~6500 cal yr BP): lacustrine

The prevalence of muddy deposits in facies association A (i.e., basis
of core BC82, 400-310 c¢m) indicates a low energy depositional

environment, most likely a freshwater lake. The 6'C and C/N, ranging
from —24.4 to —22.02%. and 12 to 52 respectively, recorded in these
deposits support that C3 terrestrial plants were the source for the sedi-
mentary organic matter (C3 plants 6'*C: —32%.to —21%.and C/N: >12;
Deines, 1980; Meyers, 1994; Tyson, 1995). The concentrations of K, Ti,
Fe, and Mn in facies association A were compatible with values recorded
in environments with a high input of terrestrial sourced sediment
(Cuven et al., 2013; Yao et al., 2018). The presence of arboreal pollen
from Pinus, Quercus, Fagaceae, and Betula, as well as herbs (mainly rep-
resented by Asteraceae and Amaranthaceae) and wetland ferns (repre-
sented by Polypodiaceae), conforms with a freshwater, terrestrial
setting. Altogether, these characteristics are taken as evidence of a la-
custrine environment for facies association A. The inferred lake devel-
oped in the study area during the early Holocene when the sea-level
was ~8 m below the modern sea-level (Donoghue, 2011) (Fig. 7).

5.1.2. Mid-late Holocene (-6500 to ~1470 cal yr BP): lagoonal

This phase is recorded by facies association B, which is lithologically
similar to the lacustrine deposits characterized by the prevalence of
muddy components (facies Mm and Hl) indicating low energy environ-
ments. However, the presence of the bivalve Rangia cuneata attests to a
connection to marine waters, as this species is typical of brackish water
environments (Tarver, 1972; Warzocha et al., 2016). This bivalve, native
to the Gulf of Mexico (Benson, 2010), has often been used to indicate
marine influence during the Holocene (Rodriguez et al., 2004;
Wakida-Kusunoki and MacKenzie, 2004). Accordingly, we interpret fa-
cies association B to represent a lagoon. The slight enrichment of 6'C
values in facies association B (~—22%.) compared to the lacustrine de-
posits (—24%), and the decreasing C/N values from -25 to -9, suggest
the contribution of marine organic matter (&'°C; —24%. to —16%. and

Table 2
Characteristics of the three facies association.
Facies Facies description Ecological group Geochemical data Elements predominance  Interpretation
association (ppm)
A Lenticular heterolithic bedding (facies HI) Herbs, tree/shrubs, and ferns 87C = ~24410 Fe: 14 k-20 k Lake
—22%. K:8k-13k
C/IN=12-2 Ti: 1.5k-2k
Mn: 370-800
B Massive mud (facies Mm) with Rangia Herbs and aquatic plants from 8'%C=-231t0 Cl:3k-20k Lagoon
cuneata brackishwater. Foraminifera/dinoflagellate —21% Br: 190-950
C/IN =6-22 Fe: 7k-175k
Mn: 186-500
C Flaser heterolithic bedding (Hf), massive  No pollen/ferns 8C=—-27to Cl:6k-24k Washover
sand (Sm) with shell fragments =20%a Ca: 27k-130k
C/N = 5-20 Br: 230-1200
Sr: 100-572

Zr: 44-422
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C/N: <10; Deines, 1980; Meyers, 1994; Tyson, 1995) (Fig. 6), as ex-
pected in a lagoon. The upward increase of Cl (from 4 k to 13 k ppm)
and Br (from 264 to 950 ppm) and decrease of Fe (from 16 kto 11 k
ppm) and Mn (from 400 to 200 ppm) are also indications of a coastal
environment with marine influence and lower input of terrestrial
sediments. The pollen assemblage, marked by the increased abundance
of brackishwater herbaceaous (Bolboschoenus, Spartina) and
brackishwater aquatic (Typha angustifolia and Typha latifolia) plants, is
further consistent with the inferred lagoon environment. The aquatic
macrop hyte cattail (Typha) can tolerate environments with high salinity
(Hameed et al., 2012; Akhtar et al., 2017) and variation in water level
(Ladislas et al., 2012). Paleoecological studies in brackish lagoonal de-
posits from Mexico also indicated the establishment of Typha ~6000cal
yr BF (Caballero et al., 2005). In addition, the occurrence of foraminifera
and dinoflagellate cysts in this stratigraphic unit is further evidence for a
marine-influenced environment, such as a lagoon.

5.1.3. Late Holocene (last ~1470 cal yr BP): shoreline retreat

This phase is recorded by facies association C, whereby the muddy
deposits changed abruptly upward into heterolithic mud/sand and mas-
sive sand. It represents the modern washover sediments that are depos-
ited inland of a beach by overwash. Overwash is the flow of water and
sediment over the beach's crest that does not return to the water
body. Coastal overwash is mainly caused by hurricanes and winter
storms along the Atlantic and Gulf Coasts of the United States (Liu,
2004; Donnelly et al., 2006). This sedimentary succession may reflect
the gradual landward migration of sandy coastal barriers due to marine
transgression (Fig. 7). This interpretation is based on the increased ma-
rine influence with respect to the lagoon deposits of the previous phase.
This is evidenced by the lower input of terrestrially-sourced sediments
evidenced by the decreasing trend of Ti (1700 to 400 ppm), Fe (from
12 kto 2 k ppm), and Mn (from 230 to 75 ppm) and strong oscillations
of Ca(2 k-129 k ppm), Cl (5.6 k-24 k ppm), Sr (100-572 ppm), Br (230-
1200 ppm), Zn (0-46 ppm), and Zr (44-422 ppm), High Zn and Zr
values are found in the sand fraction. Then, probably, oscillations of Zn
and Zr values indicated phases of rock weathering carried by the action
of the currents and tides and deposited as beach sand. Ca, Cl, Br, and Sr
are constituents of biogeochemical cycling in marine systems (Yao and
Lin, 2017; Joe-Wong et al., 2019). The significant decrease in C/N values,
from ~10 to ~6, with respect to the lagoonal phase, and the &'3C values,
between —20%. and —27%., are consistent with this interpretation (ma-
rine algae, 6'°C: —24%. to —16%. and C/N: <10) (Deines, 1980; Meyers,
1994; Tyson, 1995) (Fig. 6). Local oscillations of these values that were
synchronized with Ca, Sr, Zn, and Zr peak concentrations are probably
aresult of storm events, since this coastline is notably affected by intense
hurricanes and tropical storms (Dietz et al,, 2018; Johnson et al., 2020).

5.2. Absence of mangrove pollen along the cores

The analyzed cores did not contain mangrove pollen grains, despite
the dense occupation of Avicennia trees around the lagoon nowadays.
Noteworthy is that lakes, lagoons, tidal flats, and fluvial floodplains
present suitable hydrodynamic conditions for muddy sedimentation
with pollen derived from plants that lived 2t the times the sediments
were deposited. Under this situation, lagoonal and lacustrine sediments
preserve pollen grains transported by wind and from the florz sur-
rounding the lake or lagoon. The spatial representation of lagoonal or la-
custrine pollen records changes according to the wind intensities and
the watershed area influencing the lake or lagoon (Cohen et al., 2008,
2014c). In addition, the pollen percentage of each vegetation unit is
distance-weighted, where the closer to the source, the greater the pol-
len signal from that plant (Davis, 2000; Xuet al, 2012). Thus, pollen ac-
cumulated in lagoon or lzke sediments presents a wider spatial
representation of the regional flora than tidzl flats sediments. Follen
rain in tidal flats, mainly occupied by dense mangrove forests, should in-
dicate local vegetation, while open canopy tends to present a higher
proportion of long distance transport pollen rain (Weng et al., 2004;
Gosling et al., 2009).

Considering the pollen grains can be transported by wind and cur-
rents mainly in open areas (Brush and Brush, 1972; Solomon et al.,
1982; Weng et al., 2004), it is common to record <1% pollen grains
that do not represent the local vegetation during the sediment accumu-
lation. For instance, a core taken from a marsh in southwesternf Louisi-
ana revealed one or two Avicennia pollen grains in the 0, 210, and 280
c¢m depth, probably transported by currents or hurricanes (Yao et al.,
2020). By contrast, cores taken from tidal flats occupied by mixed man-
groves with Rhizophora, Laguncularia, and Avicennia in Florida contained
pollen percentages of 30-60% of Rhizophora, 5-20% of Avicennia, and 5-
15% of Laguncularia (Yao et al,, 2015; Yao and Liu, 2017). The lagoon and
tidal flat sediments covered by Avicennia trees in Bay Champagne, the
study area, accumulate between 6 and 9% of Avicennia pollen [Ryu,
2020). In Amazonian mangroves, pollen traps installed on tidal flats oc-
cupied only by Avicennia trees present ~:5% (~540 grains/cm?/yr) of
Avicennia pollen (Behling et al., 2001). Accumulation rates of Avicennia
pollen are also relatively elevated in a mangrove with Rhizophora and
Avicennia trees (average 450 grains/cm?/yr). Even in mangroves domi-
nated by Rhizophora, pollen grains of Avicennia may be found (average
120 grains/cm?/yr) (Behling et al., 2001). In addition, Avicennia pollen
grains have been found in thousands of stratigraphic pollen spectra ob-
tained from cores sampled from the American coasts with Avicznnia
trees (e.g. Cohen et al., 2005a, b, 2009, 2012, 2014a, b, c, 2015, 2016;
Vedel et al., 2006; Peros et al., 2007; Guimardes et al., 2011, 2013;
Smith et al., 2011, 2012; Franca et al., 2014, 2016, 2019; Yao et al.,
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Fig. 7. Model of the geomorphology and vegetation development under the Holocene relative sea-level rise.

2015; Yao and Liu, 2017; Moraes et al., 2017; Ribeiro et al., 2018;
Cordero-Oviedo et al., 2019; Jones et al., 2019).

These data suggest that sediments accumulated in tidal flats or la-
goons with Avicennia or near Avicennia trees tend to have a signifi-
cant Avicennia pollen representation. Therefore, the absence of
Avicennia pollen grains in the sedimentary sequences formed during
the lake (8100-6500 cal yr BP) and lagoon (6500-1470 cal yr BP)
phases in our cores (Figs. 2 and 3) suggests that mangroves with
Avicennia trees were absent at or near our study site during the
Holocene.

The absence of mangroves in the modern northern limit of American
mangroves between ~8100 and ~1470 cal yr BP is an important finding
that contributes significantly to the discussions about the main forces
driving the mangrove establishment on the American continent during
the Holocene, as well as its poleward expansion in the Anthropocene
(since the mid-twentieth century (Zalasiewicz et al., 2018)). Neverthe-
less, it is necessary to assess the effects of sea-level rise on the studied
coastal vegetation and morphology, since the salinity gradients along
the zones under marine or estuarine influence need to be conducive
to mangrove development (Lara and Cohen, 2006).

5.3. American mangrove establishment controlled by sea-level

Mangroves colonized the distal portion of the continental shelf dur-
ing the Last Glacial Maximum (LGM) (~27 and ~20 k cal yr BP) due to
the worldwide lowering of the eustatic sea-level (Murray-Wallace,
2007; Cohen et al., 2014a, 2014b, 2014c¢). The continental shelf emerged
almost completely, positioning the coastline at some sites ~100 km of its
current location (Nittrouer et al.,, 1996; Clark et al,, 2009; Harris et al.,
2013). After the LGM low sea-level, melting ice sheets caused transgres-
sion between 16 and 4 ka in many areas of southern North America

(Gischler, 2015) and, probably, a landward mangrove migration along
the continental shelf (Cohen et al., 2012, 2014b). A rapid relative sea-
level rise was recorded on the eastern coast of South America during
the early-middle Holocene. The sea-level in southeastern and north-
eastern Brazilian coast was between 5 and 1 m above the modern sea-
level, at approximately 5500 cal yr BP, with a gradual fall during the
middle to late Holocene (Angulo et al., 2006, 2016; Caldas et al., 2006;
Lorente et al., 2013; Cohen et al., 2020a). Sea-levels comparable to the
modern one were already reached between 6000 and 5000 cal yrs BP
in the northern Brazilian coast (Cohen et al., 2005b, 2012). Several
works have attributed the mangrove establishment in the middle Holo-
cene along the tropical coasts to the lower rates of sea-level rise or a sta-
ble sea-level in the middle Holocene (Woodroffe et al., 1985, 2015;
Toscano and Macintyre, 2003; Khan et al., 2017; Ribeiro et al., 2018;
Cohen et al., 2020a) ( Fig. 8). Then, mangroves were established in the
tropical Brazilian littoral at ~7000 cal yr BP: Espirito Santo (19° S),
Bahia (17° S), Rio Grande do Norte (5° S), Para (1° S), and Amapa (2°
N) (Cohen et al., 2012, 2014a, 2014b, 2020a; Pessenda et al., 2012;
Franca et al., 2013, 2015; Fontes et al., 2017; Ribeiro et al., 2018).
Similarly, transgressive events were also recorded in the northern Gulf
of Mexico (Anderson and Fillon, 2004), with a high sea-level rise rate of
7.4 + 0.7 m/ka in the early Holocene, and a reduced rate of 2.3 mm/yr
in the middle to late Holocene (Wanless et al., 1994; Khan et al., 2017).
The relative stability of modern coastal systems along the Gulf of
Mexico is primarily due to the stabilization of sea-level approximately
6000 years ago (Donoghue, 2011). Blum et al. (2002) proposed that the
middle Holocene sea-level along the Texas Gulf coast was at —9 m at
ca. 7.8 ka, then rose rapidly to +2 m by ca. 6.8 ka. However, according
to Khan et al. (2017), the relative sea-level did not exceed the present
height during the Holocene, and around ~6.5 ka, sea-level was at 6.2 m
below the modern sea-level (Willard and Bernhardt, 2011). The sea-
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was obtained at http://data.unep-wcmc.org/datasets/4.

level, which was near the modern level during the middle Holocene,
allowed mangrove establishment in the Caribbean and Gulf of Mexico
coast, a tropical zone, at ~6100, ~5400, ~5300, and ~5500 cal yr BP, in
Venezuela (9° N), Puerto Rico (18° N), Yucatan Peninsula-Mexico (18°-
21° N) and Cuba (22° N), respectively (Peros et al., 2007; Cohen et al.,
2016; Aragon-Moreno et al., 2018; Montoya et al., 2019). In addition,
mangroves were recorded in the western Gulf of Mexico coast (20°
N) at ~6000 cal yr BP (Cordero-Oviedo et al,, 2019).

In the study area (29° N), marine transgression caused the develop-
ment of lagoons and saltmarshes with a strong contribution of marine
organic matter after ~6500 cal yr BP (Figs. 4, 5, 6, and 7). This sedimen-
tary environment associated with vegetation and sedimentary organic
matter suggests favorable physical-chemical conditions for mangrove
establishment. Therefore, of the sea-level dependent factors, mangroves
could have been established in the study area since ~6500 cal yr BP.
However, contrasting with the tropical coasts, there was no evidence
of mangrove presence around the Bay Champagne lagoon, the current
northern mangrove limit, between 6500 and 1470 cal yr BP. A similar
situation occurred at the southern limit of American mangroves at
Laguna, southern Brazilian coast (28° 29' S), where pollen studies also
indicate the absence of mangroves during the Holocene. Mangroves
were established at their current southern limit of South America only
in the Anthropocene (Cohen et al., 2020b). Probably, despite the
physical-chemical conditions suitable for mangrove establishment pro-
moted by the sea-level rise, the temperature may not yet have been
high enough to allow the growth of mangroves at their current northern
and southern limits of American mangroves during the middle-late|Ho-
locene. In addition, biogeographic studies indicated that modern global
distribution of mangroves is mainly controlled by temperature, hence
being limited to tropical and subtropical regions (Lugo and Patterson-
zucca, 1977; Sherrod and McMillan, 1985; Duke et al., 1998; Stevens
et al., 2006; Stuart et al., 2007).

5.4. Mangrove establishment controlled by climate

Considering that mangroves are susceptible to changes in sea-level
and climate in a millennial timescale (Chapman, 1975; Duke, 1992;
Blasco, 1996; Fromard et al., 2004; Alongi, 2008), and to local factors
in a secular/decadal time scale (Moraes et al., 2017; Ribeiro et al.,
2018) the (1) presence or (2) absence of mangroves along their current
northern and southern limits during the Holocene is essential to identify
the reasons for the mangrove expansion to more temperate zones dur-
ing the recent decades. Regarding the hypothesis of the (1) continuous
presence of mangroves in the current northern (29° N) and southern
(28° S) boundaries of the American continent (North and South
America) during the middle-late Holocene, it would indicate relative
stability of relative sea-level and climate during that period. In this
case, studies that show the poleward mangrove expansion during the
most recent decades (e.g. Cavanaugh et al., 2014; Saintilan et al., 2014;
Osland and Feher, 2020) could be incorrectly attributing such mangrove
dynamics to allogeneic processes, for instance, global warming. Alterna-
tively, it may be caused by autogenic mechanisms, for instance, related
to the action of tides, storms, dynamics of beach-barrier, delta
switching, and lateral migration of meandering fluvial channels, then
creating and destroying mangrove substrates in a cyclical process with
expansion and contraction phases of mangrove areas in a decadal time
scale (Moraes et al., 2017). In this context, such mangrove expansion
would be related to processes operated locally and intrinsic to the depo-
sitional system (Beebower, 1964; Cecil, 2013).

By contrast, the (2) absence of mangroves in their current northern
and southern limits in the Holocene indicates an allogeneic process
driving the mangrove expansion from tropical into temperate latitudes
in a millennial time scale. In general, the geological record suggests
equatorward contraction of mangroves during the LGM (Woodroffe
and Grindrod, 1991; Cannon et al., 2009), when these forests occurred

36



E. Rodrigues, M.CLL. Cohen, K. Liu et aL

only in refuge areas more protected from the impact of cold air temper-
ature (Cannon et al.,, 2009). In contrast, a poleward mangrove expansion
occurred after the LGM (Sandoval-Castro et al., 2012; Kennedy et al.,
2016). During the early and middle Holocene, this trend may have
been favored in tropical to subtropical areas by increasing the global
mean surface temperature (O'ishi and Abe-Ouchi, 2011; Fig. 8).

There is a consensus about global warming between the LGM and
early Holocene (Kaufman et al., 2020). However, less well understood
is the climate between the mid and late Holocene (Sundqvist et al.,
2014). The Antarctic Peninsula underwent an early-Holocene warm
phase and stable temperatures between 9200 and 2500 years ago
(Mulvaney et al.,, 2012). Studies over land north of 40°N have indicated
warming during the middle Holocene (0O'ishi and Abe-Ouchi, 2011).
Other proxy records indicated global cooling during the late Holocene
(Marcott et al., 2013). However, with no direct net contribution from
the orbitally-driven insolation, the global annual mean radiative forcing
in the Holocene should be dominated by the retreating ice sheets and
rising atmospheric greenhouse gases, with both favoring a globally av-
eraged warming (Liu et al., 2014). Climate models simulate a robust
global annual mean warming along the Holocene, mainly in response
to rising CO, and the retreat of ice sheets (Liu et al., 2014). Other climate
models suggest no change or warming during the mid-late Holocene
(Braconnot et al., 2007; Timm and Timmermann, 2007; Lohmann
et al.,, 2013). The increase of CO;, and CH, concentrations after 7000
and 5000 years ago contributed to the late Holocene warmth,
prolonging the natural interglacial warmth initiated by orbital varia-
tions. These mid-late Holocene greenhouse gas increases may be natu-
ral or anthropogenic in origin (Ruddiman, 2003; Broecker and Stocker,
2006; Kaplan et al., 2011; Ruddiman et al., 2016). A stable isotope record
from ice wedges from the Arctic indicated a long-term winter warming
trend during the mid-late Holocene (Meyer et al., 2015). 6'%0 of plank-
tonic foraminifera from the western tropical South Atlantic Ocean on
the northeast Brazilian margin showed a progressive warming trend
of slightly >1 °C during the transition from the mid- to late-Holocene
(Santos et al., 2013). A record of Holocene sea-surface temperatures
and sea-ice presence from the Polar Front of the East Atlantic Southern
Ocean showed late Holocene warming and no abrupt Neoglacial cooling
(Nielsen et al., 2004). Jomelli et al. (2011) proposed Holocene warming
for the eastern tropical Pacific with increased atmospheric temperature
and retreat of glaciers in the southern tropics in response to enhanced
austral summer insolation. This Holocene climate trend indicated by
the climate models and proxy records is consistent with the hypothesis
that climate warming permitted mangroves to expand from the tropics
to subtropics during the mid-late Holocene (Fig. 8).

Although the coastal stabilization or low rates of sea-level change
around the middle Holocene may have played a role in the establish-
ment of northern and southern American mangroves in areas located
between the latitude of 20°N and 20°S, the subtropical mangroves
were established only in the mid-late Holocene in both hemispheres,
probably as a result of global warming that caused a poleward man-
grove expansion from the latitude of 20” to 29°. The mangroves in the
subtropical Brazilian coast were established between ~2200 cal yr BP
(Sdo Paulo, 25° S) and ~1630 cal yr BP (Santa Catarina-Brazil, 26°
S) (Pessenda et al., 2012; Franqa et al., 2019), and the subtropical man-
groves in North America appeared after ~4000 cal yr BP in the
Everglades-Florida (25° N) (Willard and Bernhardt, 2011; Yao et al.,
2015; Yao and Liu, 2017; Jones et al., 2019) (Fig. 8). Regional-scale
droughts may have some influence in delaying the mangrove establish-
ment in the subtropical mangroves of the Everglades (Willard and
Bernhardt, 2011), but global warming in the mid-late Holocene must
be considered as the main force favoring the mangrove expansion
from tropical to subtropical areas in both hemispheres.

Our study shows the absence of mangroves between ~8100 and
~1500 cal yr BP in Port Fourchon (29° 09’ N), USA. The first evidence
of black mangroves in Louisiana was dated at approximately 1900 CE
(Lloyd and Tracy, 1901). These authors described early mangrove
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stands short in stature (<0.6 m) growing on offshore islands, mainly
in Breton Sound. In addition, a historical video of the USS. Library of Con-
gress (http://www.loc.gov/item/mp76000363) also exhibited black
mangroves at the Breton National Wildlife Refuge in Louisiana in
1915. Similarly, in the southern limit of the American mangroves at
Laguna, Brazil (28° 29" S), even though physicochemical and hydrody-
namic conditions were favorable for the establishment and expansion
of mangroves since the middle Holocene, mangrove establishment oc-
curred only between -1957 and -1986 CE (Cohen et al., 2020b). It is
noteworthy that a subtropical Brazilian mangrove stand (26° S),
established since ~1630 cal yr BP, contained Rhizophora trees only dur-
ing the last decades (Franca et al., 2019). Rhizophora is less tolerant to
low temperatures than Laguncularia and Avicennia (Duke et al., 1998;
Quisthoudt et al., 2012). The presence of mangroves in Louisiana, even
incipient and restricted to some islands since the beginning of the
20th century, suggests that this ecosystem was established only after
appropriate climatic conditions were present since that time.

We propose that the establishment of Avicennia trees in the study
area was related to the natural warming trend after the Little Ice Age
(LIA). This cold climatic episode was attributed to solar activity fluc-
tuations during the last six or seven centuries (Lean and Rind, 1999),
ending between 1850 and 1890 CE (Bradley and Jones, 1992). Ongo-
ing remote sensing work (unpublished) by Cohen and co-workers
indicates a significant increase in the area and stature of Louisiana
mangroves in recent decades, especially in the 21st century. There-
fore, while our data suggest that a poleward mangrove migration oc-
curred due to natural global warming during the late Holocene, the
industrial-era warming must have intensified the mangrove expan-
sion during the last few decades, when temperature increased at a
higher rate in the boreal and temperate regions than in the tropics
(Solomon et al., 2007).

6. Conclusions

Our integrated multi-proxy investigation based on sedimentology,
'4C radiocarbon dating, pollen analysis, as well as X-ray fluorescence,
isotope (6'C), and C\N data indicate a marine transgression at Bay
Champagne, Louisiana-USA during the Holocene. This natural process
changed the environment from a freshwater lake (~8100 to ~6500 cal
yr BP) to a brackish water lagoon (~6500 to ~1500 cal yr BP). During
the last ~1500 cal yr BP, washover sand was deposited into the lagoon
due to the relative sea-level rise and hurricanes. Physicochemical and
hydrodynamic conditions suitable for mangrove development occurred
in the study site over the last ~6500 cal yr BP. However, mangrove pol-
len were not recorded in sediments between ~8100 and ~1500 cal yr BP,
suggesting that mangroves were absent during the entire period. A
comparative analysis of these multi-proxy data and historical records
of mangrove establishment phases in the Gulf of Mexico, Caribbean,
and eastern South America indicated that mangroves expanded gradu-
ally from the tropical to subtropical South and North American coasts
during the mid and late Holocene. The modern boreal (29° 09’ N) and
austral (28° 29’ S) mangrove limits were established in the early and
mid-20th century, respectively. This mangrove dynamics on a continen-
tal scale suggests that poleward mangrove migration was caused by
natural Holocene global warming. The industrial-era warming must
have intensified the mangrove expansion. However, the Anthropocene
global warming was not a direct forcing that initiated the mangrove mi-
gration into temperate zones.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geomorph.2021.107648.
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ABSTRACT

Keywords:
Anthropocene
Drone

Global warming
Laguncularia

Temperature influences the global distribution of mangroves, and global warming may be causing a poleward
mangrove expansion. Sedimentary features, pollen, and isotopes data from six sediment cores, as well as '*C
datings, indicated a marine transgression during the Holocene, and it contributed to the expansion of tidal flats
occupied by sal I conditions suitable for mangroves development occurred on the study
site during the Holocene, but, according to #'°Pb and '“C dating, the establishment of mangroves mainly re-
presented by Laguncularia trees only began between —1957 and —-1986 (AD) on the studied tidal flats. Spatial-
temporal analysis, based on satellite and drone images, revealed a mangrove expansion of ~10 ha in the study
area between 2003 (96.1 ha) and 2019 (106.1 ha). Nowadays, in the study area, saltmarshes, mainly char-
acterized by Spartina and Acrostichum, are sharing tidal flats with mangroves, represented by Laguncularia (=5 m
tall) and Avicennia (<11 m tall). Probably, the absence of mangroves during the Holocene, followed by their

blishment and ion during the Anthropocene in the subtropical zone, is associated with a migration of
the austral mangrove limit into the temperate zone, caused by the gradual increase in winter temperatures. This
process may be related to a poleward mangrove migration since the late Holocene, caused by a natural Holocene
global warming. However, the industrial-era warming must have intensified the mangrove expansion into

h Ervi
hes. Envir

temperate zones.

1. Introduction

Global warming has been controversial during the last decades,
mainly about human influence on climate (Keller, 2003). However,
stronger recent warming trends indicated that human influence is
dominant in long-term warming (Medhaug et al., 2017). For instance,
human-induced warming reached approximately 1 °C above pre-in-
dustrial levels in 2017, increasing at 0.2 “C per decade (Allen et al.,
2018), and minimum temperatures globally are rising at twice the rate
of maximum temperatures (Easterling et al., 2000; Walther et al.,
2002). Global warming is causing a poleward migration of isotherms at
rates averaging 27 km/decade (Burrows et al., 2011), and pushing
tropical species to become more abundant in temperate areas
(Parmesan and Yohe, 2003; Poloczanska et al., 2013), for instance,
plants (Sturm et al., 2001; Van Grunsven et al., 2010), butterfly species
(Parmesan et al., 1999), birds (Thomas and Lennon, 1999) and modern

corals (Yamano et al., 2011) have advanced poleward.

In this context, mangroves may also be used as indicators of climate
change (Alongi, 2008; Blasco et al., 1996; Fromard et al., 2004), since
they are strongly susceptible to cold temperatures. For this reason,
mangroves are restricted to latitudes where the coldest monthly mean
temperature is above 20 °C, and the annual thermal amplitude is less
than 5 °C (Chapman, 1976; Giri et al., 2011; Walsh, 1974). Then, cold
temperatures have limited the northern and southern limits for man-
groves to around 30°N (Kangas et al., 1961) and 28°S (Franca et al.,
2019; Soares et al., 2012). However, saltmarshes are dominated by
freeze-tolerant herbs that are most abundant along temperate and arctic
coasts (Ibdnez et al,, 2012). Probably, under global warming influence,
mangroves will migrate to higher latitudes, replacing salt marsh (Field,
1995; Gilman et al., 2008; Woodroffe and Grindrod, 1991).

Mangrove contraction and expansion in North America occurred
during the Quaternary in response to changes in temperatures (Osland
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et al., 2017; Szintilan et al., 2014; Sandoval-Castro et al., 2012; Sherrod
and McMillan, 1985; Woodroffe and Grindrod, 1991). Mangroves oc-
cupied areas north of their current limits in Texas, Louisiana, Mis-
sissippi, Alabama, and Georgia before the Quaternary (Gee, 2001;
Sherrod and McMillan, 1985; Westgate and Gee, 1990). In contrast,
during the Pleistocene, the northern limit of mangroves retreated to
more equatorial zones in the Caribbean (Sherrod and McMillan, 1985,
Regarding the Last Glacial Maximum (LGM), mangrove limits migrated
to more tropical zones, followed by an expansion poleward after tha
LGM (Kennedy et al., 2016; Sandoval-Castro et al., 2012). During tha
early and mid Holocene, the global mean surface temperature increased
(Kaufman et &l., 2020), causing a sea-level rise (Angulo et al., 2016€;
Cohen et al., 2020), and the establishment of tropical mangroves along
the Brazilian coast at ~7000 cal yrs BP (Cohen et al., 2020, 2014, 2012;
Fontes et al., 2017; Franga et al., 2015, 2013; Ribeiro et al., 2018). This
Holocene warming may have caused a mangrove expansion from tro-
pical to subtropical zones during the late Holocene (Franca et al., 201¢;
Pessenda et al,, 2012). According to Alongi (2008), the mangrove dy-
namics in the northern hemisphere is related to global climate and sea-
level changes since the LGM.

Regarding the industrial-era warming, some studies have indicated
a tropicalization of coastal wetlands ecosystems, for instance, by the
poleward mangrove expansion along Mexico (Saintilan et al., 2014) and
United States (Cavanaugh et al., 2014; Osland et al., 2018; Perry and
Mendelssohn, 2009). In the hypothesis of the poleward expansion of
mangroves in North America is being caused by the modern global
warming, the southern boundary of the Southern American mangroves
must also be migrating poleward. In this context, the warming for
Southern Brazil between 1960 and 2002 was stronger in the minimum
temperature range at annual timescales (+0.5 “C per decade) and in
winter (+0.4 °C per decade) as compared to the smaller warming
trends in maximum temperatures at annual and summer timescales
(+0.2 °C per decade) (Marengo and Camargo, 2008). Marengo (2006)
estimated an ncrease between 3 and 5 “C by 2080 for the Brazilian
territory. If this recent rise in temperature is inducing such poleward
mangrove migration, this ecosystem should be absent along its modern
austral limit during the Holocene, since the industrial-era warming has
led to a modem climate that is unprecedented in the Holocene context
(Porter et al., 2019). Then, to test the relationship between latitudinal
mangrove expansion and global warming, this work aims to develop a
paleoenvironmental reconstruction on a millennial and decadal-scalz
based on satellite/drone images and pollen, geochemical (5'°C, 8'°N
and C\N) and sedimentary data, as well as *C and ?'°Pb datings along
six cores sampled from tidal flats occupied by mangroves in their aus-
tral limit.

2. Study site
2.1. Geomorplological settings

The study site is at Santo Antdnio Lagoon, near the city of Laguna in
the State of Santa Catarina (Fig. 1). The lagoon complex, formed by tha
Imarui, Mirim, and Santo Anténio lagoon, has approximately 40 km in
length (Eichler et al., 2006). The Santa Catarina coastal plain is sub-
divided mainly into four depositional systems: Holocene regressive
barrier, strand-plain, dune fields, and Holocene lagoonal system. The
Holocene regressive barrier system occurs in the south of Laguna and is
associated with back-barrier lagoonal and paleo-lagoonal deposits, Tha
strand plain system is composed of, at least, a late Pleistocene and a
Holocene section. The strand plain is distinguished from the barrier
system by the absence of a contiguous back-barrier lagoon. The Imarui
and Mirim lagoons, which occur behind the Pleistocene strand plains,
are drowned river valleys (Angulo et al., 1999).
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2.2. Climate

The climate is subropical humid without a dry season. In the state
of Santa Catarina, the highest temperature in summer at Laguna
reaches 30 °C, and the minimum in winter is 6 °C. The humidity is
around 85%, and the annual average precipitation is between 1250 mm
(Imbituba) and 1400 mm (Laguna) (INMET, 2017). The climate is
controlled by South Atlantic Tropical Anticyclone, related to trade
winds from the NE, and Polar Migratory Anticyclone (PMA). The mi-
gration of the PMA to the north can generate cold fronts with increases
in precipitation rates (Carvalho do Amaral et al., 2013).

2.3. Vegetation

The native vegetation of east Santa Catarina is subdivided into five
main zones: The Coastal vegetation, Atlantic pluvial forest, Cloud forest
zone, Araucaria forest. and the Grassland. Coastal vegetation consists of
mangrove, and plants communities occupying beaches and dunes di-
rectly or indirectly influenced by the ocean (Behling, 1995). The fore-
dune vegetation is mainly characterized by a low diversity of herbac-
eous species that occurs under variable temperature, with low soil
humidity and constant sand movements (Cordazzo and Seeliger, 1995),
The dominant families are Poaceae, Amaranthaceae, Asteraceae, and
Apiaceae. The vegetation surrounding the lagoons, swamps, and peat
bogs are mainly represented by Lentibulariaceae, Cyperaceae, and
Poaceae families. The lowland forest is characterized by a high diversity
of species, with a large number of epiphytes, lianes, and several types of
ferns. The dominant trees are Euphorbiaceae, Moraceae, Fabaceae,
Malpighiaceae, Aquifcliaceae, Urticaceae, and Myrtaceae families
(Carvalho do Amaral et al., 2013).

3. Material and methods

The materials used involved spatial-temporal analysis based on
satellite/drone :mages and digital elevation models obtained by drone
data. Field investigation allowed validation of the results through the
acquisition of topographic data, vegetation height, and vegetation
types. Sedimentary features, isotopic and elemental laboratory analysis
on six sediment cores, with temporal control obtained by '*C (AMS) and
219pp dating, were developed, following a pre-designed methodology
flow chart (Fig. 2).

3.1. Data sources

3.1.1. Satellite data

According to the awvailability and quality of QuickBird satellite
images obtained from Google Earth Pro, seven dates (Aug/2003, Jun/
2009, Jan/2012, Jul/2013, May/2016, Jul/2017, and Jul/2018) were
chosen for the identification and quantification of mangrove areas.
These images present a spatial resolution of 2.44 m (multispectral) and
three bands (blue, green, red). All images were imported in GeoTIFF
format into the Agiso®t Metashape Professional version 1.6.2 software
and orthorectified according to high-resolution orthoimages of drone,
with a spatial accuracy of 10 cm. The drone images were orthorectified
based on 102 ground control points (GCPs). All images were exported in
GeoTIFF format into the Global Mapper version 18 software for ana-
lysis. Human interventions in the study area, such as houses and roads,
were used to define reference points for spatial-temporal analysis.

3.1.2. Drone data

High-resolution images obtained by a Drone Phantom 4 Advanced
DJI completed the spatial-temporal analysis. It is a battery-powered
quadricopter, equipped with GPS and inertial measurement. It has a FC
6310 digital 4 K/20MP (RGB) camera with focal length and sensor
width of 8.8 mm and 12.8 mm, respectively. It generated image width
with 5472 pixels. This camera positioned on a motion-compensated
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Fig. 1. Location of the study area, mangrove distribution in the sectors 1, 2 and 3, and sampling core sites; (a—c) Ground photos showing Avicennia and Laguncularia
trees, as well as Acrostichum and Spartina along a channel in the sector 2; (d) Ground photo exhibiting clusters of Laguncularia shrubs surrounded by Spartina in the

sector 3.

gimbal and calibrated by the DJI Assistant 2 Software obtained high
spatial resolution images of 2.6 cm/pixel (flight height of 100 m) and
1.6 cm/pixel (60 m) for the study area. The drone mapped at 60 m
altitude specific zones to identify the mangrove type. This spatial re-
solution was calculated using the following Eq. (1):

GSD = (Sw + H % 100/60) / (Fr % imH), 1)

where GSD = Ground Sampling Distance (centimeters/pixel),
Sw = sensor width of the camera (millimeters), H = the flight height
(meters), Fr = the focal length of the camera (millimeters) and

imH = the image width (pixels) (PIX4D, 2013).

The drone surveying was carried out using the DJI Ground Station
Pro Software installed in an IPad Air tablet with predefined missions
implemented autonomously to follow a route defined by several navi-
gation way-points with 90° camera angle, 90% frontal and 75% lateral
overlay. A total of ten missions (4632 images) were flown in Sep/2017,
Oct/2019 (spring) at Santa Catarina, and covered 434 ha. A single
mission was performed in each target mangrove area, with interrup-
tions for drone battery replacements. Each battery allowed scanning
~48 ha (15-18 min).
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Fig. 2. Methodology flow chart modified from Cohen et al. (2018).

The major limitation of the drone survey is related to the incidence
of sunlight during the flights. Data quality decreases significantly in low
light, for instance, during sunrise, sunset, and when there are visibility
constraints in the area, which can be caused by seasonal occurrences
like fog, snowfall or rainfall. Then, it is recommended that such surveys
occur during the summer and without clouds. Besides, the accuracy of
the measurements depends on the flight height.

3.1.3. Ground control points

We carried out field trips in Oct/2015, Sep/2017, and Oct/2019.
During these campaigns, planialtimetric data were obtained using an
Antenna Trimble Catalyst with a differential Global Navigation Satellite
System (GNSS). A sub-metric correction was applied to the GNSS data.
After 30 min counting, the altimetric accuracy of the GCPs was in the
order of = 10 cm with the Real-Time Kinematic correction. This margin
of error was calculated by comparing the data obtained by the Antenna
Catalyst with the IBGE geodetic benchmarks. Physical obstacles such as
buildings, tree canopy, and powerlines may affect the GNSS signals and
reduce the accuracy of the planialtimetric data. Due to the long stabi-
lization period of the Antenna Catalyst, the planialtimetric data,
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obtained with the Catalyst, were used as reference points for the to-
pographic survey developed by an electronic theodolite (model CST
Berger DGT10). Once a certain planialtimetric reference point based on
the Catalyst was established, the theodolite was installed on that point
to determine the relative topography of other Ground Control Points
(GCPs). The planimetric ( = 30 ¢m) and altimetric ( + 10) data ob-
tained for that GCPs were based on the Catalyst and theodolite, re-
spectively. These data were used as GCPs (102 points) to calibrate the
DEM obtained by photogrammetry.

Vegetation heights (VH) were calculated for mangrove and salt-
marsh vegetation using a ruler of 4 m. These data were used to validate
the vegetation height model obtained by photogrammetry. Visual ob-
servation and photographic documentation were used to confirm the
key vegetation units.

3.1.4. Sediment cores

Cores LAG-3 (28°29742.9"S/48°47'43.1"W), LAG-4 (28729'34.0"S/
48°47'49.6"W), LAG-5 (28°29°34.9"S/48°47'50.7"W),  LAG-6
(28929'37.5"5/48°0.47'57.2"W), RP-4 (28°2914.6022"S/
48°50'31.4710"W) and RP-3 (28°29'35.2333"S/48°50'52.9254"W)
were collected during the spring season in October 2015, using Russian
type sampling equipment. The sediment cores were taken from area
colonized by mangroves mainly characterized by genus Laguncularia,
and salt marsh characterized by Spartina densiflora and Spartina alter-
ninflora. The cores were subsampled every 5 e¢m for grain-size, organic
geochemistry, and pollen analysis. The geographical positions were
determined by the Global Position System (GPS).

3.2. Methods used

3.2.1. Image classification

The categorization of vegetation cover was developed mainly under
a visual classification by the Global Mapper Software, where a data set
of locations with known land cover was used to determine the images
features of each land cover type. The data collection for training and
testing was based mainly on a range of image features (multispectral
digital numbers) associated with the texture of a Quickbird image of
2018. The Create Area Features from the Equal Values tool allows for
raster to vector or elevation grid to vector conversion of data based on
the pixel values. The image was segmented based on spectral, physical,
and geometric parameters. Regarding the multispectral digital numbers
that best represented the mangroves, it was specified how close to an
exact match a set of spectral values must be to match another set of
spectral values, where the value of zero requires an exact match and
256 covers all valid spectral range. After the evaluation of the color
fuzziness, the mangrove limits were adequately represented in the value
20. This set of information allowed us to individualize objects and
compare them with a visual classification of drone orthoimages ob-
tained in 2019 with spectral information between 380 and 710 nm.
Drone images with a spatial resolution between 2.6 and 1.6 cm/pixel
were able to individualize Avicenniaand Laguncularia trees among the
saltmarsh. These images were used as a reliable reference base to va-
lidate the classification developed on the Quickbird images. Ground
photos were also used to facilitate the identification of vegetation units
(Fig. la-d). The parameters that best represented the boundaries be-
tween the mangroves and saltmarshes were used to classify the
Quickbird images of previous years. This procedure was followed by a
visual check of each mangrove unit classified in the Quickbird images.
This cross-validation data generated the highest accuracy for the
identification of vegetation units. More details about the drone image
processing may be obtained in Cohen et al. (2020, 2018).

3.2.2. 3D models generation and validation

Agisoft Metashape Professional version 1.6.2 software was used to
process the drone images. This software develops photogrammetric
processing based on digital images. It produced 3D spatial data and
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Fig. 3. (a) Vegetation map of the study area; (b) Digital elevation model, (c) Vegetation height model; (d) Terrain elevation model, (¢) and a-b transect exhibiting the

substrate topography and vegetation height.

orthomosaics with the support of ground control points (www.agisoft.
com) (Figs. 3 and 4). The developed orthomosaic images of 2019 were
used in the time series analysis.

A dense point cloud (spacing points from 3 to 5 cm) was executed in
high resolution to obtain digital models of surface, terrain, and vege-
tation. Initially, this process generated a digital surface model (DSM)
that represented the natural (trees, herbs, sediments, soils, and water)
and built (power lines, buildings, and towers) features on the Earth’s
surface. A dense point cloud classification was developed to identify the
terrain elevation. The digital terrain model (DTM) considers only the
substrate surface without the vegetal covering and built features. The
dense point clouds were split into cells, and the points in each cell were
identified. Triangulation of these points allowed the first estimate of the
DTM. Then, new points were added to the DTM, following these cri-
teria: they occurred within a certain distance from the terrain model,
and the angle between the terrain model and a line connecting the new
points was less than a certain angle. For nearly flat terrain, it is re-
commended to use a default value of 15 deg. It is reasonable to set a
higher value if the terrain contains steep slopes (Agisoft, 2018).

This procedure was applied in tidal flats without vegetation and in
flats occupied by mangrove and marsh vegetation. The sharp differ-
ences in the elevations of point clouds enabled individualizing the
points representing the vegetation cover and that reflecting the soil
surface. Then a mesh of the soil surface was built based only on the
points representing the topographic surface of the soil. This procedure
extrapolated the topographic gradients of tidal flats without vegetation
cover or with sparse vegetation to substrates with dense vegetation
cover. This model was adjusted to the GCP obtained by the Antenna
Catalyst and theodolite in areas under dense vegetation cover,
Therefore, the digital terrain model below vegetation cover was a
product of the combination of GCP interpolation from flats covered by
vegetation with the topographic gradients of tidal flats without vege-
tation extrapolated to flats below vegetation cover. Tidal flats occupied

“

by dense mangroves hinder an accurate topographic survey.

The vector data containing an elevation component were able to
create an elevation grid based on the Triangulation. This setting uses a
triangulated irregular network connecting the known elevation values.
The vegetation height model was obtained by the Combine/Compare
Terrain Layers tool. This command permits the generation of a new
gridded elevation layer by combining and/or comparing the elevation
values from two other loaded layers. For instance, this method was used
to subtract the gridded elevation layer that represented the DSM from
the DTM to obtain the digital vegetation height model (DVHM) of the
sector 2 (Fig. 3c).

A quantitative analysis based on the vertical differences between
check points and the DTM and DVHM of 2019 were obtained using the
following Eq. (2), as suggested by Cohen et al. (2018):

Zd-f - Zm M = Lygnd (2)

where Zyr = the vertical differences, Zpgy = the Z value of the 3D
dense point cloud, and Z,y = the Z value of the Antenna Catalyst/
theodolite checkpoint. The Zyy values were lower than 10 ¢m. Con-
sidering that Antenna Catalyst data have an error of = 10 cm, a vertical
margin of error of = 10 cm was admitted for the 3D models. The final
digital terrain model was adjusted using the Z; values.

3.2.3. Facies analysis

The cores were X-rayed to identify internal sedimentary structures.
Grain size was determined by laser diffraction using a Laser Particle
Size SHIMADZU SALD 2101 laser particle size analyzer in the
Laboratory of Chemical Oceanography at UFPA. Around 0.5 g of each
sample was rinsed with H20; to remove the organic matter, and the
remaining sediments were disaggregated by ultrasound (Franca, 2010).
The grain-size scale with sand (2-0.0625 mm), silt (62.5-3.9 um), and
clay fraction (3.9-0.12 um) was considered for this work (Wentworth,
1922).
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Following the methods of Harper (1984) and Walker (1992), facies
analysis included a description of color (Color, 2009), lithology, tex-
ture, and structure. The sedimentary facies were codified following
Miall (1978).

3.2.4. Pollen analysis

The sediment cores were sub-sampled (1 cm?) at 5 cm intervals with
125 total samples. All samples were prepared using standard analytical
techniques for pollen, including acetolysis (Faegri and Iversen, 1989).
Reference morphological descriptions (Colinvaux et al., 1999; Herrera
and Urrego, 1996; Roubik and Moreno, 1991) were consulted for the
identification of pollen grains and spores. A minimum of 300 pollen
grains was counted for the muddy samples. Sandy samples presented a
lower amount of pollen grains, since the sandy sediments are not fa-
vorable to pollen preservation (Havinga, 1967), then a minimum of 100
pollen grains were counted for sandy samples. Considering the objec-
tive of this work was to identify the mangrove presence in the study
area, such samples (< 300 pollen grains) were also presented in the
pollen diagrams. Software packages TILIA and TILIAGRAPH were used
to calculate and plot pollen diagrams (Grimm, 1990). CONISS was used
for cluster analysis of pollen taxa, permitting the zonation of the pollen
diagram (Grimm, 1987).

We consider important to mention that the spatial representative-
ness of pollen records obtained from lagoons or lakes depends on the
winds blow and extension of its drainage system, in which the pro-
portion of the pollen signal provided by each vegetation type is dis-
tance-weighted (e.g. Davis, 2000; Xu et al., 2012). However, preserved
pollen in tidal flats and flood plain sediments present smaller spatial
representativeness. Pollen traps from tidal flats occupied by herbaceous
vegetation, which were located ~1.5 km distant from Rhizophora trees
and 100 m distant from Avicennia, recorded an average of 410 Rhizo-
phora grains/cm?/yr and 8 Avicennia grains/cm?/yr. This indicates that
the dispersion of Rhizophora pollen grains, transported by wind, is
wider than Avicennia pollen (Behling et al., 2001).

3.2.5. Organic geochemistry

A total of 100 samples (6-50 mg) were collected at 5 cm intervals
from sediment cores to associate the vegetation changes and to un-
derstand the variations in organic matter source. Sediments were
treated with 4% hydrochloric acid (HCI) to remove carbonate, washed
with distilled water until the pH reached 6, dried at 50 °C, and finally
homogenized. The samples were analyzed for total organic carbon
(TOC) and total nitrogen (TN) at the Stable Isotope Laboratory of the
CENA/USP. The results were expressed as a percentage of dry weight,
with analytical precision of 0.09% (TOC) and 0.07% (TN), respectively.
The 8'C and §'°N were expressed in per mille (%) with respect to the
VPDB and N, standards, respectively, with a precision of 0.2%.
Elemental results were used to calculate the C/N (weight/weight) for
all samples. The determination of organic matter source will be en-
vironmental-dependent with 8'*C, 8'°N and C/N composition (Lamb
et al., 2006), as follows: the Cj terrestrial plants show 8'3C values be-
tween —32%o and —21%o and C/N ratio > 12, while C; plants have
8'3C values ranging from —17%o to — 9% and C/N ratio > 20 (Deines,
1980; Meyers, 1994, 1997). Freshwater algae have §'3C values between
—25%0 and — 30%o0 (Meyers, 1997) and marine algae around —24%o to
—16%0 (Meyers, 1997, 2003). Meyers (1997) and Thornton and
McManus(1994) used 8'°N values to differentiate organic matter from
aquatic (> 10.0%o) and terrestrial plants (~0%q). The main limitation
of the isotopic method is the eventual isotopic fractionation that can
alter the original isotopic ratios, mainly of the §'°N in anaerobic en-
vironments by denitrification. The fractionation can impair pa-
leoenvironmental interpretations as the sedimentary organic matter
becomes older (White, 2015).

3.2.6. Radiocarbon dating
The events chronology was based on 12 radiocarbon dates by
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Table 1

Mangrove area (ha) betweer 2003 and 2019 based on satellite/drone images.
Time (month/yr) Sector 1 (ha) Sector 2 (ha) Sector 3 (ha) Total (ha)
08/2003 23.27 72.6 0.2377 96.1077
06/2009 25.68 73.6 0.2474 99.5274
0172012 25.8 74.3 0.2424 100.3424
07,2013 25.79 74.3 0.3188 100.4088
05/2016 25.82 75.9 0.3131 102.0331
07/2017 26.83 77.2 0.3112 104.3412
07/2018 28 77.2 0.3112 105.5112
06/2019 28.77 77 0.3131 106.0831
Expansion (ha) 55 4.4 0.0754 99754

accelerator mass spectrcmeter (AMS) (Table 2). The sedimentary
samples were checked and physically cleaned under a stereomicroscope
to avoid natural contamination. The organic matter was chemically
treated to remove any more recent organic material such as fulvic and/
or humic acids and carbonates. This process consisted of extracting
residual material with 2% HCI at 60 °C for 4 I, washing with distilled
water to neutralize the pH, and drying at 50 °C (Pessenda et al., 2012).
Sedimentation rates were based on the relationship between depth and
time intervals. Samples were analyzed at the '“C Laboratory of Radio-
carbon at UGAMS (University of Georgia-Cenzer for Applied Isotope
Studies). Radiocarbon ages were normalized to a 8'°C of —25%o VPDB
and reported as calibrated years (cal yr BP) (20) using CALIB 6.0
(Stuiver et al., 2017). Tke dates are presented along the text as the
median of the range of calibrated ages (Tabe 21. This technique may be
used to date anything that was alive during the last 60,000 years, such
as charcoal from ancient fires, wood used in construction or tools, cloth,
bones, seeds, and leather (Plastino et al., 20017,

3.2.7. Pb-210 dating

Pb-210 dating was conducted at UNESP-Sio Paulo State University,
UNESPetro-Geosciences Center Applied o Petroleum, IGCE-
Geosciences and Exacts Sciences Institute, Rio Claro, Sio Paulo State,
Brazil. The sediment cores were analyzed by gamma spectrometry using
a coaxial hyper-pure germanium gamma rays detector (HPGe). *'°Pb
readings in the 46.54 keV photopeak provided data of the total 2'°Pb
(210PbT) activity in the sediment slices, whereas 226Ra readings in the
186.21 keV photopeak provided data of the in situ (supported) 2'°Pb
(210Pbs) activity. The excess (unsupported) #°Pb (210Pbxs) activity
aliquots were obtained by the difference '’PbT — 2!°Pbs. Plots of the
In 2'%Pbxs against the cumulative dry weight/area allowed to construct
straight lines required by the application of the Constant Flux: Constant
Sedimentation (CF:CS) ?'°Pb chronological model. The slopes of the
straight lines permitted determine sedimentation rates of 5.3 mm/yr
(Lag-6) and 16.1 mm/yr [Lag-3) for the cores analyzed. Then, deposi-
tion ages were estimated from these rates. This method is suitable for
dating approximately 100 years back (Jia et al., 2018).

4. Results
4.1. Geomorphology and vegetation

The study site was carried out on tidal flats at the margin of the Sao
Francisco Lagoon (Fig. 1). The tidal flats in the western sector are under
the influence of a channel with a high sinuosity. Lateral migration may
be recorded with erosion of the outer channel margins and sedi-
mentation in its inner margins (Fig. 3a and b). Noteworthy is the pre-
sence of channel segments on the verge of being abandoned. (Fig. 4d).
Such abandoned channels form stagnant zones favorable to the gradual
accumulation of muddy sediments. Later, these muddy surfaces emerge
to form tidal flats suitable for the establishment of mangroves and/or
saltmarshes. The channel sediments are comprised of moderately
sorted, medium- to very coarse-grained sands, which extend from
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Sediment samples selected for radiocarbon dating with laboratory number, code site/depth, "*C yr BP and calibrated (cal) ages.

Laboratory (UGAMS) Sample\Depth (cm) G age yr, BP PMC ( + error) Calibrated (Cal yr BP) Mean (calyr BP)
27,333 LAG3\60-65 cm 361 = 23 313-459 385
34,672 LAG3\90-95 cm 20 = 26 766-916 840
34,673 LAG4\20-25 cm 103.819 (0.322) 1957 CE

34,674 LAG4\60-65 cm 589 « 23 519-560 540
34,675 LAG5452-55 cm 104.329 (0.302) 1957 CE

26,627 LAG5\90-95 cm 1019 + 24 913-971 940
34,676 LAG6\35-40 cm 51 = 23 50
34,680 RP4\30-32 cm 100.036 (0.298) 1956 CE

34,681 RP4\60-65 cm 359 = 23 312-455 380
34,682 RP4\170-175 cm 8130 + 30 8974-9128 9050
34,677 RP3.32-35 cm 104.64 (0.302) 1957 CE

34,679 RP3 100-105 685 = 24 559-617 585

mountainous areas and tablelands. Muddy silt sediments characterize
the tidal flats. The eastern area (sector 3) is characterized by islands
formed from sandy bars with central depressions that favor the accu-
mulation of muddy sediments (Figs. 1 and 4c).

Mangroves, represented by Laguncularia and Avicennia trees with a
stature < 11 m, are distributed on ~1 km? of tidal flats (10-60 ¢m
above mean sea level) and as fringe along the channel under brackish
water influence (~15%o). Avicennia (< 11 m tall) represents the highest
mangrove trees, surrounded by Laguncularia shrubs (< 2 m) in the
northern area (sector 2, Fig. 4b). The tallest Laguncularia trees (~5 m)
occur along the channels (Fig. 4a and d), while the lowest (< 4 m) are
concentrated on small islands on sandy bars (Fig. 4¢). Saltmarshes,
mainly represented by Spartina and Acrostichum, occupy a significant
part of the tidal flats. Sandy tidal flats (~10-50 ¢cm amsl) and dunes
may be colonized by restinga vegetation, mainly represented by Ipo-
moea, Cereus, Sporobolus, Spartina ciliate and Alternanthera. Dense om-
brophylous forest, with trees between 5 and 11 m height, occurs up-
stream, mainly represented by Arecacea on floodplain under freshwater
influence (Fig. 4d). Tidal flats, positioned on topographically lowest
part (~0 cm amsl) and near the margin of the lagoon, are almost per-
manently flooded and without vegetation cover (Fig. 3).

4.2. Spatial-temporal analysis

Spatial-temporal analysis, based on satellite and drone images, in-
dicated an expansion of mangrove forests in the study site between
2003 (96.1 ha of mangrove area) and 2019 (106 ha), mainly re-
presented by Laguncularia trees (Fig. 5 and Table 1). Mangroves in-
vaded tidal flats previously occupied by Spartina and Acrostichum. The
migration of mangroves into marshes was progressive during that time.
Satellite images obtained in 2009 recorded 99.52 ha of mangroves, a
gain of 3.42 ha (3.5%) compared to 2003, followed by an expansion of
0.81 ha (2009-2012), 0.07 ha (2012-2013), 1.62 ha (2013-2016) and
2.3 ha (2016-2017), 1.17 ha (2017-2018), and 0.57 ha (2018-2019),
representing a mangrove expansion of 0.62 ha/yr (Table 1). Pro-
portionally, the sector 3 had the most extensive mangrove area gains
between 2003 and 2019 (0.07 ha, 31.7%), followed by the sector 1
(5.5 ha, 23.6%) and 2 (4.4 ha, 6.1%) (Figs. 1 and 5).

4.3. c, 21%pb dates, and sedimentation rates

The '*C and ?'°Pb data are shown in Tables 2 and 3, respectively.
Regarding the radiocarbon dates, the sedimentation rates estimated for
the upper part of the core RP-4 was 5.1 mm/yr (30-0 cm) (Fig. 7). The
Lag-4, Lag-5, Lag 6 and RP-3 presented 4.2 mm/yr (25-0 cm), 9.2 mm/
yr (55-0 c¢m), 3.5 (40-0 cm) and 6.0 mm/yr (35-0 c¢cm), respectively
(Figs. 6-9 and 11). All the five samples dated by 14¢ indicated that
upper parts (< 100 em) of the studied cores, interpreted as tidal flats,
were formed over the past 120 years (Figs. 6-9, 11, and Table 2). The
sedimentation rates (5.3 mm/yr and 16.1) obtained by *'°Pb for the

cores Lag 3 (0-60 c¢m), and Lag 6 (0-50 ¢m) corroborate for that de-
position ages (Tables 2 and 3, and Figs. 9 and 10). The use of multiple
dating has allowed a corroboration between methods that would sup-
port one another in providing accurate chronologies (Piotrowska et al.,
2010b). Age-depth models using the combined results of 2'°Pb and '*C
dating may be obtained in De Vleeschouwer et al. (2009) and
Piotrowska et al. (2010a). It should be highlighted the **C dating of the
Lag 6 (40 cm) indicated an age 1922-1876 CE, while the *!°Pb revealed
an age around 1943 CE, then 21 years younger than the margin of error
of the 'C dating. This chronological difference between the two
methods can be considered acceptable because bioturbation caused by
soil fauna can mix locally sedimentary organic matter of different
stratigraphic levels (Boulet et al., 1995; Gouveia and Pessenda, 2000).
Besides, considering the radiocarbon dating by AMS, small carbon
content (< 0.5 g) in a small sample mass can contain a high con-
centration of young/old contaminants coming from the shallow/bottom
soil horizons, even after the physical and chemical pretreatments. These
procedures remove only the adsorbed contaminants, whereas, in some
cases, the absorbed ones can keep preserved in the residual organic
matter (humin fraction) (Pessenda et al., 1996).

4.4. Facies description

The studied cores are mainly characterized by olive-gray coarse
sand (45-90%) and silt (10-55%) sediments with a small fraction of
olive-brown clay (0-8%) sediments. The bottom of sedimentary de-
posits is predominantly formed by massive sands, while the top presents
lenticular and wavy heterolithic bedding. Plant remains, roots, and
roots marks evidenced bioturbation along the studied cores. The in-
tegration of sedimentary facies, pollen data, and geochemical records
allowed to define three facies associations: (A) Herbaceous flood plain,
(B) Sandy bar, and (C) Tidal flat (Table 4).

4.4.1. Facies association (A) herbaceous flood plain

This facies association was evidenced in the RP4 between 200 and
100 e¢m depth (Fig. 7). Sand, silt, and clay sediments oscillated between
2 and 50%, 15 and 80%, and 5-30%, respectively. Sedimentary suc-
cessions with wavy (facies Hw)/lenticular (HI)/flaser (Hf) heterolithic
bedding characterize this facies association. These sediments began to
accumulate at least 9050 cal yrs BP. Pollen analysis indicated four
ecologic groups characterized by herbs (70-25%), trees, and shrubs
(15-37%), palms (0-15%), and aquatic plants (0-8%). Herbs pollen are
represented mainly by Poaceae (5-55%), Myrsinaceae (0-15%), Cy-
peraceae (0-10%) and Asteraceae (0-10%), while the arboreal group is
represented by Euphorbiacea (0-18%), Myrtaceae (0-25%), Sapinda-
ceae (0-10%) and Fabaceae (0-7%), followed by Cannabaceae (Trema),
Araucariaceae, Cunoniaceae, Moraceae, Podocarpus, and Mimosa ran-
ging from O to 10%. Anacardiaceae, Melastomataceae/Combretaceae,
Salicaceae, Solanaceae, Annonaceae, Cletraceae, Podocarpus, and Pi-
peraceae ranged from 0 to 5%. Aquatic plants were represented by
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Fig. 5. Spatial-temporal analysis of the austral limit of mangroves in South America based on satellite and drone images between 2003 and 2019.

Table 3

Stratigraphic depth selected for identification of sedi

tion rates based on *'“Pb dating.
Sample/Depth (cm) 21%ph (AD) age
LAG3/0 cm 2015
LAG3/10 cm 2012
LAG3/20 cm 2008
LAG3/30 cm 2004
LAG3/40 cm 2000
LAG3/50 cm 1996
LAG3/58 cm 1993
LAG6/ 0 cm 2015
LAG 6/7 em 2009
LAG 6/14 cm 1998
LAG 6/21 em 1986
LAG 6/28 cm 1974
LAG 6/35 em 1961
LAG6/42 cm 1943
LAG6/ 50 em 1921

Alismataceae (0-8%), Typhaceae (0-2%) and Plantaginaceae (0-5%).
The ferns are represented mainly by Polypodiaceae (Fig. 1, supple-
mentary material). The 8'C values presented an upward increase trend
from —23 to —21%o, while the C/N of sedimentary organic matter
presented an upward decrease trend from 28 to 8 (Fig. 7).

4.4.2. Facies association (B) sandy bar

This facies association is represented by the sedimentary units be-
tween 120 and 100 cm, 100 and 65 cm, 100 and 60 cm, 70 and 43 cm,
and 100 and 55 c¢m depth in the cores RP-3, RP-4, Lag-3, Lag-4, and
Lag-5, respectively, accumulated between ~940 and ~385 cal yr BP
(Figs. 6-8, 10, and 11). It presents massive coarse-medium sand sedi-
ments (facies Sm) exhibiting a fining upward sandy deposit. The pollen
data indicated four ecologic groups characterized by herbs, trees and
shrubs, palms, and ferns. The herbs are represented by Poaceae
(0-90%), Asteraceae (0-10%), Apiaceae (0-6%), Cyperaceae (0-10%),
Myrsinaceae (5-10%), Amaranthaceae (0-10%), Araceae (0-10%),
Apocynaceae (< 5%), and Loranthaceae (< 5%). The trees and shrubs
are characterized by Mimosa (0-20%), Malpighiaceae (0-9%), Erica-
ceae (0-8%), Euphorbiaceae (0-5%), Cunoniaceae (0-5%), Podocarpus
(0-2%), Fabaceae (0-5%), Moraceae (0-6%), Myrtaceae (0-8%), Ru-
biaceae (0-2%), Melastomataceae\Combretaceae (0-5%), Anacardia-
ceae (0-5%) e Matayba (0-10%). Arecaceae pollen occur with a small
percentage (0-11%) (Figs. 1, 2, 4, and 5, Supplementary material).

The 8'°C values presented an increasing trend, especially the core
Lag-3 that increased from —26 to —15%o (mean —20%o, Fig. 10),
while the 8'°N oscillated from 5 to 8% (mean 7.75%o) (Figs. 7, 8, and
10). The TOC results presented stable values around 1.5%, TN values
show a slightly increasing trend from 0.01 to 0.15% (mean 0.08%), and
C/N values presented also increased trends, mainly to the RP-4 and
LAG-5 (Figs. 7, 8, and Table 4).
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4.4.3. Facies association (C) tidal flat

Facies association C is present as the upper sedimentary unit of the
cores Lag-3 (60-0 cm), Lag-4 (43-0 cm), Lag-5 (55-0 cm), Lag-6
(50-0 ¢cm), RP-3 (100-0 c¢m) and RP-4 (65-0 ¢m) accumulated during
the last decades (Figs. 6-11). It is characterized by lenticular (HI) and
wavy heterolithics (Hw) bedding and massive mud (Mm) with roots,
root marks, and leaves. The radiocarbon dates indicated ages between
~-50 cal yr BP and 1957 CE, while the 2'°Pb suggest that sediments
were accumulated during the last century under sedimentation rates
between 5.3 mm/yr (Lag-6, Fig. 9) and 16.1 mm/yr (Lag-3, Fig. 10,
Tables 2 and 3). The palynology shows five ecologic groups represented
by herbs, trees, and shrubs, mangroves, palms, and ferns. Besides the
pollen types found in the Facies Association A and B, it was possible to
identify herbs pollen of Lentibulariaceae (0-20%) and Aizoaceae
(0-2%) families, as well as trees and shrubs pollen of flex (0-5%), Se-
bastiana (0-5%), Boraginaceae (0-2%), Annonaceae (0-3%), Sapota-
ceae (0-2%), Alnus (0-5%), Byrsonimia (0-8%), Sapindaceae (0-5%),
Borreria (0-10%), Myrcinaceae (0-5%) and Anacardiaceae (0-4%).
Mangrove pollen are represented by Laguncularia (0-20%) and Avi-
cennia (0-3%) (Figs. 1-5, Supplementary material). Mangrove pollen
were not recorded in the RP-3 (Fig. 6).

Geochemical records indicate values of 8'°C, 8'°N e C/N oscillating
from —24 to —17%o (mean — 20%x), 4 to 7%o (mean 5.5%) and 7 to 29
(mean 18) respectively. The Cor; and Ny presented values varying
between 1.2 and 4.5% (mean 2.85%) and 0.05 and 0.25% (mean 0.3%),
respectively (Figs. 9-12, Table 4). The RP-4 exhibited an upward

013

= 9050

16

B Wawy heteralithic (Hw) B Lenticular heterolithic (HI

Flaser heterolithic (Hf)

increase trend for the 8'%C values, while the C/N presented a decreased
trend (Fig. 7).

5. Interpretation and discussion
5.1. Holocene

Along the south-northeastern Brazilian coast occurred a relative sea-
level rise mainly during the early Holocene, and a mid Holocene
highstand between 1 and 5 m above the modern sea-level at about
5500 cal yrs BP. During the mid and late Holocene occurred a gradual
relative sea-level fall (Angulo et al., 2016, 2006; Caldas et al., 2006;
Cohen et al., 2020). The stabilization or low rates of sea-level rise/fall
around the mid Holocene allowed the establishment only of tropical
mangroves at ~7000 cal yr BP along the coast of Espirito Santo (19°S),
Bahia (17°S), Rio Grande do Norte (5°S), Pard (1°S), and Amapa (2°N)
(Cohen et al., 2020, 2014, 2012; Fontes et al., 2017; Franga et al., 2015,
2013; Ribeiro et al., 2018). Although the trends of relative sea-level
changes are the same for the tropical and subtropical Brazilian coast,
the subtropical mangroves were established only at ~2200 cal yr BP
(Sao Paulo, 25°S) and ~1630 cal yr BP (Santa Catarina-Brazil, 26°S)
(Franga et al., 2019; Pessenda et al., 2012), suggesting that natural
global warming during the Holocene (Kaufman et al., 2020) may have
caused the mangrove expansion from tropical to subtropical areas
during the late Holocene,

In the study area, the early-mid Holocene sea-level rise caused

b
20 40 60 80 20 40 20
. Massive mud (Mm) r] Massive sand (Sm)

20 40 60 80 200 400 600

Fig. 7. Summary of the core RP-4, showing sedimentary features, pollen data, and geochemical results.
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erosion of the coastline, invasion of coastal depressions, and fluvial
valleys along the southern Brazilian littoral (Cooper et al., 2018).
During this time, lagoons and tidal channels were formed. The flood-
plains at the margin of fluvial valleys were filled by muddy and sandy
sediments, as recorded at the base of the core RP-4 (9000 cal yrs BP).
It is characterized by lenticular, wavy, and flaser heterolithic bedding
(Facies Association A) (Fig. 7). The marine transgression contributed to
the expansion of tide-influenced environments, as indicated by massive
mud and heterolithic beds. Also, the binary 8'°C and C/N showed an
upward increase trend of marine influence along the Facies Association
A (Fig. 12). The increased trend of herbs pollen percentage associated
to the enrichment of 'C and decrease of C/N values from the base to
the top of the core RP-4 suggests a transition of a fluvial floodplain
dominated by a mixture of grasses, trees, shrubs and ferns
(200-~100 cm) to a tidal flat (65-0 cm, < ~380 cal yrs BP) dominated

by herbs with a substantial contribution of sedimentary organic matter
from estuarine origin (Figs. 7 and 12).

Considering the last 1000 years, the sandy bars deposits were ac-
cumulated between at least 940 and ~385 cal yrs BP (Figs. 6-8, 10, and
11). The 8'3C and C/N values revealed an increasing trend of estuarine
influence during this time interval (Figs. 8, 10, 11, and 12). Probably,
after the RSL stabilization, sandy bars deposits emerged isolated in the
lagoon and allowed the establishment of muddy tidal flats. Such en-
vironmental conditions favor the establishment and expansion of
mangroves. The temporal differences between the top of the Facies
Association B (~380 cal yr BP, Figs. 7 and 10) and the base of the A
(1921-1993 CE, Figs. 8-10) can be attributed to erosive events that
preceded the deposition of that tidal flats.
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Fig. 9. Summary of the core LAG-6, showing sedimentary features, pollen data and geochemical results.
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5.2. Anthropocene geological time unit is ongoing. Seweral start dates for

the

The term Anthropocene. launched into public debate by Nobel Prize
winner Paul Crutzen, has been used informally to describe the period
during which human actiors have had a drastic effect on the Earth and
its ecosystems. The ratification process of the Anthropocene as a
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Our work revealed that mangrove pollen in the study area occurred
only during the last decades. Regarding the Holocene, mangrove pollen
were not recorded along the stratigraphic record of the RP-4
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Table 4
Summary of facies association with sedimentary characteristics, predominance of pollen groups and geochemical data.
Facies association Facies descripition Polen predominance Geochemical data Interpretation
A Wavy (Hw), flaser (Hf) and lenticular Herbs, trees, shrubs and palmss §''C: —23 10 —21% Herbaceous floodplain
heterolitic bedding (facies HI), with fine Ciotar0.5-2%0
sand, silt and clay Niotar:0.01-0.15%
C/N: 10-30
B Massive sand (facies Sm) with Trees, shrubs palms and herbs 8'3C: —24-—15% Sandbar
medium-coarse sand 8'"N: 6-9.5%0
Cionaii0.5-2%0
Niota0.01-0.15%0
C/N: 6-30
G Wavy (Hw) and Lenticular heterolitic Trees, shrubs, herbs, palms and 8'%C: —24 to —17% Tidal flat
bedding (facies HI), with fine sand, silt mangroves §'5N: 4-7%0
and clay Cuotatt 1.2-4.5%0
Nyoust 0.05-0.25%0
C/N: 7-22

accumulated since 9000 cal yr BP (Fig. 7), although the sampling site,
located in the modern southern limit of American mangroves (28°29'S),
presents dense Avicennia and Laguncularia trees nowadays, with stature
between 2 and 11 m (Fig. 4d). From the physicochemical and hydro-
dynamic point of view, environmental conditions were favorable for the
establishment and expansion of mangroves since the mid Holocene, as
it occurred along the Brazilian coast between latitudes of 25°S and 2°N
(Cohen et al., 2020, 2014, 2012; Franca et al., 2015, 2013; Ribeiro
et al., 2018; Franga et al., 2019; Pessenda et al., 2012). During this time
occurred a significant contribution of organic matter sourced from es-
tuary on tidal flats occupied by saltmarshes. As revealed by the spa-
tial-temporal analysis (Fig. 5 and Table 1), the mangrove expansion in
the study site has occurred at least between 2003 and 2019. Con-
sidering this period and a rate of continuous sedimentation of 6.0 mm/
yr along the interval 35-0 c¢m in the RP-3, mangrove pollen should be
preserved in the last 7 em of this core (Fig. 6). Unfortunately, the
samples from this interval did not record mangrove pollen, probably
due to a loss of sediments from the upper part of this stratigraphic
section at the time to remove the core from the substrate.

The cores Lag-3, Lag-5, Lag-6, Lag-4, and RP-4 indicated mangrove
presence along 52 cm (sedimentation rate of 16.1 mm/yr), 17 cm
(9.2 mm/yr), 20 cm (5.3 mm/yr), 22 cm (4.2 mm/yr), and 6 cm depth
(5.1 mm/yr) (Figs. 7-11) respectively. Higher sedimentation rates for

the core Lag-3 produced a longer stratigraphic section to preserve
mangrove pollen for the last decades. In addition, these cores (Lag-3,
Lag-4, Lag-5, Lag-6, and RP-4) were sampled during the low tide, which
facilitated the removal of the upper section of the stratigraphic column.
Based on these pollen profiles and *C and 2'°Pb dates, mangrove ve-
getation mainly represented by Laguncularia trees was established on
studied tidal flats under the estuarine influence between ~-1957 and
1986 CE. Today, these areas are occupied by Laguncularia and Avicennia
shrubs/trees (Figs. 1, 3, and 4).

The mangroves in the sector 2 show Avicennia and Laguncularia trees
with stature up to 11 and 5 m, respectively (Figs. 1. 3, 4b, and d). In
comparison, the sector 1 exhibits mainly Laguncularia trees with a
maximum height of 5 m (Fig. 4a). The sector 3 presents small groups of
Laguncularia shrubs with < 2 m tall (Fig. 4c). Probably, the difference
in the mangrove structure can be attributed to the microclimate. Mi-
croclimate refers to climatic conditions in a reduced spatial scale
(i.e., < 100 m horizontally and < 10 m vertically) (Geiger et al., 2012).
It may be regulated by local factors, such as proximity to vegetation,
soil, and water. Regarding the impacts of low winter temperatures on
mangroves, Osland et al. (2019) proposed six microclimatic factors that
may produce air temperature gradients and modulate mangrove re-
sponses to winter temperature extremes: (1) distance from the ocean;
(2) distance from wind buffers; (3) mangrove canopy cover; (4) height
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Fig. 12. Binary diagram illustrating the relationship between 5'*C and C/N for the different sedimentary facies association.
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above the soil surface; (5) local slope concavity; and (6) tidal inunda-
tion. Regarding the study sites, the wind effects and mangrove canopy
may have significant influences on mangrove structure, Sectors 2 and 3
are located in internal parts of the studied lagoon (Fig. 1), which offers
some protection against the winter wind. In contrast, the sector 3 is
isolated on an island, then more exposed to the winter winds than the
sectors 1 and 2. Considering this hypothesis, some geomorphological
characteristics of the studied lagoon could be more favorable for
mangrove development. The gradual mangrove expansion could pro-
duce natural protection against the low winter temperatures, because
mangrove canopy can reduce wind speeds and produce warmer winter
temperatures into mangroves, causing temperature variations within
the mangroves and impact gradients from the edge to the innermost
sector of these forests (Devaney et al., 2017; Geiger et al., 2012; Guo
et al., 2017).

Considering the macroclimate, Spartina dominates saltmarshes
mainly along the south of the Santa Catarina littoral. This genus has a
higher tolerance to low winter temperatures than mangrove trees,
which occur predominantly in tropical regions (Idaszkin and Bortolus,
2011; Soares et al., 2012). The coast of Joinville, northern Santa Cat-
arina littoral, mangroves exhibit Rhizophora, Avicennia, and Laguncu-
laria trees, while the southern littoral presents a decreasing trend of
Rhizophora trees density until its absence along the studied littoral
(Soares et al., 2012). The study area presents mangroves represented
only by Lagungularia with a few Avicennia shrubs/trees. This distribu-
tion of mangrove genus along the Santa Catarina coast should reveal its
gradual intolerance to low winter temperatures, where Lagungularia and
Avicennia are more tolerant to low temperatures than Rhizophora (Duke
et al., 1998; Quisthoudt et al., 2012). A palynological study carried out
in Babitonga Bay-northern littoral of Santa Catarina, 250 km distant
from the study site, revealed the establishment of mangroves re-
presented only by Laguncularia between ~1629 and ~853 cal. yr BP.
After ~853 cal. yr BP occurred an increase of Laguncularia and the
establishment of Avicennia (Franca et al., 2019), Probably, this man-
grove succession was caused by a warming trend in South America
during the late Holocene (Baker and Fritz, 2015). Rhizophora trees have
arisen in Babitonga Bay only during the last decades (Franca et al.,
2019), probably caused by warming during the Anthropocene
(Bernardino et al., 2015).

Therefore, considering four relevant issues discussed in this work:
(1) the stabilization or low rates of sea-level rise/fall around the mid
Holocene that allowed the establishment of Brazilian tropical man-
groves since ~7000 cal yr BP; (2) the mangroves expansion from tro-
pical to subtropical zones along the Brazilian coast during the late
Holocene; (3) the mangrove succession during the last 1600 years in
Babitonga Bay (250 km north of the study area), and (4) the estab-
lishment of mangroves in Laguna de Santo Anténio only over the last
decades, would be reasonable to propose that the gradual increase in
winter temperatures (+0.4 “C per decade) at least between 1960 and
2002 (Marengo and Camargo, 2008) contributed significantly to the
expansion of the austral limit of American mangroves into the tempe-
rate zone during the Anthropocene. Probably, the poleward mangrove
migration since the late Holocene was caused by a natural Holocene
global warming, but the industrial-era warming must have accentuated
such mangrove expansion.

6. Conclusions

Sedimentary features, pollen, and isotopes data from six sediment
cores, as well as geomorphological and vegetation analyses indicated a
marine transgression during the Holocene, and it contributed to the
expansion of tide-influenced environments and development of salt-
marshes. From the physicochemical and hydrodynamic point of view,
environmental conditions were favorable for the establishment and
expansion of mangroves in the studied area during the mid and late
Holocene, when mangroves were established along the tropical
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(2°N-19°S) and subtropical (25°—26°S) Brazilian coast, as a con-
sequence of the stabilization or low rates of sea-level rise/fall around
the mid Holocene, and the Holocene warming, respectively. However,
the establishment of mangroves mainly represented by Laguncularia
trees on the studied tidal flats (28°29’S) only began between ~1957 and
~1986 CE. Spatial-temporal analysis, based on satellite and drone
images, revealed a mangrove expansion of ~10 ha in the study area
between 2003 (96.1 ha) and 2019 (106.1 ha). Nowadays, in the study
area, saltmarshes, mainly characterized by Spartina and Acrostichum are
sharing tidal flats with mangroves, represented by Laguncularia (<5 m
tall) and Avicennia (=11 m tall). Probably, the Anthropocene mangrove
establishment and expansion are associated with a migration of the
austral mangrove limit into the temperate zone, caused by the gradual
increase in winter temperatures. This process may be related to a
poleward mangrove migration since the late Holocene, caused by a
natural Holocene global warming. However, the industrial-era warming
must have accentuated the mangrove expansion into temperate zones.
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ARTICLE INFO ABSTRACT

Am'd_e history: Globally, mangroves are expected to move inland as sea-level rises. However, local characteristics mainly related to

Received 30 January 2021 mangrove structure, geomorphology and coastal hydrodynamics may change the mangrove response to sea-level

:““'"’[: "J"J’L:"‘;“lg :°"“ 8 July 2021 rise. The most useful evidence to support projections for the future likely comes from mangrove history reconstruc-
ccep y

tion corresponding to past sea-level changes. This study characterized modern (1985-2018 CE) and past (<6300 cal
yr BP) mangrove dynamics according to sea-level changes along two estuarine valleys on the southeastern Brazilian
coast to predict the mangrove response to sea-level rise by 2100. Relative Sea-Level (RSL) rise triggered changes from

Available online 18 July 2021

:_fm'gﬂ;}mgc atidal flat occupied by herbs, palms, tree/shrubs to a lagoon surrounded by mangroves between ~6300 and -4230 cal
Guarapari yr BP. More recently, the RSL fall converted that lagoon into flats occupied by herbs, trees/shrubs, and palms on higher
Mangrove surfaces, and mangroves on lower flats during the mid-late Holocene. The last thousand years were characterized by
Photogrammetry a mangrove contraction between 390 and 77 cal yr BP, caused by a RSL fall. By contrast, mangrove expansion began at
Pollen 77 cal yr BP (1873 CE) and continued after 1950 CE, migrating onto higher tidal flats previously occupied by herbs,
Sea-level palms, and trees/shrubs. Spatial-temporal analysis also indicated a mangrove invasion onto higher flats since 1985
Stable isotopes CE. These trends are likely related to RSL rise since the end of the Little Ice Age and they intensified during recent
decades, when the lower mangrove boundaries remained stable, and mangroves expanded to higher surfaces.
Mangroves, confined between steep surfaces, will expand ~22ha under the influence of a sea-level rise of 98cm by
2100. However, an upstream mangrove migration by 2100 on low and extensive fluvial plains (4030 ha) will

depend mainly on the interaction between fluvial discharge/sea-level rise.
© 2021 Elsevier B.V. All rights reserved.
1. Introduction and Megonigal, 2013), determining an equilibrium morphology

Mangroves have considerable social, economic, and ecological value,
including supporting fisheries, aiding in coastal protection, and seques-
tering carbon (Nagelkerken et al., 2008; Barbier et al., 2011; Tue et al.,
2018; Matos et al., 2020). However, sea-level rise can threaten the
long-term stability of mangroves (Lovelock et al., 2015a; Cohen et al.,
2018, Cohen et al., 2020a) since these forests are unlikely to persist if
the rate of sea-level rise is >5 mmyear ' (McKee et al., 2007). Although
several factors can influence the patterns of mangrove advance or re-
treat, studies have shown that sea-level rise controls tropical mangrove
distribution mainly at their seaward margin (Woodroffe, 1995; Kirwan
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CEP 66075-110 Belém, PA, Brazil.
E-mail address: mcohen@ufpa.br (M.CL. Cohen),
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(Cahoon et al., 2006; Kirwan and Murray, 2007; D'Alpaos et al., 2008;
Cohen et al., 2012; Cohen et al., 2020a, 2020b). Considering high rates
of sea-level rise (52-98 cm by 2100, IPCC, 2013), mangroves may be
drowned along the lowest zone of tidal flats and move inland to higher
tidal flats, previously occupied by herbaceous vegetation adapted to a
hypersaline environment (Lara and Cohen, 2006; Cohen et al., 2018,
2020a). Flood patterns of mangrove substrates are differentiated, affect-
ing their structure (Pascoalini et al., 2014). Supposing the topography
favors landward mangrove migration (Cohen and Lara, 2003; Di Nitto
et al., 2013b; Peterson and Bell, 2015; Cohen et al., 2018) with no an-
thropogenic obstacles related to infrastructure, mangroves can with-
stand submergence by ‘back-stepping’ into adjacent habitats (Saintilan
et al., 2014). Sediment supply is essential to maintain vertical sediment
accretion and thus prevent mangrove area loss in the future (Lovelock
et al., 2015b). In addition, along the topographic gradient of tidal flats,
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tidal flooding frequency controls porewater salinity in the flats (Lara
and Cohen, 2006). The Relative Sea-Level (RSL) rise increases the tidal
inundation frequency across the tidal flats, causing salt leaching from
sediments. This process contributes to landward mangrove migration
(Cohen and Lara, 2003; Cohen et al,, 2018).

Mangrove dynamics according to sea-level changes in recent
decades also need to be analyzed from both a broad spatial (sedimen-
tary environment) and temporal (secular- millennial) perspective
(Cohen et al., 2012, 2014, 2020a; Franga et al., 2013; Yao et al., 2015;
Yao and Liu, 2017). During the Holocene, the sea-level was highest
(2-5 m above the modern sea-level) between the south and northeast-
ern Brazilian coast from 5.8 to 5.0 Kyr BP (Martin et al., 2003; Angulo
et al., 2006; de O Caldas et al., 2006; Suguio et al., 2013; de F Toniolo
etal., 2020), which enabled the infilling of estuaries and landward man-
grove migration (Castro et al., 2013; Lorente et al., 2014; Cohen et al,,
2014, 2020b; Franga et al., 2015; Rossetti et al., 2015). The RSL in the
Rio Grande do Norte coast ( northeast/northern Brazilian coast), reached
the modern level at ~7000 cal yr BP (Ribeiro et al., 2018), with the
highstand (~1.3 m) at ~5900 cal yr BP (de O Caldas et al., 2006). A
palaeoecological study 380 km north of the study area indicated a
highstand (~3.25 m) around 5350 cal yr BP (Cohen et al., 2020a). The
RSL fell along the south and northeast coast of Brazil in the late Holocene
(Angulo et al., 2006; de F Toniolo et al., 2020). However, the amplitudes
and trends of Brazilian Holocene RSL is a topic still open to discussion
because the middle Holocene high sea-level stand tends to be higher
in the southeast (~5 m) than the northeast (-1 m) and north (~0.6m)
coast of Brazil (Boski et al., 2015; Ribeiro et al., 2018; Cohen et al.,
2020a, 2021; de F Toniolo et al., 2020), and some studies suggest RSL
oscillations, rather than a continuous RSL fall during the mid-late
Holocene (Martin et al., 2003; Suguio et al., 2013).

During the last millennium, the sea-level reached its highest
(12-21cm) stand at ~1150CE, while the lowest (—19 and —26cm)
level occurred at ~1730CE (Grinsted et al., 2009). This millennial RSL
trend affected the mangroves from northern Brazil (Cohen et al.,
2005). Rates of global sea-level rise have intensified during the
Anthropocene (since the mid-twentieth century (Zalasiewicz et al.,
2018), from ~2.5mm/yr in the 1990s to ~3.4mm/yr presently (Nerem
et al,, 2018). Some models estimate that global sea level rise will reach
53-77 ¢cm (Nerem et al., 2018), 38-73 c¢cm (RCP6.0), or 52-98 c¢cm
(RCP8.5) by the end of the 21st century (Nerem et al., 2018).

Mangroves on the northern Brazilian coast, in one of the largest con-
tinuous mangrove areas on Earth, have migrated onto higher tidal flats
occupied by herbaceous vegetation over recent years (1984-2017 CE)
due mainly to RSL rise (Cohen et al., 2009, 2018). A time-series analysis
(1996-2008 CE) along the northern Brazilian coast indicated increased
mangrove coverage area (Nascimento et al.,, 2013). It seems this process
is occurring globally. Di Nitto et al. (2013a) address whether mangroves
can be resilient to an increase in sea-level according to their potential to
migrate landward in East Africa. Combining data from remote sensors,
digital terrain models and topographic data under different projections
of sea-level rise until the end of the century (IPCC, 2013) reveals how
mangroves can change under these different predictions (9-88 cm by
the year 2100 CE). Under the scenario of up to 48 cm of sea level rise
by the year 2100, mangrove area in Sri Lanka will increase landward,
while a sea-level rise scenario of +88 cm suggests a decrease in the
landward mangrove migration (Di Nitto et al., 2013b). The mangrove
response to different rates of sea-level rise also depends on annual aver-
age temperatures, mangrove structure/productivity, coastal topogra-
phy, sediment supply to the coastal depositional system, tidal range
and action of currents and waves along the coast (Cohen and Lara,
2003; McKee et al., 2007; Cohen et al.,, 2012, 2020a, 2020b; Lovelock
etal., 2015a; Spencer et al,, 2016; Rodrigues et al., 2021). In this context,
it is imperative to identify the mangrove dynamics according to
Holocene RSL changes along coasts with climatic, vegetational, geomor-
phological, and oceanographic particularities to understand the possible
responses of these forests to RSL rise in the Anthropocene.
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Mangrove response to sea-level changes is poorly documented
and understood for the southeastern sector of the Brazilian coast,
mainly across steep-relief coasts characterized by estuaries confined
between crystalline rocks. Therefore, this work aims to answer two
questions: 1) How did tropical mangroves confined to two estuarine
valleys between crystalline rocky promontories respond to deposi-
tional environment changes caused by RSL fluctuations during the
Holocene and Anthropocene? 2) What are the impacts of a sea-
level rise of 98 cm by 2100 on mangroves under the influence of
both small and large fluvial discharges? These questions can be an-
swered by integrating digital elevation models, analysis of modern
mangrove structure and mangrove dynamics during recent decades,
and multi-proxy data obtained down sediment cores sampled from a
coastal plain at the State of Espirito Santo, southeastern Brazilian
coast.

2. Modern settings
2.1. Study area and geological setting

Mangrove areas (70 km?) in the State of Espirito Santo, on the south-
eastern Brazilian coast, extend from the Riacho Doce, in the extreme
north of this state, to the Itabapoana river, on the southern border
with the State of Rio de Janeiro. The study areas are under the influence
of the Jabuti, Aldeia Velha and Benevente River estuaries (Fig. 1b), near
the towns of Guarapari and Anchieta. This is one of the most extensive
and conserved mangrove forests in the State of Espirito Santo, covering
an area of -4.6km? (Vale and Ferreira, 1998). This coast is affected by a
maximal tidal range of 1.8 m (DHN, 2014). The Jabuti and Aldeia Velha
Rivers are <20 km long and influence regions 1 and 2, while the ~80 km
long Benevente River affects region 3 (Fig. 1b) and has a hydrographic
basin which drains 1207 km? with a fluvial discharge ranging from 22
to 78 m*s ' (Aparecida and Uliana, 2011).

The State of Espirito Santo fits into the Mantiqueira Province
(Almeida, 1977; Almeida et al., 1977) of Neoproterozoic-Cambrian
age. Orthogneisses mainly constitute the basement (Vieira and de
Menezes, 2015). The Barreiras Formation sediments were deposited
during the early/middle Miocene (Rossetti and Goes, 2009). The studied
coastal zone includes paleolagoons, mainly characterized by pelitic sed-
iments, rich in organic matter with wood fragments and mollusk shells
(Vieira and de Menezes, 2015).

Three geomorphological regions characterize the study area:
(1) Mountain range with Precambrian rocks (<-2900 m) and very
rugged reliefs, (2) Coastal terraces whose elevation is predominantly
~27 m above mean sea-level, developed over the Barreiras Formation
(Bricalli and de Souza, 2017), and (3) Coastal plain with Quaternary de-
posits accumulated on lower surfaces (0 to ~3 m), consisting of beaches,
sandbanks, and continental alluvium (Fig. 1b). This division reflects the
regional tectonic evolution and lithology associated with the climate
(EMBRAPA, 1978).

2.2. Climate and vegetation

The study area presents a hot and humid tropical climate charac-
terized by a mean annual rainfall of ~1400 mm, with a rainy season
between November and January, and a dry season between May
and September. The average temperature varies between 20° and
26 °C (Peixoto and Gentry, 1990; Carvalho et al., 2004; Franca et al.,
2016).

The modern coastal vegetation in the study area consists of dense
ombrophilous forests, herbaceous plains, and mangroves. Mangroves
cover a significant part of the study area, with trees ranging from 3 to
15 m tall. Rhizophora mangle occurs mainly along the channel margins,
while Avicennia germinans grows at higher topographic elevations. The
herbaceous vegetation occurs on sandy flats topographically higher
than tidal flats occupied by mangroves. Herbs and some small shrubs
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Fig. 1. a) Location of the study area, b) topographic map based on SRTM data, ¢) distribution of mangroves along the Benevente river, d) panoramic drone photo from mangroves of the sector 3
along the rivers, e) Aldeia and Jabuti River, and the sampling core sites; and f) a panoramic drone photo from the transition mangrove/sandy flat in the highest tidal flats of the sector 2.

characterize this vegetation unit, mainly represented by the following
families: Poaceae, Asteraceae, Cyperaceae, and Fabaceae. The dense
ombrophilous forest is made up of mainly Arecaceae, Myrtaceae, Eu-
phorbiaceae, Fabaceae, and Rubiaceae. These vegetation units occur
under specific rainfall regimes, tidal inundation frequency, sediment
size, and porewater salinities (Cohen et al., 2014, 2018, 2020a; Franca
et al., 2016).

3. Material and methods

Coastal deposits are highly heterogeneous and challenging to inves-
tigate based only on sediment cores due to lateral and vertical variabil-
ity. Integration of remote sensing with stratigraphy has contributed to
three-dimensional analysis of the depositional environments and vege-
tation (Sahoo and Gani, 2015; Nieminski and Graham, 2017; Cohen
et al., 2020b; Cohen et al., 2020a). This study combined planialtimetric
and stratigraphic data, following a pre-designed methodology flow
chart divided into four phases (Fig. 1, supplementary material):
1) Spatial-temporal analysis based on satellite images; 2) Choice of
tidal flats for a topographic survey and vegetation structure studies
(stature, density and genera of mangrove trees) based on photogram-
metry of drone images as well as field validation of mangrove structure
and topography of tidal flats determined by the drone images; 3) Choice
of the core sampling sites that can better record the Holocene mangrove
dynamics; 4) Integration and interpretation of surface and subsurface
data to reconstruct the paleoenvironment and paleoflora, and predict
mangrove dynamics by 2100.

3.1. Data sources

3.1.1. Aerial and satellite data

This study used Landsat (ground resolution of 30 m) recorded in
April/1985, and Quickbird images (resolution of 2.44 m) recorded in
December/2003, July/2007, September/2012, and July/2018 (Fig. 2).
The Landsat and Quickbird images were downloaded from the col-
lection of the USGS (United States Geological Survey) and from Goo-
gle Earth. The regional altimetric data were derived from Shuttle
Radar Topography Mission (SRTM), downloaded from the USGS
website. These data were imported in GeoTIFF format into the
Agisoft Metashape version 1.6.3 software. The satellite and drone
images were accurately orthorectified based on 30 Ground Control
Points (GCPs) (Table 1, Figs. 3b and 4f). For the geomorphological/
vegetation characterization and spatial-temporal analysis, all images
were processed using the PCI 16, Qgis 3, and Global Mapper version
18 software. The spatial-temporal analysis was carried out in the
mangrove area under the influence of the Jabuti and Aldeia Velha
River, where it was possible to validate the data by fieldwork. Diffi-
culties in accessing the sandy and muddy flats occupied by herbs
and mangroves and under influence by the Benevente River
prevented an adequate field validation of the planialtimetric data ob-
tained by remote sensing (Fig. 1).

3.1.2. Drone data
Spatial analysis was also based on high-resolution images ob-
tained by a Drone Phantom 4 DJI, with a FC 330 digital 4 K/12MP
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Mangrove: 458 hectares
Ombrophylous forest: 1011
Herbaceous flat: 33.6
Urban area: 427
Deforested area: 534.2
Total area: 2463.8 ha

Mangrove: 470.2 hectares
Ombrophylous forest: 557.4
Herbaceous flat: 31.8
Urban area: 535.7
Deforested area: 876.1
Total area: 2471.2

Mangrove: 471.3 hectares
Ombrophylous forest: 542.3
Herbaceous flat: 31.1
Urban area: 580
Deforested area: 850.5
Total area: 2475.2

Mangrove: 473.7 hectares
Ombrophylous forest: 540
Herbaceous flat: 28.5
Urban area: 571
Deforested area: 850.5
Total area: 2463,7

Mangrove: 479.4 hectares
Ombrophylous forest: 512.9
Herbaceous flat: 22.7
Urban area: 582.7
Deforested area: 877.5
Total area: 2475,2

. Deforested area
Drone survey

Fig. 2. Spatial-temporal analysis of the vegetation under influence from the Jabuti and Aldeia Velha river estuaries based on satellite and drone images between 1985 and 2018,

highlighting sector 2 of the study area.

(RGB) camera. The drone surveying was developed using the DJI
Ground Station Pro Software installed in an Ipad Air tablet.
Predefined missions were carried out autonomously with 90° cam-
era angle, 90% frontal and 75% lateral overlay, and 100 m (resolution
of 4.17 cm) altitude. Missions were also acquired at 60 m (resolution
of 2.5 cm) to accurately analyze the mangrove/herbaceous flat or
sandy flat areas. A total of 28 missions and 4994 images were re-
corded to scan 12.75 sq.km in April/2019.

3.1.3. Ground control points

A smartphone linked to an Antenna Trimble Catalyst supported by
differential Global Navigation Satellite System (GNSS) was used to
acquire planialtimetric data during field trips in April/2019 (fall). A
decimetric correction, obtained by a subscription to the Trimble
website, increased the GNSS data accuracy. The planialtimetric accuracy
of the GCPs was +10cm with Real-Time Kinematic correction. This
value was validated comparing planialtimetric data indicated by the
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Ground Control Points {GCPs) of the study area with longitude, latitude, porewater salinity, mangrove height, mangrove trees density, soil orthometric height, and planialtimetric differ-

ences between the models and GCPs data.

Fieldwork Photogra. analysis  Planialtimetric differences = Model - GCPs data
GCP  Longitude Latitude Pore water salin.  Mang. height  Substrate orthometric  Density Long. error  lat.error  Elev.error Mang.
(%) {m) height (trees/ha) (m) {m) (m) height error
(m) (m)
1 —40522339 —20.684059 0.880 0.14 -0.26 -0.04
2 —40.522628 —20.682133 2.680 -0.14 —0.00 —0.08
3 ~40522679 20682202 65 32 1.745 1200 0.04 0.08 0.02 02
4 —40522743 —20.684257 65 19 0.738 1300 —0.06 -003 0.05 04
5 —40.521918 —20.683612 60 2 0.840 1200 0.064 —0.06 —0.01 -0.2
6 ~40521806 —20.684419 65 3 0.813 1300 ~0.02 0.16 ~0.00 ~03
7 —40.522641 —20.682858 2 0.930 1300 —-0.16 -0.18 0.09 0.1
8 —40.522632 —20.682533 25 1.320 1300 0.14 —0.00 0.11 02
9 —40.522802 —20.683133 1.29 0.19 -0.03 —0.06
10 ~40,522765 —20.683331 1 0.843 1300 0.07 013 0.10 0.0
11 —40.523909 20685403 20 13 0.200 190 0.00 —0.00 0.00 06
12 —40.524792 —20685229 20 13 0.200 200 0.00 —0.00 0.00 0.2
13 ~40522788 20684325 55 5 0.70 1100 03 02 ~0.12 ~03
14 —40,522881 —20.684372 55 5 0.630 1500° 0.1 0.1 0.05 0.1
15 ~40526350 —20.683364 45 35 0.720 400" 0.13 0.14 0.14 0.1
16 —40.526353 —20.683367 45 5 0.700 400" —0.02 02 0.13 0.1
17 ~40523192 —20.684677 50 5 0.560 26007 04 0.23 0.16 0.1
18 ~40523292 20684833 47 75 0.500 2000° 05 0.26 0.12 -03
19 ~40526350 20683364 37 15 0.420 650" ~0.2 -0.1 0.14 04
20 —40.523521 —20.685287 30 15 0.350 4007 02 0.13 0.06 05
21 —40.523681 20685438 30 15 0.200 2007 0.1 0.16 -0.08 -04
22 ~40522647 20683709 65 3 0.79 ~0.28 021 ~0.00 ~0.1
23 —40534324 —20.674385 136 0.27 -0.05 -0.03
24 —-40.533524 —20.673680 55 4 1.23 034 -0.18 -0.01 -=0.1
25 —40533127 —20673484 55 2 138 0.13 0.55 -0.02 —0.1
26 ~40534254 20674608 1.73 041 ~0.83 0.06
27 —40534059 20672539 55 B 1.22 054 011 0.01 0.1
28 —40532216 —20673715 55 45 1.27 -0.10 -0.24 0.02 0.1
29 ~40532619 20673095 55 3 1.21 ~0.63 0.12 ~0.00 0.0
30 —40532876 —20.674100 55 44 1.20 —0.01 -0.50 —-0.03 -02

¢ Validated data in field.

Antenna Catalyst with the geodetic benchmark (IBGE 8130991) from
Guarapari (20° 37" 41" S/40° 31’ 49" W) at the end of the topographic
survey. The planialtimetric data obtained by the Antenna Trimble Cata-
lyst were used as an absolute elevation point for the installation of an
electronic theodolite (model CST Berger DGT10). The theodolite and a
gauge of 4 m enabled identification of the relative surface elevation of
mangrove substrates, mangrove/herbaceous flat, and sandy flat. The
combination of the Antenna Catalyst with theodolite allowed us to re-
cord planialtimetric data on 30 ground control points (GCP) in the
study area. These GCPs were used to determine the margin of error of
the digital elevation model (DEM) obtained by photogrammetry
(Table 1).

3.1.4. Mangrove density, height, and porewater salinity

50 x 50 m areas were used during fieldwork to identify mangrove
tree genus and tree counting. These results were compared with those
obtained by the Global Mapper based on drone images. Vegetation
heights (VH) were calculated in photos using a 4 m ruler as reference.
A rangefinder (Halo, model XL450), which uses a laser beam and a cli-
nometer to determine distances and angles, respectively, was also
used to measure tree height inside the mangrove forest. These field
data allowed us to validate the vegetation height model based on pho-
togrammetry. Ground and drone records validated the vegetation unit
classification. Porewater salinity was obtained at 10 cm depth by a re-
fractometer in the GCPs (Table 1).

3.2. Methods

3.2.1. Image classification
The geomorphology and vegetation were manually classified by
photointerpretation in the Global Mapper Software. Locations with

known land cover were used as a reference for each land cover type.
This information enabled classification of vegetation and geomorpholo-
gic units and comparison with a visual interpretation based on drone
orthophotos and field trips. Drone panoramic aerial photos were also
used to identify the vegetation and geomorphologic units. Identification
of the two genera of mangroves was based on the texture, color con-
trast, shape, and diameter of the treetops. This analysis was developed
for areas with orthoimages obtained by drone surveys at 60 m altitudes.

3.2.2. 3D models

Drone images were processed using the Agisoft Metashape version
1.6.3. to generate 3D spatial data and orthomosaics with the support
of planialtimetric GCPs (AgisoftPhotoScan, 2018). Dense point clouds
were generated in high resolution with spacing points between 3 and
5cm to develop digital models of surface (DSM), terrain (DTM), and
vegetation (DVM). The DSM represents the natural (water, trees, and
other types of vegetation) and built features ( houses, streets, sidewalks,
and power poles) on the surface. The sharp differences in the colors and
elevations of points enabled us to classify the points representing the
ground, built features, and vegetation. This process allowed develop-
ment of the DTM and DVM that considers only the substrate and vege-
tation surface, respectively.

These models were validated by the GCPs obtained by the Antenna
Catalyst/theodolite. The software implemented interpolation of the
GCPs in areas of dense vegetation cover to identify the ground elevation.
Therefore, the DTM below the dense vegetation cover was a product of
the combination of GCP interpolation from flats covered by dense vege-
tation with the ground point gradients of non-vegetated tidal flats, ex-
trapolated to flats below the dense vegetation cover. The DVM was
developed by the Combine/Compare Terrain Layers tool, which sub-
tracts the DSM from the DTM.
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A quantitative assessment was carried out using the altimetric dif-
ferences between GCPs and the DTM and DVM, following Eq. (2), as sug-
gested by Cohen et al. (2018)):

Zd,f =Zpem —Zg-d (2)

where Zy;r = the vertical differences, Zpras = the Z value of the models,
and Z,,4 = the Z value of the GCPs. The Zy; values were between + 14
and —11 cm (Table 1). The differences between the latitude/lcngitude
of the 3D modzl and the planimetric data obtained by the Antenna
Catalyst were between +55 and — 83 cm (Table 1). The GCPs have
an error of +10cm, then a vertical and horizontal margin of error of
424 cm and 4+ 93 cm was admitted for the 3D models, respectively.

3.2.3. Mangrove density

Avicennia ard Rhizophora tree positions were manually extracted in
the Global Mapper Software using the orthomosaics obtained by drone
images at 60 m. After the manual tree point extraction, the tool “Create
Density Grid"” produced a new layer by calculating density values from
the tree points. In addition, the tree density data from the eight areas
(50 x 50 m) obtained during the fieldwork were compared with the
tree density data obtained by the drone orthomosaic images. This anal-
ysis indicated a maximum difference of 10% between the two methods.

3.2.4. Sampling cores

Cores were collected with a Russian sampler. Three cores here called
G-3 (20°41'4.60"S/40°31'21.48"W, G-4 (20°41'7.66"S/40°31'24.11"W)
and RBN-2 (20°40'21.24"S/ 40°31'57.61"W) were sampled from tidal
flats topographically positioned in 0.7, 0.2 and 1.0 m amsl occupied by
mangroves under the influence of Jabuti and Aldeia Velha Rivers. The
core RBN-1 (20°47'1.42"S/40°38'34.06"0) was sampled from a tidal
flat 0.1 m amsl occupied by mangroves and influenced by the Benevente
River (Figs. 1c.e, 3, and 4).

3.2.5. Facies description

The cores were radiographed (X-ray) to distinguish sedimentary
features. Sediment samples (0.5 g) were obtained at 5 cm intervals to
determine sediment particle size in a laser diffraction particle size ana-
lyzer (SHIMADZU SALD 2101) at the Laboratory of Coastal Dynamics -
Federal University of Para (UFPA). Hydrogen peroxide was used to re-
mave organic matter and an ultrasonic bath disaggregated sediment
particles. Grain sizes were classified according to Wentworth (1922):
sand (2 mm-62.5 mm), silt (62.5-3.9 um) and clay (3.9-0.12 um). Sed-
imentary features, such as color, texture, lithology, and structure, char-
acterized the facies (Harper, 1984; Walker, 1992). The codes of
sedimentary facies were based on Miall ( 1978). The sedimentary facies,
pollen, isotopes, and elemental analyses were grouped into facies asso-
ciations to determine sedimentary environments (Reading, 1996).

3.2.6. Palynological analysis

1 cm? of sediments were sampled at 2.5-cm intervals in cores G-3, G-
4, and RBN-2. The samples were processed according to pollen analyti-
cal techniques (Faegri and Iversen, 1989). Pollen and spore identifica-
tion was based on reference collections of about 4000 Brazilian forest
taxa as well as various pollen keys (Markgraf and D'Antoni, 1978;
Roubik and Moreno, 1991; Salgado-Labouriau, 1997; Colinvaux et al.,
1999), and the reference collection of the Laboratory of Coastal Dynam-
ics - UFPA and 14C Laboratory of the Center for Nuclear Energy in Agri-
culture (CENA/USP). At least 300 pollen grains were identified for each
sample. Pollen and spore profiles are exhibited as percentages of the
total pollen sum. The pollen taxa groups were based on the pollen
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source: mangroves, trees and shrubs, palms, and herbs (Figs. 2, 3, 4
and 5, supplementary material). The software TILIA was used for calcu-
lation and plotting of pollen diagrams (Grimm, 1990). Cluster analysis
was based on CONISS that supported the identification of vegetation
succession over time.

32.7. Isotopic and chemical analysis

A total of 66 samples (5-60 mg), obtained at 10 cm intervals along
the cores, were processed with 4% HCl to remove carbonate, washed
with distilled water (pH 6), and dried at 50 °C. These sediments were
analyzed for total orgaric carbon and nitrogen at the Stable Isotope Lab-
oratory of the Center for Nuclear Energy in Agriculture (CENA/USP). The
concentration results are expressed in percent of dry weight after re-
moving carbonate, with an analytical precision of 009% (TOC) and
0.07% (TN). The C/N data indicated the molar ratio between carbon
and nitrogen. The arganic matter &'%C results are expressed as &'Corg
with respect to VPDB standard. Anclytical precision is +0.2%
(Pessenda et al., 2004).

The '°C, &'*N and C/N of sedimentary organic matter depend on the
assemblage of autotrophs in the surrounding environment (e.g. Lamb
et al., 2006): C3 terrestrial plants (6'%C; —32%. to —21% and C/N > 12),
C4 plants (8"°C: —17% to —9%. and C/N > 20) (Deinzs, 1980; Tyson,
1995; Meyers, 1997), freshwater algae (6'°C: —25%. to —30%)
(Schidlowski et al., 1983; Meyers, 1997) and marine algae (—24%. to
—16%) (Meyers, 1997). Bacteria and algae have C/N ratios of 4-6 and
<10, respectively (Tyscn, 1995; Meyers, 1997). Organic matter from ter-
restrial and aquatic plants exhibits 6'°N values between ~0% and ~10%,
respectively (Schicllowski et al,, 1983). Mangrove trees present the follow-
ing values: Rhizophora (5"C: —31.8%. to —302%.and C/N = 356 + 0.8),
Avicennia (6"C: —304%. to —29.1% and C/N = 35 + 4.3), and
Laguncularia (6'3C: —30.4%. to —29.2% and C/N = 31.4 + 2.3) (Matos
et al., 2020).

3.2.8. XRF data

XRF analysis was performed by scanning the core ¢t 2 cm intervals
using a portable eneray-dispersive X-ray fluorescence spectrometer
(pED-XRF - model Tracer llI-SD, Bruker AXS, Madison, USA). The
major chemical elements in coastal sediments representative of marine
(e.g. Br, Ca, , K, and Sr) origins were szlected for this analysis (Yao
etal, 2015).

32.9. Radiocarbon dating

Nine bulk samples (10 g each), chosen for radiocarbon analysis
(Table 2), were physically cleaned under the stereomicroscope. The
samples were chemically processed to eliminate adsorbed carbonates
and fulvic and/or humic acids, considered younger organic fractions
(Pessenda et al., 2010; Pessenda et al., 2012). Radiocarbon dates were
obtained by accelerator mass spectrometry (AMS) at the Radiocarbon
Laboratory of the Universidade Federal Fluminense (LAC-UFF). Radio-
carbon ages were normalized to a &'*C of —25%. VPDB and reported
as calibrated years (calibrated years before the present; 20) using
CALIB 6.0 (Reimer et zl., 2013). The dates are presented in the text as
the median of the range of calibrated ages (Table 2).

4. Results
4.1. Coastal vegetation and topography
The sandy flats occupy the highest surface (~1.1-2.5 m above mean

sea level, amsl) of the study area, coverirg ~22 ha. Herbaceous vegeta-
tion occupies part of these surfaces (Figs. 3b and 4f), mainly composed

Fig. 3. a) Mangrove distribution in the Aldeia and Jabuti River; a) Orthomosaic of the sector 2 exhibiting mangroves, séndy flat and location of the ground control points (see Table 1);
¢) vegetation height model; d) topographic profile showing the vegetation height, porewater salinities and the cores location; and e) distribution of Rhizophora and Avicennia trees and

their densities.
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of Cyperaceae and Poaceae. The porewater salinity in this vegetation
was between 60 and 95%., presenting crystals of sodium chloride.
Avicennia trees with a stature gradient between 30 ¢m and 5 m
surrounded this zone in sectors 1 and 2 (Figs. 3 and 4). The muddy
tidal flats that occur on lower surfaces (0 to ~1.1 m amsl) are occupied
by mangroves, mainly represented by Rhizophora, Avicennia, and some
Laguncularia trees. Rhizophora trees occur predominantly on lower
tidal flats (0-0.5 m amsl), exhibiting the tallest trees (~15 m tall and di-
ameter 25-30 cm) on the lowest flats with porewater salinity between
30 and 35%., while the smallest trees (~4 m tall and diameter < 10 cm)
occupy intermediate elevations (0.5-0.6 m amsl) with porewater salin-
ity between 40 and 45%. (Figs. 3d and 4h). The densest groups (1200~
2600 trees/ha) of Rhizophora occurred among the shortest trees, while
the lowest densities (200-600 trees/ha) were identified on the lowest
tidal flats, where the tallest trees were dominant (Fig. 3). Avicennia
trees are spread mainly on the highest muddy tidal flats (~0.6 to ~1.3
m amsl) with porewater salinity between 45 and 65%., also presenting
the highest statures (~5 m tall, and diameter ~ 20 cm) on lower surfaces,
resulting in a transition with the lowest Rhizophora trees. The tallest
Avicennia trees (~10 m) occur isolated among the tallest Rhizophora
on the lowest tidal flats, while some Laguncularia trees (-5 m tall and
diameter ~ 20 cm) occur in a smaller quantity spread mainly among
Avicennia trees on the highest tidal flats (Figs. 3 and 4). Tidal flats occu-
pied by mangroves and under the influence of the Benevente River also
revealed the same trends along the lowest flats. The highest tidal flats
were occupied by herbs were identified in satellite images, but it was
not possible to access them for an in-situ study (Fig. 4a-d).

4.2. Spatial-temporal analysis

The total vegetation area (mangrove, ombrophilous forest, herba-
ceous flat and pasture) and urban zone considered in the spatial-
temporal analysis oscillated between 2463 and 2475 ha (Fig. 2). This dif-
ference (0.4%) in the total area analyzed between 1985 and 2018 can be
attributed to the margin of error related to the pixel ground resolution
of the images (Landsat: 30 m, Quickbird: 2.44 m) and an eventual
error to delimit the vertices of each analyzed area in the respective
years. This analysis revealed a significant mangrove expansion in the
study area under the Jabuti and Aldeia Velha Rivers influence between
1985 (458 ha) and 2018 (479 ha). During this period, mangroves on
lower tidal flats remained stable. The mangrove forests expanded onto
the highest tidal flats that had a predominance of sandy sediments
and were occupied by Cyperaceae, Poaceae, and Arecaceae (palms).
Mangroves occupied 458 ha in 1985 and increased to 470 ha and 479
in 2003 and 2017, respectively, a gain of 12 ha (2.6%) and 9 ha (1.9%)
(Fig. 2). The sandy tidal flats, mainly occupied by herbaceous vegetation,
have decreased during that time interval from 33 to 22 ha. During the
field trip Avicennia shrubs (20-50 cm tall) were recorded growing on
the sandy flats (~1.3-1.4 m amsl) and herbaceous flat.

4.3. Radiocarbon ages and sedimentation rates

Radiocarbon dates and sedimentation rates are given in Table 2,
and no age inversions were observed. The results revealed ages rang-
ing from ~6300 cal yr BP to 2007 CE. The studied cores presented
high sedimentation rates between ~6300 and ~4200 cal yr BP (1.4-
4 mm/yr) and particularly during recent decades (4-15 mm/yr),
while low rates were estimated for the interval ~ 4200 to ~1400 cal
yr BP (~0.35 mm/yr). Core RBN-2 exhibited the following rates:
2.16 mm/yr (170-143 cm), 1.16 mm/yr (143-97 cm), and 14.8
mm/yr (97-0 cm). Core G3 presented the following values: 0.12
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Table 2

Samples of sedimentary organic matter selected for radiocarbon dating with code site
(depth), laboratory number, percent modern carbon {pMC), 14C age, calibrated (cal) ages
and median of cal ages.

LACUFF ID pMC + Age +  Age Median of
(14C yr (cal yr BP,  age range
BP) 20) (cal yr BP)
190419 G3-28cm 1045 043 Modern ~1958 CE
190690 G3-40 cm 3274 49 3390-3609 -3500
190691 G3-75¢m 5497 57 6194-6404 -6300
190692 G4-35cm 117 73 0-155 -77
190693 G4-82cm 2585 57 2486-2795 ~2704
190420 RBN2 53-55 106441 0.689 Modern ~2007 CE
190421 RBN295-97 100.802 0617 Modern -1955 CE
190422 RBN2 141-143 314 54 286-498 -390
190423 RBN2 168-170 505 57 463-570  -515
190410 RBN1-50-52 103,669 0.555 Modern ~1957 CE
190412 RBN1-104-106 1434 65 1261-1423 -1342
190413 RBN1-155-157 1575 58 1343-1570 -1457
190414 RBN1-203-205 2710 60 2745-2930 -~2838
190415 RBN1-253-255 3818 41 4137-4317 4227
190416 RBN1-303-305 4077 36 4498-4651 -4575
190417 RBN1-353-355 4156 41 4569-4831 -4700
190418 RBN1-394-396 4334 36 4840-4974 -~4907

mm/yr (75-40 cm), 0.03 mm/yr (40-28 cm), and 4.66 mm/yr (28~
0 cm). The estimated sedimentation rates for core G4 were 0.18
mm/yr (82-35 cm) and 2.41 mm/yr (35-0 cm), while core RBN-1 re-
vealed 2.41 mm/yr (400-350 cm), 4 mm/yr (350-300 cm), 1.44 mm/
yr (300-250 cm), 0.36 mm/yr (250-200 cm), 0.35 mmy/yr (200-150
cm), 443 mm/yr (150-100 cm), 0.37 mm/yr (100-50 cm), and 7.57
mm/yr (50-0 cm) (Figs. 5, 6, 7, and 8).

4.4. Facies association

RSL fluctuations affect the action of currents and waves along the litto-
ral, contributing to development of coastal depositional environments
(Davis, 2013), and physicochemical characteristics of estuarine waters
(Lara and Cohen, 2006). Coastal vegetation establishment on tidal flats
depends mainly on estuarine salinity gradients and sediment grain size
(Bird, 1980; Augustinus, 1995; Woodroffe et al., 2016). Local vegetation
and fluvial and marine algae determine the isotopic and elemental char-
acteristics of the sedimentary organic matter accumulated in the studied
tidal flats (Dittmar et al., 2001, 2006). Therefore, physical (sedimentary
features), isotopic/elemental geochemical (6'°C, 8'°N, C/N) and biological
(pollen) indicators down the studied cores were grouped into facies asso-
ciations to determine sedimentary environments (Reading, 1996). The
cluster analysis of pollen percentages defined pollen assemblages,
reflecting the coastal vegetation zones in the study area (Figs. 1, 3, 4,
and Table 3). Altogether, these multi-proxy data allowed us to define
four facies associations: (A) Sandy flat, (B) Herbaceous sand flat,
(C) Lagoon with mangrove, and (D) Mangrove tidal flat.

4.4.1. Facies association A (sandy flat)

This facies association was characterized in cores G3 (100-75 c¢m)
and G4 (100-85 ¢cm), and accumulated before 6300 and 2700 cal yr
BP, respectively. It was represented by medium sand (Sm, 60-90%
sand, 40-10% silt) showing a clear fining upward sand deposit. No
pollen or fern spores were identified along this facies association. XRF
analysis indicated the lowest concentration of Sr (25-90 mg/kg), Cl
(3-9 g/kg), Br (22-28 mg/kg), K (0-0.8 g/kg), and Ca (15-25 g/kg).
8'2C, '°N and C/N values oscillated between —27% and — 24%. (X =

Fig. 4. a) Mangrove distribution along the Benevente River; b) orthomosaic of the sector 3 sh

; ) digital height model; d) topographic profile showing the

185 2

vegetation height, porewater salinities and location of the core RBN-1; ¢) mangrove distribution along the Aldeia and Jabuti Rivers; f) orthomosaic of the sector 1 showing the
mangroves, sandy flats, herbaceous plain, location of ground control points (see Table 1), and location of the core RBN-2; g) vegetation height model; and h) topographic profile

showing the vegetation height. porewater salinities and location of the core RBN-2.
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— 26%), 0.21%. and 2.3%, (R = — 1%.),and 15and 21 (X = 19), respec-
tively (Figs. 5 and 6).

4.4.2. Facies association B (herbaceous sand flat)

This facies association was evident in cores G3 (75-62 cm and 40-26
cm) and RBN-2 (143-97 cm) (Figs. 5 and 7. These sediments were accu-
mulated between ~6300 cal yr BP and ~5200 cal yr BP (extrapolated
age), and 3500 cal yr BP and 1958 CE in core G3 (Fig. 5), and between
-390 cal yr BP and 1955 CE in RBN-2 (Fig. 7). They consisted of dark
gray (4/1 10Y) wavy (Hw) and flaser ( Hf) heterolithic bedding deposits
(30-60% sand, 30-50% silt, 10-30% clay) with some layers more
enriched in organic matter (0-4% of TOC). Herbs (10-85%), palms (0-
80%), and trees/shrubs (10-40%) pollen characterize this facies associa-
tion. Mangrove pollen (0-20%), represented only by Rhizophora, presented
the lowest percentages in this facies association. Solanum (20-70%),
Poaceae (5-20%), Asteraceae (1-20%), and Cyperaceae (1-10%) repre-
sented the herb pollen. Tree/shrubs were mainly characterized by
Fabaceae (2-10%), Trema (3-20%), Malpiguiaceae (1-8%), and Myrsine
(0-10%) (Figs. 2 and 3, supplementary material). XRF analysis indicated
higher concentrations of Sr (25-300 mg/kg), Cl (5-22 g/kg), Br (0-80
mg/kg), K (0.5-2.8 g/kg), and Ca (15-39 g/kg) than facies association A.
5'°C, 5'°N and C/N values oscillated between —28%. and —24%. (X = —
26%), 2% and 3.6%. (X = 2.9%.), and 20 and 28 (X = 24), respectively
(Figs. 5 and 7).

4.4.3. Facies association C (lagoon with mangrove)

These deposits were identified in cores RBN-1, between 400 cm
(~4900 cal yr BP) and 250 cm (~4230 cal yr BP), and G-3, between 62
cm (~5200 cal yr BP) and 40 cm (~3500 cal yr BP) (Figs. 5 and 8). This fa-
cies association consisted of dark gray (4/1 10Y), lenticular heterolithic
bedding (HI), and massive mud (Mm) deposits (2-10% sand, 50-60%
silt, 20-50% clay), with organic matter (1-2% of TOC), and fragments of
roots and leaves. Pollen analysis revealed the predominance of mangrove
pollen (5-60%), followed by herbs ( 10-55%) and tree/shrubs ( 10-60%). An
increased occurrence of ferns, dinoflagellates, and foraminifera also char-
acterized this facies association (Figs. 2 and 5, supplementary material).
This core also presented elevated concentration of Sr (125-1500 mg/kg),
Cl (10-18 g/kg), Br (40-70 mg/kg), K (1-5 g/kg), and Ca (20-140 g/kg).
The &'3C values oscillated between —26.5%. and — 25% (X = — 26%.),
while C/N ratios presented values ranging from 18 to 26 (X = 21). These
sediments also presented an enrichment of &'°N, oscillating between 2.5
and 7.2%. (X = 5.8%.) (Figs. 5, and 8, Table 3).

4.4.4. Facies association D (mangrove tidal flat)

These deposits were identified in core G3 between the 26 cm (1958
CE) and 0 cm depth intervals (Fig. 5), while in core G4, it was recorded
between 85 cm (~2700 cal yr BP) and 0 cm depth (Fig. 6). This facies as-
sociation was also characterized in RBN-1 between 250 ¢m (~4230 cal yr
BP) and 0 cm, and in core RBN-2 between 170 cm (515 cal yr BP) and
143 cm (390 cal yr BP), and 97 ¢cm (1958 CE) and O cm depth (Figs. 7
and 8). The cores consisted of dark gray (4/1 10Y) wavy (Hw) and
lenticular (HI) heterolithic bedded deposits (2-20% sand, 40-60% silt,
20-50% clay), with organic matter ( 1-9% of TOC), and many fragments
of roots and leaves. Pollen analysis revealed the predominance of
mangrove pollen (5-85%), followed by herbs (5-60%), tree/shrubs (1-
50%), and palms (1-15%). An increased occurrence of ferns, dinoflagel-
lates, and foraminifera also characterized this facies association
(Figs. 2, 3,4 and 5, supplementary material). It also presented high con-
centrations of Sr (50-1300 mg/kg), Cl (10-32 g/kg), Br (40-130 mg/kg),
K (0.8-6 g/kg), and Ca (15-140 g/kg). The &'*C values oscillated be-
tween —28%. and —26%. (X = —27%.), while C/N ratios presented
the lowest values ranging from 25 to 11 (X = 18). 6'°N oscillated be-
tween 2 and 6%. (X = 3.5%.), with an increased trend during the last de-
cades evidenced along the four cores (Figs. 5, 6, 7, and 8, Table 3.
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Table 3
Summary of facies association of the studied cores with sedimentary characteristics, pollen groups, geochemical data, and elements predominance,
Facies Facies description Ecological group Geochemical Elements Interpretation
association data predominance
(mg/kg)
A Massive sand (Sm) No pollen/ferns 8C=—2710 Sr:25-90mg/kg Sandy flat
—24% Cl:3-9g/kg
6""N=021to Br:22-28 mg/kg
2.3% K: 0-0.8 g/ke
C/N = 20-30 Ca: 15-25g/kg
B Flaser (Hf) and wavy (Hw) heterolithic Herbs, palms, trees/shrubs and mangrove 6'7C = ~2810 Sr:25-300 mg/kg Herbaceous
bedding —24% Cl: 5-22 g/kg sand flat
6'5N = 2-3.6% Br: 0-80 mg/kg
C/N = 20-28 K: 05-2.8 g/kg
Ca: 15-39 mg/kg
C Lenticular heterolithic bedding (HI) and Mangrove, herbs, trees/shrubs, palms, ferns, 6"°C=—-27to Sr:125-1500 Lagoon with
massive mud (Mm) dinoflagellates, and foraminifera, —23% mg/kg mangrove
89N = Cl: 10-18 g/kg
25-7.2% Br: 40-70 mg/kg
CIN=18-26  K:1-5g/kg
Ca: 20-140
mg/kg
D Lenticular (HI) and wavy (Hw) heterolithic Mangrove, herbs, trees/shrubs, palms, ferns, 8'C=-28t0 Sr:50-1300 Mangrove tidal
bedding dinoflageliates, and foraminifera, —26%. mg/kg flat
85N =2-6%  Cl:10-32g/kg
C/N = 11-30 Br: 40-130
mg/kg
K: 0.8-6 g/kg
Ca: 15-140
mg/kg
5. Interpretation and discussion (5-15% of mangrove pollen) present along its margin between ~4900
and ~4230 cal yr BP (Fig. 10). XRF analysis also indicated the highest
5.1. Holocene Ca (from 60 to 150 g/kg) and Sr concentrations (500 to 1600 mg/kg).

The coastal morphology of southeastern and northeastern Brazil was
affected by a RSL rise in the early-middle Holocene with a highstand (2-
5 m amsl) around 5.8 to 5.0 Kyr BP (Martin et al., 2003; Angulo et al.,
2006; de O Caldas et al., 2006; Suguio et al., 2013; de F Toniolo et al.,
2020). This event caused a marine transgression that triggered erosion
of the shoreline, inundation of coastal depressions and fluvial valleys
(Cooper et al., 2018), as well as landward migration of mangroves into
embayments, estuaries, and lagoons (Castro et al., 2013; Lorente et al.,
2014; Cohen et al.,, 2014, 2015, Cohen et al., 2020a, 2020b; Rossetti
et al, 2015). However, during the middle-late Holocene a gradual RSL
fall occurred (Angulo et al., 2006; de O Caldas et al., 2006; Cohen et al.,
2020b; de F Toniolo et al., 2020), which facilitated the infilling of estuar-
ies and the building of deltas. Mangrove forests migrated seaward dur-
ing this time (Cohen et al,, 2014; Franca et al., 2015; Cohen et al., 2020a,
2020b).

The effects of the middle Holocene high sea-level stand were re-
corded in core G-3, positioned in the highest tidal flats (0.7 m above
mean sea-level-amsl, Figs. 3d and 5) and in a transition zone between
mangroves, mainly represented by Avicennia, and palms/herbaceous
vegetation. It revealed a conversion from flats occupied by palms and
herbs to a lagoon surrounded by mangroves, characterized by an in-
creased trend of mangrove pollen from 5% to 60% between ~6300 cal
yr BP and ~4650 cal yr BP (extrapolated age). During this period, a de-
crease in the pollen percentage of palms from 60% to 0% and an increase
in dinoflagellates occurred. C/N values decreased from 27 to 18, while
the &'°N increased from 1.9 to 4.2, suggesting an increase in aquatic
influence in the sedimentary organic matter. XRF analysis also indicated
an increased trend in concentrations of Ca (from 15 to 75 g/kg), Sr
(50 to 430 mg/kg), C1 (3 to 18 g/kg), Br (0 to 75 mg/kg), and K (0.25
to 2.5 g/kg) (Fig. 5).

The middle Holocene high sea-level stand also was recorded in core
RBN-1, 17 km away from core G-3. The multi-proxy data indicated a la-
goon with sedimentary organic matter sourced from C3 terrestrial
plants and marine dissolved organic carbon (Fig. 9), and mangroves

High sedimentation rates (1.4-4 mm/yr) were recorded between
~4900 and ~4230 cal yr BP suggesting a coastal depression, such as a la-
goon, with space available for sediment accumulation during that mid-
dle Holocene high sea-level stand (Fig. 8).

By contrast, the RSL fall in the middle-late Holocene allowed flats to
emerge on the previous coastal depression filled by sediments. This pro-
cess favored herb and palm expansion on the highest flats, and man-
groves on the lowest tidal flats (Fig. 10), as evidenced in cores G-3
(Fig. 5) and RBN-1 (Fig. 8) by the trend of decreased mangrove pollen
percentage from 50% to 6%, and an increase in palm pollen from 0 to
70% between ~4650 and ~3500 cal yr BP in core G-3. Dinoflagellate
cyst occurrences also decreased during this time. C/N ratios increased
from 18 to 22, and the 6'°N values decreased from 4.2 to 1.7, indicating
a decreased trend of sedimentary organic matter sourced from algae.
Concentrations of Ca (75 to 15 g/kg), Sr (430 to 50 mg/kg), and Br (75
to 40 mg/kg) decreased during this time (Fig. 5).

Core RBN-1 (0.1 m amsl), sampled from a tidal flat lower than core
G-3 (0.7 m amsl) and whose pollen assemblage was dominated by
Rhizophora, presented an increase of mangrove pollen from 10 to 20%.
This topographically lower zone favored mangrove expansion during
the RSL fall. The relatively high percentages of pollen grains sourced
from terrestrial trees and shrubs may be attributed to hills occupied
by the Atlantic Forest, which surrounds the study area, and favors a
high influx of pollen grains from higher to lower surfaces by winds
(Weng et al., 2004; Hicks and Hyvdrinen, 2010; Pan et al., 2013).
Between ~4230 and ~1450 cal yr BP a decreased trend of 6'°C and
8'>N occurred, from —24 to —29%. and from 7 to 4%, respectively,
likely reflecting an increase of C3 terrestrial plants and terrestrial influ-
ence (Fig. 8). This phase presented the lowest sedimentation rates
(~0.35 mm/yr), indicating a decrease of space available for sediment ac-
cumulation caused by the RSL fall (Fig. 8).

The effects of the RSL fall during the late Holocene were partially re-
corded along core G-4 (0.2 m amsl), positioned in a tidal flat lower than
core G-3 (0.7 m amsl) and which was dominated by Rhizophora (Figs. 3
and 6). The C/N and 6'°N values increased from 13 to 25 and decreased
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from 3.67 to 1.67%. between ~2700 and ~77 cal yr BP, respectively, sug-
gesting an increased trend of terrestrial contribution to the sedimentary
organic matter during that time interval. The pollen profile indicated os-
cillations of mangrove (20-80%), tree/shrub (15-35%), and herb (15-
45%) pollen percentages. These oscillations in the pollen percentages
likely reflect alternations in the mangrove limits according to RSL fluc-
tuations between ~2700 and ~77 cal yr BP, within a general trend of
RSL fall between ~4230 and ~1460 cal yr BP.

Considering the last 1000 years and according to Grinsted et al.
(2009), a maximum sea-level between 12 and 21 cm, and minimum
sea-level between —19 and —26 cm, occurred globally at ~1150 CE and
~1730 CE, respectively. This low sea-level stand may be attributed to
the Little Ice Age (LIA) that occurred during the last six or seven centuries
(Lean and Rind, 1999), having ended between 1850 and 1890 CE (Bradley
and Jones, 1992). Cores sampled from Bragan¢a mangroves, northern
Brazil (Cohen et al,, 2005), and core RBN-2 (1 m amsl), sampled from
the ecotone between the Avicennia mangrove forest and herbaceous veg-
etation each recorded impacts of the LIA event. Core RBN-2 exhibited an
ecotone with mangrove (pollen 5-20%), herbs (35-70%), and trees and
shrubs (20-40%) with foraminifera and dinoflagellate cysts between
515 and 390 cal yr BP (Fig. 5). Between 390 cal yr BP (1560 CE) and
1955 CE mangrove pollen was almost entirely absent (0-15%), and
there was an increase of herbs and trees/shrubs pollen compared to the
previous phase (515-390 cal yr BP), oscillating between 35 and 75%,
and 15 and 70%, respectively. Foraminifera and dinoflagellate cysts were
not identified between 390 cal yr BP (1560 CE) and 1955 CE. This period

Marine algae

Marine POC
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was also characterized by a trend of increasing C/N ratios from 13 to 27,
suggesting a decrease in aquatic influence in the sedimentary organic
matter. The concentrations of Br (100 to 25 mg/kg), Ca (115 to 27 g/kg).
C1 (22 to 6 g/kg), and K (4 to 2 g/kg) decreased during that time interval,
likely as a consequence of a RSL fall.

5.2. Anthropocene

The ice melting in Greenland and Antarctica and thermal expansion
of warmed ocean waters have caused a global sea-level rise, with in-
creases in the rates from 1.1 to 2.5 mm/yr between 1902 and 1990 to
current rates of 3.1-3.4 mm/yr (IPCC, 2014; Dangendorf et al., 2017;
Nerem et al., 2018). The multi-proxy data in cores RBN-2, G-3, and G4
suggest a RSL rise during recent decades, revealing a mangrove incur-
sion onto the highest tidal flats, occupying sandy flats previously dom-
inated by herbaceous vegetation. Core RBN-2 presented a trend of
increasing mangrove pollen from 0 to 60% and a trend of decreasing
herb pollen (from 70 to 40%) since ~1955 CE. C/N ratios decreased
from 27 to 15, while the &'°N values increased from 2.6 to 3.7%., reveal-
ing an increased influence of aquatic organic matter during the
Anthropocene. The Br, Cl, and K concentrations also increased, suggest-
ing a marine influence during this period (Fig. 7).

Similar trends were identified in core G-3 that presented increased
mangrove pollen (from 5 to 60%), and palm pollen being absent since
1958 CE. C/N ratios presented a decrease from 22.5 to 15, while 6'°N
values increased from 1.7 to 4.4%. (Fig. 5). Core G-4 also presented

Facies association

@ (A) Sandy flat

A (B) Herbaceous tidal flat
@ (C) Lagoon with mangrove
M (D) Mangrove tidal flat

Freshwater Freshwater

C3 Terrestrial plants

_~ Mangrove trees

F.

o

20 CN 30

40

Fig. 9. Binary diagram of 6" *C and C/N for the facies association in the study area based on ranges recorded in coastal environments (Deines, 1980; Lamb et al., 2006; Matos et al., 2020;

Meyers, 1994; Schidlowski et al., 1983; Tyson, 1995).
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Ombrophylous forest
Urban zone
¥ Deforested area

Low sea-level
(~1870 AD)

Mid-Holocene
sea-level highstand

Fig. 10. Model of geomorphology and vegetation development under Holocene relative sea-level changes.

increasing levels of mangrove pollen (from 15 to 65%) since -77 cal yr
BP (~1870 CE) (Fig. 6). The C/N and 6'°N values presented a decreased
and increased levels from 24 to 16 and from 1.6 to 3.6, respectively, sug-
gesting an increase in the aquatic influence during the last ~77 cal yr BP.
According to the binary 6'>C and C/N ratio (Fig. 9), the sedimentary or-
ganic matter of the facies associations sandy flat (A) and herbaceous flat
(B) is mainly sourced from C3 terrestrial plants, while the lagoon with
mangrove (C), and mangrove tidal flat (D) presented an organic matter
contribution from fresh/marine waters and C3 terrestrial plants. These
data indicated that the mangrove phase was more influenced by estua-
rine waters than herbaceous sand flats and sandy flats, suggesting a RSL
that was higher during the mangrove development. Core G-4, sampled
from the lowest zone of the tidal flats and presently occupied primarily
by Rhizophora, indicated a trend of increasing Rhizophora pollen per-
centage since 77 cal yr BP (1873 CE). However, cores G-3 and RBN-2,
sampled from the highest tidal flats occupied by mangroves in the eco-
tone between mangrove/herbaceous vegetation, revealed a trend of in-
creasing Rhizophora, Avicennia, and Laguncularia pollen percentages
since 1958 and 1955 CE. These trends must be related to the increase

in estuarine influence by a RSL rise since the end of the Little Ice Age
and intensified during recent decades.

The spatial-temporal analysis, based on satellite and drone images,
corroborates this interpretation. According to this study, mangroves
had invaded the highest flats occupied by palms and herbaceous vege-
tation since at least 1985, causing an increase in mangrove area, from
458 hain 1985 to 470 ha in 2003 and to 479 in 2018, a gain of 4.6% be-
tween 1985 and 2018 (Fig. 2). The spatial-temporal analysis did not re-
veal loss of mangrove areas in the lower tidal flats since 1985.

A tidal flat in the eastern part of sector 2 should be noted. It had an
elevation of 0.7 m amsl, porewater salinity of ~60%., and was occupied
by Avicennia trees (with a maximum height of 5 m) and herbs (Figs. 1,
3d, transects C-D). Between 1985 and 2007, this area was occupied by
herbs, and was gradually invaded by mangroves. Since 2012, Avicennia
trees occupy this area completely (Fig. 2). Currently, the highest tidal
flats occupied by mangroves (~0.7-1.3 m amsl) are mainly character-
ized by highly salt tolerant Avicennia trees with a density between
~1200 and ~3000 trees ha ' (Figs. 3 and 4). The relationship between
the density of Rhizophora and Avicennia trees and topography revealed
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that the highest densities were identified in the highest tidal flats (Fig.
3). This may be attributed to an inverse relationship between tree
height and density, because the taller the trees, the more space is occu-
pied by its canopy, and the tallest trees tend to occur on the lower tidal
flats (r = 0.82, n = 109,681, p < 0.0001) (Fig. 3). This interaction be-
tween mangrove structure and topography is essential for interpreting.
pcllen profiles.

Modern pollen accumulation rates from northern Brazil indicate
that Rhizophora produces more pollen than Avicennia and
Laguncularia. Pollen traps located on an herbaceous flat, located ~1
km distant from the closest Rhizophora trees and 100 m from
Avicennia shrubs, indicated an average of 410 Rhizophora grains/
cm?/yr and an average of 8 Avicennia grains/cm?/yr (Behling et al.,
2001). Because of the higher pollen production by Rhizophora, even
cores sampled from mangrave tidal flats with a predominance of
Avicennia and Laguncularia trees contain higher Rhizophora pollen
percentages than Avicennia and Laguncularia (Figs. 3, 4) (Figs. 2
and 3, supplementary material). An integrated analysis of pollen
concentration and mangrove pollen percentage reinforces these in-
terpretations based on a pollen profile. In this context, the pollen
concentration increased in recent decades in cores G-3 (100,000 to
250,000 pollen/cm?), G-4 (50,000 to 300,000 pollen/cm?®), and
RBN-2 (100,000 to 300,000 pollen/cm?) along with an increase in
Rkizophora pollen percentage in cores G-3 (from 15 to 60%), G-4
(20 to 60%), and RBN-2 (10 to 55%). The increase in pollen concentra-
tion and Rhizophora pollen percentage suggest an incursion of the
lower mangrove zone, dominated by Rhizophora, into higher tidal
flats in recent decades (Figs. 3, 4, and 5, Supplementary material).

The Avicennia tregs current stature gradient from 30 cm height in the
hizhest flats (with porewater salinity of ~70%.) to 5 m height at a lower
surface (with porewater salinity of ~50%.) in sectors 1 and 2, suggest a
relationship between sediment physicochemistry and mangrove struc-
ture (Figs. 3 and 4). [n this context, a RSL rise has caused an increase in
the tidal inundation frequency, resulting in a decrease in the time expo-
sure allowing for the evaporation of tidal waters. This process causes a
decrease in porewater salinity; consequently, it decreases the saline
stress in the Avicennia trees, allowing such trees to become taller and in-
vade the higher tidal flats in the next years. The landward mangrove mi-
gration onto higher tidal flats may be considered a global phenomenon,
suggesting a common driving force, likely related to sea-level rise driven
by global warming [Adam, 2002; Cohen and Lara, 2003; Gaiser et al.,
2006; Gilman et al., 2007; Krauss et al., 2011; Peterson and Bell, 2015;
Cchen et al,, 2018).

5.3. Sea-level rise of 98cm by 2100

Some studies indicated that mangroves are stressed during a sea-
level rise between 0.9 and 1.2 mm/yr, and higher rates could further
threaten mangroves (Ellison and Stoddart, 1991). This interpretation
was contested by Snedaker et al. (1994), who indicated historical re-
cords showing mangrove expansion under relative sea-level rise nearly
twice that of the critical maximum threshold. Soil elevation analysis re-
vealed that Caribbean mangrove substrates would not keep pace witha
sea-level rise =5 mmyear ' (McKee et al., 2007), and the rate of surface
accretion can only keep pace with sea-level rise scenario RCP 85
(52-98 cm by 2100) to 2070 in basin mangrove settings and 2055 in
fringe mangrove settings (IPCC, 2013; Sasmito et al., 2015). According
to Spencer et al. (2016), a loss of coastal wetlands worldwide between
392 and 578 x 10° km? would occur with a sea-level rise of 110 cm by
2100.

Mangrove resilience in the face of sea-level rise depends not only on
the rates of sea-level rise but also local characteristics, such as annual
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average temperatures, structure and productivity of mangroves, dy-
namics of the sedimentary environment, coastal geomorphology, lateral
accommodation space across an elevation gradient, tidal range, sedi-
ment type/supply, estuarine salinity gradients, and hydrodynamics re-
lated to tides, waves and littoral currents (Cohen and Lara, 2003; Lara
and Cohen, 2006; McKee et al., 2007; Cohen et al., 2009, 2012, 2014,
2018, 2020a, 2020b; Lovelock et al., 2015b; Spencer et al.,, 2016;
Woodroffe et al., 2016; Rodrigues et al., 2021). Among these factors,
the biological and physical processes that trap mineral sediments, re-
fractory mangrove roots, and other organic inputs in mangrove sub-
strates to adjust their vertical position according to sea-level rise
should be highlighted (Parkinson et al, 1994; Furukawa and
Wolanski, 1996; Mckee and Faulkner, 2000; Cahoon et al., 2006;
McKee et al., 2007; Krauss et al., 2014; Lovelock et al., 2015a). Flats
under the influence of low sediment supply and small tidal ranges are
more vulnerable to loss of mangrove areas than flats exposed to high
sediment supply and large tidal ranges (Lovelock et al., 2015b;
Spencer et al.,, 2016). In addition, tidal ranges, which are amplified
along the estuaries, may be magnified by sea-level rise according to
shelf slope, size and shape of the estuarine basin (e.g. Bhattacharya,
2011). The interaction of each of these drivers will determine the local
mangrove fate in the face of sea-level rise (Bruun, 1962; Schwartz,
1965; Cohen et al., 2012; Woodroffe and Murray-Wallace, 2012;
Cohen et al., 2014; Ellison, 2016).

In this context, estimated sedimentation rates in the studied cores
between -6300 cal yr BP and 1950 CE (0.03 to 4.4 mm year ') were
lower than the Anthropocene (4.4 to 14 mm year ') (Figs. 5, 6, 7 and
8). These relatively low sedimentation rates may be attributed to the
RSL fall during the mid-late Holocene. By contrast, higher sedimentation
rates during the Anthropocene are likely related to the response of the
depositional environment and mangroves to the high rates of sea-
level rise in recent decades (3.4 3.4 mm/yr, IPCC, 2014; Dangendorf
et al., 2017; Nerem et al., 2018). Surface accretion rates from 5 to 14
mmyear ' have been recorded on modern mangrove substrates, for in-
stance, in Australia, Honduras, and Micronesia (Cahoon et al., 2006;
Rogers et al., 2006; Krauss et al., 2010; Lovelock et al., 2011; Sasmito
et al,, 2015). Stratigraphic successions are controlled by the interplay
of sedimentation rate and accommodation space (Schlager, 1993),
which depends mainly on sediment supply and RSL changes, respec-
tively (Schlager, 1993; Soreghan and Dickinson, 1994). The structure
(zonation and mangrove density/stature) and mangroves productiv-
ity also contribute to sediment accumulation (Furukawa and
Wolanski, 1996; Kathiresan Kandasamy, 2003; Ellis et al., 2004;
McKee et al., 2007; Phillips et al., 2017; Matos et al., 2020). Mangrove
species composition affects the mangrove resistance and resilience
to sea-level rise as specific genera have different tolerances to
porewater salinity, tidal inundation frequency and depth of inunda-
tion, causing different sedimentation rates (Krauss et al., 2003;
Rogers et al., 2005; McKee et al., 2007; Di Nitto et al., 2013b). Species
with prop roots, such as Rhizophora spp., favor vertical accretion
more than species with pneumatophores, such as Avicennia spp.
(Furukawa and Wolanski, 1996; Krauss et al., 2003), and sites with
an Avicennia-Rhizophora interphase are more efficient than more ho-
mogenous Avicennia or Rhizophora zones in trapping sediment
(Kathiresan Kandasamy, 2003). Therefore, it is reasonable to propose
the high mangrove tree density (200-3000 trees/ha, Fig. 3 and
Table 1), stature (<15 m, Figs. 3, 4 and Table 1) and zonation each
contributed to retain fluvial sediments on the studied estuarine
basin and increase the sedimentation rates during the Anthropocene
(Figs. 5, 6,7 and 8).

The most vulnerable mangrove forests are in the lower tidal flats (0-
0.3 m amsl), have the lowest Rhizophora densities (200-600 trees/ha,

Fig. 11. a) Digital elevation model of the studied area under the influence of the Aldeia Velha and Jabuti rivers based on SRTM data; b) orthomosaics recorded in 2019 of sectors 1 and 2

evidencing mangrove boundaries; ¢) projections for the mangrove boundaries according to a sea-level rise of 98 cm by 2100; d) topog)
flats occupied by mangrove in 2019 and projections for 2100 under a sea-level rise of 98 crn

phic profiles showing the lowest and highest tidal
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Fig. 12. a) Digital elevation model of the studied area under the influence of the Benevente River (sector 3) based on SRTM data; b) topographic profiles showing mangroves and
herbaceous vegetation, influenced by brackish and freshwater, respectively, confined between coastal terraces.

Fig. 3 and Table 1), and are more exposed to the action of waves and cur-
rents. As recorded along the northern Brazilian coast, these hydrody-
namic forces may cause erosion and/or sand accumulation on
mangrove mud layers, degrading mangrove forests (Cohen and Lara,
2003; Cohen et al,, 2009). However, in this study, the spatial-temporal
analysis between 1985 and 2018 indicated stability for mangrove
areas on the lowest tidal flats, suggesting that mangroves were not de-
graded (Fig. 2). Considering the highest muddy tidal flats (0.8-1.1 m

amsl) have the highest mangrove tree densities (1000-3000 trees/ha),
Avicennia mangroves may migrate upwards to the higher sandy tidal
flats (1.1-2.5 m amsl) that currently makes up -22 ha of the coastal
plain, and partially replace palms and herbaceous vegetation through
the end of the century (Figs. 2 and 11). The ombrophilous forest and
deforested areas that occupy the crystalline terrain and coastal terraces
(>3 m amsl) with steep surfaces (Fig. 11) will not be affected by
flooding. Urban areas, occurring >2.5 m amsl, will also not be exposed
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to landward mangrove migration this century. Mangrove expansion
will be restricted to sandy flats between crystalline terrains and coastal
terraces. Artificial or natural landward obstructions to mangrove migra-
tion may move landward in response to erosive forces, but the crystal-
line terrain and coastal terraces will withstand the effects of sea-level
rise on a secular scale.

These predictions are supported by the spatial-temporal and pollen
analyses that revealed a mangrove invasion onto higher flats since
1985 and 1955 CE, respectively (Figs. 2, 5 and 7). Therefore, the
recorded sedimentation rates, mangrove dynamics during the
Anthropocene, modern mangrove structure (stature, density, and zona-
tion), coastal geomorphology and lateral accommodation space suggest
that mangrove area will increase in the study sites under the influence
of a 98cm sea level rise by 2100. However, after mangrove establish-
ment on the highest flats with low elevation gradients, further man-
grove migration will be limited by the steeper relief surrounding the
coastal plain (Fig. 11a and b).

This prediction is also valid for flats under the Benevente River influ-
ence (sector 3), which has a drainage basin larger than the Jabuti and
Aldeia Velha Rivers (sectors 1 and 2, Fig. 1). Benevente River and its
drainage produces extensive flood plains (~4030 ha) occupied by fresh-
water herbaceous vegetation and is topographically (0-2 m amsl, eleva-
tion based on SRTM data) suitable for future mangrove establishment
(Fig. 12). However, upstream mangrove migration in this area will de-
pend on the interaction between fluvial discharge and RSL rise rates
that control the landward incursion of saltwater along the fluvial valley.
Similarly, predictions about the impact of sea-level rise on mangroves
along estuarine valleys have previously been presented for a coastal re-
gion in northeastern Brazil (Cohen et al., 2020a, 2020b).

6. Conclusions

Multi-proxy analysis from four sediment cores recorded the effects
of the middle Holocene high sea-level stand on Brazil's southeast coast
during the Holocene, The RSL rise converted a flat occupied by herbs
and palms into a lagoon surrounded by mangroves, followed by an in-
crease in sedimentary organic matter sourced from estuarine waters
during the early-middle Holocene. These coastal depressions were filled
with sediments during the high sea-level stand, which contributed to
the conversion of lagoons into tidal flats occupied by mangroves during
a RSL fall between 4230 and 1340 cal yr BP. Mangroves migrated from
the highest to lowest tidal flats, causing an expansion of herbs and
palms on elevated flats. The last thousand years were characterized by
a significant decrease in mangrove pollen occurrence between 390 cal
yr BP (1560 CE) and 77 cal yr BP (1873 CE), which must be related to
a RSL fall. Core G-4, sampled from the Rhizophora dominant lowest
zone of the tidal flats, revealed a trend of increasing Rhizophora pollen
percentages since 77 cal yr BP (1873 CE). Cores sampled from the
highest tidal flats, currently presenting a mangrove/herbaceous vegeta-
tion ecotone, indicated an increase of pollen percentages of Rhizophora,
Avicennia, and Laguncularia, suggesting mangrove migration onto
higher tidal flats previously occupied by herbs, palms, and trees/shrubs
since 1958 (core G-3) and 1955 CE (core RBN-2). Satellite and drone im-
ages indicated that lower mangrove boundaries remained stable along
the studied estuary and the upper boundary expanded, with mangroves
invading higher flats between 1985 and 2018. These trends must be re-
lated to the increase in estuarine influence by a RSL rise since the end of
the Little Ice Age and have intensified during recent decades. Under a
sea-level rise scenario, the potential of mangrove expansion onto higher
surfaces is limited to ~22 ha of sandy flats currently occupied by
ombrophilous forests, confined between crystalline terrains and coastal
terraces (>3 mamsl) with steep surfaces. However, mangrove coloniza-
tion by 2100 of the extensive flood plains (~4030 ha) under the
Benevente River influence with elevation suitable for upstream man-
grove migration will depend mainly on the interaction between fluvial
discharge and sea-level rise. This study illustrates the efficiency of
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integrating planialtimetric data with multiproxy stratigraphic analysis
for a thorough palaeoenvironment and paleoflora reconstruction on
millennial and decadal scales and to predict the mangrove distributions
in a near-future scenario.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geomorph.2021.107860.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

We want to thank the members of the Laboratory of Coastal Dy-
namic (LADIC-UFPA), Center for Nuclear Energy in Agriculture (CENA-
USP), Laboratory of Nuclear Instrumentation (USP-CENA), the students
from the Laboratory of Chemical-Oceanography (UFPA), and C-14 Labo-
ratory (CENA-USP) for their support. This study was financed by CNPQ
(307497/2018-6) and FAPESP (2011/00995-7, 2017/03304-1, 2015-
19121-8).

References

Adam, P., 2002, Saltmarshes in a time of change. Environ, Conserv. 29, 39-61. https:/doi.
org/10.1017/50376892902000048.

AgisoftPhotoScan, 2018. AgiSoft PhotoScan Professional. Version 1.4.5. Agisoft LLC, St. Pe-
tersburg, Russia Retrieved from. http://www.agisoft.com/downloads/installer/.

Almeida, FF.M,, 1977. 0 Criton do Sdo Francisco. Rev. Bras. Geociéncias 7, 349-364.

Almeida, FFM., Hasui, Y., Neves, B.B.B, 1977. Provindias estruturais brasileiras. Simpdsio
de Geologia do Centro-Oeste. Simpésio de Geologia Do Centro-Oeste. Atas, Campina
Grande, pp. 363-391 SBG/GO - BS.

Angulo, R., Lessa, G, Souza, M., 2006. A critical review of mid- to late-Holocene sea-level
fluctuations on the eastern Brazilian coastline. Quat. Sci, Rev. 25, 486-506. https://doi.
org/10.1016/j.quascirev.2005.03.008.

Aparecida, C,, Uliana, E., 2011. Estimativa da vazdo e da precipitacdo maxima utilizando
modelos probabilisticos na Bacia Hidrogrifica do Rio Benevente. ENCICLOPEDIA
Biosf. 7, 1-11.

Augustinus, P.G.EF.,, 1995, Geomorphology and sedimentology of mangroves. Dev.
Sedimentol. 53, 333-357. https://doi.org/10.1016/50070-4571(05)80032-9.

Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, EW,, Stier, A.C, Silliman, BR,, 2011. The
value of estuarine and coastal ecosystem services. Ecol. Monogr. 81, 169-193.
hitps://doi.org/10.1890/10-1510.1.

Behling, H., Cohen, M.C.L, Lara, RJ., 2001. Studies on Holocene mangrove ecosystem dy-
namics of the Braganga Peninsula in north-eastern Pard, Brazil. Bosque 167, 225-242,

Bhattacharya, J.P., 2011. Deltas. Facies Models Revisited. SEPM (Society for Sedimentary
Geology), pp. 237-292 https://doi.org/10.2110/pec.06.84.0237.

Bird, E.CF., 1980. Mangroves and coastal morphology. Vic. Nat. 97, 48-58.

Boski, T., Bezerra, FH.R,, de Fitima Pereira, L, Souza, AM., Maia, R.P., Lima-Filho, F.P.,
2015. Sea-level rise since 8.2ka recorded in the sediments of the Potengi-Jundiai Es-
tuary, NE Brasil. Mar. Geol. 365, 1-13. https://doi.org/10.1016/j.marge0.2015.04.003.

Bradley, RS.. Jones, P.D., 1992. When was the “Little lce Age"? In: Mikami, T. (Ed.). Pro-
ceedings of the International Symposium on the “Little Ice Age” Climate. Department
of Geography, Tokyo Metropolitan University, pp. 1-4

Bricalli, LL, de Souza, BS,, 2017. Caracterizagdo geoldgica- geomor{olégnca da bacia do no
Juara (Espirito Santo, sudeste do Brasil). Os Desafios Da Geografia Fisica Na F a
Do Conhecimento. INSTITUTO DE GEOCIENCIAS - UNICAMP, pp. 6219-6232 https://
doi.org/10.20396/sbgfa.v1i2017.2517.

Bruun, P, 1962. Sea level rise as a cause of shore erosion. |. Waterw. Harb. Div. Am. Soc.
Civ. Eng. 88, 117-130.

Cahoon, D.R., Hensel, P.F, Spencer, T, Reed, D.J., McKee, K.L., Saintilan, N., 2006. Coastal
wetland vulnerability to relative sea-level rise: Wetland elevation trends and process
controls, In: Verhoeven, |.T.A., Beltman, B., Bobblng. R.. Whigham, D.F. (Eds.), Wet-
lands and IR e M inger-Verlag, Berlin, pp. 271-292.

Carvalho, LM.V,, Jones, C, Liecbmann, B Carvalho, LMV, Jones, C, Liecbmann, B, 2004. The
South Atlantic Convergence Zone: Intensity, Form, Persistence, and Relationships
with Intraseasonal to Interannual Activity and Extreme Rainfall. https://doi.org/
10.1175/1520-0442(2004)017<0088:TSACZI>2.0.C0;2.

Castro, D.F., Rossetti, D.F.. Cohen, M.CL, Pessenda, LCR,, Lorente, F.L,, 2013, The growth of
the Doce River Delta in northeastern Brazil indicated by sedimentary facies and dia-
toms. Diatom Res. 28, 455-466. https://doi.org/10.1080/0269249X.2013.841100.

Cohen, M.CL, Lara, RJ., 2003. Temporal changes of mangrove vegetation boundaries in
Amazonia: Application of GIS and remote sensing techniques. Wetl. Ecol. Manag.
11, 223-231. https://doi.org/10. 1023'A |025007331075

Cohen, M.CL., Behling, H., Lara, R}, 2005. d; ics during the last
millennium: the relative sea-level and the Little lceAge Rev. Palaeobol. Palynol. 136,
93-108. https://doi.org/10.1016/.revpalbo.2005.05.002.




BS. Bozi, B.L. Figueiredo, E. Rodrigues et al

Cohen, M.CL, Behling. H,, Lara, R}, Smith, CB,, Matos, HRS. Vedel, V., 2009. Impact of sea-
level and dimatic changes on the Amazon coastal wetlands during the late Holocene.
Veg. Hist. Archaeobot. 18, 425-439. https://doi.org/10.1007/500334-008-0208-0.

Cohen, M.CL, Pessenda, LCR., Behling, H., de Fitima Rossetti, D., Franca, M.C,, Guimardes,
JT.F, Friaes, Y., Smith, CB. 2012, Holocene palacoenvironmental history of the Ama-
zonian mangrove belt. Quat. Sci. Rev. 55, 50-58.

Cohen, MCL, Franga, M.C, Rossetti, D., Pessenda, LCR, Giannini, P.CF,, Lorente, L., Junior,
AAB, Castro, D., Macario, K., 2014, Landscape evolution during the late Quaternary at
the Doce River mouth, Espirito Santo State, Southeastern Brazil. Palacogeogr.
Palaeoclimatol. Palaeoecol. 415, 48-58. https://doLorg/10.1016/j.palae0.2013.12.001.

Cohen, M.CLL, Alves, LC.C,, Franga, M.C,, Pessenda, LCR., de F Rossetti, D., 2015. Relative
sea-level and climatic changes in the Amazon littoral during the last 500 years. CA-
TENA 133, 441-451. https://doi,org/10.1016/j.catena.2015.06.012.

Cohen, M.C.L, de Souza, A.V Rossem. D.F, Pessenda, LCR., Franga, M.C, 2018. Decadal-
scale d ics of an A jian mang! caused by climate and sea level changes:
inferences from spatial-temporal analysis and Digital Elevation Models. Earth Surf.
Process. Landforms 43, 2876-2888. https://doiorg/10.1002/esp.4440.

Cohen, M.CL., Figueiredo, B.L, Oliveira, N.N., Fontes, NA, Franga, M.C, Pessenda, LCR., de
Souza, AV., Macario, K., Giannini, P.CF., Bendassolli, J.A., Lima, P., 2020a. Impacts of
Holocene and modern sea-level changes on estuarine mangroves from northeastern
Brazil. Earth Surf, Process. Landforms 45, 375-392, https://doi.org/10.1002/esp.4737.

Cohen, M.C.L., Rodrigues, E., Rocha, D.OS,, Freitas, ]., Fontes, N.A, Pessenda, LCR, de
Souza, AV, Gomes, V.LP., Franga, M.C, Bonotto, DM., Bendassolli, | A, 2020b. South-
ward migration of the austral limit of mangroves in South America. CATENA 195,
104775. https://doi.org/10.1016/j.catena.2020.104775.

Cohen, M.CL, Camargo, PM.P,, Pessenda, LCR., Lorente, F.L, Souza, AV.De, Corréa, JAM.,
Bendassolli, ., Dietz, M., 2021. Effects of the middle Holocene high sea-level stand
and climate on Amazonian mangroves. J. Quat. Sci., jgs.3343 hups://doi.org/
10.1002/JQ5.3343.

Colinvaux, P., De Oliveira, P.E, Patifio, J.E.M., 1999, Amazon Pollen Manual and Atlas.
Harwood Academic Publishers, Dordrecht.

Cooper, JAG., Meireles, RP., Green, AN, Klein, AH.F. Toldo, E.E, 2018. Late Quaternary strat-
igraphic evolution of the inner continental shelf in response to sea-level change, Santa
Catarina, Brazil. Mar. Geol. 397, 1-14. https://doi.org/10.1016/.margeo.2017.11.011.

D'Alpaos, A., Lanzoni, S., Marani, M., Rinaldo, A., 2008. Landscape evolution in tidal em-
bayments: Modeling the interplay of erosion, sedimentation, and vegetation dynam-
ics. J. Geophys. Res. 112, 1-17.

Dangendorf, S., Marcos, M., Woppelmann, G., Conrad, C.P., Frederikse, T, Riva, R, 2017.
Reassessment of 20th century global mean sea level rise. Proc. Natl, Acad. Sci. U. S.
A. 114, 5946-5951. https: //doi.org/10.1073/pnas. 1616007114,

Davis, RA., 2013. Evolution of coastal landforms. Treatise on Geomorphology. Elsevier
Inc., pp. 417-448 https://doi.org/10.1016/B978-0-12-374739-6.00293-1.

Deines, P, 1980. The isotopic composition of reduced organic carbon. In: Fritz, P., Fontes,
J.C. (Eds.), Handbook of Envi al I Geochemistry. The Terrestrial Envi-
ronments. Elsevier, Amsterdam, pp. 329-406,

DHN, 2014. Directorate of hydrography and navigationon. Tide Table Porto De [lhéus -
Malhado - BA.

Di Nitto, D., Erftemeijer, P.LA,, van Beek, ] K.L, Dahdouh-Guebas, F., Higazi, L., Quisthoudt,
K., Jayatissa, LP., Koedam, N., 2013a. Modelling drivers of mangrove propagule dis-
persal and restoration of abandoned shrimp farms. Biogeosciences 10, 5095-5113.
https://doi.org/10.5194/bg-10-5095-2013.

Di Nitto, D., Neukermans, G., Koedam, N., Defever, H., Pattyn, F., Kairo, J.G., Dahdouh-
Guebas, F., 2013b. Mangroves facing climate change: landward migration potential
in response to projected scenarios of sea level rise. Biogeosci. Discuss. 10,
3523-3558. https://doi.org/10.5194/bgd-10-3523-2013.

Dittmar, T, Lara, R}, Kattner, G., 2001. River or mangrove? Tracing major organic matter
sources in tropical Brazilian coastal waters. Mar. Chem. 73, 253-271. https://doi.org/
10.1016/50304-4203(00)00110-9.

Dittmar, T,, Hertkorn, N, Kattner, G., Lara, R, 2006. Mangroves, a major source of dis-
solved organic carbon to the oceans. Global Biogeochem. Cycles, 1-7 https://doi.
0rg/10.1029/2005GB002570.

Ellis, ], Nicholls, P., Craggs, R., Hofstra, D., Hewitt, |, 2004, Effects of terrigenous sedimen-
tation on mangrove physiology and associated macrobenthic communities. Mar. Ecol.
Prog, Ser. 270, 71-82. hitps://doi.org/10.3354/meps270071.

Ellison, J.C, Stoddart, D.R., 1991. Mangrove ecosystem collapse during predicted sea-level
rise: Holocene analogues and implications. J. Coast. Res. 7, 151-165.

Ellison, J.C., 2016. Mang Inerability methodology and adaptation
prioritisation. Malaysian For. 79, 95-108,

EMBRAPA, 1978. Empresa Brasileira de Pesquisa Agropecudria. Levantamento de
Reconhecimento dos Solos do Estado do Espirito Santo. BoletimTécnico, Rio de Janeiro.

de F Toniolo, T., Giannini, P.CF, Angulo, R], de Souza, M.C, Pessenda, L.CR,, Spatorno-
Oliveira, P, 2020. Sea-level fall and coastal water cooling during the Late Holocene
in Southeastern Brazil based on vermetid bioconstructions. Mar. Geol. 428. https://
doi.org/10.1016/j.margeo.2020.10628 1.

Faegri, K., Iversen, |, 1989, Textbook of Pollen Analysis. 4th ed. Wiley.

Franca, M.C., Cohen, M.CL., Pessenda, LCR., Rossetti, D.F., Lorente, F.1, Buso Junior, AA.,
Guimardes, |.TF, Friaes, Y., M, K., 2013. M. ion changes on Holo-
cene terraces of the Doce River, southeastern Brazu. CATENA 110, 59-69. https://doi.
org/10.1016/j.catena2013.06.011.

Franga, M.C,, Alves, LC.C, Castro, D.F,, Cohen, M.CL, Rossetti, D.F., Pessenda, LCR,, Lorente,
F.L, Fontes, N.A., Junior, AA B, Giannini, P.CF., Francisquini, M.L, 2015. A multi-proxy
evidence for the transition from estuarine mangroves to deltaic freshwater marshes,
Southeastern Brazil, due to climatic and sea-level changes during the late Holocene.
CATENA 128, 155-166. https://doi.org/10.1016/.catena 2015.02.005.

Franca, M.C,, Alves, LCC,, Cohen, M.C,, Rossetti, D.F,, Pessenda, LC,, Giannini, P.C, Lorente,
F.L. Buso Junior, AA, Bendassolli, ].A. Macario, K., 2016. Millennial to secular time-

79

Geomorphology 390 (2021) 107860

scale impacts of climate and sea-level changes on mangroves from the Doce River
delta, Southeastern Braz'l. The Holocene 26, 1733-1749. https://doi.org/10.1177/
0959683616645938.

Furukawa, K., Wolanski, E., 1996. Sedimentation in mangrove forests. Mangroves Salt
Marshes 1, 3-10. https://doi.org/10.1023/A:1025973425404.

Gaiser, E.E., Zafiris, A., Ruiz, P.L, Tobias, FAC. Ross, M.S., 2006. Tracking rates of ecotone
migration due to salt-water encroachment using fossil mollusks in coastal South Flor-
ida. Hydrobiologia 569, 237-257. htlps //doiorg/10.1007 510750-006-0135-y.

Gilman, E., Ellison, J., Col R, 2007. A of m to projected
relative sea-level rise and recent historical reconstruction ol shoreline position. Envi-
ron. Monit. Assess. 124, 105-130. https://doi.org/10.1007/s10661-006-9212-y.

Grimm, E, 1990. TILIA and TILIAGRAPH: PC spreadsheet and graphic software for pollen
data. INQUA Sub-commission on Data-Handling Methods Newsletter.

Grinsted, A., Moore, |.C., Jevrejeva, S., 2009. Reconstructing sea level from paleo and
projected temperatures 200 to 2100 ad. Clim. Dyn, 34, 461-472. https://doi.org/
10.1007 /s00382-008-0507-2.

Harper, CW., 1984, Improved methods of facies sequence analysis. In: Walker, R.G. (Ed.),
Facies Models Geoscience Canada. Reprint Series 1. Geological Association of Canada.
Geological Association of Canada, Toronto, pp. 11-13.

Hicks, S., Hyvirinen, H., 2010. Pollen Influx Values Measured in Different Sedimentary En-
vironments and their Palaeoecological Implications. https://doi.org/10.1080/
001731300750044618.

IPCC, 2013. Intergovernmental Panel on Climate Change (IPCC) Climate Change 2013: The
Physical Science Basis Cambridge University Press. UK, Summary for Policymakers.

IPCC, 2014, Contribution of working groups 1, Il and 1l to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change. In: Pachauri, RK., Meyer, LA.
(Eds.), Climate Change 2(114: Synthesis Report. Geneva, p. 151.

Kandasamy, Kathiresan, 2003. How do mangrove forests induce sedimentation? Rev. Biol.
Trop. 51, 355-359.

Kirwan, M.L, Megonigal, J.P., 2013. Tidal wetland stability in the face of human impacts
and sea-level rise. Nature. https://doi.org/10.1038/nature 12856.

Kirwan, M.L, Murray, AB., 2007. A coupled geomorphic and ecological model of tidal
marsh evolution. Proc. Natl. Acad. Sci. U. S. A. 104, 5118-6122. https://doL.org/
10.1073/pnas. 0700958104,

Krauss, KW., Allen, J A, Cahoon, D.R., 2003, Differential rates of vertical accretion and el-
evation change among azrial root types in Micronesian mangrove forests. Estuar.
Coast. Shelf Sci. 56, 251-259. https://doiorg/10.1016/S0272-7714(02)00184-1.

Krauss, KW., Cahoon, DR, Allen, JA., Ewel, K.C, Lynch, ].C, Cormier, N,, 2010. Surface cl-
evation change and susceptibility of different mangrove zones to sea-level rise on Pa-
cific High Islands of Micronesia. Ecosystems 13, 129-143. https://doi.org/10.1007/
510021-009-9307-8.

Krauss, KW., From, AS., Doyle, T.W., Doyle, T, Barry, M.J. 2011. Sea-level rise and land-
scape change influence mangrove encroachment onto marsh in the Ten Thousand
Islands region of Florida, USA. J. Coast. Conserv. 15, 629-638. https://doi.org/
10.1007/511852-011-0153-4.

Krauss, KW., McKee, KL, Lovelock, CE., Cahoon, DR, Saintikan, N,, Reefl, R, Chen, L, 2014,
How mangrove forests adjust to rising sea level. New Phytol. 202, 19-34. https://doi.
org/10.1111/nph.12605,

Lamb, A.L, Wilson, G.P, Leng M., 2006. A review of coastal palaeoclimate and relative
sea-level reconstructions using 6'°C and C/N ratios in organic material. Earth-Science
Rev. 75, 29-57, https://doi.org/10.1016/j.carscirev.2005.10,003.

Lara, R}J. Cohen, M.CL., 2006. Sediment porewater salinity, inundation frequency and man-
grove ion height in B ¢a, North Brazil: an ecohydrology-based empirical
model Wetl. Ecol. Manag. 14, 349-358. https://doi.org/10.1007/s11273-005-4991-4.

Lean, J. Rind, D., 1999. Evaluating sun-climate relationships since the Little lce Age. Jounal
Amospheric Solar-Terrestrial Phys. 61, 25-36.

Lorente, F.L, Pessenda, LCR., Oboh-lkuenaobe, F., Buso, AA. Cohen, M.CL, Meyer, KEB.,
Giannini, P.CF., de Oliveira, P.E., de F Rossetti, D., Borotti Filho, M.A., de Castro Franga,
M.C., Bendassolli, A, Mazario, K., 2014. Palynofacies and stable C and N isotopes of
Holocene sediments from Lake Macuco (Linhares, Espirito Santo, southeastern Bra-
zil): Depositional settings and palaeoenvironmen:al evolution. Palaeogeogr.
Palacoclimatol. Palacoecol. 415, 69-82. https://doi.org/10.1016/j.palaco.2013,12.004.

Lovelock, C.E., Bennion, V., Grinham, A. Cahoon, D.R., 2011, The role of surface and sub-
surface processes in keeping pace with sea level rise in intertidal wetlands of
Moreton Bay, Queensland, Australia. Ecosystems 14, 745-757. https://doiorg/
10.1007/510021-011-9443-9.

Lovelock, C.E., Adame, M.F,, Bennion, V., Hayes, M., Reef, R., Santini, N., Cahoon, D.R.,
2015a, Sea level and turbidity controls on mangrove soil surface elevation change.
Estuar. Coast. Shelf Sci. 153, 1-9, https://doi.org/10.1016/j.ecss.2014.11.026.

Lovelock, C.E., Cahoon, D.R., Friess, D.A., Guntenspergen, G.R,, Krauss, KW., Reef, R,
Rogers, K., Saunders, M.L., Sidik, F., Swales, A, Saintilan, N., Thuyen, L.X., Triet, T.,
2015b. The vulnerability of Indo-Pacific mangrove forests to sea-level rise, Nature
526, 559-563. https: //doi.org/10.1038/nature 15538,

Markgraf, V., D'Antoni, H.L., 1978. Pollen Flora of Argentina. AZ Univ. Arizona Press,
Tucson.

Martin, L, Dominguez, | ML, Bittencourt, A.CS.P., 2003. Fluauating holocene sea levels in
Eastern and South Brazil; evidence from multiplz fossil and geometric indica-
tors. ). Coast. Res. 19, 101-124.

Matos, CR.L, Berrédo, |.F.. Machado, W., Sanders, CJ., Metzger, E., Cohen, M.CL. 2020. Car-
bon and nutrients accumulation in tropical mangrove creeks, Amazon region. Mar.
Geol. 429, 106317. https://doi.org/10.1016/j.marge0.2020.106317.

Mckee, K.L., Faulkner, P.L., 2000, Mangrove peat analysis and reconstruction of vegetation
history at the Pelican Cays, Belize. Atoll Res. Bull. 47-58.

McKee, KL, Cahoon, D.R,, Feller, 1.C,, 2007, Caribbean mangroves adjust to rising sea level
through biotic controls or change in soil elevation. Glok. Ecol. Biogeogr. 16, 545-556.
https://doi.org/10.1111/5.1466-8238.2007.00317.x.




B.S. Bozi, B.L. Figueiredo, E. Rodrigues et al

Meyers, P.A, 1994, Preservation of elemental and isotopic source identification of sedi-
mentary organic matter. Chem. Geol. 114, 289-302. https://doi.org/10.1016/0009-
2541(94)90059-0.

Meyers, P.a., 1997. Organic geochemical of paleoc hic, paleolimnologic,
and paleoclimatic processes. Org. Geochem. 27 213-250. https //doi,org/10.1016/
$0146-6380(97)00049-1.

Miall, AD,, 1978. Facies types and vertical profile models in braided river deposits: A sum-
mary. In: Miall, AD. (Ed.), Fluvial Sedi logy. Canadian Society of Petrol Ge-
ologists, Calgary, pp. 597-604.

Nagelkerken, 1, Blaber, S M., Bouillon, S,, Green, P., Haywood, M., Kirton, L.G., Meynecke,
1-0., Pawlik, J.. Penrose, H.M., Sasekumar, A, Somerfield, P.J., 2008. The habitat func-
tion of mangroves for terrestrial and marine fauna: A review, Aquat. Bot, 89, 155-185,
https://doi.org/10.1016/j.aquabot.2007.12.007.

Nascimento, W.R., Souza-Filho, PW.M,, Proisy, C. Lucas, RM.,, Rosenqvist, A., 2013. Map-
ping changes in the largest continuous Amazonian mangrove belt using object-based
classification of multisensor satellite imagery. Estuar. Coast. Shelf Sci, 117, 83-93.
https://doi.org/10.1016/j.ecss.2012.10.005.

Nerem, RS., Beckley, B.D., Fasullo, JT., Hamlington, B.D., Masters, D., Mitchum, G.T., 2018.
Climate-change-driven accelerated sea-level rise detected in the altimeter era. Proc.
Natl. Acad. Sci. U. S. A, 115, 2022-2025. https://doi.org/10.1073/pnas.1717312115.

Nieminski, N.M., Graham, S.A.,, 2017. Modeling stratigraphic architecture using small un-
manned aerial vehicles and photogrammetry: examples from the Miocene East Coast
Basin, New Zealand, |. Sediment. Res. 87, 126-132. https: //doi.org/10.2110/j5r.2017.5.

de O Caldas, 1.H., de M Oliveira, |G, de Stattegger, W.E, Stattegger, K., Vital, H., 2006. Ge-
ometry and evolution of Holocene transgressive and ive barriers on the semi-
arid coast of NE Brazil. Geo-Marine Lett. 26, 249-263. https://doi.org/10.1007/
500367-006-0034-2.

Pan, Y, Yan, S., Behling, H,, My, G., 2013, Transport of airborne Picea schrenkiana pollen
on the northemn slope of Tianshan Mountains (Xinjiang, China) and its implication
for palecenvironmental reconstruction. Aerobiologia (Bologna). 29, 161-173.
https://doi.org/10.1007/510453-012-9270-2.

Parkinson, RW., DeLaune, RD., White, |.R., 1994. Holocene sea-level rise and the fate of
mangrove forests within the wider Caribbean region. J. Coast. Res. 10, 1077-1086.

Pascoalini, S.S., Lopes, DMS., Falqueto, AR., Tognella, M.M.P,, 2014. Abordagem
Ecofisiolégica dos M is: uma revisdo. Biotemas 27, 1-11.

Peixoto, AL, Gentry, A., 1990, Diversidade ¢ composi¢ao floristica da mata de tabuleiros
na Reserva Florestal de Linhares (Espirito Santo, Brasil), Rev. Bras, Botdnica 13, 19-25.

Pessenda, LCR., Ribeiro, A.D.S,, Gouveia, S.EM., Aravena. R, Boulet, R., Bendassolli, JA.,
2004. Vegetation dynamics during the late Pleistocene in the Barreirinhas region,
Maranhdo State, north Brazil, based on carbon isotopes in soil organic matter.
Quat. Res. 62, 183-193. https://doi.org/10.1016/j.yqres.2004.06.003.

Pessenda, L.CR., Gouveia, S.EM,, de Sribeiro, A, de Oliveira, P.E, Aravena, R., 2010. Late
Pleistocene and Holocene vegetation changes in northeastern Brazil determined
from carbon isotopes and charcoal records in soils. Palaeogeogr. Palaeoclimatol.
Palaececol. 297, 597-608. https://doi.org/10.1016/j.palaeo.2010.09.008.

Pessenda, LCR., Vidotto, E., De Oliveira, P.E., Buso, AA, Cohen, M.CL, de Rossetti, D.,
Ricardi-Branco, F., Bendassolli, JA., 2012. Late Quanemary vegetation and coastal en-
vironmental changes at Itha do Cardoso mang n Brazil. Pal
Palacoclimatol, Palacoecol, 363, 57-68,

Peterson, |.M., Bell, §.S., 2015. Saltmarsh boundary modulates dispersal of mangrove
propagules: Implications for mangrove migration with sea-level rise. PLoS One 10,
20119128, https://doi.org/10.1371/journal.pone.01 19128,

Phillips, D.H., Kumara, M.P., Jayatissa, LP., Krauss, KW., Huxham, M., 2017. Impacts of
Mangrove Density on Surface Sediment Accretion, Belowground Biomass and Biogeo-
chemistry in Puttalam Lagoon, Sri Lanka. Wetlands 37, 471-483, https://doi.org/
10.1007/513157-017-0883-7.

Reading, H.G., 1996. Sedimentary Environments: Processes, Facies and Stratigraphy. 3a
ed. Blackwell Science.

Reimer, PJ. Bard, E. Bayliss, A, Beck, JW.. Blackwell, P.G., Ramsey, CB. Buck. CE, Cheng, H.,
Edwards, R.L, Friedrich, M., Grootes, PM., Guilderson, T.P,, Haflidason, H., Hajdas, 1.,
Hatté, C, Heaton, T), Hoffmann, DL, Hogg. AG., Hughen, KA, Kaiser, KF, Kromer, B,
Manning. SW.,, Niu, M,, Reimer, RW., Richards, DA, Scott, EM,, Southon, JR, Staff, RA.,
Turmey, CS.M., van der Plicht, ] 2013, IntCal13 and Marine13 radiocarbon age calibration
curves 0-50.000 years cal BP. Radiocarbon 55, 1869-1887. https://doi.org/10.2458/azu
5 15516947,

Ribeiro, SR., Batista, EJ.L.. Cohen, M.C., Franga, M.C,, Pessenda, L.C,, Fontes, NA Alves, 1.C.,
Bendassolli, LA, 2018, All ic and genic effects on 14 ics from
the Ceard Mirim River, north—eastcrn Brazil, during the Middle and l.atc Holocene.
Earth Surf. Process. Landforms. https://doi.org/10.1002/esp4342.

Rodrigues, E., Cohen, M.CL, Liu, K., Pessenda, LCR., Yao, Q, Ryu, J., Rossetti, D., de Souza,
A, Dietz, M., 2021. The effect of global warming on the establishment of

BEOs!

80

Geomorphology 390 (2021) 107860

Rossetti, D.F, Goes, AM., 2009. Marine influence in the Barreiras Formation, State of Ala-
goas, northeastern Brazil. An. Acad. Bras. Cienc. 81, 741-755. https://doi.org/10.1590/
s0001-37652009000400012.

Rossetti, D.F, Polizel, S.P., Cohen, M.CL., Pessenda, LCR,, 2015, Late Pleistocene-Holocene
evolution of the Doce River delta, southeastern Brazil: Implications for the understand-
ing of wave-influenced deltas. Mar. Geol. 367, 171-190. https://doi.org/10.1016/}.
margeo.2015.05.012.

Roubik, D.W., Moreno, JE., 1991. Pollen and Spores of Barro Colorado Island. Missouri Bo-
tanical Garden.

Sahoo, H., Gani, N.D., 2015. Creating three-dimensional channel bod:cs in uDAR inte-
grated outcrop characterization: A new approach for imp 1 analysis.
Geosphere 11, 777-785. https://doi.org/10.1130/GES01075.1.

Saintilan, N., Wilson, N.C, Rogers, K., Rajkaran, A, Krauss, K.W,, 2014. Mangrove expan-
sion and salt marsh decline at mangrove poleward limits, Glob. Chang. Biol. 20,
147-157. hutps://doi.org/10.1111/geb.12341.

Salgado-Labouriau, M.L,, 1997. Late quaternary palaeoclimate in the savannas of South
America. J. Quat. Sci. 12, 371-379. https://doi.org/10.1002/(SICI)1099-1417
(199709/10)12:5<371::AID-JQS320>3.0.C0:2-3.

Sasmito, S.D., Murdiyarso, D., Friess, D.A, Kurnianto, S, 2015. Can mangroves keep pace
with contemporary sea level rise? A global data review. Wetl. Ecol. Manag, https://
doi.org/10.1007/511273-015-9466-7.

Schidlowski, M., Hayes, JM., Kaplan, LR., 1983, Isotopic inferences of ancient biochemis-
tries - carbon, sulfur, hydrogen, and nitrogen. NASA, United States (32 p.).

Schlager, W., 1993. Accommodation and supply-a dual control on stratigraphic sequences.
Sediment. Geol. 86, 111-136. https://doi.org/10.1016/0037-0738(93)90136-S.

Schwartz, M.L, 1965. Laboratory study of sea-level rise as a cause of shore erosion. J. GeoL
73,528-534,

Snedaker, S.C, Meeder, |.F, Ross, M.S,, Ford, RC., 1994. Discussion of Ellison, Joanna C. and
Stoddart, David R., 1991. Mangrove ecosystem collapse during predicted sea-level
rise: Holocene analogues and implications. J. Coast. Res. 10, 497-498.

Soreghan, GS., Dickinson, W.R., 1994. Generic types of stratigraphic cycles controlled by
eustasy. Geology 22, 759-761. https://doi.org/10.1130/0091-7613(1994)022<0759:
GTOSCC>2.3.00:2.

Spencer, T., Schuerch, M., Nicholls, R, Hinkel, |, Lincke, D,, Vafeidis, AT, Reef, R.,
McFadden, L, Brown, S., 2016. Global coastal wetland change under sea-level rise
and related stresses: the DIVA Wetland Change Model. Glob. Planet. Change 139,
15-30. https://doi.org/10.1016/j.gloplacha.2015.12.018.

Suguio, K., Barreto, AMF, Oliveira, P.E, Bezerra, FH.R, Vilela, M.CSH., 2013. Indicators of
Holocene sea level changes along the coast of the states of Pernambuco and Paraiba,
Brazil. Geol. - Série Cientifica USP 13, 141-152. https://doi.org/10.5327/Z21519-
874X201300040008,

Tue, N.T, Nguyen, P.T, Quan, DM., Dung, LV., Quy, T.D., Nhuan, M.T,, Thai, N.D,, 2018. Sed-
imentary composition and organic carbon sources in mangrove forests along the
coast of northeast Vietnam. Reg. Stud. Mar. Sci. 17, 87-94. https://doi.org/10.1016/j.
rsma.2017.12.001,

Tyson, RV, 1995. Sedimentary Organic Matter: Organic Facies and Palynofacies, Chapman
and Hall, London.

Vale, C.C, Ferreira, R.D. 1998. Os manguezais do litoral do Estado do Espirito Santo. Anais
Do Simpoésio de Ecossisternas Da Costa Brasileira. ACIESP, Sdo Paulo, pp. 88-94.
Vieira, VS, de Menezes, R.G., 2015, Geologia e Recursos Minerais do Estado do Espirito

Santo: texto explicativo do mapa geol6gico e de recursos minerais Belo Horizonte,

Walker, R.G., 1992, Facies, facies models and modern stratigrahic concepts. In: Walker,
R.G.. James, N.P. (Eds.), Facies Models - Response to Sea Level Change. Geological As-
sociation of Canada, Ontario, pp. 1-14.

Weng, C., Bush, M.B., Silman, M.R., 2004. An analysis of modern pollen rain on an
elevational gradient in southern Peru. J. Trop. Ecol. 20, 113-124. https://doi.org/
10.1017/50266467403001068.

Wentworth, CK., 1922. A scale of grade and class terms for clastic sediments. J. Geol.
377-392.

Woodroffe, C.D., 1995, Resp of tide-dominated grove shorelines in Northern
Australia to anticipated sea-level rise. Earth Surl Process. Landforms 20, 65-85.
https://doi.org/10.1002/esp.3290200107.

Woodroffe, C.D., Murray-Wallace, C.V., 2012. Sea-level rise and coastal change: the past as
a guide to the future, Quat. Sci. Rev. https://doi.org/10.1016/j.quascirev.2012.05.009.

Woodroffe, C.D., Rogers, K., McKee, K.L, Lovelock, CE, Mendelssohn, LA., Saintilan, N,
2016. Mangrove sedimentation and response to relative sea-level rise. Annu. Rev.
Mar. Sci. 8, 243-266. https://doi.org/10.1146/annurev-marine- 122414-034025.

Yao, Q., Liu, K., 2017. Dynamics of marsh-mangrove ecotone since the mid-Holocene: a pal-
ynological study of mangrove encroachment and sea level rise in the Shark River Estu-
ary, Florida. PLoS One 12, e0173670. https://doi.org/10.1371 fjournal.pone.0173670.

Ya0.Q. Liy, K., Platl. W.L, Rivera-Monroy, V.H,, 2015, Palynological reconstruction of en-

5idp

in coastal Louisiana during the Holocene. Geomorphology 107648. https://doi.org/
10.1016/j.geomorph.2021.107648.

Rogers, K, Saintilan, N., Cahoon, D., 2005. Surface elevation dynamics in a regenerating
mangrove forest at Homebush Bay, Australia, Wetl, Ecol. Manag. 13, 587-598.
https://doi.org/10.1007/511273-004-0003-3.

Rogers, K., Wilton, KM., Saintilan, N.. 2006. Vegetation change and surface elevation dy-
namics in estuarine wetlands of southeast Australia. Estuar. Coast. Shelf Sci. 66,
559-569. https://doi.org/10.1016/.e¢s5.2005.11.004.

21

| changes in coastal wetlands of the Florida Everglades since the mid-Ho-
locene, Quat. Res. 83, 449-458. https://doi.org/10.1016/.yqres.2015.03.005.

Zalasiewicz, ], Waters, CN., Williams, M., Summerhayes, C, 2018. The Anthropocene as a
Geological Time Unit: a Guide to the Scientific Evidence and Current Debate. Cam-
bridge University Press.



81

CAPITULO V: SOUTHWARD MANGROVE EXPANSION IN SOUTH AMERICA
DURING THE LATE HOLOCENE AND ANTHROPOCENE

Erika Rodrigues®; Marcelo Cancela Lisboa Cohen? Ph.D.; Dr; Luiz Carlos R Pessenda®;
Evandro Magalhdes®; Qiang Yao®; Adriana Souza?

& Laboratory of Coastal Dynamics, Graduate Program of Geology and Geochemistry, Federal
University of Para, Brazil Federal University of Para. Rua Augusto Corréa, 01-Guama. CEP
66075-110, Belém (PA), Brazil.

b University of Sdo Paulo, CENA/1413 C Laboratory, Av. Centenario 303, 13400-000,
Piracicaba, S&o Paulo, Brazil.

¢ Department of Oceanography and Coastal Sciences, Louisiana State University, Baton
Rouge, Louisiana 70803, U.S.A

*Corresponding author: Erika Ferreira Rodrigues

Federal University of Par4 - Brazil

Rua Augusto Corréa, 01 - Guama. CEP 66075-110, Belém (PA), Brazil.
Tel.: +55 91 3201-7988. e-mail address: mcohen80@hotmail.com

Submitted to Geomorphology journal


mailto:mcohen80@hotmail.com

ABSTRACT

Temperature influences the global biogeography of mangroves, and global warming may be
driving a poleward mangrove expansion. This work aims to study the impacts of climate
change in the subtropical mangroves during the late-Holocene and Anthropocene on a
southern Brazilian coastal plain and discuss the environmental conditions to the mangrove
establishment near the austral limit of South America mangroves. The main result of this
research was a vegetation succession: saltmarshes (>1460 cal yr BP), Laguncularia (~1000
cal yr BP), Avicennia ~500 cal yr BP), and Rhizophora (~1950 AD). Probably, this vertical
mangrove succession is associated with the low-temperature tolerance of mangroves, where
the sequence Rhizophora, Avicennia, and Laguncularia occurs from the northern to the
southern limits of Santa Catarina coast, respectively, reflecting the temperature gradient. The
absence of mangroves between ~1460 and ~1000 cal yr BP, followed by their Laguncularia,
Avicennia establishment in the late Holocene and Rhizophora in the Anthropocene in the
subtropical zone, is associated with a migration of the austral mangrove limit into the
temperate zone, caused by the gradual increase in winter temperatures. This process may be
related to a poleward mangrove migration since the late Holocene, which is caused by natural
Holocene global warming. However, the Anthropocene warming must have intensified the

mangrove expansion into temperate zones.

Keywords: global warming, palyno-diatoms, sedimentary features, subtropical mangrove
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1 INTRODUCTION

The global annual temperature is increasing at an alarming rate of 0.18°C per decade
since the early 1980s (Dunn et al. 2020), shifting the geographic distribution of biomes
worldwide (Pecl et al. 2017). As a result, many wildlife (birds, mammals, butterflies, bees,
and polar bears) and coastal vegetation (saltmarshes and mangroves) have migrated into
higher latitudes (Walker et al. 2019, Gilman et al. 2008, Walther et al. 2002, Kullman 2001).

Biogeographic studies indicated that the modern global distribution of mangroves is
mainly controlled by temperature (Sherrod & McMillan 1985a, Ellison 2002, Stevens et al.
2006b, Stuart et al. 2007, Quisthoudt et al. 2012, Alongi 2015, Osland et al. 2017). Mangrove
forests occur along tropical and subtropical coasts where the annual average temperature is
above 20°C (Duke et al. 1998) and the minimum temperature is above —7°C (Osland et al.
2020). The Atlantic and Caribbean coasts comprise more than half of the total mangrove area
of the American continent, and a nearly continuous mangrove belt is found from the southern
United States to southern Brazil along the Atlantic coast (Lacerda et al. 2002).

As a response to the Anthropocene global warming, mangroves have migrated into
temperate zones (Cavanaugh et al. 2018), replacing saltmarshes and increasing their poleward
limits on five continents over the past half-century (Osland et al. 2018a). In North America,
such mangrove expansion and contraction have also been recorded in the paleoecological
record. For instance, the boreal limit of mangroves in Texas, Louisiana, Mississippi, Alabama,
Georgia, and Tennessee was further north than their current distribution before the Quaternary
(Gee 2001, Sherrod & McMillan 1985b, Westgate & Gee 1990). During the Pleistocene, due
to colder temperature (Clark et al. 2009), the range of North American mangroves was limited
to equatorial zones in the Caribbean (Lacerda et al. 2002, Sherrod & McMillan 1985b),
followed by a poleward expansion post- LGM (Kennedy et al. 2016, Sandoval-Castro et al.
2012Db). In the southern hemisphere, similar mangrove dynamics have been revealed by some
paleoecological reconstructions (Ellison & Stoddart 1991, Gilman et al. 2008, Cohen et al.
2020, Franga et al. 2019). Mangroves were established in the tropical Brazilian littoral (2° N
- 19°S) at ~7000 cal yr BP (Cohen et al. 2012, 2014, 2020a, Pessenda et al. 2012, Franca et
al. 2013, 2015, Fontes et al. 2017, Ribeiro et al. 2018). However, in subtropical Brazilian
coast (26°S), mangroves occur since ~1630 cal yr BP, with Rhizophora trees arising only
during the last few decades (Franca et al. 2019). In addition, pollen studies from the austral
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limit of American mangroves at Laguna Santa Catarina, southern Brazilian coast (28° 29" S),
indicate that mangroves were absent during the Holocene and were established during the
Anthropocene epoch (Cohen et al. 2020b).

The time lag between mangroves establishment in tropical and subtropical Brazil is
generally attributed to different mangrove physiology and more frequent winter freeze events
in the higher latitudes (Stuart et al. 2007, Osland et al. 2015). For example, Avicennia
schaueriana, Laguncularia racemosa, and Rhizophora mangle are found in Praia dos Sonhos
(27°53’S), while only Avicennia schaueriana and Laguncularia racemosa are found in
Laguna (28°30°S). Avicennia schaueriana and Laguncularia racemosa were reported to be
more tolerant to low temperatures, and they are currently absent at Aranhangua (28°55°S), the
southernmost of Santa Catarina, where the winter climate is intense and occur more frequently
than in the other two sites that have a mangrove cover (Ximenes et al. 2019). In this context,
did mangroves ever appear in Sao Francisco do Sul Bay (North of Santa Catarina State) during
the Holocene? Are there any local factors inhibiting mangroves from migrating to Brazilian
southernmost? Very few studies have documented the history of mangrove biogeography
from the austral limit of American mangroves. Hence, large data gaps exist in the literature.

To fill the aforementioned data gaps, this paper aims to reconstruct the late-Holocene
history of mangrove establishment from S&o Francisco Bay (SF. Bay), 300 km away from the
austral limit of mangroves, based on sedimentological, pollen, diatoms, elemental and stable
isotope analyses (813C, §°N, TOC, NT, C\N and C/S) of a 1 m sediment core.
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2 MODERN SETTINGS
2.1 STUDY AREA, GEOLOGICAL AND GEOMORPHOLOGICAL SETTING
The study area is comprised of approximately 160 kmz2 of estuarine complex, where
occur mangrove tidal flats near Sdo Francisco do Sul Bay (SF. Bay) in the north coast of Santa
Catarina (S 26° 6'48.10"/ W 48°47'17.00"), south of Brazil (Figure 1) (Barros et al. 2010,
Mazzer & Gongalves 2011). The SF. Bay has an average depth and salinity of 6 m and 5%o
and was formed during the highstand of the last glacial cycle when the rising sea-level flooded
river valleys (Mazzer & Goncalves 2011). Pleistocene and Holocene sediments constitute the
coastal plain of the study area (Angulo et al. 2009). Pleistocene sediments are characterized
by intertidal marine and lagoon deposits, presenting elevations between 17 and 10 m (Horn
Filho & Sim6 2008). Holocene sediments are represented by aeolian, fluvial, and
anthropogenic conchiferous deposits (shell-middens named “sambaqui”) in addition to the
marine and lagoon deposits (Horn Filho et al. 2014). The bay sector presents silt, clay, and
fine to medium sandy sediments constituted by quartz and heavy minerals (Horn Filho &
Simé 2008). The dune fields, coastal plains and fluvial plains constitute the coastal

geomorphology (Hesp et al. 2009)
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Fig 1- Location of the study area: (a) State of Santa Catarina (Brazil); (b) morphological and vegetation
fetures (c) sampling site highlighting the Lowland ombrophilous forest, mangrove and Acrostichum
vegetation; (d) Foredune vegetation with grass Panicum sp. and (e) the contact with restinga vegetation
(coastal woodland), mangrove and Spartina.

2.2 CLIMATIC AND OCEANOGRAPHIC SETTING
The study region is characterized by the wet subtropical climate “Cfa” (according to
the Koppen’s classification) with an average annual precipitation and temperature of ~2265
mm and ~20°C, respectively (Vieira 2008). The study area receives a great influence from the
Serra do Mar slope, which acts as a natural barrier that traps moisture from the ocean resulting
in high precipitation. Two distinct seasonality are identified, summer season from November
to April and winter season from May to October. During summer, the weather is characterized

by a high temperature and humidity, with intense precipitation. During winter, polar air



masses bring a cooler and drier climate to the region. (Grace et al. 2008). Cold fronts
associated with the northward migration of Polar anticyclones occur throughout the year at a
1-2-week intervals but they are more intense and frequent during the winter (Garreaud 1999,
Zular et al. 2013). In contrast, the warm-season precipitation (South Atlantic anticyclone)
from late September to April is associated with the South American Summer Monsoon
(SASM, Cruz et al. 2006). The SASM accounts for ~ 50% of the total summer precipitation
at south Brazil (Cruz et al. 2006). In addition, the study area is characterized by semidiurnal
microtides, with a mean and maximum tidal range of ~0.8 and 1.2 m (Trucollo 1998). The
estuarine in SF. Bay circulates ~7. 8 x 108 m® of water, with a residence time of approximately
140 days (IME / DNIT, 2004, Mazzer & Gongalves 2011).

2.3 VEGETATION
The vegetation in the study region can be categorized into 4 classifications: Atlantic
rainforest, restinga (coastal woodland), beach dune, and mangrove (Gasper et al. 2012). The
Atlantic rainforest is characterized by evergreen species with broad leaves, such as Psychotria
(Rubiaceae), Jacobinia carnea (Acanthaceae), Aphelandra liboniana (Acanthaceae),
Salpinga margaritacea (Melastomataceae), and Macrocarpaea rubra (Gentianaceae) (Ziffer-
Berger 2008). The beach dune environments contain succulent plants with creeping roots,
such as Hydrocotyle (Apiaceae) and Ipomoea (Covolvulaceae) (Alquini et al. 2018). The
restinga communities can be divided into subgroups, well-drained sandbank consists of
Smilax campestre (Smilacaceae), Rumobbra antecediformis (Dryopteridaceae), Cordia
curassavica (Boraginaceae), Dalbergia ecastaphyllum (Fabaceae) and Epidendrum fulgens
(Orchidaceae); and humid shrub restinga consists of Dalbergia ecastaphyllum (Fabaceae),
Schinus terebinthifolius (Anacardiaceae), Baccharis conyzoides and Baccharis singularis
(Asteraceae) (Silva & Britez 2005). In addition, mangrove forests grow on muddy and organic
soil and form low and dense woody communities in the mid- to high tidal zones at the inner
banks of the bay. In the mangrove forest, Rhizophora mangle (Rhizophoraceae), Laguncularia
racemosa (Combretaceae), and Avicennia schaueriana (Acanthaceae) form the tree layer, and
Spartina spp. and Fimbristylis spadicea (Cyperaceae) grow under the canopy. Epiphytic

bromeliads and parasitic Loranthaceae and Viscaceae also prevail (Ziffer-Berger 2008).
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3 MATERIALS AND METHODS
3.1 FIELDWORK AND REMOTELY-SENSED DATA
The sedimentary core SF05 (1.00 m depth; 26°6'48.10"S, 48°47'17.00"W) was
retrieved in September 2015 via a Russian Peat Borer (USEPA 1999) from mangrove forest
near the margins of the Palmital channel (Figure 1). The core was measured, photographed,
and wrapped in the field and stored in a cold room (4°C) at CENA-USP Laboratory. A
LANDSAT 7 image was obtained from INPE (National Institute of Space Research, Brazil)
on spring, 2002. A three-color band composition (RGB 543) image was created and processed
using the SPRING 3.6.03 image processing system to discriminate geological features. High
spatial resolution images (2.6cm) of the study area was obtained by a Phantom 4 Advanced
DJI drone. The drone images were processed using Agisoft Metashape Professional version
1.6.2 software, which provides photogrammetric processing of the digital images and

generates 3D spatial data and orthomatics with a high level of precision (www.gisoft.com).

Topographic data derived from SRTM-90 were also downloaded from the USGS Seamless
Data Distribution System  (https://dds.cr.usgs.gov/srtm/version2_1/SRTM3/). Image

interpretation of elevation data was carried out using the Global Mapper software.

3.2 FACIES DESCRIPTION

The core was scanned with X-ray to identify sedimentary structures. Surface samples
taken from the top 5 cm at each station were selected for grain-size analysis at the Laboratory
of Chemical Oceanography/UFPA. For each sample, approximately 0.5 g of sediment was
used, and Hydrogen peroxide was added to remove organic matters. Residual sediments were
disaggregated by ultrasound. The distribution of sand (2—0.0625 mm), silt (62.5-3.9 um), and
clay fraction (3.9-0.12 um) was determined following the methods developed by Wentworth
(1922). Facies analysis involved a description of color (Color 2009), lithology, texture, and
structure (Miall 1978).

3.3 DIATOMS ANALYSIS
The diatom processing followed the methods developed by Smol, 1986. Five samples
consisted of ~1 cm?® of sediments each were collected at a 25 cm interval consisting of five
different depth levels. Each sample was pre-treated with 30% hot H.O, and 10% hot HCL
(Vermeulen & Gobert 2012). Diatoms identification was based on microstructural analysis of

the silicified cell wall such as external layer, pore size, shapes and volume of diatoms (Bigunas
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2005). For quantitative analysis, at least 500 valves was counted for each sample, and the
percentage diatoms diagrams were plotted using Tilia and CONISS (Grimm & Troostheide
1994)

3.4 PALYNOMORPHS ANALYSIS
The sediment core was sub-sampled at intervals of 2 cm, which in 1cm? of sediment
was taken for palynological analysis. The samples were processed using conventional
methods (Liu et al. 2008) and a minimum of 300 pollen grains were counted for each sample
(except when pollen concentration was too low) to ensure the results are statistically
significant. It was consulted pollen and spores reference collections (Lorente et al. 2017,
Behling 1993), jointly with the reference collection of the Laboratory of Coastal Dynamics —
Federal University of Para and 14C Laboratory of the Center for Nuclear Energy in
Agriculture (CENA/USP) to identify pollen grains and spores. The software TILIA and
TILIAGRAF were used for calculation and to plot the pollen diagram (Grimm 1990).
CONISS was used for cluster analysis of pollen taxa, permitting the zonation of the pollen
diagram (Grimm 1987)

3.5ISOTOPIC AND CHEMICAL ANALYSIS

A total of 20 samples (6-50 mg) were collected at 1-5 cm intervals from the sediment
core. Sediments were treated with hydrochloric acid (HCI-2%) to avoid presence of carbonate
and washed with distilled water until the pH reached 6, dried at 50°C, and finally
homogenized. These samples were analyzed for total organic carbon (TOC), total nitrogen
(TN), stable isotopes of carbon and nitrogen, and total sulfur (TS) carried out at the
‘Laboratorio de Isotopos Estaveis’ and ‘Laboratorio de Ciclagem de Nutrientes’ of the Center
for Nuclear Energy in Agriculture (CENA/USP), analyzed in an ANCA SL2020 mass
spectrometer and Sulfur Analyzer SC 144DRLECO, respectively. The standard for sulfur
analysis was 0.031% (dry soil), from 0.028% to 0.034%. The results are expressed as a
percentage of dry weight, with analytical precision of 0.09% (TOC), 0.07% (TN), and 0.02%
(TS) respectively. The § *C and & *°N results are expressed VPDB standard and atmospheric
air (Pessenda et al. 2004). Surface sediment samples (1 cm) were collected to verify the
isotopic composition of modern organic matter. The application of carbon isotopes is based
on the 3C composition. Photosynthetic C3 cycle plants show values of 5:3C between —32 %o
and —22 %o (X = -27. 0) and C4 plants present greater enrichment ranging from -17 %o to -9

89



90

%0 (X = -13.0 %o). Phytoplankton and macrophytes has C:N ratio values from 4 to 10 while
for terrestrial plants they have higher values (<12). For C3 plants derived from lacustre
environments, isotopic values of 8*3C reaches of -28%o and marine environments of -20%o
(Meyers 2003). Isotopic values of 8'°N closer to 0%o and 10%o are related of terrestrial and

aquatic plants respectively (Ogrinc 2005).

3.6 RADIOCARBON DATING
A total of four bulk samples of ~2g each were taken for radiocarbon dating. These
sediments were chemically treated and analyzed by Accelerator Mass Spectrometry (AMS)
at 14C Laboratory of CENA/USP, LACUFF (Fluminense Federal University, Brazil) and
Center for Applied Isotope Studies of Georgia University (UGAMS). The radiocarbon ages
are reported in years before 1950 AD (yr. BP) and normalized to 613C of —25%0 VPDB with
a precision of 26 (Reimer et al. 2020). (Table 1).

Table 1- Sediment samples selected for radiocarbon dating and results from SF-5 core (S&o Francisco Bay)
with material, depth, §3C, *4C conventional and calibrated ages (using CALIB 6.0; Reimer et al. 2020).

Sediment Code site and Depth  Ages (**Cyr  Ages (cal. yr BP, Sedimentation Median of
core laboratory number (m) BP, 1o) 26 deviation) rate calibrated
(mml/yr) ages
(cal. yr BP)
SF05 LACUFF18024 15-20 100.88 - 3.3 mm/yr 1958-
7 0.340* 1957
SF05 UGAMS34683 40-45 360 +23 424-496 0.50 mm/yr 429

SF05 LACUFF18024 60-65 1540+ 20 1452-1522 0.17 mml/yr 1462
6



4 RESULTS
4.1 VEGETATION
The study area is occupied by tropical ombrophilous forest represented mainly by

Anacardiaceae, Arecaceae, Asteraceae, Bignoniaceae, Calophyllaceae, Chloranthaceae,
Euphorbiaceae, Fabaceae, Lauraceae, Melastomataceae, Meliaceae, Myrtaceae, Piperaceae,
Rubiaceae, and Urticaceae. The coastal dunes present restinga vegetation, mainly
characterized by Asteraceae, Bromeliaceae, Dryopteridaceae, Fabaceae, Mytaceae, Rubiaceae
and Poaceae. Tidal flats are occupied by mangroves (Rhizophora mangle, Laguncularia
racemosa and Avicennia germinans) and Malvaceae (e.g. Talipariti tiliaceum), Polypodiaceae
(e.g. Acrostichum aureum), and Ruppiaceae (e.g. Ruppia maritima). Forty-four genus and
species of the most representative vegetation were identified at the study site and the §*°C
values ranged between -27. 3%o to -25. 9%o and indicate a predominance of C3 plants (Figs 2
and 6).

4.2 RADIOCARBON AGES AND SEDIMENTATION RATES
Radiocarbon dates ranged from 1462 cal yr BP to 1958 AD (Fig 2 - Table 1) and
indicated the following sedimentation rates: 0.17 mm/yr (65 to 42 cm depth), 0.50 mm/yr (42
to 20 cm depth), and 3.3 mm/yr (20 — 0 cm depth) supporting the range recorded in other cores
(0.1 to 3 mm/year) sampled along the Brazilian coast (Franca et al. 2018).
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5 FACIES DESCRIPTION
Three facies associations were recognized in the studied core (Fig 3). Facies
association “A” consists of massive sand (facies - Sm) and lenticular heterolithic bedding
deposits (facies - HI), and it is related to tidal channel dynamics. The facies association “B”
consists of massive mud deposits (facies - Mm), related to a tidal flat environment. The top
of SFO5 core is represented by facies association “C”, formed by massive mud (Mm) and
wavy heterolithic bedding deposits (Hw), and these sediments were also accumulated under
a tidal flat influence. These environments were interpreted based on the integration of
sedimentary features, palyno-diatoms description and elemental and isotopic values (613C,
315N, TOC, TN, C/N and C/S).

5.1 FACIES ASSOCIATION A (TIDAL CHANNEL)

Facies association “A” corresponds to depth interval from the 100 to 75 cm
accumulated before 1462 cal yr BP, and it consists of int dark brown sediment (2.5/110Y)
with massive sand (Sm) and lenticular heterolithic bedding deposits (Sm - HI; 10 - 95 % sand,
5 - 70% silt, 0-19% clay). Root traces and physical structures produced by the benthic
community are visible. The pollen assembly revealed four ecological groups (Figs 2 and 3):
trees and shrubs pollen (0-70%), herbs (0-41%), palms (0-67%) and aquatic plants (0-28%).
The trees and shrubs taxa are predominantly composed by Braccharis (0-34%), Marlierea (0-
30%), Forsteronia (0-27%), Dalbergia (0-20%), Eugenia (0-20%), Cordia (0-18%), llex (O-
18%), Myrtaceae (0-15%), Opundia (0- 20%), Mikania (0-7%) and Handroanthus (0-10%).
Herbs taxa are mainly represented by Cyperaceae (0-30%), Alternanthera (0-30%), Ipomea
(0-20%), Sisyrinchium (0-9%), Poaceae (0-8%), Asteraceae (0-6%). Aquatic plants were
represented by Cyperus (0-28%) as well as restinga palm (restinga vegetation occurs mean
coastal sandy soils) composed by Butia (0-40%) (Fig. 2). Marine indicators were defined by
microforaminifera as well as Acritarchs cysts and others dinoflagellates (Figs 2 and 3). This
facies association consists in 91% of marine diatoms taxa, 8% estuarine taxa and 1%
freshwater diatoms taxa (Fig 4). Marine diatoms are represented by Skeletonema costatum
(10%), Actinoptychus senarius (8%), Coscinodiscus rothii (7%), Thalassionema synedriforme
(6%), Triceratium sp.(6%), Nitzschia fasciculate (5%), Thalassionema nitzschioides (5%),
Corethron criophilum (4%), Navicula rhaphoneis (4%), Minidiscus sp. (4%), Cymatodiscus
planetophorus (4%), Psammodictyon panduriforme (4%), Thalassionema synedriforme (4%)
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and Coscinodiscus sp. (3%). Estuatine taxa is composed by Navicula binodulosa(3%),
Pleurosigma spp.(1%), Cylindrotheca closterium(1%), Thalassiosira sp.(1%) and
Thalassionema nitzschioides(1%.) Freshwater diatoms are represented by Nitzschia sp.(1%).
The §C, 8N, TOC, TN, C/N and C/S values range between -26.8%o —-25.9%o (X = - 26.3%o),
3.9to 1.3 (Xx=2.1%o), 8.7 to 1.8(X =5.2%), 0.62 t0 0.06 (X = 0.3%), 18 to 14 (x =16) and 1.8
to 0.2 (X = 1.0), respectively (Fig. 3).

5.2 FACIES ASSOCIATION B (TIDAL FLAT WITH SALTMARSHES)

Facies association “B” corresponds to the depth interval 75 - 52 ¢cm and consists of
light olive gray deposits with massive mud (Mm; 11-14% sand, 69-71% silt, 15-16% clay),
(5Y5/2). The pollen assemblages are composed by four ecological groups (Fig 3): Trees and
shrubs (53-68%), herbs (22-37%), aquatics plants (4-7%) and restinga (1-5%). Arboreal
pollen are represented by Braccharis (5-6%), Mikania (3-6%), Myrsine (3-6%), Myrtaceae
(2-6%), llex (2-6%), Erythrina(1-6%), Myrcia(2-5%), Annona(0-4%), Schinus(2-4%),
Forsteronia(1-3%), Maytenus(0-3%), Handroanthus(1-2%), Miconia(0-2%), Pera(0-2%),
Pouteria(0-2%), Struthanthus (0-2%), Dalbergia (0-2%), Cordia (0-2%), Guatteria (1-2%),
Psychotria sp. (0-2%), Marlierea (0-2%), Symplocos (0-2%) and Ricinus (0-1%). Herbs are
characterized by Poaceae (5-9%), Asteraceae (5-6%), Solanum (1-4%), Scoparia (1-4%),
Euphorbiaceae (0-4%), Cyperaceae (1-4%) and Sisyrinchium (0-1%). Palms genus (Euterpe
and Butia) and aquatic pollen (Typha and Cyperus) are below 3%. Ferns are composed mostly
by Asplenium (0-1%). Marine indicators are absent along this facies association (Fig 2 and 3).
It consists in 82% marine, 13% estuarine and 5% freshwater diatoms taxa (Fig 4). The marine
diatoms taxa is represented by Skeletonema costatum(8%), Thalassionema synedriforme
(4%), Triceratium sp.(6%), Corethron criophilum(5%), Navicula rhaphoneis(6%),
Actinoptychus senarius (6%), Coscinodiscus rothii(7%), Nitzschia fasciculate(4%),
Thalassionema nitzschioides (4%), Minidiscus sp.(5%), Cymatodiscus planetophorus(4%),
Coscinodiscus sp.(4%), Thalassionema synedriforme (4%) and Psammodictyon panduriforme
(3%). Estuarine diatoms taxa is composed by Navicula binodulosa(4%), Pleurosigma spp.
(2%), Cylindrotheca Closterium(2%), Thalassiosira sp.(2%) and Thalassionema
nitzschioides(1%). Freshwater diatoms are represented by Nitzschia sp.(3%) and Fragilaria
capucina(1%). The 8*3C shows stable values of -26.6 to -26.7 %o (X = - 26.6%o). The N

record indicate values range 0.9 to 1.3%o (X = 1.1%o). TOC and NT results were also relatively
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stable between 8.7 to 9.7% (X = 9.3%) and 0.5 to 0.6% (X = 0.6%) respectively. The C/N and
C/S ratio alternated between 13.9 to 17.0 (X =15.4) and 1.9 to 2.7(x =2.3) respectively (Fig.
3).

5.3 FACIES ASSOCIATION C (TIDAL FLAT WITH MANGROVES)

Facies association “C” were inferred for the 52 — 0 cm interval, accumulated during
the last 1462 cal yr BP. Mangrove tidal flat deposits consist of greenish gray 4/1 10Y to dark
brown (2.5/110Y) sediments with massive mud and wavy heterolithic bedding (Mm-Hw; 9-
80 % sand, 13-73% silt, 3-16% clay). Pollen record revealed five ecological groups: 1)
Mangrove, represented by Laguncularia (0-9%), Avicennia (0-1%) and Rhizophora (0-1%);
2). Trees and shrubs, composed by Braccharis(2-7%), Myrtaceae(0-7%), 1lex(0-7%), Shinus
(4-6%), Myrcia (2-6%), Senna (0-6%), Myrsine(0-6%), Hibiscus tiliaceus(2-6%), Annona (2-
5%), Handroanthus(0-4%), Maytenus(0-3%), Dalbergia(0-4%), Pinus(0-3%); 3) Herbs,
characterized by Poaceae(7-27%), Asteraceae(5-10%), Spartina(0-7%), Solanum(0-2%),
Scoparia(0-6%), Euphorbiaceae(0-6%), Amaranthaceae(0-4%); 4) Agquatic plants,
represented by Eichhornia(0-5%), Typha(0-4%), and Cyperus(0-3%); and 5) Palms,
exemplified by Euterpe(0-7%) and Butia(0-2%). Ferns were composed by Polypodiaceae and
Acrostichum sp., associated with mangrove vegetation (Fig 2). It consists of marine (56%),
estuarine (27%) and freshwater (17%) diatoms taxa. Marine diatoms taxa are represented by
Skeletonema costatum(6%), Thalassionema synedriforme(6%), Triceratium sp.(5%),
Corethron criophilu(4%), Navicula rhaphoneis(4%), Actinoptychus senarius(4%),
Coscinodiscus rothii(2%), Nitzschia fasciculate(3%), Thalassionema nitzschioides(2%),
Minidiscus sp.(2%), Cymatodiscus planetophorus(2%), Psammodictyon panduriforme(2%),
Coscinodiscus sp.(2%). Estuatine taxa is composed by Navicula binodulosa(2%),
Pleurosigma sp.(6%), Cylindrotheca Closterium(5%), Thalassiosira sp.(4%), Thalassionema
nitzschioides(4%), Cyclotella sp.(3%) and Diploneis smithii(1%). The freswarer diatoms are
represented by Nitzschia sp.(5%), Fragilaria sp.(2%), Fragilaria capucina(2%), Nitzschia
angustata(2%), Cyclotella meneghiniana(2%), Aulacoseira granulata(1%) and Rhopalodia
gibberula(1%) (Fig 4). The 8*3C (%o) and 8N (%o) results were between -27. 2 to -26. 4 %o
(X =-26.8%0) and 3.0 to 1.1 %o (X =2.0%o), respectively. TOC, NT values and C/N and C/S
ratio ranged 3 to 10% (X = 7.3%), 0.2 to 0.6% (X=0.5%), 12.7 to 18.2 (X = 14.2) and 1.7 to
6.1 (X =13.9), respectively (Fig 3)
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6 DISCUSSION
Therefore, multi-proxy data recorded along the core SF05 suggests three
environmental phases during the Late Holocene: 1) Tidal channel, 2) tidal flat with

saltmarshes, 3) and tidal flat with mangroves.

6.1 PHASE | - FACIES ASSOCIATION “A”-TIDAL CHANNEL

This phase is characterized by a tidal channel with trees and shrubs, herbs, restinga
palms, and aquatic plants along its margin. No mangrove pollen was recorded during this
phase, despite the estuarine influence at the study site. Southern Brazilian restinga is
associated with edaphic factors (e.g. substrate under brackishwater influence) and occurring
near the coastline (Korte et al. 2013). Biological indicators of marine environments (e.g
microforaminifera, marine diatoms, acritarchs cysts and others dinoflagellates) also suggest
a coastal sedimentary environment under marine influence. Acritarchs cysts are characteristic
of shallow coastal water (Félix & Souza 2012). The binary diagram §'3C (X = - 26.3%o) and
C/N values (X = ~16) indicated contributions of C3 terrestrial plants, marine and freshwater

algae to the sedimentary organic matter (Fig 6)

6.2 PHASE Il - FACIES ASSOCIATION “B”- TIDAL FLAT WITH SALTMARSHES

Facies Association “B” (75 - 55 cm depth) is marked by the formation and expansion
of tidal mudflat under estuarine influence. The increase of ferns (Figs 2 and 3) — a typical
freshwater indicator (Rodrigues et al. 2021), estuarine diatom species (Fig 4), as well as the
binary diagram of S vs. TOC (Fig 5) also support this interpretation. The relation of S and
TOC (Fig 5) can provide information about the marine or freshwater origin of the sediments
(Berner & Raiswell 1984, Lorente et al. 2020). In addition, no mangrove pollen grains were
found in this phase, suggesting that the physical conditions, probably temperature, in our study
area did not permit the establishment of mangroves (Toniolo et al. 2020). The relationship
between §'3C vs C/N values indicates the predominance of C3 plants in freshwater/estuarine
environment (Fig 6) (Meyers 2003) represented by mostly arboreal trees and herbs that
occurred along tidal flat around ~1462 cal yr BP (Fig 3)

6.3 PHASE Il - FACIES ASSOCIATION “C”- TIDAL FLAT WITH MANGROVE
Phase 111 (50 - 0 cm) is marked by the expansion of Laguncularia trees on the tidal

flats since ~1000 cal yr BP, followed by the establishment of Avicennia at ~500 cal BP
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and Rhizophora since the early 20" century (Fig 2). According to the binary diagram (5**C
vs. C/N) (Fig. 6), the organic matter in Phase 11l is mainly sourced from C3 plants growing in
freshwater-estuarine conditions. This interpretation is supported by microfossil analyses and
abundant ferns and freshwater-estuarine diatoms (Fig. 4), and isotope data, suggesting an
increased contribution of estuarine organic matter (Meyers 1994, 515N ~5.0%o, Sukigara &
Saino 2005). These data indicate that Laguncularia established and prevailed in a low-salinity
environment predominantly influenced by freshwater. Nearby the study area, rivers and
several streams (Barros et al. 2010) converge, resulting in low salinity (~5%o) in the SF. bay
(Franga et al. 2018). Laguncularia likely was established in the upper estuary, where
freshwater output from the rivers exerts more influence than seawater from the Atlantic

Ocean.
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7 MANGROVE ESTABLISMENT AND CLIMA

Pollen result of core SF-5 shows that our study site was dominated by saltmarshes
represented by Spartina sp. (Fig 2 - 55cm depth) until Laguncularia establishment at ~1000
cal yr BP, followed by Avicennia and Rhizophora at ~500 cal yr BP and 1950 AD (Figs 2 and
3). Previous studies across South and North America revealed that the mangrove habitats were
previously colonized by saltmarsh species (e.g., Spartina sp) under a stable environmental
condition (Cunha-Lignon et al. 2009, Yao et al. 2015, Yao & Liu 2017). Saltmarshes act as a
sediment fixator that reduces erosion and facilitates the establishment of Laguncularia and
Avicennia. Thus, our pollen record indicates that the environmental conditions at the study
site were gradually becoming more suitable to sustain a mangrove population at ~1000 cal yr
BP.

The main factors controlling the mangrove establishment are temperature, sea-level
changes, precipitation, and human activities (Blasco et al. 1996, Osland et al. 2016, Ward et
al. 2016, Saintilan et al. 2020). Along the southern and northeastern Brazilian coast, the
relative sea-level gradually fell during the late-Holocene (Angulo et al. 2006), causing a
coastal progradation with mangroves along the tropical latitudes. These forests were first
established at northern and northeastern Brazilian littoral (1° - 19° S) at ~7000 cal yr BP
(Cohen et al. 2012, 2014, 2020a, Pessenda et al. 2012, Franga et al. 2013, 2015, Fontes et al.
2017, Ribeiro et al. 2018), and migrated further south (S&o Paulo, 25° S at ~2200 cal yr BP,
Santa Catarina, 28° S, in recent decades) due to warming temperature during the late-Holocene
(Cohen et al. 2020). Laguncularia and Avicennia has been documented to be more tolerant to
cold temperature (Melo et al. 2011, Quisthoudt et al. 2012, Duke et al. 1998). Therefore, the
establishment succession of mangrove genera: Laguncularia, Avicennia and Rhizophora
during the last 1400 cal yr BP in the study area, which situates at ~300 km to the southern
limit of American mangrove (28° 29°S) (Cohen et al. 2020b), may be attributed to an
increasing trend of temperature during the late-Holocene.

During the mid-late-Holocene, strengthened solar insolation has been documented to
be the prominent cause of mangrove expansion in their latitudinal limits (Prado et al. 2013,
Quisthoudt et al. 2012). In particular, the establishment of Laguncularia at our study area
coincided with the medieval climatic anomaly (MCA, ~1000-700 cal years BP). It is
reasonable to believe that the warmer climate during MCA further accelerated the
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establishment and expansion of mangroves at their austral limit and facilitated the
colonization of Laguncularia in SF Bay. However, why did Rhizophora show up at a much
later time? It has been well documented that Laguncularia and Avicennia are more tolerant to
cold temperatures than Rhizophora (Duke et al. 1998). Thus, it is easy to understand the recent
establishment of Rhizophora during the Current Warm Period (CWP, since the early 20"
century). As for Avicennia, a simpler explanation will be the particular strand of Laguncularia
in South American is more cold-tolerant than Avicennia, and the Sea Surface Temperature
(SST) and physiological differences among different mangrove species may also played an
important part in the subsequent colonization of mangroves along southeastern Brazilian coast
(Duke et al. 1998). Previous studies have documented that the propagules of Rhizophora
cannot tolerate low SST (<17°C), and no Avicennia seedling germination would have occurred
if the SST is < 15 °C. On the other hand, Laguncularia propagules can survive in an
environment where SST is lower than <15 “C (Oliveira 2005). This may explain the pioneering
population formation of Laguncularia at SF. Bay (Ximenes et al. 2018). Alternatively, this
phenomenon might be related to the coincidence of Avicennia establishment (~500 cal yr BP)
during the Little Ice Age (LIA, ~700-100 cal yr BP). It is possible that the colder than usual
climate during the LI1A destabilized the dominance of Laguncularia at SF Bay and facilitated
the expansion of Avicennia. In particular, the 3 climate intervals - the MCA, LIA, and CWP
are characterized by significant temperature fluctuations in South America (Ledru et al. 2013),
and are clearly visible throughout the pollen record (Fig. 2). Thus, it is reasonable to believe
that they likely have influenced the mangroves establishment and succession at SF. Bay.

In addition, the IPCC report indicates that the current global temperature is ~1.0°C
warmer than the pre-industrial era, and the warming trend will continue by the mid of the 21
century (Allen et al. 2018). Moreover, decades warmer than usual years have become more
frequent in south Brazilian coastal region and the temperature is ~1.5°C above the mean
temperature in Brazil (Bernardino et al. 2015). Furthermore, the temperature is expected to
increase ~3 to 5°C by the end of the 21°% century due to greenhouse gases increase (Marengo
et al. 2009). Therefore, while our data suggest that the poleward mangrove migration along
the Brazilian coast is related to the fluctuation of solar insolation during the late Holocene,
the mangrove expansion was also accelerated by the industrial-era warming marked by the

arising of Rhizophora at SF. Bay (Fig. 2). Overall, the findings of this study are in line with
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the previous record that the SF. Bay experienced an increase in air and sea surface temperature
during the late-Holocene that enabled the colonization and expansion of mangroves (Franga
et al. 2019).
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8 CONCLUSION

Sedimentary features, pollen - diatoms, and isotopes data along core, as well as
geomorphological and vegetation analyses indicated the estableishment of tidal flats since >
1462 cal yr BP in the study area. From the physicochemical and hydrodynamic point of view,
environmental conditions were favorable for the establishment and expansion of mangroves
in the studied area during the late Holocene. Mangroves were established along the tropical
(2° N — 19° S) and subtropical (25° - 26° S) Brazilian coast, as a consequence of the
stabilization or low rates of sea-level rise/fall around the mid Holocene, and the late Holocene
warming, respectively. The establishment of mangroves mainly represented by Laguncularia,
Avicennia and Rhizophora trees on the studied tidal flats (26° 20°S) only began at ~1000, ~500
cal yr BP and ~1950 AD, respectively. Nowadays, in the study area, saltmarshes, mainly
characterized by Spartina and Acrostichum are sharing tidal flats with mangroves, represented
by Laguncularia, Avicennia and Rhizophora. Probably, the Anthropocene Rhizophora
establishment and expansion are associated with a migration of the austral mangrove limit
into the temperate zone, caused by the gradual increase in winter temperatures. This process
may be related to a poleward mangrove migration since the late Holocene, caused by a natural
Holocene global warming. However, the industrial-era warming must have accentuated the

mangrove expansion into temperate zones.
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Fig. 2- Chronological profile with sedimentary facies and pollen diagram with zones based on cluster analysis for SF05 core
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