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“Many people seem to think it foolish, even superstitious, to believe that
the world could still change for the better. And it is true that in winter
it is sometimes so bitingly cold that one is tempted to say, ‘What do 1
care if there is a summer; its warmth is no help to me now.’ Yes, evil
often seems to surpass good. But then, in spite of us, and without our
permission, there comes at last an end to the bitter frosts. One morning
the wind turns, and there is a thaw. And so [ must still have hope.”
Vincent Van Gogh



RESUMO

As mudangas climaticas ja exercem efeito sobre as espécies bentOnicas marinhas.
Associativamente, impactos locais, como a polui¢do, interagem e intensificam os efeitos das
mudangas climaticas. Observam-se efeitos de mortalidade de espécies-chave e estruturadoras
sist€émicas, como as algas calcareas de vida livre (rodolitos). Frente as ameacas atuais e os
cenarios futuros para a mudanga das condi¢des abidticas, os impactos sobre a fisiologia e a
distribuicao destes organismos podem acarretar em danos sistémicos. Portanto, compreender e
descrever os principais impactos em escalas global e local aos bancos de rodolitos brasileiros,
e investigar quais os efeitos destes para a fisiologia e a adequabilidade de habitat no presente e
futuro, ¢ de extrema importancia para fomentar decisdes de manejo e mitigagdo destas
mudangas. Este estudo ¢ focado em uma importante espécie formadora de rodolitos com ampla
distribuicdo nas provincias biogeograficas brasileiras, o Lithothamnion crispatum (Hauck,
1878), com ampla distribui¢do nas provincias biogeograficas. A presente dissertacdo esta
estruturada em dois capitulos. No primeiro, realizou-se um levantamento dos principais estudos
experimentais realizados com espécies de rodolitos, no mundo e no Brasil, verificando-se as
forcantes ambientais mais investigadas. Observou-se auséncia de experimentos que considerem
a interatividade entre estressores ¢ os efeitos de ondas de calor marinhas para as espécies
brasileiras, bem como baixa frequéncia de trabalhos que analisam os efeitos de eutrofizagdo e
acidificagdo oceanica. Assim, realizou-se um experimento para analise da combinacao destas
trés forgantes: aumento repentino de temperaturas (onda de calor marinha), aumento na
concentracdo de nutrientes (eutrofizacdo) e aumento de pCO; (acidificacdo oceanica). Foi
verificada a resposta no rendimento e na producao fotossintética de L. crispatum ap6s 5 dias de
exposicao interativa a essas forgantes, e a sua possivel recuperacdo apds a remocao desses
fatores e restabelecimento das condig¢des iniciais O0timas. Associativamente, um modelo de
nicho ecologico foi desenvolvido para determinar que variaveis ambientais explicam a atual
distribuicao de L. crispatum na costa brasileira, e também para estimar a futura adequabilidade
de habitat dessa espécie. L. crispatum sofreu uma grande queda em desempenho fotossintético
ap6és 5 dias de exposicdao as forcantes globais e locais, mas apresentou uma resposta de
recuperacdo apos retorno a condigdes iniciais. Esta inferéncia experimental est4 de acordo com
os resultados obtidos para o modelo de nicho, que demonstrou que a distribui¢cdo da espécie na
costa brasileira ndo ¢ explicada pelos fatores ondas de calor marinha ou pH. Além disso, indicou
que, no futuro, pode haver a expansao da adequabilidade de habitat da espécie, ao invés de sua
contracdo, o que seria esperado em um cenario de interacdes entre estressores. Portanto, L.
crispatum aparenta ter uma certa resisténcia as condigdes ambientais futuras, porém uma
consideracdo cuidadosa desses resultados precisa ser feita. Isto porque ha limitagdes proprias
do estudo e o isolamento destas varidveis. Com a associacdo futura destas forcantes as
mudangas em outros fatores bidticos, como interagdo com outras espécies, respostas
diferenciadas podem ser obtidas, devendo ser avaliadas através de novas modelagens baseadas
em dados fisioldgicos da espécie nestes cendrios interativos.

Palavras-chave: modelo de nicho ecolédgico, onda de calor marinha, eutrofizagao, acidificagao
oceanica, algas vermelhas, limites de distribuicao



ABSTRACT

Climate change has already affected benthic marine species. Local impacts, such as pollution,
interact and intensify the effects of climate change. Mortality of key structuring species is
already being observed, such as on species of free-living coralline red algae (rhodoliths). In
face of the current threats and future scenarios of environmental change, the impacts on the
physiology and distribution of these organisms can result in systemic damages. Therefore,
comprehending and describing the main anthropogenic impacts, in local and global scales, to
Brazilian rhodolith beds is of extreme importance to inform managing and mitigation actions
of these environmental changes. This study is focused in one highly important rhodolith-
forming species, Lithothamnion crispatum (Hauck, 1878), with a wide distribution across
biogeographical provinces. The present thesis is structured in two chapters. In the first, a
literature survey was done looking for the main experimental studies developed with rhodolith-
forming species in Brazil, examining the main environmental drivers investigated. An absence
of experiments considering the interaction between these stressors and the effects of marine
heatwaves was observed, as well as a low presence of studies analyzing the interaction between
eutrophication and ocean acidification. For this reason, in the second chapter, an experiment
was run to understand the effects of the combination of three drivers: a sudden increase of
temperatures (marine heatwave), increased nutrient concentrations (eutrophication) and
increased pCO»> levels (ocean acidification). The physiological response of L. crispatum was
evaluated by measurements of photosynthetic production and yield after five days of exposition
to the combined drivers, and the possible recovery of individuals after the removal of drivers
and return to optimal initial conditions was also measured. Simultaneously, an ecological niche
model was developed to determine which environmental variables explain the current
distribution of L. crispatum in the Brazilian coast, and the future habitat suitability of this
species was also estimated. L. crispatum experienced a great decrease in photosynthetic yield
after 5 days of exposition to global and local drivers, but presented a recovery response after
returning to the initial conditions. Experiment results are in accordance with model results,
which demonstrated that the species’ distribution in the Brazilian coast is not determined by
heatwaves and pH. Moreover, the ecological niche model showed that in the future, L.
crispatum may expand its habitat suitability, instead of losing suitable areas, which was first
expected in a scenario of combination of multiple stressors. Therefore, L. crispatum appears to
hold a certain resistance to future environmental conditions, although a careful consideration
of these results needs to be done, as there as limitations in the study and in the isolation of these
variables. With the association of these variables and biotic factors, such as interactions with
other species, different responses may be obtained, and must be evaluated through new
modeling techniques based in both physiological and biotic data for the species.

Keywords: ecological niche model, marine heatwaves, eutrophication, ocean acidification, red
algae, range limits.
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1. INTRODUCAO

Nas ultimas décadas, as alteracdes humanas em sistemas naturais tém aumentado em
intensidade e formas (ELLIS; BEUSEN; GOLDEWIJK, 2020). A alteracao da atmosfera ¢ uma
das quais mais aten¢do ¢ dada, devido aos seus efeitos em cascata que ja sdo e serdo ainda mais
sentidos por ecossistemas do planeta inteiro (DONEY et al., 2012). O principal foco ¢ o
aumento do dioxido de carbono (CO), causado pela queima de combustiveis fosseis e
atividades industriais (LUTHI et al., 2008). Maiores concentra¢des desse gas na atmosfera
alteram o clima, e como principal consequéncia, causam o aumento da temperatura média
global (HARTMANN, 2016). Dependendo da trajetoria de emissdes de gases de efeito estufa
(Representative Concentration Pathway — RCP) que seguirmos, a temperatura média global
pode aumentar até 4.3 graus até¢ 2100 — além do 1 grau que ja aumentou desde o século XIX
(IPCC, 2019), e que ja causou diversos impactos, como branqueamento em massa de corais
(EAKIN; SWEATMAN; BRAINARD, 2019) e deslocamento na distribuicdo de espécies
marinhas (PARMESAN, 2006; PECL et al., 2017; POLOCZANSKA et al., 2013). O aumento
da concentracdo de CO> também altera o pH dos oceanos, tornando-os mais acidos e
modificando o sistema carbonato, fendmeno chamado de acidificagdo oceanica (DONEY et al.,
2009), com projecao de queda de até 0.4 unidades de pH em 2100 (HARTIN et al., 2016). Além
disso, as alteragdes no clima também terdo como consequéncia o aumento na frequéncia e
intensidade de eventos extremos, como ondas de calor marinhas (LAUFKOTTER;
ZSCHEISCHLER; FROLICHER, 2020). Adicionalmente aos impactos globais, também
existem alteracdes antropicas regionais com diversos impactos em ecossistemas marinhos. A
descarga fluvial e pluvial drena para a costa muitas substancias utilizadas no ambiente terrestre,
como agrotoxicos e fertilizantes, assim como aquilo que ¢ despejado em rios, como esgoto. O
desague de esgoto e fertilizantes gera o aumento da concentragdo de nutrientes em ambientes
costeiros, conhecido por promover alteracdo na comunidade de algas nos locais mais
impactados (SCHERNER et al., 2013).

Essas forcantes (do inglés drivers) antropogénicas resultam em mudancas
generalizadas em ecossistemas marinhos, alterando processos chave na manutengdo de
populagdes, consequentemente causando mudangas na estrutura, funcionamento e resiliéncia
de ecossistemas (SCHEFFERS et al., 2016). As consequéncias das alteragdes ambientais levam
espécies a sofrerem modificagdes em processos populacionais, como fitness, abundancia,
fenologia e interagcdes bioldgicas, induzindo mudancas nos seus limites de distribuicao

geografica, e nos piores cendrios, o colapso de populagdes e consequente extingdo (PECL et
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al., 2017). Desta forma, determinar a resposta de espécies e populagdes frente a futuras
alteracdes antropogénicas do meio natural ¢ de extrema importancia para informar acdes de
manejo € minimizar impactos em ecossistemas (BOYD et al., 2018). Entretanto, as mudangas
ambientais sao naturalmente complexas, sendo uma grande combinacdo de concomitantes
variaveis fisicas, quimicas e bioldgicas, cada qual interagindo com outras de diversas formas
(BOYD; HUTCHINS, 2012). Estudar os efeitos combinados de diversas forcantes ¢ um dos
maiores desafios da biologia de mudancas globais atualmente (GUNDERSON;
ARMSTRONG; STILLMAN, 2016).

A biologia da conservagao busca estudar como preservar a maior diversidade bioldgica
possivel dentro de uma pequena escala de tempo. Para isto, dentre as muitas estratégias
propostas, uma alternativa ¢ focar em espécies que sao importantes na estruturagao de
ambientes e que hospedam uma grande biodiversidade (CRAIN; BERTNESS, 2006), como os
rodolitos. Rodolitos sdo algas vermelhas coralinas ndo articuladas, com grande importancia
ecoldgica, sendo considerados bioconstrutores ambientais (HORTA et al., 2016). Diversas
espécies dessas algas formam bancos de rodolitos em substratos arenosos, aumentando a
heterogeneidade ambiental e fornecendo habitat para diversas espécies, e consequentemente,
aumentando a biodiversidade local (FOSTER et al., 2013). Esses sistemas bioconstruidos
também funcionam como um “banco de sementes” de diversas espécies de micro e macroalgas,
recuperando a diversidade de sistemas que sofreram perturbacdes recentes (FREDERICQ et al.,
2019). Bancos de rodolitos ndo apresentam somente estas funcdes, mas esses organismos
também tém um papel importante no ciclo global do carbono, contribuindo para o seu sequestro
em forma de carbonato de calcio biogénico (AMADO-FILHO et al., 2012; MARTIN et al.,
2007; VAN DER HEIJDEN; KAMENOS, 2015).

Entretanto, essas algas formadoras de rodolitos estdo sendo ameacadas por condicdes
ambientais relacionadas com mudancas climaticas globais e alteragdes ambientais regionais. A
sua distribuicao ¢ diretamente influenciada pelas condig¢oes fisicas do ambiente (CHAPMAN,
1987), e temperaturas extremas sdo especialmente importantes na determinagdo da sua
distribuicao (WILSON et al., 2004) ¢ nas suas taxas metabolicas e de calcificagdo (MARTIN;
HALL-SPENCER, 2017). Além disso, avaliacdes experimentais tém demonstrado que a
produtividade primaria e a produgdo de carbonato de bancos de rodolitos sofrem um declinio
em tratamentos com condigdes acidificadas e de aumento de temperatura (BURDETT et al.,
2018; SCHUBERT et al., 2019). Desta forma, as crescentes alteragdes ambientais irdo resultar
ndo somente em impactos diretos na fisiologia de algas calcérias (escala temporal curta), mas

também representam uma mudanga na distribuicao espacial dessas populacdes (escala temporal
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longa).

Contudo, a distribui¢do das espécies ¢ as alteracdes em seus limites de ocorréncia ndo
sao somente determinados por fatores climaticos, € os padrdes atuais de distribuicdo sdo na
realidade resultado da interagdao de diversos fatores dindmicos, tanto ambientais, quanto
antropogénicos e ecologicos (RILOV et al., 2019). Desta forma, definir agdes para conservagao
de espécies, de ecossistemas e das funcdes e servicos fornecidos por esses se torna uma tarefa
desafiadora. Uma abordagem interdisciplinar ¢ a melhor forma de predizer a resposta de
espécies-chave frente a essa grande diversidade de estressores que estdo atualmente presentes
em ambientes marinhos. Portanto, ao buscar a melhor estratégia para a conservagido de bancos
de rodolitos, é necessario levantar informagdes sobre i. as forgantes ambientais naturais ¢
antropogénicas predominantes no ambiente marinho e seus principais impactos em algas
coralinas formadoras de rodolitos, e ii. 0s mecanismos fisioldgicos e ecoldgicos de espécies
chave frente a forcantes locais e globais. Partindo disso, devemos entdo integrar essas
informagdes para mapear a adequabilidade de habitat atual e futura de espécies formadoras de
rodolitos, identificando mudancas nos seus limites de ocorréncia, e ocasional ganho ou perda

de habitats adequados.

1.1. FORCANTES AMBIENTAIS E ANTROPOGENICAS EM ESPECIES
FORMADORAS DE RODOLITOS

Os estudos fisiologicos, nas ultimas décadas, t€ém buscado entender a resposta dos
organismos frente a cada variavel ambiental independentemente, em experimentos controlados,
para avaliar o desempenho de cada individuo a variagdes de cada forgante (MILES, 2009). Ja
nas ultimas duas décadas, muitos estudos tentam compreender a resposta de populacdes a
futuros cenarios, testando, por exemplo, cendrios do IPCC (Painel Intergovernamental sobre
Mudangas Climaticas) com diferentes niveis de CO2 na atmosfera. Essa abordagem baseada em
cenarios testa os efeitos individuais e combinados de algumas forgantes. Mas cada uma dessas
abordagens tem suas limitagdes dentro do niimero de réplicas que ¢ possivel ser trabalhada
dentro de um experimento (BOYD et al., 2018). Avaliar somente o efeito de uma variavel
permite testar o gradiente dos efeitos desta, enquanto que testar um cenario requer a existéncia
de uma condi¢do controle e as condigdes com os cenarios para cada varidvel ambiental, o que
retira a chance de se testar um gradiente de varidveis e também testar muitos fatores (BOYD et
al., 2018). Esse ¢ o balanco que a ecologia experimental tem lidado nos tltimos anos: aumentar

a relevancia ecologica ao custo de entender os mecanismos individuais.
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Entretanto, considerando a natureza multifacetada das mudangas ambientais, cada vez
se torna mais necessario entender a resposta de populagdes a varias forcantes ambientais
(MILES, 2009). Mas estimar o destino delas diante desses diversos fatores ¢ um grande desafio,
nao somente pelo grande nimero de varidveis que podem atuar sobre os organismos, mas
também pelo fato de que cada individuo ou comunidade pode ter uma resposta negativa ou
positiva a cada forgante (por isso aqui o uso do termo forgantes, e ndo estressores, conforme
proposto por BOYD; HUTCHINS, 2012). Isso faz com que experimentos investigando o efeito
de apenas uma varidvel dificilmente providenciem informagdes confidveis sobre as respostas
dos organismos frente a um ambiente multifatorial, ja que a interag@o entre esses fatores muito
comumente media as respostas dos organismos (BOYD et al., 2018). Isso ja ¢ observado em
experimentos com mais de um fator feitos com espécies formadoras de rodolitos, onde alguma
forcante pode exacerbar, melhorar ou nao influenciar no efeito de alguma outra forcante. Como
exemplo, a acidificacdo dos oceanos pode piorar os efeitos do aumento da temperatura na
fisiologia de algumas espécies de rodolitos (KROEKER et al., 2013; VASQUEZ-ELIZONDO;
ENRIQUEZ, 2016) ou aumentar a fotossintese e calcificagdo de outras espécies (SORDO et
al., 2019).

E além da combinagdo de forcantes globais, ¢ também necessario considerar a
interacao entre essas mudangas ambientais globais e as locais, caracteristicas da regido em que
a populagdo se encontra (RUSSELL et al., 2009). Considerando a costa brasileira, a poluigao
costeira demanda grande aten¢do, principalmente quando levamos em conta os atuais desastres
ambientais que acometeram ambientes marinhos, como o rompimento da barragem em Mariana
e em Brumadinho (em 2015 e 2019, respectivamente), e o derramamento de petréleo em 2019.
Mas além de perturbagdes pontuais como estas, perturbacdes cronicas também se apresentam
como uma importante ameaca a bancos de rodolitos. A fertilizacdo das 4guas costeiras por
poluicdo organica e fertilizantes agricolas se mostra como uma das principais ameagas a
ambientes marinhos da costa brasileira, atras das mudangas climaticas e atividades pesqueiras
e nauticas (MAGRIS et al., 2020). E assim como o efeito da interagdo entre aquecimento e
acidificacdo dos oceanos sobre espécies formadoras de rodolitos precisa ser investigado, o
efeito da interacdo entre essas mudangas globais e o aumento de nutrientes em aguas costeiras
também merece atengdo. Poucos estudos investigaram a interacdo entre enriquecimento de
nutrientes e aquecimento em rodolitos, mas os que o fizeram observaram uma interagao positiva
para a espécie (JOHNSON; CARPENTER, 2018; QUI-MINET et al., 2019) ou nenhum efeito
(SCHUBERT et al., 2019).

Além disso, ¢ necessario considerar a predigao de aumento da intensidade e frequéncia
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das ondas de calor marinhas nas proximas décadas (FROLICHER; FISCHER; GRUBER,
2018). Esses eventos extremos ja causaram o deslocamento da distribui¢ao de algas marinhas,
e dessa forma, serdo provavelmente determinantes do futuro de rodolitos (STRAUB et al.,
2019). Diferentemente da tendéncia de aquecimento lento e gradual da temperatura média dos
oceanos, as ondas de calor marinha podem superar as capacidades adaptativas de populagdes e
causar danos sérios em comunidades, produgdo primaria e biogeografia de algas marinhas
(STRAUB et al., 2019). Isso mostra que ondas de calor sdo processos chave em mudancgas no
nivel do ecossistema, e o estudo de seus impactos € de grande urgéncia, ja que estes eventos ja
estdo ocorrendo (SMALE et al., 2019). Entretanto, poucos estudos tem investigado o efeito de
ondas de calor marinhas em espécies formadoras de rodolitos (CORNWALL; DIAZ-PULIDO;
COMEAU, 2019). Mediante do exposto, se torna importante investigar o efeito das ondas de
calor marinhas ¢ acidificacdo ocednica em combinacdo com aumento na concentracao de
nutrientes em ambientes costeiros brasileiros, ja que esse desenho experimental, mesmo
perdendo a resposta individual a cada variavel, tem grande relevancia ecoldgica e é central no

entendimento da vulnerabilidade de rodolitos brasileiros frente a mudangas ambientais diversas.

1.2. NICHO ECOLOGICO

O conceito de nicho foi primeiro introduzido por Joseph Grinnell em 1917, no seu
estudo classico sobre a distribuicdo da ave “California Thrasher”. Neste trabalho, Grinnell
concluiu que a distribuigdo dessa ave dependia tanto de fatores ambientais quanto fisioldgicos
(GRINNELL, 1917). Porém, Grinnell apenas descreveu os requisitos ambientais de cada
espécie, nao incluindo as interagdes com outras espécies, € consequentemente, seus efeitos na
distribuicdo (LEIBOLD, 1995). Em paralelo, Charles Elton (1927) estava desenvolvendo o seu
conceito de nicho, que se baseava nas relagcdes alimentares e de inimigos da espécie, sendo
entdo o nicho a posi¢do da espécie dentro de um ambiente (ELTON, 1927). Além disso, Elton
foi o primeiro a introduzir a ideia de que o nicho real de uma espécie pode ser diferente do seu
nicho potencial, e incluir os efeitos da espécie no ambiente.

Ja em 1957, George E. Hutchinson redefiniu o termo de nicho ao considerar que as
variaveis ambientais que cada espécie tolera sao dimensdes do ambiente, € se um ambiente tem
n dimensoes, o nicho se torna um espago n-dimensional (um “hiper volume’), composto das
tolerancias de cada espécie a uma determinada parte de cada dimensdao. Hutchinson (1957)
descreveu que esse espaco multidimensional do nicho era composto por variaveis ambientais e

bioticas, onde o fitness absoluto esperado de uma populacao € pelo menos zero. Justamente este
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espaco, onde o crescimento intrinseco da populacdo € positivo, foi chamado por Hutchinson de
nicho fundamental. O nicho fundamental considera apenas as varidveis que sofrem poucas
alteragdes ao longo do tempo, ou seja, as condigdes abidticas, nomeadas por ele variaveis
“cenopoéticas” (scenopoetic). Ja o nicho realizado ¢ um subconjunto do nicho fundamental, e
considera as interagdes com outras espécies que fazem com que a espécie ocorra em condigdes
mais restritas, chamadas variaveis “biondmicas” (bionomic). Desta forma, o nicho fundamental
de Hutchinson € um conceito abstrato, ¢ a distribuicdo que observamos das espécies € uma
consequéncia do seu nicho realizado. Desta defini¢cao surgem entdo, trés deducdes: i. o nicho ¢
um atributo da espécie, ndo do ambiente; ii. portanto, ndo existe nicho vazio; iii. € que cada
espécie tem seu proprio e unico nicho (HERBOLD; MOYLE, 1986). Diante disto, Hutchinson
via “oportunidades” ecologicas e evolutivas ndo em nichos vazios, mas sim em condig¢des
ambientais, disponibilidade de recursos e o gradiente de fitness de uma espécie (COLWELL;
RANGEL, 2009).

Porém, foi somente mais tarde, em um livro publicado em 1978, que Hutchinson
descreveu a importante ¢ conhecida “dualidade de Hutchinson”, a dualidade entre o espago
multidimensional do nicho e o espago fisico em que as espécies vivem (bidtipo), que permite
determinar a distribuicdo biogeografica de uma espécie a partir de padrdes espaciais de
variaveis cenopoéticas (COLWELL; RANGEL, 2009). Assim sendo, a aplicagdao dessa
dualidade em termos biogeograficos ¢ direta: o bidtipo € representado por um mapa, com cada
ponto tendo sua respectiva coordenada e cada ponto com seus valores de n atributos ambientais.
E importante notar, entretanto, que assim como uma dualidade matematica, a dualidade de
Hutchinson nao representa uma equivaléncia de 1 para 1: cada ponto no hiper volume do nicho
pode apresentar varios pontos geograficos, mas também nem todos os pontos no espaco de
nicho sao representados no bidtipo; porém, cada ponto no bidtipo corresponde a exatamente um
ponto no espago de nicho (COLWELL; RANGEL, 2009). E a partir dessa regra importante que
a reciprocidade entre nicho e distribuicdo das espécies se encontra, € que se permitiu o
desenvolvimento das ferramentas conhecidas como Modelos de Nicho Ecolégico (MNE). Os
modelos de nicho usam os valores das varidveis ambientais encontradas nas ocorréncias atuais
das espécies para modelar o seu nicho, e entdo projetam os pontos do espaco de nicho para
pontos geograficos, encontrando, portanto, locais dentro do hiper volume de nicho da espécie
(WIENS et al., 2009). E possivel, consequentemente, gerar um mapa de conformidade de
habitat, que identifica localiza¢des (no passado, presente ou futuro) que possivelmente podem
ser habitadas por essas espécies, com base nas caracteristicas ambientais das localidades de

ocorréncias conhecidas (ELITH; LEATHWICK, 2009).
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A partir do exposto, ¢ possivel também explorar essa dualidade dentro da distin¢ao
entre nicho realizado e nicho fundamental. A primeira vista, pode parecer que a modelagem de
nicho estima o nicho fundamental, j4 que ndo inclui as interagdes com outras espécies,
baseando-se somente nas condi¢cdes ambientais e as suas relagdes espaciais/geograficas.
Todavia, toda observacao da espécie no mundo fisico € resultado da interacdo desta com outras
espécies, fazendo com que qualquer nicho definido se baseando nessas ocorréncias seja, na
melhor das hipoteses, o nicho realizado (PETERSON; ANDERSON, 2012). Além disso, ¢
necessario muito conhecimento sobre a fisiologia da espécie, obtido através de experimentos
testando os limites fisiologicos desta, para possibilitar a defini¢do do seu nicho fundamental
(SOBERON; ARROYO-PENA, 2017). Isso porque, como Hutchinson observou, a dimensio
total do nicho fundamental pode nao ser revelada apenas pelas condigdes ambientais observadas
dentro dos limites de ocorréncia, ja que podem existir regides dentro do espago do nicho que
ndo estdo disponiveis para a espécie (HUTCHINSON, 1978). Aqui entra uma distingdo
importante que ¢ levada no restante deste trabalho: distribuigdes geograficas sdo por muitas
vezes distintas do espago de nicho de uma espécie, fazendo com que modelos de nicho, apesar
de estimarem e gerarem o hiper volume de nicho de uma espécie baseado nas condicdes
ambientais da conhecida distribuicdo de uma espécie, ndo tem como resultado final a potencial
distribuicao da espécie em si (SOBERON; PETERSON, 2005). Portanto, o resultado dos
modelos de nicho ¢ somente uma estimativa de adequabilidade de habitat para aquelas espécies,
locais com condigdes dentro do nicho estimado da espécie (SOBERON, 2010; HIRZEL; LE
LAY, 2008). Isso reflete também na terminologia da ferramenta: modelos de nicho que utilizam
apenas dados de ocorréncia e de variaveis ambientais, sdo, na sua esséncia, de fato modelos de
nicho; nao sdo modelos de distribuicao de espécies, outra nomenclatura utilizada comumente
como equivalente na literatura. No universo conceitual que esta dissertagao trabalha, para um
modelo de nicho ser um modelo de distribui¢do por si, este deve incluir pelo menos alguma
caracteristica da capacidade de dispersao da espécie. A habilidade de dispersao de cada espécie
pode limitar drasticamente a sua extensao de ocorréncia, € podem existir muitos lugares que
correspondem a porgdes do seu nicho fundamental, mas que estdo indisponiveis e/ou nao
ocupados (JACKSON; OVERPECK, 2000). Isso ¢ evidenciado em estudos de espécies
invasoras, que mostram que quando esses limites de dispersdo sdo removidos, as espécies
podem encontram regides com habitats adequados que vao além das condigdes ambientais
encontradas em sua distribui¢ao nativa (BROENNIMANN; GUISAN, 2008).

A possibilidade de projetar um modelo de nicho para outros periodos, tanto do passado

como do futuro, buscando estimar a adequabilidade de habitat da espécie em outro momento,
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se baseia no principio de conservadorismo de nicho (PYRON et al., 2015). A teoria de
conservadorismo de nicho tem base tedrica e empirica de que nichos tendem a evoluir
relativamente devagar nas suas linhagens (SOBERON; NAKAMURA, 2009). Uma das
evidéncias empiricas sao estudos capazes de prever eventos de invasao a partir de distribui¢des
geograficas passadas da espécie, e também a tendéncia de espécies terem nichos mais similares
aos nichos de espécies proximas do que de espécies mais distantes filogeneticamente (LOSOS,
2008; MARCELINO; VERBRUGGEN, 2015; PETERSON, 2003; PYRON et al., 2015).
Contudo, existem muitas criticas aos MNEs por utilizar essa suposicao, ja que até mesmo o que
o termo compreende ainda ¢ difuso na literatura (SOBERON; NAKAMURA, 2009), e alguns
autores argumentam que o nicho pode evoluir relativamente rapido, principalmente quando
discutimos mudangas ambientais e invasdes bioldogicas (PEARMAN et al., 2008). Porém,
Peterson (2011), através de uma revisdo da literatura investigando essas questdes conseguiu
encontrar um consenso entre estudos: o de que eventos de longa duragdo, como diferenciagdes
entre filogenias, mostram sinais de quebra do conservantismo de nicho, enquanto que eventos
curtos ou recentes (como invasdes) t€ém uma grande tendéncia a conservagao.

Pensando, portanto, nessa escala de tempo, podemos voltar a dualidade de Hutchinson.
Quando se estima o espago de nicho a partir da distribuicdo geografica, esse espago de nicho
engloba deslocamentos da espécie, fragmentacdes da sua distribuicao e limites de dispersao das
espécies (COLWELL; RANGEL, 2009). Além disso, o espaco de nicho também abrange
regides do bidtipo que contém condicdes adequadas para a espécie, mas ndo estdo ocupadas
(JACKSON et al., 2009). Portanto, a espécie pode sofrer alteracdes na sua distribuicao
geografica se “movendo” dentro do espago de nicho dela, encontrando por ora regides em um
extremo do seu espaco de nicho, e por ora em outro, sem causar alteracdes no seu nicho
(COLWELL; RANGEL, 2009). Em outras palavras, o espago de nicho inclui muitos pontos de
condi¢des ambientais do mundo fisico, ja que os proprios deslocamentos da espécie no bidtipo
incluem mais pontos no hiper volume do nicho; mas a dualidade permite separar o que acontece
no mundo fisico do espago de nicho. Mas claro, a ligagao entre o bidtipo € o nicho nao ¢ a toa:
0 que acontece no mundo fisico causa de fato mudangas evolutivas na espécie (DAVIS; SHAW;
ETTERSON, 2005), mas aqui retornamos a escala de tempo. Em escalas de tempo relevantes a
processos evolutivos, o espago de nicho de uma espécie pode expandir ou reduzir, de acordo
com as mudancgas no fitness da espécie causadas por mutagdes, extin¢ao, selecdo e deriva
genética (HOLT, 2009; PEARMAN et al., 2008). E assim, a distribui¢ao geografica da espécie
pode ser mudada apenas minimamente, ou drasticamente.

Considerando a velocidade das mudancas climaticas (nas centenas de anos), € razoavel
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assumir que haverd uma conservagdo do nicho das espécies, ja que estas ndo conseguem se
adaptar tao rapidamente a novas condi¢des ambientais (BERG et al., 2010). Desta forma, se
uma espécie ja esta nos limites fisiologicos dela, como por exemplo, no extremo do seu nicho
térmico, € nao conseguir se adaptar as novas condi¢des ambientais, o resultado mais provavel
é a sua extingio (JUMP; PENUELAS, 2005). Entretanto, se esta conseguir se dispersar para
novas regides, a espécie pode rastrear (do inglés tracking) o seu nicho, deslocando a sua
distribuicado para novos locais com condigdes dentro das necessarias para manter uma
populagdo viavel (TINGLEY et al., 2009). Porém, a abordagem da modelagem de nicho, por
considerar apenas as condigdes ambientais que estdo dentro do nicho da espécie para predizer
a sua presenga ou auséncia em condi¢des climaticas futuras, estd fadada a erros, por ndo
considerar diversos outros aspectos que ditardo o verdadeiro impacto das mudangas climaticas
na distribuicdo das espécies. Esses aspectos vao desde possiveis populagdes que
evolutivamente, por estarem sob diferentes pressdes evolutivas, podem ser mais resistentes a
mudancas, até a interagdes com outras espécies, que estardo sob as mesmas pressoes e sofrerdo
mudangas também (IKEDA et al., 2017; OCKENDON et al., 2014; VERGES et al., 2016).
Apesar de todas essas necessarias ressalvas, de areas da ecologia que ainda estdo em constru¢ao
e evolucado, tentar compreender a futura adequabilidade de habitat de uma espécie, baseado em
sua atual distribuicdo, ¢ de grande utilidade tanto para acdes de manejo e mitiga¢do das
mudangas climéticas, quanto para levantar questdes dentro da ecologia daquela espécie.
Agora, considerando o objeto de estudo desse trabalho, poucos estudos tém tentado
estimar a distribuicdo ou adequabilidade de habitat de espécies formadoras de rodolitos.
Estudos que geraram modelos de nichos para rodolitos usaram diversas espécies, como o estudo
de Martion et al. (2014) que usou ocorréncias de todas as espécies formadoras de mderl no
Mediterraneo, o estudo de Carvalho et al. (2020) feito com ocorréncias de todas as espécies
formadoras de rodolitos do Brasil, e o estudo de Simon-Nutbrown et al. (2020) que utilizou
ocorréncias de bancos de algas coralinas (registros de Phymatolithon calcarium, Lithothamnion
glaciale e de mderls no geral) na Escoécia. Como comentado anteriormente, uma das
pressuposi¢des dos modelos de nicho ¢ de que existe conservagdo do nicho da espécie, e esta
conservagao pode ser até expandida para espécies dentro de um mesmo género, ja que na sua
grande maioria, o nicho entre espécies muito proximas ¢ altamente similar. Ao utilizar
ocorréncias de diversas espécies, principalmente quando falamos de algas formadoras de
rodolitos, que compreendem trés ordens, esse pressuposto ndo € respeitado por estes estudos,
j& que o nicho dessas espécies dificilmente ¢ proximo. Isso também ¢é observado

fisiologicamente, ja que muito foi se mostrado na literatura de que a resposta de rodolitos a
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condi¢des ambientais ¢ altamente dependente da espécie e da sua historia evolutiva. Dessa
forma, ¢ importante também agregar informagdes sobre a resposta fisiologica das espécies com
resultados de modelos de nicho, de forma a testar e validar os resultados dos modelos. Assim
sendo, a presente dissertagdo buscou modelar a adequabilidade de habitat do presente e do
futuro de uma espécie formadora de rodolitos da costa brasileira, e investigar sua resposta a
combinacdo de trés for¢antes ambientais de forma a identificar a vulnerabilidade desta espécie

a condi¢des ambientais futuras.

1.3. OBJETIVOS

1.3.1. Objetivo geral

Identificar as principais ameacas de agdes antropicas sobre a distribuicao e resisténcia
dos bancos de rodolitos brasileiros, e inferir por modelagem de nicho validada por dados
experimentais a vulnerabilidade de uma importante espécie formadora de rodolitos frente as

mudancas ambientais em interagao.

1.3.2. Objetivos especificos

Capitulo I

1) Identificar na literatura cientifica as principais ameacas aos bancos de rodolitos
brasileiros;
2)  Construir um conhecimento base sobre os principais estudos que avaliaram

experimentalmente a resposta de rodolitos brasileiros frente a estressores globais e locais.

Capitulo IT

1) Avaliar experimentalmente a resposta de Lithothamnion crispatum Hauck 1878
a uma exposicao de cinco dias a combinacao de estressores globais (ondas de calor marinhas e
acidificagcdo dos oceanos) e locais (aumento na concentracao de nutrientes), € examinar se ha
recuperagdo dos individuos apos a remocgao dos estressores;

2)  Descrever a adequabilidade de habitat de Lithothamnion crispatum através de

um modelo de nicho nas condi¢des ambientais atuais, ¢ em dois cenarios futuros, determinando



a perda e ganho de regides com adequabilidade para esta espécie no futuro.

25



26



27

2. CAPITULO I: MAJOR THREATS TO RHODOLITH BEDS - OCEAN
ACIDIFICATION, GLOBAL WARMING AND LOCAL STRESSORS

Gabrielle Koerich!?, Marina Nasri Sissini!?, Paulo Antunes Horta'-

1 — Phycology Laboratory, Botanical Department, Federal University of Santa Catarina, 88040-
970 Florianopolis, Santa Catarina, Brazil
2 — Post-graduate Program in Ecology, Federal University of Santa Catarina, 88040-970

Floriandpolis, Santa Catarina, Brazil

Capitulo do livro sobre rodolitos brasileiros a ser publicado na série Brazilian Marine

Biodiversity, Springer



28

Abstract

Since the industrial revolution the human population has accelerated its magnitude of impact
on the world’s oceans. The observed consequences of our rising population and globalization
have expanded substantially and are expected to affect even the deepest ecosystems. The
extensive rhodolith beds along the Brazilian coastline that are present from the shallows down
to 133 m are predicted, and already observed to suffer from the consequences of human
interference. Rhodolith beds are predicted to experience a daunting diversity of anthropogenic
threats, which act at different scales. Global stressors such as ocean acidification and global
climate change are shown to affect fundamental metabolic processes, which over time is
expected to jeopardize the integrity of these ecosystems. Local stressors such as nutrient runoff,
pollution and calcium carbonate mining are expected to interact with global stressors and, in

multiple cases, exacerbate already negative prognoses.

Keywords: Anthropogenic impacts, physiological responses, eutrophication, resilience,

ecosystem services and functions
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2.1. CHANGES IN ATMOSPHERIC CO2 AND ITS CONSEQUENCES

Earth’s climate is greatly defined by the composition of the atmosphere. As radiation
enters the atmosphere, it interacts with gases capable of absorbing and emitting the radiant
energy. This fraction of gases represents less than 1% of the total atmosphere mass, and is
composed, among others, by water vapor, ozone, methane, nitrous oxide, and the now widely
known carbon dioxide (CO;) (Hartmann, 2016). CO», among the other gases, is a greenhouse
gas, trapping heat radiating from Earth back to space. This phenomenon is responsible for
keeping Earth warm enough to sustain life. As such, the concentration of this gas in the
atmosphere is directly related to how much heat is retained in the planet. The natural CO>
concentrations between glacial and interglacial periods ranges between 180-300 ppm
(Ruddiman, 2008). As of March of 2019, COz concentration in the atmosphere reached 400
ppm (NOAA, 2019), a value higher than any recorded on Earth in the past 800,000 years (Liithi
et al., 2008). This anthropogenic alteration of the atmosphere has reverberating effects on

Earth’s climate and biogeochemical cycles, and in important ecosystems, such as rhodolith

beds.

2.1.1. Ocean warming

The aforementioned increase in CO; concentration in the atmosphere has already
resulted in an increase of 1 degree Celsius in the global average temperature since 1880 (NASA,
2018). By the end of the century, the projected global mean surface temperature can reach up
to 4.3°C if emissions stay business-as-usual (IPCC, 2019). Increasing temperatures have
cascading effects not only in the climate system, but also in ecosystems and the services
provided by them. With a changing climate, species have either to adapt, tolerate, move to a
new location or endure extinction, and what will determine the outcome is their physiological,
ecological and evolutionary response (Berg et al., 2010). As such, investigating the impacts of
ocean warming in coralline algae is of extreme importance to determine the future of rhodolith
beds.

The distribution and phenology of marine algae has a strong relationship with
temperature (Hoek, 1982). Many metabolic processes in algae are affected by temperature, and
rhodoliths are no exception. Enzymatic-regulated processes, such as growth (englobing carbon
incorporation, calcification), photosynthesis and respiration are temperature-sensitive in

rhodoliths (Steller et al., 2007). In fact, rhodoliths are often used as climate proxies, as their
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calcification rates vary according to climatic conditions, and their growth bands can be used to
obtain paleotemperature information, as less-extensively calcified cells represent fastest growth
in warmer temperatures, and more-extensively calcified cells are found in colder temperatures
(Kamenos and Law, 2010; Martin et al., 2013). The effects of elevated temperatures in the
calcification of coralline algae were recently reviewed by Cornwall et al. (2019). The authors
found a general trend across multiple studies that coralline algal calcification is affected when
temperatures are ~5°C above the ambient temperatures of both cool and warm temperate
regions, and tropical reefs. However, each species has a specific response to temperature (and
other environmental conditions — see Schubert et al., (2019)), and other physiological and
reproductive features may be impaired by ocean warming, even when calcification is not
(Cornwall et al., 2019). Thus, to understand the general response trends of rhodolith-forming
species, we need to look at various indicators of the effects of elevated temperatures in species
from different environments (Fig. 1).

The response of coralline algae to elevated temperatures depends on their thermal
range of occurrence. Temperatures within the range that the algae species is historically and
evolutionary adapted to, present optimal physiological conditions, while temperatures higher
or lower to those will represent suboptimal physiological conditions, and above a certain
threshold, some temperatures will be detrimental to the algae (Fortes and Liining, 1980; Liining,
1990). This relationship with temperature depends on the distribution of the species (temperate
species are adapted to a wider range of temperatures than tropical species) and the depth of their
occurrence (intertidal species are exposed to a wider range of temperatures than benthic species,
for example) (Martin and Hall-Spencer, 2017). A small increase in temperature has positive
(Martin et al., 2013) or no effects (Noisette et al., 2013a) in growth, calcification and
photosynthesis of rhodoliths. However, temperatures above a certain threshold are damaging
for rhodoliths, either from temperate or tropical regions, causing bleaching, and declines in
photosynthesis and calcification (Anthony et al., 2008). For example, seasonal fluctuations in
seawater temperature cause changes in photosynthetic and respiration rates of Lithophyllum
margaritae (Hariot) Heydrich, but when temperatures surpassed 30°C, lower photosynthetic
and growth rates were observed (Steller et al., 2007). At 32°C, the rhodolith-forming species
Neogoniolithon sp. Setchell & L.R.Mason showed losses in photosynthesis and presented
photodamage (Vasquez-Elizondo and Enriquez, 2016).

What we can expect by looking at these studies is that the response of rhodoliths to
ocean warming will depend on the species, the rate of warming, as well as their life histories

and habitat. In addition, populations that are not extinguished by ocean warming will have to
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adapt to these new conditions, but this does not mean that they will adapt “well”: their fitness
will likely be affected, resulting in reduced abundance, and their interaction with other species
will be altered, reflecting in a reduced competitive ability and defense against predation (Harley
et al., 2012). Species which will neither adapt nor became extinct in the future, will have to
migrate to new locations. This is a trend already being observed and that is expected to become
more frequent in the future, where species experience a range shift to locations with
environmental conditions more similar to what they are adapted to (Poloczanska et al., 2013).
The bigger expression of this trend is the tropicalization of temperate marine ecosystems, which
will also represent changed ecological interactions, as grazers and other organisms will also be

under the same shift (Vergés et al., 2014)

2.1.1.1.  Marine heatwaves — punctual events but lingering threats

As the ocean absorbs heat from the atmosphere, marine heat waves (periods of extreme
warming of the sea surface, lasting from days to months) have increased in frequency, intensity
and extension over the last decades, and this trend is set to persist in the remainder of the century
(Frolicher et al., 2018). Extreme events are now being regarded as important drivers of species
distributions and in biodiversity patterns, and thus the increase in their intensity and frequency
will lead to changes in communities composition and cause range shifts of species (Wethey et
al., 2011; Wernberg et al., 2013; Rilov et al., 2019). In a long-term monitoring of kelp forests
and coral reefs in Western Australia, researchers were able to document how an extreme heat
wave caused the loss of approximately 2300 km? of kelp forests, leading to a community shift
to species of subtropical and tropical waters (Wernberg et al., 2016). The loss of benthic cover
by kelp and encrusting coralline algae, and their replacement by turf-forming algae was also
observed after a heat wave in 2011 in Australia (Wernberg et al., 2013).

For coralline algae, there are very few studies investigating the impacts of marine heat
waves. Short et al. (2015) measured growth, calcification and mortality rates of a crustose
coralline algae (CCA) subfamily Hydrolithoideae A. Kato & M. Baba in response to a heat
wave in Western Australia. During summer, higher calcification raters are expected, but in a
summer with registered temperature anomalies, increased mortality was observed, and no
changes in calcification rates were detectable between seasons (Short et al., 2015). Sordo et al.,
(2019), in an experiment testing the effects of marine heatwaves in Phymatolithon lusitanicum
V.Pena from Portugal, described positive effects of increasing temperatures on photosynthesis,
calcification and respiration rates. However, more studies encompassing the responses of

rhodolith-forming species to events of anomalous warming are necessary, as this information
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is virtually non-existent, and species adapted to different environmental conditions will respond
distinctively to heat waves (Cornwall et al., 2019). Schubert et al. (2019) investigated the effects
of marine heat waves in rhodoliths from a marine reserve in Southern Brazil (27°S, 48°W).
Melyvonnea erubescens (Foslie) Athanasiadis & D.L.Ballantine, 2014 and Lithothamnion
crispatum Hauck, 1878 were exposed to a sudden increase of 5 degrees Celsius (from 23°C of
the field to 28°C). M. erubescens presented a decrease in net photosynthesis and calcification
rates in response to the increase in temperature, while L. crispatum up-regulated its net
photosynthesis, but at the same time, experienced decreased calcification rates. These results
indicate that the impacts of heat waves will affect different species composing rhodolith beds
distinctively, but the overall losses in primary production and carbonate storage will likely
affect the dynamic of these ecosystems. Moreover, the species studied by Schubert et al. (2019)
have a wide occurrence in the Brazilian coast, and assessing the response of distinct populations
is also important to understand if populations locally adapted to different conditions will be
affected differently (Sgro et al., 2011). Further studies of the impacts of extreme events in the
primary and carbonate production by different Brazilian rhodolith populations are necessary to
allow the full comprehension of ecosystem’s goods and services losses in the future, as well as

the response of different populations of the same species.

2.1.2. Ocean Acidification

Not only the ocean absorbs heat, but it is also the main agent in the absorption of
atmospheric CO», storing approximately 30% of the anthropogenic carbon emitted to the
atmosphere (IPCC, 2019). Surely, this exchange comes at a price. The higher uptake of CO2 by
oceans impacts directly water’s pH, making it more acid and lowering calcium carbonate
(CaCO:s3) saturation in surface waters. The decrease in pH and alteration in fundamental
chemical balances in oceans is called ocean acidification (Doney et al., 2009). According to the
last report of the Intergovernmental Panel on Climate Change (IPCC) of 2014, there is high
confidence that if CO emissions continue, ocean acidification will persist and highly affect
marine ecosystems.

Before the industrial revolution, average ocean surface water pH was of approximately
8.17, but has now decreased to 8.11 and it can decrease even further depending on the rate of
emissions (IPCC, 2014). The ocean carbonate system is governed by a series of chemical

reactions:
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COz@atm) © COz(qq) + H,0 < H,CO3 & H™ + HCO3 < 2H' + CO3~

When CO: is dissolved in seawater, it generates carbonic acid (H2CO3), which then
forms bicarbonate (HCOs") and carbonate (CO3%") by the loss of hydrogen ions (H"). By adding
CO» to seawater, the concentrations of bicarbonate and hydrogen ions also increase. More
hydrogen ions result in lower pH because:

pH = —logio[H]

Which, at the same time, decreases carbonate ion concentration.

The ability of global oceans to absorb and store CO> depends on the extent of calcium
carbonate (CaCOs3) dissolution in seawater, which in turn, depends on the concentration of
CO3? and Ca. CaCOs has a biogenic origin, found in shells and skeletons of marine organisms,
and in the focus of this book, coralline red algae. The saturation state (€2) of CaCOs is, therefore:

[Ca®*][C057]
KI

sp

Where K’ is the apparent solubility product, which depends on seawater’s salinity,
temperature, pressure and the particular mineral phase. CaCOs3 has six polymorphs, two which
are important components in the formation of shell and skeleton of marine organisms: aragonite
and calcite. Aragonite is approximately 50% more soluble than calcite, which makes its
saturation state’s value lower. Formation of CaCO;3 happens where Q>1.0 and dissolution
occurs where Q<1.0. Therefore, the increasing input of CO: is shallowing the saturation
horizons of both aragonite and calcite, as saturation states are directly related to pressure.
Coralline red algae deposit CaCO3 in the polymorph of high magnesium calcite (Mg-calcite, or
dolomite), more soluble than calcite and aragonite (50% and 20%, respectively), which makes
them especially vulnerable to changes in the saturation state (Ragazzola et al., 2013).

Rhodolith beds are, therefore, important in the global carbon cycle, by the storage of
carbon in the form of CaCOs. Only in the Abrolhos Shelf in Brazil, the estimative is that CaCOs3
production is of 0.025 Gt yr’!, comparable to the production of coral reefs in the Caribbean
(Amado-Filho et al., 2012). Considering that rhodolith beds occur from Amazon’s mouth to
southern Brazil, with 230,000 km? of niche suitability only in the Brazilian coast (Carvalho et
al., 2019), their global contribution to carbon storage is immense. However, the solubility of
their Mg-calcite rich skeletons makes them highly susceptible to dissolution under future
scenarios of ocean acidification, and their role in the global carbon cycle will be impaired.

The vulnerability of rhodoliths to ocean acidification has been assessed in many
experimental studies. While some studies have found negative effects of decreasing pH in

coralline species, such as decreasing photosynthetic (Anthony et al., 2008) and calcification
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rates (Blidenbender et al., 2011; Kato et al., 2014), and loss of structural integrity (Ragazzola
et al., 2012), others have found either no effects or positive effects on such physiological rates
(Noisette et al., 2013b, 2013a; Sordo et al., 2016). Nonetheless, it is necessary to consider that
these responses are species-specific, and also depend on the proportion of dolomite found in
their skeletons (Mccoy and Kamenos, 2015; Nash et al., 2019). In an investigation of the short-
term effects of decreased pH (7.4) in the physiology of Lithothamnion crispatum from Southern
Brazil, decalcification and reduced photosynthetic yield were observed (Mufioz et al., 2018).
CCA from north-eastern Brazil also demonstrated a decline in photosynthetic yield after
exposure for 23 days to a decrease of 0.9 in pH (Scherner et al., 2016).

Other important factor to be considered is the time of exposition. Sordo et al. (2018)
observed that after 11 months of exposure to high CO> concentrations, the calcification and
photosynthesis rates of the mierl Phymatolithon lusitanicum increased. However, after 20
months of exposure, this pattern was reversed, indicating that although coralline algae can
maintain high production rates for some time at low pH, they do not present resistance to it in
the long term (Sordo et al., 2018). This lower resistance will facilitate bleaching, diseases,
herbivory and reduce the ability of coralline algae to compete with fleshy algae (Short et al.,
2014; Sordo et al., 2018). In this regard, Burdett et al. (2018) described the sensitivity of a
community formed by coralline algae to CO; enrichment, where a short-term exposure to higher
concentrations of CO; led a shift to net community dissolution of a local coralline algal bed,
composed primarily by Lithothamnion glaciale Kjellman. This supports the understanding that
in a higher-CO2 world, rhodolith beds will experience a transition in community composition,
with species more tolerant to these conditions becoming the foundation of the community

(Celis-Pla et al., 2015; Burdett et al., 2018).

2.2. BAD THINGS COME IN MORE THAN THREES

As we alter global climate and biogeochemical systems, we also are changing
environments at a local scale. Everything we add in our water ends up draining to the ocean,
from chloride to nutrients derived from agricultural lands, even reaching ecosystems far from
the coast. The major contributions of agricultural activities to water pollution are nutrients,
pesticides, metals, organic matter and sediments, among others (FAO, 2017). Economic
activities such as mining and petroleum extraction also pose threats to marine ecosystems,

considering the history of accidents related to these activities and the impact caused by offshore
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exploration. But rhodolith beds have their own economic value due to their CaCOs-rich
skeletons. They have been proposed for agronomic applications as fertilizes and for correction
of acidic soils (Foster, 2001; Horta et al., 2016). This demonstrates that rhodoliths beds are in
a conflict zone — between activities with economic value in these ecosystems, and human use
of the functions and services provided by them, their conservation seems like a complicated

puzzle. Herein we discuss the major local threats to Brazilian rhodolith beds.

2.2.1. Increased nutrient runoff

The explosive increase in eutrophication of coastal waters globally is related to the
human-controlled creation of reactive nitrogen (Howarth, 2008) and phosphorus, especially for
the production of fertilizers (Ngatia et al., 2019). As human populations continue to grow, thus
increasing the demand for food and the discharge of wastewater - another important source of
nutrients to marine waters -, eutrophication in coastal zones related to human activities will
continue to increase. Nutrients are important to the growth of macroalgae, but calcareous algae
may be sensitive to coastal pollution (Bjork et al., 1995). Brazil has a historical problem with
coastal pollution. Half of the population (~ 100 million people) still does not have access to
adequate treatment and disposal of sewage (De Sousa and Barrocas, 2017), and where
wastewater treatment is available, it does not remove emerging contaminants, such as
hormones, pesticides and illicit drugs (Campestrini and Jardim, 2017) Moreover, the use of
fertilizers in Brazil reached a historical record in 2018, when 35.506.299 tons were delivered
in the country, according to the National Association for the use of Fertilizers (ANDA, 2019).
It is difficult to estimate the quantity of nutrients from point and non-point sources transported
by rainfall, runoff and leaching that reach the coastal zone, but the effects are already being
observed. The increased presence of sewage-derived nutrients in coastal areas of Brazil led to
decreasing species richness and resilience of benthic communities (Martins et al., 2012).
Scherner et al. (2013) investigated the changes in coastal assemblages in the Brazilian coast
caused by increased sewage discharge and demonstrated declines in calcareous algae in regions
with high urban pressure.

Primary production is limited by nutrient availability, and it is no different in the
marine environment. Moderate nutrient enrichment can be beneficial to algae, increasing
growth rates and maybe even helping them cope with climate change (Celis-Pla et al., 2015).
However, in high concentrations, nutrients can be detrimental and affect important metabolic

processes. For example, phosphorus has been regarded as a “poison” for calcification processes,
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as it inhibits calcite crystal growth (Simkiss, 1964; Bjork et al., 1995). Moreover, fleshy
epiphytes will obtain advantage in a scenario with higher availability of nutrients, as they are
fast-growing and can thus rapidly cover calcareous algae, which have much lower growth rates
and will likely be affected by eutrophic conditions (Russell et al., 2009). Furthermore, the runoff
from coastal zones is accompanied by sediments, increasing the turbidity of the water and
reducing light availability for photosynthesis. The congregation of these conditions may lead
to a reduced fitness of coralline algae, and consequently, a shift to a different steady-state of
the local community.

Some experimental studies have explored the effects of nutrient enrichment in
coralline algae. In an investigation of the impacts of increased nitrate (40 umol/L) and
phosphate (1 umol/L) concentrations on three species of temperate mierl, Qui-Minet et al.,
(2019) found no negative effect in calcification in any of the species. Similarly, positive effects
of nitrogen enrichment on the calcification rates and photosynthetic pigments of the reef-
building CCA, Porolithon onkodes (Heydrich) Foslie (Johnson and Carpenter, 2018).
Conversely, nutrient enrichment led to lower CCA (Lithophyllum Philippi sp.) dry mass,
although no impacts in the photosynthetic yield were observed (Russell et al., 2009). In a study
of the impacts of nutrient increase in two species of rhodoliths from Arvoredo’s Island (Santa
Catarina, Brazil), Melyvonnea erubescens presented a reduction in net photosynthesis under
increased nutrient conditions, while Lithothamnion crispatum did not respond to such
conditions (Schubert et al., 2019). The results from these studies show that responses to nutrient
enrichment are species-specific, and as rhodolith communities are composed of many algae
species, community composition will be changed by local nutrient conditions. Therefore, the
productivity and carbon storage of rhodolith beds in coastal areas impacted by nutrient runoff
will differ according to the species composing the community (Schubert et al., 2019). However,
many more studies of the increasing nutrient overload in coastal areas are necessary for the
assessment of the precise impacts and possible changes in rhodolith communities’ structure,

composition and functioning.

2.2.1.1.  Experimental evaluation of the impacts of increased nutrient

concentrations

Coastal and oceanic populations are exposed to different environmental conditions,
and as such, their response to the same stressor may be different. Oceanic islands are considered

as “model systems” for ecological studies, being less impacted by human activities than the
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coastal zone (Vitousek, 2002; Williams et al., 2015). Island populations are adapted to less
variation in nutrient conditions, differently than coastal populations, which are exposed to high
variation in nutrient concentrations due to continental runoff (Scherner et al., 2012). Therefore,
island populations may be less resistant to increased nutrient and reduced light conditions and
understanding their response to these condition gives insights about the sensibility of rhodoliths
to them. Hence, in order to assess the impact of nutrient increase and reduction of light
penetration in the water column in populations of oceanic islands, two field experiments were
made, one in Fernando de Noronha (7 days) and one in Trindade Island (15 days). For each
experiment, three species were chosen based on their abundance in the island, and each species
represented one of the major groups of algae — red, brown and green. As such, in Trindade
Island, Halimeda sp., Dictyota sp. and Lithothamnion sp. were used in the experiment. As for
Fernando de Noronha, the species chosen were Sargassum sp., Dictyopteris sp., and a rhodolith-
forming species. The depth of sampling of rhodoliths was 6m in Trindade and 1-2m in Fernando
de Noronha.

Before the beginning of each experiment, algae were collected, cleaned from epiphytes
and weighted to 5 grams of fresh biomass. They were then placed in cylinders (1L of volume)
made of a plastic net with holes of 1 cm. Each experiment was composed of four treatments:
control (environment irradiance and oligotrophic conditions), low irradiance and oligotrophic
conditions, environment irradiance and eutrophic conditions, and low irradiance and eutrophic
conditions. To simulate light reduction, a shading screen was placed on top of the cylinders,
and the eutrophic condition was replicated by adding NPK nutrients of low and fast dilution.
Each treatment had 3 replicas, and cylinders were randomly placed 1m apart in a longline at
open sea. To evaluate the physiological conditions of each species, measurements of effective
quantum yield (Fv/Fm’) were taken with a pulse-amplitude modulated chlorophyll a
fluorometer (Diving PAM — Walz Germany). Data was tested for normality with Shapiro-Wilk
test (p<0.05) and homogeneity of variances was tested with Levene’s test of the median
(»<0.05). An Analysis of Variance (ANOVA) of two factors was then made for each
experiment. Post-hoc test of Tukey separated statistically different groups (p<0.05). All data
analyses were made in R (version 3.6.0).

The ANOVA analysis showed a significant interaction (p<0.05) between irradiance
and nutrient concentrations in different species in the Trindade experiment (Fig. 2), but for the
Fernando de Noronha experiment, only different concentrations of nutrients and species
presented a significant interaction (Fig. 3). Although the rhodolith-forming species were the

group with lower Fv/Fm’ in both experiments, when compared to other species, no significant
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difference was observed between either different light or nutrient conditions in either
experiment (Fig. 2 and 3). The concentration of nutrients used in the experiments was not
detrimental to the photosynthetic efficiency of these rhodoliths, similar to what Qui-Minet et
al. (2019) observed in a long-term experiment with three mderl species. Moreover, neither
condition of light (shaded or unshaded treatments) caused changes in the photosynthetic
efficiency of rhodoliths from Trindade. This could be explained by the depth in which the
rhodoliths used in the experiments were collected (6m), meaning that they were already adapted

to lower light conditions.

2.2.2. Economic activities

Rhodolith beds are spread throughout the Brazilian coast, and as such, they can be
found very close to regions with economic interest (Fig. 4). That is the case of the deep-water
rhodolith bed in the Peregrino oil field, one of the ten biggest oil fields in Brazil, according to
the National Agency of Petroleum, Natural Gas and Biofuels (ANP). The Peregrino oil field is
part of the Campos Basin, a region that has been intensively explored not only by activities of
oil exploration, but also by calcareous mining and fish dredging, which promote substantial
sediment dislodgment (Villas-Boas et al., 2014). The Peregrino oil field is one example of a
conflict area, and another one is the most extensive rhodolith bed in the world, the Abrolhos
bank (Amado-Filho et al., 2012). The auctioning of blocks close to the bank (as depicted in Fig.
4), and the oil production fields about 50 km from the reserve, are of great concern for the health
of the rhodolith beds (Moura et al., 2013). And more concern about petroleum activities has
been raised recently due to the oil spill that affected almost the entire Brazilian coast (Soares et
al., 2020). As brought to attention by Sissini et al. (2020), the impacts of this environmental
disaster over rhodolith beds are still unknown. The Deepwater Horizon oil spill, which
happened in 2010 in the Gulf of Mexico, caused a decrease of the biodiversity associated with
rhodolith beds in this region (Felder et al., 2014), and also induced bleaching of rhodoliths
(Fredericq et al., 2014). Therefore, it is reasonable to expect that rhodolith beds and associated
fauna in regions affected by the oil spill in Brazil will endure impacts.

Rhodoliths are of economic interest as they can be used as a source of calcium
carbonate and micronutrients, thus being used as fertilizers and correction of organic soils, and
also in the construction sector, as raw material for cement production (Dias, 2000). Their
extraction is done by dredging, and this is a practice that has been done in Europe since the

1970s (Grall and Hall-Spencer, 2003). Although rhodoliths are considered as a non-renewable
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resource, as their growth rate is in average 1 mm yr’!, their extraction in many countries, such
as Ireland (5,000 t yr ') and France (500,000 t year '), is a common practice (Coletti et al.,
2017). In Brazil, extraction can be up to 18 t yr'! per company, and Brazilian law refers to
rhodoliths as a non-living resource (Santos et al., 2016). While Great Britain have ceased the
licensing of rhodolith extraction, and in Spain and the Mediterranean environmental laws
regulate economic activities in some rhodolith beds (Salomidi et al., 2012), Brazil still does not
have clear regulations regarding these ecosystems.

One of the many byproducts shared by activities of petroleum extraction, mining and
rhodolith extraction is the plume of sediments created, which can settle upon benthic
assemblages. This load of sediments has been demonstrated to impair the photosynthetic
activity of coralline algae (Wilson et al., 2004; Harrington et al., 2005), both shallow (Riul et
al., 2008; Reynier et al., 2015) and deep-water species (Villas-Boas et al., 2014; Reynier et al.,
2015). The coverage of specimens Lithothamnion Heydrich sp. from a shallow-water coastal
reef from Paraiba, Brazil, by a thin sediment layer reduced net production by 70% (Riul et al.,
2008). Photosynthetic efficiency is also affected by sediment coverage, as demonstrated by
Figueiredo et al. (2015). In this study, the two most dominant species of the deep-water (100
meters depth) rhodolith bed in the Peregrino oil field, Mesophyllum engelhartii (Foslie)
W.H.Adey and Lithothamnion sp., presented a reduction in photosynthetic efficiency of 50%
at 70% of sediment coverage, establishing a negative correlation between the added amount of
sediment and photosynthetic rates. The reduction in photosynthesis efficiency is mostly due to
the sediment coverage of the organisms, which affects not only light availability, but also gas
exchanges, important in the primary metabolism of these algae (Riul et al., 2008; Figueiredo et
al., 2015). As a matter of fact, it is not only thin sediments that have been proven to affect
rhodoliths. Natural coarse sediments from the Peregrino oil field and complete burial of
rhodoliths also caused reductions in photosynthetic efficiency, changes in coloration and, in the
case of burial, death (Villas-Boas et al., 2014; Reynier et al., 2015).

Consequently, dredging and extraction activities close or in rhodolith beds must be
correctly regulated by environmental agencies. The Environmental Agency of the Brazilian
Government (IBAMA) has, in the past, adopted the Precautionary Principle (Cooney, 2004),
denying requests of oil or gas drilling near rhodolith beds (Santos et al., 2016). However,
considering the position of the new Brazilian federal government regarding the environment,
this is not a guarantee anymore. Brazil has historically focused in short-term targets to increase
economic growth that often collide with sustainability needs and goals (Pereira, 2019), and new

practices, such as the unrestrained release of new pesticides [474 only in 2019 - Oliveira &
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Tooge (2019)], or new legislations, like the proposition allowing mining in indigenous
protected areas (Souza, 2020), are worsening this tradition. River runoff delivers these
contaminants in the coastal zone, and the current mining and agricultural use of pesticides
already implicate in polluted coastal zones in Brazil (Liebezeit et al., 2011; de Mahiques et al.,
2013). Hydrocarbons from oil and gas exploration can also be found in coastal waters and
species of economic interest (Santiago et al., 2016). To incentive the uncontrolled expansion of
these activities, especially without a strong environmental agency monitoring and licensing
them — IBAMA, the administrative arm of Brazil’s Environmental Ministry, has been
dismantled in all fronts (Tufanni, 2019) —, is an allowance for the further devastation of marine
ecosystems. The impacts of these hydrocarbons, metals from mining, and pesticides in
rhodoliths are mostly still unassessed, but have been demonstrated to impact other macroalgae
(see Petsas and Vagi, 2017 for a review). For these reasons, there is an urgent need of clear and
coherent regulations of these activities, both in land and ocean, to prevent the further

degradation of rhodolith beds.

2.3. COMBINATION OF GLOBAL AND LOCAL STRESSORS

While investigating the effects of each of these stressors separately is important to
understand individual mechanisms and is a cornerstone in studies of organismal physiology,
assessing the impacts of multiple stressors is also important, considering that in the future they
will happen simultaneously (Boyd et al., 2018). The interaction between stressors (or drivers)
can have either an additive (the sum of their individual effects is either double-positive, double-
negative or opposing), antagonistic (less positive or negative than predicted additively) or
synergistic effect (when the result is greater, positively or negatively, than the additive effect
of individual drivers) (for further explanation of terms, see Piggott et al., 2015). As a result,
assessing the combined effects of global and local stressors in rhodoliths is necessary to play
out the possible scenarios of species and communities’ responses to future environmental
conditions.

Many studies have investigated the combined effects of two or three stressors in the
physiology of coralline algae, some testing the hypothesis that one stressor may help them cope
with another stressor (Hofmann et al., 2014; Qui-Minet et al., 2019). One of the most
investigated interactions of stressors under this perspective is of ocean acidification and
warming. A few studies have demonstrated that ocean acidification exacerbates the negative

effects of ocean warming in rhodoliths (Kroeker et al., 2013; Vasquez-Elizondo and Enriquez,



41

2016), increasing mortality, bleaching and decreasing -calcification and photosynthesis
(Anthony et al., 2008; Diaz-Pulido et al., 2012). Conversely, the interaction of increased pCO>
and temperatures in the physiology of Phymatolithon lusitanicum led to higher rates of
photosynthesis, respiration and calcification than when only temperatures were increased,
indicating an intensification of the effects of temperatures under higher CO> concentrations
(Sordo et al., 2019). The combination of global and local stressors, specifically nutrient
enrichment, have also been investigated under this angle. Higher nitrogen concentration
partially ameliorated the effects of higher pCO> by increasing calcification rates and
photophysiology of Porolithon onkodes (Johnson and Carpenter, 2018). Qui-Minet et al.
(2019) observed an antagonistic interaction between ocean warming, acidification and nutrient
enrichment in the physiology of three maéerl species, with nutrient enrichment partially
alleviating the effects of climate change. In contrast, Schubert et al. (2019), when testing
increasement of nutrients and temperature, found no effect (negative or positive) of nutrients in
calcification in treatments with elevated temperature. Other aspects of coralline algae’s life
histories will also be affected, and their competition ability may also be impaired. For example,
recruitment of CCA under higher nutrient conditions and CO- is highly disrupted, while turf
increase their recruitment and coverage in the same conditions (Russell et al., 2009). As
discussed previously, the individual effects of these stressors are species-specific, and their
interaction appears to follow the same trend.

However, other factors also play an important role in mediating the response of
coralline algae to changing environmental conditions. Seasonal fluctuations in temperature and
irradiance (length and intensity) mediate and partially explain the meliorated effects of ocean
warming in rhodoliths, and the effects of warming will also be different between seasons (Qui-
Minet et al., 2019). Moreover, coralline algae are exposed to substantial daily changes in pH
and temperature, and thus, they may adapt to near future conditions of ocean acidification (Qui-
Minet et al., 2018). However, their response to long-term (> 12 months) increasement of
temperature and CO> concentrations is likely different than their response to short-term
exposure, as a result of these daily and seasonal fluctuations (Sordo et al., 2018), which implies
that the mitigation of effects of one stressor by the other may also be a short-lived response.
For this reason, longer studies exploring the effects of multiple stressors on rhodoliths are
necessary to understand this complex dynamic.

Another important aspect that needs to be investigated regarding the impacts of
multiple stressors are the effects of these on communities. Changes in community composition,

which we can expect based on numerous studies demonstrating lower resistant of some species
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to altered environmental conditions, while others seem to cope with it, will also reflect in
changed interactions. Other taxa, from other algae to fish, for example, will also be under the
influence of these conditions, and experience shifts in their assemblages (Vergés et al., 2016).
The expression of climate change in the interactions within the community may have greater
impact in populations than the effects of abiotic conditions, and thus, have larger effects in the
resilience of ecosystems (Ockendon et al., 2014; Strona and Bradshaw, 2018). Therefore, future
studies of rhodoliths will need to address the effects of changed community composition and
interactions in order to more accurately predict the future of these ecosystems.

In this “perfect storm” of ecological chaos, we cannot forget the underlying driver of
change: human society. And human society is going to be heavily impacted by the collapse of
ecosystems, as we depend greatly in services and functions provided by them (Worm et al.,
2006). Rhodolith beds provide services of production through the provision of important fish
habitats, of regulation by their importance in climate regulation, and of support by promoting a
high biodiversity and complex ecological interactions, among others (Basso et al., 2016). The
loss and/or diminishment of Brazilian rhodolith beds will result in loss of these ecosystem
services, and the impacts on Brazil’s economy and society are still to be assessed. To avoid —
or to at least attenuate — the loss of these important ecosystems, Brazil and other governments
need to make a transformative change in their practices and processes across diverse sectors,
especially the economic, business and political ones (IPCC, 2019). Under the future climatic
and environmental projections, the underlying socioeconomic and political scenario of Brazil
appears to make the achievement of these transformative changes difficult. But still, initiatives
around the world can give hope that these changes are achievable. Many countries are
implementing plans to completely decarbonise their economies by 2030 or 2050 (Victor, 2020),
1840 local authorities in 32 countries have declared and acknowledged the climate emergency
that we are in (CED, 2020), and investors initiatives, such as Climate Action 100+, are looking
to ensure that the largest corporate greenhouse gas emitters take action in face of climate change
(Climate Action 100+, 2020). We have the technology and the means to change the path we are

in, as many other countries have realized. Brazil just needs to pick up the pace.

2.4. REFERENCES

Amado-Filho, G. M., Moura, R. L., Bastos, A. C., Salgado, L. T., Sumida, P. Y., Guth, A. Z.,
et al. (2012). Rhodolith Beds Are Major CaCO3 Bio-Factories in the Tropical South West
Atlantic. PLoS One 7, €35171. doi:10.1371/journal.pone.0035171.



43

Anthony, K. R. N, Kline, D. 1., Diaz-Pulido, G., Dove, S., and Hoegh-Guldberg, O. (2008).
Ocean acidification causes bleaching and productivity loss in coral reef builders. Proc. Natl.
Acad. Sci. U. S. A. 105, 17442—-17446. doi:10.1073/pnas.0804478105.

Basso, D., Babbini, L., Kaleb, S., Bracchi, V. A., and Falace, A. (2016). Monitoring deep
Mediterranean rhodolith beds. Aquat. Conserv. Mar. Freshw. Ecosyst. 26, 549-561.
doi:10.1002/aqc.2586.

Berg, M. P., Toby Kiers, E., Driessen, G., van der Heijden, M., Kooi, B. W., Kuenen, F., et al.
(2010). Adapt or disperse: Understanding species persistence in a changing world. Glob.
Chang. Biol. 16, 587-598. doi:10.1111/j.1365-2486.2009.02014.x.

Bjork, M., Mohammed, S. M., Bjorklund, M., and Semesi, A. (1995). Coralline algae,
important coral-reef builders threatened by pollution. Ambio 24, 502-505.

Boyd, P. W., Collins, S., Dupont, S., Fabricius, K., Gattuso, J. P., Havenhand, J., et al. (2018).
Experimental strategies to assess the biological ramifications of multiple drivers of global
ocean change—A review. Glob. Chang. Biol. 24,2239-2261. doi:10.1111/gcb.14102.

Biidenbender, J., Riebesell, U., and Form, A. (2011). Calcification of the Arctic coralline red
algae Lithothamnion glaciale in response to elevated CO 2. Mar. Ecol. Prog. Ser. 441, 79-87.
doi:10.3354/meps09405.

Burdett, H., Perna, G., McKay, L., Broomhead, G., and Kamenos, N. (2018). Community-
level sensitivity of a calcifying ecosystem to acute in situ CO2 enrichment. Mar. Ecol. Prog.
Ser. 587, 73—80. doi:10.3354/meps12421.

Campestrini, 1., and Jardim, W. F. (2017). Occurrence of cocaine and benzoylecgonine in
drinking and source water in the Sdo Paulo State region, Brazil. Sci. Total Environ. 576, 374—
380. doi:10.1016/j.scitotenv.2016.10.089.

Carvalho, V. F., Assis, J., Serrdo, E. A., Nunes, J. M., Batista, A. A., Batista, M. B., et al.
(2019). Environmental drivers of rhodolith beds and epiphytes community along the South
Western Atlantic coast. Mar. Environ. Res., 104827. do1:10.1016/j.marenvres.2019.104827.

CED, Climate Emergency Declaration (2020). Climate emergency declarations in 1,840
jurisdictions and local governments cover 820 million citizens. Available at:
https://climateemergencydeclaration.org/climate-emergency-declarations-cover-15-million-
citizens/. Acessed in: 23 nov. 2020.

Celis-Pl4, P. S. M., Hall-Spencer, J. M., Horta, P. A., Milazzo, M., Korbee, N., Cornwall, C.
E., et al. (2015). Macroalgal responses to ocean acidification depend on nutrient and light
levels. Front. Mar. Sci. 2. doi:10.3389/fmars.2015.00026.

Climate Action 100+. Global Investors Driving Business Transition. Available in:
http://www.climateaction100.org/. Acessed in: 23 nov. 2020.

Coletti, G., Basso, D., and Frixa, A. (2017). “Economic Importance of Coralline Carbonates,”
in Rhodolith/Maérl Beds: A Global Perspective Coastal Research Library., eds. R. Riosmena-
Rodriguez, W. Nelson, and J. Aguirre (Cham: Springer International Publishing), 87—-101.



44

doi:10.1007/978-3-319-29315-8 4.

Cooney, R. (2004). The Precautionary Principle in Biodiversity Conservation and Natural
Resource Management: An issues paper for policy-makers, researchers and practitioners.
Available at: http://data.iucn.org/dbtw-wpd/edocs/pgc-002.pdf.

Cornwall, C. E., Diaz-Pulido, G., and Comeau, S. (2019). Impacts of Ocean Warming on
Coralline Algal Calcification: Meta-Analysis, Knowledge Gaps, and Key Recommendations
for Future Research. Front. Mar. Sci. 6, 1-10. doi:10.3389/fmars.2019.00186.

de Mahiques, M. M., Figueira, R. C. L., Salaroli, A. B., Alves, D. P. V., and Gongalves, C.
(2013). 150 years of anthropogenic metal input in a Biosphere Reserve: The case study of the

Cananéia-Iguape coastal system, Southeastern Brazil. Environ. Earth Sci. 68, 1073—-1087.
doi:10.1007/s12665-012-1809-6.

De Sousa, A. C. A., and Barrocas, P. R. G. (2017). Privatizar ou ndo privatizar: Eis a questao.
A tinica questdo? A reedi¢ao da agenda liberal para o saneamento basico no Brasil. Cad.
Saude Publica 33. doi:10.1590/0102-311X00048917.

Dias, G. T. M. (2000). Granulados bioclésticos-algas calcarias. Rev. Bras. Geofis. 18, 307—
318. doi:10.1590/s0102-261x2000000300008.

Diaz-Pulido, G., Anthony, K. R. N., Kline, D. 1., Dove, S., and Hoegh-Guldberg, O. (2012).
Interactions between ocean acidification and warming on the mortality and dissolution of
coralline algae. J. Phycol. 48, 32-39. doi:10.1111/5.1529-8817.2011.01084.x.

Doney, S. C., Fabry, V. J., Feely, R. A., and Kleypas, J. A. (2009). Ocean Acidification: The
Other CO 2 Problem. Ann. Rev. Mar. Sci. 1, 169-192.
doi:10.1146/annurev.marine.010908.163834.

FAO (2017). Water pollution from agriculture: a global review. Available at:
http://www.fao.org/3/a-17754e.pdf.

Felder, D. L., Thoma, B. P., Schmidt, W. E., Sauvage, T., Self-Krayesky, S. L., Chistoserdov,
A., etal. (2014). Seaweeds and decapod crustaceans on gulf deep banks after the macondo oil
spill. Bioscience 64, 808—819. doi:10.1093/biosci/biul 19.

Figueiredo, M. A. O., Eide, 1., Reynier, M., Villas-Boas, A. B., Tamega, F. T. S., Ferreira, C.
G., et al. (2015). The effect of sediment mimicking drill cuttings on deep water rhodoliths in a
flow-through system: Experimental work and modeling. Mar. Pollut. Bull. 95, 81-88.
doi:10.1016/j.marpolbul.2015.04.040.

Fortes, M. D., and Liining, K. (1980). Growth rates of North Sea macroalgae in relation to
temperature, irradiance and photoperiod. Helgoldinder Meeresuntersuchungen 34, 15-29.

doi:10.1007/BF01983538.

Foster, M. S. (2001). Rhodoliths: Between rocks and soft places. J. Phycol. 37, 659—-667.
doi:10.1046/5.1529-8817.2001.00195..x.

Fredericq, S., Arakaki, N., Camacho, O., Gabriel, D., Krayesky, D., Self-Krayesky, S., et al.



45

(2014). A Dynamic Approach to the Study of Rhodoliths: A Case Study for the Northwestern
Gulf of Mexico. Cryptogam. Algol. 35, 77-98. doi:10.7872/crya.v35.iss1.2014.77.

Frolicher, T. L., Fischer, E. M., and Gruber, N. (2018). Marine heatwaves under global
warming. Nature 560, 360-364. doi:10.1038/s41586-018-0383-9.

Grall, J., and Hall-Spencer, J. M. (2003). Problems facing maerl conservation in Brittany.
Aquat. Conserv. Mar. Freshw. Ecosyst. 13, 55—64. doi:10.1002/aqc.568.

Harley, C. D. G., Anderson, K. M., Demes, K. W., Jorve, J. P., Kordas, R. L., Coyle, T. A., et
al. (2012). Effects of climate change on global seaweed communities. J. Phycol. 48, 1064—
1078. doi:10.1111/1.1529-8817.2012.01224 x.

Harrington, L., Fabricius, K., Eaglesham, G., and Negri, A. (2005). Synergistic effects of
diuron and sedimentation on photosynthesis and survival of crustose coralline algae. Mar.
Pollut. Bull. 51, 415-427. doi:10.1016/j.marpolbul.2004.10.042.

Hartmann, D. L. (2016). Global Physical Climatology. 2nd ed. Elsevier.

Hoek, C. Van Den (1982). The distribution of benthic marine algae in relation to the
temperature regulation of their life histories. Biol J Linn Soc 18, 81-144. doi:10.1111/j.1095-
8312.1982.tb02035 x.

Hofmann, L. C., Heiden, J., Bischof, K., and Teichberg, M. (2014). Nutrient availability
affects the response of the calcifying chlorophyte Halimeda opuntia (L.) J.V. Lamouroux to
low pH. Planta 239, 231-242. doi:10.1007/s00425-013-1982-1.

Horta, P. A., Riul, P., Amado-Filho, G. M., Gurgel, C. F. D., Berchez, F., Nunes, J. M. de C.,
et al. (2016). Rhodoliths in Brazil: Current knowledge and potential impacts of climate
change. Brazilian J. Oceanogr. 64, 117-136. doi:10.1590/S1679-875920160870064sp2.

Howarth, R. W. (2008). Coastal nitrogen pollution: A review of sources and trends globally
and regionally. Harmful Algae 8, 14-20. doi:10.1016/j.hal.2008.08.015.

IPCC (2014). Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II
and II to the Fifht Assessment Report of the Intergovernmental Panel on Climate Change.
151.

IPCC (2019). Special Report: The Ocean and Cryosphere in a Changing Climate.
Johnson, M. D., and Carpenter, R. C. (2018). Nitrogen enrichment offsets direct negative
effects of ocean acidification on a reef-building crustose coralline alga. Biol. Lett. 14.
doi:10.1098/rsbl.2018.0371.

Kamenos, N. A., and Law, A. (2010). Temperature controls on coralline algal skeletal growth.
J. Phycol. 46, 331-335. d0i:10.1111/5.1529-8817.2009.00780.x.

Kato, A., Hikami, M., Kumagai, N. H., Suzuki, A., Nojiri, Y., and Sakai, K. (2014). Negative
effects of ocean acidification on two crustose coralline species using genetically
homogeneous samples. Mar. Environ. Res. 94, 1-6. doi:10.1016/j.marenvres.2013.10.010.



46

Kroeker, K. J., Kordas, R. L., Crim, R., Hendriks, I. E., Ramajo, L., Singh, G. S., et al.
(2013). Impacts of ocean acidification on marine organisms: Quantifying sensitivities and
interaction with warming. Glob. Chang. Biol. 19, 1884—1896. doi:10.1111/gcb.12179.

Liebezeit, G., Brepohl, D., Rizzi, J., Guebert, F., Krome, M., MacHado, E., et al. (2011).
DDT in biota of Paranagua Bay, Southern Brazil: Recent input and rapid degradation. Water.
Air. Soil Pollut. 220, 181-188. d0i:10.1007/s11270-011-0745-5.

Liining, K. (1990). Seaweeds. Their Environment, Biogeography, and Ecophysiology.
London: Wiley Interscience.

Liithi, D., Le Floch, M., Bereiter, B., Blunier, T., Barnola, J. M., Siegenthaler, U., et al.
(2008). High-resolution carbon dioxide concentration record 650,000-800,000 years before
present. Nature 453, 379-382. doi:10.1038/nature06949.

Martin, S., Cohu, S., Vignot, C., Zimmerman, G., and Gattuso, J. P. (2013). One-year
experiment on the physiological response of the Mediterranean crustose coralline alga,
Lithophyllum cabiochae, to elevated pCO2 and temperature. Ecol. Evol. 3, 676—693.
doi:10.1002/ece3.475.

Martin, S., and Hall-Spencer, J. M. (2017). “Effects of Ocean Warming and Acidification on
Rhodolith/Maerl Beds,” in Rhodolith/mder! Beds: A Global Perspective Coastal Research
Library., eds. R. Riosmena-Rodriguez, W. Nelson, and J. Aguirre (Cham: Springer
International Publishing). doi:10.1007/978-3-319-29315-8.

Martins, C. D. L., Arantes, N., Faveri, C., Batista, M. B., Oliveira, E. C., Pagliosa, P. R., et al.
(2012). The impact of coastal urbanization on the structure of phytobenthic communities in
southern Brazil. Mar. Pollut. Bull. 64, 772—778. doi:10.1016/j.marpolbul.2012.01.031.

Mccoy, S. J., and Kamenos, N. A. (2015). Coralline algae (Rhodophyta) in a changing world:
Integrating ecological, physiological, and geochemical responses to global change. J. Phycol.
51, 6-24. doi:10.1111/jpy.12262.

Moura, R. L., Secchin, N. A., Amado-Filho, G. M., Francini-Filho, R. B., Freitas, M. O.,
Minte-Vera, C. V., et al. (2013). Spatial patterns of benthic megahabitats and conservation
planning in the Abrolhos Bank. Cont. Shelf Res. 70, 109—117. do1:10.1016/j.csr.2013.04.036.

Muiioz, P. T., Séez, C. A., Martinez-Callejas, M. B., Flores-Molina, M. R., Bastos, E.,
Fonseca, A., et al. (2018). Short-term interactive effects of increased temperatures and

acidification on the calcifying macroalgae Lithothamnion crispatum and Sonderophycus
capensis. Aquat. Bot. 148, 46-52. doi:10.1016/j.aquabot.2018.04.008.

Nash, M. C., Cornwall, C. E., Diaz-pulido, G., and Adela, S. (2019). Coralline algal
calcification : a morphological and process-based understanding.

Ngatia, L., M. Grace 111, J., Moriasi, D., and Taylor, R. (2019). “Nitrogen and Phosphorus
Eutrophication in Marine Ecosystems,” in Monitoring of Marine Pollution (IntechOpen).
doi:10.5772/intechopen.81869.

Noisette, F., Duong, G., Six, C., Davoult, D., and Martin, S. (2013a). Effects of elevated pCO



47

2 on the metabolism of a temperate rhodolith Lithothamnion corallioides grown under
different temperatures. J. Phycol. 49, 746—757. doi:10.1111/jpy.12085.

Noisette, F., Egilsdottir, H., Davoult, D., and Martin, S. (2013b). Physiological responses of
three temperate coralline algae from contrasting habitats to near-future ocean acidification. J.
Exp. Mar. Bio. Ecol. 448, 179-187. d0i:10.1016/j.jembe.2013.07.006.

Ockendon, N., Baker, D. J., Carr, J. A., White, E. C., Almond, R. E. A., Amano, T., et al.
(2014). Mechanisms underpinning climatic impacts on natural populations: Altered species
interactions are more important than direct effects. Glob. Chang. Biol. 20, 2221-2229.
doi:10.1111/gcb.12559.

Pereira, J. C. (2019). “Climate Change Governance in the Atlantic Basin: The Cases of the
United States, the European Union, and Brazil,” in Evolving Human Security Challenges in
the Atlantic Space, eds. N. S. Teixeira and D. Marcos (Foreign Policy Institute), 207-236.
doi:10.5305/amerjin-telaw.110.2.0288.3.

Petsas, A. S., and Vagi, M. C. (2017). “Effects on the Photosynthetic Activity of Algae after
Exposure to Various Organic and Inorganic Pollutants: Review,” in Chlorophyll (InTech), 13.
doi:10.5772/67991.

Piggott, J. J., Townsend, C. R., and Matthaei, C. D. (2015). Reconceptualizing synergism and
antagonism among multiple stressors. Ecol. Evol. 5, 1538-1547. doi:10.1002/ece3.1465.

Poloczanska, E. S., Brown, C. J., Sydeman, W. J., Kiessling, W., Schoeman, D. S., Moore, P.
J., et al. (2013). Global imprint of climate change on marine life. Nat. Clim. Chang. 3, 919—
925. doi:10.1038/nclimate1958.

Qui-Minet, Z. N., Coudret, J., Davoult, D., Grall, J., Mendez-Sandin, M., Cariou, T., et al.
(2019). Combined effects of global climate change and nutrient enrichment on the physiology
of three temperate maerl species. Ecol. Evol., 1-21. doi:10.1002/ece3.5802.

Qui-Minet, Z. N., Delaunay, C., Grall, J., Six, C., Cariou, T., Bohner, O., et al. (2018). The
role of local environmental changes on maerl and its associated non-calcareous epiphytic flora
in the Bay of Brest. Estuar. Coast. Shelf Sci. 208, 140—-152. doi:10.1016/j.ecss.2018.04.032.

Ragazzola, F., Foster, L. C., Form, A., Anderson, P. S. L., Hansteen, T. H., and Fietzke, J.
(2012). Ocean acidification weakens the structural integrity of coralline algae. Glob. Chang.
Biol. 18, 2804-2812. doi:10.1111/j.1365-2486.2012.02756.x.

Ragazzola, F., Foster, L. C., Form, A. U., Biischer, J., Hansteen, T. H., and Fietzke, J. (2013).
Phenotypic plasticity of coralline algae in a High CO2 world. Ecol. Evol. 3, 3436-3446.
doi:10.1002/ece3.723.

Reynier, M. V., Tamega, F. T. S., Daflon, S. D. A., Santos, M. A. B., Coutinho, R., and
Figueiredo, M. A. O. (2015). Long- and short-term effects of smothering and burial by drill
cuttings on calcareous algae in a static-renewal test. Environ. Toxicol. Chem. 34, 1572—1577.
do1:10.1002/etc.2938.

Rilov, G., Mazaris, A. D., Stelzenmiiller, V., Helmuth, B., Wahl, M., Guy-Haim, T., et al.



48

(2019). Adaptive marine conservation planning in the face of climate change: What can we
learn from physiological, ecological and genetic studies? Glob. Ecol. Conserv. 17, €00566.
doi:10.1016/j.gecco.2019.e00566.

Riul, P., Targino, C. H., Farias, J. D. N., Visscher, P. T., and Horta, P. A. (2008). Decrease in
Lithothamnion sp. (Rhodophyta) primary production due to the deposition of a thin sediment
layer. J. Mar. Biol. Assoc. United Kingdom 88, 17-19. doi:10.1017/S0025315408000258.

Ruddiman, W. F. (2008). Earth’s Climate: Past and Future. 2nd ed. Freeman, W. H. &
Company.

Russell, B. D., Thompson, J. A. 1., Falkenberg, L. J., and Connell, S. D. (2009). Synergistic
effects of climate change and local stressors: CO2 and nutrient-driven change in subtidal
rocky habitats. Glob. Chang. Biol. 15,2153-2162. doi:10.1111/j.1365-2486.2009.01886.x.

Salomidi, M., Katsanevakis, S., Borja, A., Braeckman, U., Damalas, D., Galparsoro, I., et al.
(2012). Assessment of goods and services, vulnerability, and conservation status of European
seabed biotopes: A stepping stone towards ecosystem-based marine spatial management.
Mediterr. Mar. Sci. 13, 49-88. doi:10.12681/mms.23.

Santiago, I. U., Molisani, M. M., Nudi, A. H., Scofield, A. L., Wagener, A. D. L. R., and
Limaverde Filho, A. M. (2016). Hydrocarbons and trace metals in mussels in the Macaé
coast: Preliminary assessment for a coastal zone under influence of offshore oil field
exploration in southeastern Brazil. Mar. Pollut. Bull. 103, 349-353.
doi:10.1016/j.marpolbul.2015.12.034.

Santos, C. S. G., Lino, J. B., Veras, P. de C., Amado-Filho, G. M., Francini-Filho, R. B.,
Motta, F. S., et al. (2016). Environmental licensing on rhodolith beds: insights from a worm.
Nat. e Conserv. 14, 137-141. doi:10.1016/j.ncon.2016.06.002.

Scherner, F., Bonomi Barufi, J., and Horta, P. A. (2012). Photosynthetic response of two
seaweed species along an urban pollution gradient: Evidence of selection of pollution-tolerant
species. Mar. Pollut. Bull. 64, 2380-2390. doi:10.1016/j.marpolbul.2012.08.012.

Scherner, F., Horta, P. A., de Oliveira, E. C., Simonassi, J. C., Hall-Spencer, J. M., Chow, F.,
et al. (2013). Coastal urbanization leads to remarkable seaweed species loss and community
shifts along the SW Atlantic. Mar. Pollut. Bull. 76, 106—115.
do1:10.1016/j.marpolbul.2013.09.019.

Scherner, F., Pereira, C. M., Duarte, G., Horta, P. A., e Castro, C. B., Barufi, J. B, et al.
(2016). Effects of Ocean Acidification and Temperature Increases on the Photosynthesis of
Tropical Reef Calcified Macroalgae. PLoS One 11, e0154844.
doi:10.1371/journal.pone.0154844.

Schubert, N., Salazar, V. W., Rich, W. A., Vivanco Bercovich, M., Almeida Saa, A. C.,
Fadigas, S. D., et al. (2019). Rhodolith primary and carbonate production in a changing
ocean: The interplay of warming and nutrients. Sci. Total Environ. 676, 455-468.
doi:10.1016/j.scitotenv.2019.04.280.

Sgro, C. M., Lowe, A. J., and Hoffmann, A. A. (2011). Building evolutionary resilience for



49

conserving biodiversity under climate change. Evol. Appl. 4,326-337. doi:10.1111/5.1752-
4571.2010.00157 x.

Short, J., Foster, T., Falter, J., Kendrick, G. A., and McCulloch, M. T. (2015). Crustose
coralline algal growth, calcification and mortality following a marine heatwave in Western
Australia. Cont. Shelf Res. 106, 38—44. do0i:10.1016/j.csr.2015.07.003.

Short, J., Kendrick, G. A., Falter, J., and McCulloch, M. T. (2014). Interactions between
filamentous turf algae and coralline algae are modified under ocean acidification. J. Exp. Mar.
Bio. Ecol. 456, 70—77. doi:10.1016/j.jembe.2014.03.014.

Simkiss, K. (1964). Phosphates As Crystal Poisons of Calcification. Biol. Rev. 39, 487-504.
doi:10.1111/5.1469-185x.1964.tb01166.x.

Sissini, M. N., Berchez, F., Hall-Spencer, J., Ghilardi-Lopes, N., Carvalho, V. F., Schubert,
N., et al. (2020). Brazil oil spill response: Protect rhodolith beds. Science (80-. ). 367, 156.
doi:10.1126/science.aba2582.

Soares, M. de O., Teixeira, C. E. P., Bezerra, L. E. A., Paiva, S. V., Tavares, T. C. L., Garcia,
T. M., et al. (2020). Oil spill in South Atlantic (Brazil): Environmental and governmental
disaster. Mar. Policy. doi:doi.org/10.1016/j.marpol.2020.103879.

Sordo, L., Santos, R., Barrote, 1., and Silva, J. (2018). High CO2 decreases the long-term
resilience of the free-living coralline algae Phymatolithon lusitanicum. Ecol. Evol. 8, 4781—
4792. doi:10.1002/ece3.4020.

Sordo, L., Santos, R., Barrote, 1., and Silva, J. (2019). Temperature amplifies the effect of
high CO 2 on the photosynthesis, respiration, and calcification of the coralline algae
Phymatolithon lusitanicum. Ecol. Evol., ece3.5560. doi:10.1002/ece3.5560.

Sordo, L., Santos, R., Reis, J., Shulika, A., and Silva, J. (2016). A direct CO2 control system
for ocean acidification experiments: Testing effects on the coralline red algae Phymatolithon
lusitanicum. PeerJ 2016. doi:10.7717/peerj.2503.

Steller, D. L., Hernandez-Ayon, J. M., Riosmena-Rodriguez, R., and Cabello-Pasini, A.
(2007). Efecto de la temperature sobre las tasas de fotosintesis, crecimiento y calcificacion del
alga coralina de vida libre Lithophyllum margaritae. Ciencias Mar. 33, 441-456.
doi:10.7773/cm.v33i4.1255.

Strona, G., and Bradshaw, C. J. A. (2018). Co-extinctions annihilate planetary life during
extreme environmental change. Sci. Rep. 8, 1-12. doi:10.1038/s41598-018-35068-1.

Vésquez-Elizondo, R. M., and Enriquez, S. (2016). Coralline algal physiology is more
adversely affected by elevated temperature than reduced pH. Sci. Rep. 6, 1-14.
doi:10.1038/srep19030.

Vergés, A., Doropoulos, C., Malcolm, H. A., Skye, M., Garcia-Piz4, M., Marzinelli, E. M., et
al. (2016). Long-term empirical evidence of ocean warming leading to tropicalization of fish
communities, increased herbivory, and loss of kelp. Proc. Natl. Acad. Sci. U. S. A. 113,
13791-13796. doi:10.1073/pnas.1610725113.



50

Vergés, A., Steinberg, P. D., Hay, M. E., Poore, A. G. B., Campbell, A. H., Ballesteros, E., et
al. (2014). The tropicalization of temperate marine ecosystems: climate-mediated changes in
herbivory and community phase shifts. Proc. R. Soc. B Biol. Sci. 281, 20140846.
doi:10.1098/rspb.2014.0846.

Victor, David G. (2020). Deep Decarbonization: A Realistic Way Forward on Climate
Change. Available in: https://e360.yale.edu/features/deep-decarbonization-a-realistic-way-
forward-on-climate-change. Acessed in: 23 nov. 2020

Villas-Boéas, A. B., Tamega, F. T. D. S., Andrade, M., Coutinho, R., and Figueiredo, M. A. D.
0. (2014). Experimental Effects of Sediment Burial and Light Attenuation on Two Coralline
Algae of a Deep Water Rhodolith Bed in Rio de Janeiro, Brazil. Cryptogam. Algol. 35, 67-76.
doi:10.7872/crya.v35.1ss1.2014.67.

Vitousek, P. M. (2002). Oceanic islands as model systems for ecological studies. J. Biogeogr.
29, 573-582. d0i:10.1046/j.1365-2699.2002.00707 .x.

Wernberg, T., Bennett, S., Babcock, R. C., De Bettignies, T., Cure, K., Depczynski, M., et al.
(2016). Climate-driven regime shift of a temperate marine ecosystem. Science (80-. ). 353,
169—-172. doi:10.1126/science.aad8745.

Wernberg, T., Smale, D. A., Tuya, F., Thomsen, M. S., Langlois, T. J., De Bettignies, T., et
al. (2013). An extreme climatic event alters marine ecosystem structure in a global
biodiversity hotspot. Nat. Clim. Chang. 3, 78-82. doi:10.1038/nclimate1627.

Wethey, D. S., Woodin, S. A., Hilbish, T. J., Jones, S. J., Lima, F. P., and Brannock, P. M.
(2011). Response of intertidal populations to climate: Effects of extreme events versus long
term change. J. Exp. Mar. Bio. Ecol. 400, 132—-144. doi:10.1016/j.jembe.2011.02.008.

Williams, 1. D., Baum, J. K., Heenan, A., Hanson, K. M., Nadon, M. O., and Brainard, R. E.
(2015). Human, oceanographic and habitat drivers of central and western pacific coral reef
fish assemblages. PLoS One 10, 1-19. doi:10.1371/journal.pone.0120516.

Wilson, S., Blake, C., Berges, J. A., and Maggs, C. A. (2004). Environmental tolerances of
free-living coralline algae (maerl): Implications for European marine conservation. Biol.
Conserv. 120, 279-289. doi:10.1016/j.biocon.2004.03.001.

Worm, B., Barbier, E. B., Beaumont, N., Dufty, J. E., Folke, C., Halpern, B. S., et al. (2006).
Impacts of biodiversity loss on ocean ecosystem services. Science (80-. ). 314, 787-790.
doi:10.1126/science.1132294.



51

3. CAPITULO II: PHYSIOLOGY, NICHE AND EXTREME EVENTS: AN
INVESTIGATION OF CURRENT AND FUTURE HABITAT SUITABILITY OF A
RHODOLITH-FORMING SPECIES IN THE SOUTH WESTERN ATLANTIC

Gabrielle Koerich'*, Giulia Burle Costa', Marina Nasri Sissini!?, Carlos Lopez Ortiz!*, Beatriz
P

Feltrin Canever®, Willian Oliveira', Jonathan Tonkin®, Paulo Antunes Horta!»?

1 — Phycology Laboratory, Botanical Department, Federal University of Santa Catarina, 88040-
970 Florianopolis, Santa Catarina, Brazil

2 — Post-graduate Program in Ecology, Federal University of Santa Catarina, 88040-970
Floriandpolis, Santa Catarina, Brazil

3 — Post-graduate Program in Ecology, Federal University of Bahia, Salvador, Brazil

4 — Oceanographic Institute, Federal University of Rio Grande, Rio Grande, Brazil

5 — School of Biological Sciences, University of Canterbury, New Zealand

To be submitted to Frontiers in Ecology and Evolution, section: Biogeography and

Macroecology (12000 words).

Abstract

Global climate change and local stressors are the main threats to reef-building organisms and
rhodolith beds. Rhodolith beds harbor a great variety of faunal and floral species, and are
important in the global carbon cycle by storing organic carbon in their carbonate-rich skeletons.
Therefore, it is necessary to investigate how future environmental conditions will affect these
organisms and their habitat suitability. Ecological niche models allow the understanding of
which environmental factors influence most the current distribution of a species, and can be
used to predict the future habitat suitability of species in different climate scenarios. Herein, we
investigate the impacts of increased nutrient concentration, pCO; and marine heatwaves in a
short-term experiment with the rhodolith-forming species Lithothamnion crispatum Hauck
1878, also studying the recovery of individuals after the removal of stressors. Furthermore, we
developed an ecological niche model to determine which environmental conditions determine
the current distribution of this species, also testing if past marine heatwaves have influenced
their distribution, and project the model to future climate scenarios (Representative

Concentrations Pathways 2.6 and 8.5, IPCC). Although L. crispatum suffered a reduction in
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photosynthetic yield and rates after 5 days of exposure to stressors, after the return of
individuals to control conditions, their photosynthetic yield returned to pre-experiment values.
The model showed that the most important variables to explain the current distribution of L.
crispatum in the Brazilian coast are maximum nitrate and temperature, while heatwave intensity
was not important. In future ocean conditions, there is a predicted range expansion of habitat
suitability of this species, with few areas of lost suitable habitats. Our results raise the possibility
of some rhodolith-forming species to be resilient to future environmental change, a perspective
that will need to be further explored by future studies. With this information, we can contribute
to inform public policies for the conservation of priority areas, aiding the preservation of the

marine biodiversity in the South Atlantic.

Keywords: ecological niche model, resilience, ecophysiological experiment, recovery, climate

change, local stressors.
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3.1. INTRODUCTION

The rate of change of global climate conditions in the last decades has been
unprecedent in the last millennium, and further expressive changes are expected in the
remainder of this century (Liithi et al., 2008; IPCC, 2019). Under fast environmental change,
besides the defying problem of having a baseline of current biodiversity, understanding the
response of species is another challenge, as many biotic and abiotic factors come into play to
determine their fate. One of the most important factors is the set of physiological tolerances of
a species to each, and the combination of, different environmental conditions (in the absence of
biotic interactions), also known as the Hutchinsonian fundamental niche (Hutchinson, 1957;
Soberon and Arroyo-Pefia, 2017). Depending on the fundamental niche of the species, the
magnitude and speed of environmental change can have a great impact on its response.
Environmental conditions outside of the range that species are adapted to can lead to range
shifts (i.e. species tracking environmental conditions within their physiological limits),
extinction or adaptation to the new conditions (Berg et al., 2010). Therefore, one of the first
steps in understanding the distribution of species in the future is determining what drivers may
be responsible for their current distribution. The patterns of distribution we observe now are the
combination of the response of species to complex interactions between multiple environmental
and, in the past centuries, human-derived conditions (Wethey et al., 2011), besides historical
processes (Wiens and Donoghue, 2004). Great focus has been given to studying the effects of
changes in average conditions, based on the assumption that long-term exposure to a certain
range of conditions determines the adaptation of species (Wethey et al., 2011; Kroeker et al.,
2019). However, the frequency and intensity of extreme environmental conditions can also
affect, or even determine the current distribution of species, and represent an important
perspective to be explored (Helmuth et al., 2014).

One of the most expressive extreme events with many impacts in marine ecosystems
are marine heatwaves, defined as periods of anomalous warming of the water above the 90"
percentile of the historical baseline, and lasting more than 5 days (Hobday et al., 2016). Marine
heat waves can have important impacts on the distribution of species, being reported as
responsible for range shifts and local extinctions of marine foundation species (Wernberg et al.,
2016; Smale et al., 2019). Anomalous warming has also been shown to drive significant change
in genetic diversity and structure in populations of marine forests, leading to a “genetic
tropicalization” (Coleman et al., 2020; Gurgel et al., 2020). The frequency and intensity of

marine heatwaves has been increasing in the past decades, driven by human activities, and they
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are projected to become even more frequent and intense in the near future (IPCC, 2019;
Laufkétter et al., 2020), raising concern about the fate of important foundation species.
However, marine macroalgae are and will be exposed to other stressors in combination with
marine heatwaves. Together with ocean warming driven by greenhouse gas emissions, the
increase of atmospheric CO; is leading to a decrease in the ocean pH, phenomenon called ocean
acidification (Doney et al., 2009). The decrease in pH and changes in carbonate system will
have impacts specially in species with carbonate skeletons, such as coralline red algae (CRA)
(Martin and Hall-Spencer, 2017). On the local scale, the change in upwelling regimes and
continental runoff not only has a high concentration of CO> and low pH, causing local events
of acidification (Kelly et al., 2011; Rose et al., 2020), but it also carries into the ocean
substantial loads of nutrients related to many human activities (e. g. sewage disposal,
fertilizers), generating physiological damage in key species, with consequent losses of richness
and resilience of macroalgae assemblages (Martins et al., 2012; Scherner et al., 2013).

Of particular importance in the South Western Atlantic coast are the ecosystems built
by free-living CRA, rhodolith beds. Rhodoliths harbor a great variety of living organisms, from
invertebrates to important life stages of fishes, and are regarded as seed banks for many
representatives of fauna, flora and microbiota (Simon et al., 2016; Fredericq et al., 2019;
Carvalho et al., 2020b). Not only they increase the local biodiversity (Foster et al., 2013), but
they are also important in the carbon global cycle, storing carbon in their calcium carbonate
skeletons and in sediments (Martin et al., 2007; Mao et al., 2020). However, global climate
change and local stressors are expected to greatly impact and threaten these organisms, reducing
their primary productivity and calcification, and consequently, affect the functions and services
provided by these ecosystems (Anthony et al., 2008; Diaz-Pulido et al., 2012; Vasquez-
Elizondo and Enriquez, 2016; Schubert et al., 2019). Rhodolith beds are formed by many
different species of CRA, and the effects of global and local drivers on rhodoliths have been
increasingly demonstrated to be species-specific (Cornwall et al., 2019). This has to do with the
fact that the group is genetically highly diverse, with around 600 species of non-geniculate
algae distributed in three different orders (Corallinales, Hapalidiales and Sporolithales), with
different evolutionary origins, histories and ecophysiological affinities (Bailey and Chapman,
1998; Bittner et al., 2011; Pefia et al., 2020). Studies linking environmental drivers to the
distribution patterns of calcareous algae are revealing, contrary to first assumptions, a wide
range of niche breadth, from very specific to more general niches, with many cases of species
with very restricted distributions (Twist et al., 2019). Consequently, these differences lead to

different physiological responses to global and local drivers, as well as different distributions
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and ecological niches (King et al., 2018; Straub et al., 2019). Therefore, understanding the
physiological response, and consequent possible alterations in the geographical distribution of
key rhodolith-forming species, is an important step in the conservation of these organisms and
ecosystems.

Considering the necessity to investigate the impacts of combined global and local
drivers in the physiology of rhodolith-forming species, herein we tested the combined effects
of marine heatwaves (MHW), increased nutrient concentration and pCO> on an important and
widely distributed coralline alga, Lithothamnion crispatum Hauck 1878, and observed the
changes in photosynthetic yield and photosynthesis after 5 days of exposure, and the recovery
of individuals after the removal of stressors. Moreover, to assess the most important
environmental conditions in determining the distribution of L. crispatum in the Brazilian coast
and predict its habitat suitability in the present and the future, we developed an Ecological Niche
Model and projected it to 2100 in two emissions scenarios, one of reduced emissions
(Representative Concentration Pathway, RCP 2.6) and the worst-case scenario (RCP 8.5)
(IPCC, 2014). We tested three hypotheses: 1. L. crispatum will be negatively impacted by the
exposure for five days to the combination of global (heatwave and acidification) and local
drivers (nutrient increasement), not being able to recover its photosynthetic yield to pre-
exposure levels; i1. The current distribution of L. crispatum in the Brazilian coast is influenced
by past intensity of marine heatwaves, nitrate concentration and pH; and lastly, iii. Future

climate conditions will reduce L. crispatum habitat suitability in the Brazilian coast.

3.2. MATERIAL AND METHODS

3.2.1. Study area and sample collection

Samples of Lithothamnion crispatum were collected in the winter of August 2019,
from the rhodolith bed at Rancho Norte, within the Arvoredo Marine Biological Reserve
(—27°16'25.8", —48°22'0.99"), a marine protected area off the coast of Santa Catarina state,
Brazil. Rhodoliths were sampled at ~8 m depth, kept in coolers with seawater and transported
to the Phycology Laboratory at the Federal University of Santa Catarina. Samples were
transferred to tanks (V = 2L), with circulating seawater (salinity of 35). Afterwards, rhodolith
were cleaned from epiphytes and associated fauna, and acclimated for 3 months under 18 °C,
the temperature in the field during sample collection, and light of 34 pmol photons m % s™! was

provided by fluorescent lamps in a 12-hour light/dark photoperiod. Water was exchanged every
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2 weeks. In December 2019, samples were transferred to 20 plastic containers of 1L of volume,
each with 4 rhodoliths of similar size. While light conditions and salinity were maintained, half
of the replicas (10) were gradually (~1.5 °C per week) warmed up to 24 °C, to simulate the
summer temperature of the rhodolith bed. Samples were then kept at these acclimation
conditions for two weeks, when the experiment started. Rhodoliths are known for its difficult
identification based only in morphological traits, as many species are morphologically similar
and the group presents many cryptic species (Sissini et al., 2014). To avoid misidentification
and help future comparisons between studies using the same taxa, we genetically identified the
specimens used in the experiment, and methods followed and results can be found in the

Supplementary Material 1.

3.2.2. Experimental conditions and setup

Our experimental design follows a scenario-based approach, or a “collapsed design”,
testing the effects of multiple-drives (here, ocean acidification and increased nutrient runoff) as
one factor, without loss of statistical power (Boyd et al., 2018). The experiment contained two
control temperatures, simulating both mean winter (18 °C) and summer (24 °C) temperatures
found in the studied rhodolith bed, at the samples collection depth (~ 8 m) (Sarti and Segal,
2018). These control temperatures were accompanied by natural nutrient conditions (i.e. no
addition of nutrients in the seawater) and current pCO; concentrations (~415 ppm). These
treatments simulated the current ocean conditions (COC) to which this population is naturally
exposed to. Each treatment (winter/summer) was composed by 5 aquaria (n = 5) with 4
rhodoliths of similar size and shape. The experiment lasted for 5 days. The future ocean
conditions (FOC) were then simulated by the addition of nutrients, sudden rising water
temperatures and increasing pCO; concentration in the water. Nutrient concentrations were
simulated by the addition of 70 pM of ammonium ((NH4)2SO4), 10 uM of sodium phosphate
(NapH2PO4.12H20), and 14 uM of sodium nitrate (NaNO3) in the seawater. Concentrations used
in the experiment were based in values found by (Pagliosa et al., 2006) in highly urbanized and
eutrophic areas in Floriandpolis, Santa Catarina. Water was exchange daily in all treatments to
ensure constant levels of nutrients. To test for recovery, after 5 days of elevated temperatures,
nutrients and pCO, conditions of the FOC treatments were ceased and replicas (n = 5) returned
to the initial (COC) conditions, and kept for 5 more days in tanks (Fig. 1).

To reproduce marine heatwaves, temperatures were increased by 6 °C in both winter

and summer treatments, reaching 24 and 30 °C respectively. These temperatures are based in
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heatwaves recently registered in the Arvoredo’s Island, which increased temperatures by 4 °C
(Gouvéa et al., 2017), and the prediction of increasing intensity of marine heatwaves in 2100
(Frolicher et al., 2018) To avoid pseudo-replication, as recommended by Cornwall et al.,
(2019), temperatures were maintained by individual heaters (Master, Brazil) in the aquaria and
controlled automatically by sensors placed in the seawater inside each replica. Temperature in
all treatments was also recorded by data loggers (HOBO Pendant Temperature Data Loggers,
Onset, Bourne, USA) placed randomly inside aquaria.

Concentration of pCO; chosen to simulate future ocean acidification was based on the
climate model of IPCC, considering the RCP 8.5, where emissions of CO> stay business-as-
usual and reach up to 1000 ppm in 2100 (IPCC, 2014). Aeration was provided individually in
tanks by a cylinder air stone, to create air bubbles and allow faster water-air equilibration. An
example of aquaria used in experiments is shown in figure S2 in Supplementary Material 1. In
treatments of FOC, air was pumped to each aquarium from a chamber where CO> was mixed
with air to reach up the value of 1000 ppm, while in treatments of COC, air was pumped without
any injection of COa. Concentration of pCO: in air in the chamber was controlled by a
Proportional-Integral-Derivative (PID) controller, which receives CO; readings from a built-in
infrared gas analyzer (IRGA) and controls CO; injections by opening and closing an in-line
solenoid valve. The controller calculates the difference between the measured CO; in the
chamber and the programmed set point, and adjusts the injection of CO» accordingly. Our CO
control system was based in Sordo et al. (2016). Measurements of pH in each aquarium were
made daily using edge® Dedicated pH/ORP Meter (Hanna Technologies - HI2002) to monitor
pCO> injection.

3.2.3. Photosynthesis, respiration and photosynthetic yield measurements

Physiological responses to the proposed future scenario were assessed by
measurements of photosynthesis and respiration, and photosynthetic yield. In the beginning and
in the end of the experiment, photosynthesis and respiration rates were determined by laboratory
incubations done in 150 mL sealed acrylic chambers, with circulation provided by a magnetic
stirrer. First, respiration measurements were taken before the beginning of the photoperiod.
Two rhodoliths were taken from each aquarium and incubated in darkness for 30 min with
seawater from the respective aquarium and at the respective temperature of the treatment.
Oxygen concentration was measured at the beginning, during and at the end of the incubations

with the Optical Oxygen & Temp Meter FireStingO2 (Pyro Science - FSO2-4). Afterwards,
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incubations to determine primary production were made with the same rhodoliths at an
irradiance of 1500 pmol photons m 2 s~! for 30 min. This irradiance was chosen because it was
demonstrated to be the irradiance of higher photosynthetic activity for this species, in both 18
and 24 °C, temperatures of the controls. Control incubations without rhodoliths were also
carried out to determine fluxes from biological activity in the seawater. Dark respiration (R),
net primary production (NPP) and gross primary production were estimated following the
equations (1) and (2), and corrected from control incubations.
NPPand R = AO, «V /At x FW
GPP = NPP +R

Where V is the volume of the incubation chamber (L), FW is the fresh weight of the
algae (g), At is the incubation time (hr) and AO; is the final minus initial concentrations of O>
(umol O, L.

Photosynthetic yield was measured in the first, third, fifth (days with FOC conditions),
seventh, nineth and eleventh (recovery) days of the experiment. Measurements of effective
quantum yield (Fv/Fm), estimated by the in vivo chlorophyll a fluorescence of photosystem II,
were made before the beginning of the photoperiod. Three measurements were taken from each
replica, of different parts of the thallus, with a pulse-amplitude modulated chlorophyll a
fluorometer (Junior PAM — Walz Germany). The measurement of fluorescence in the dark
allows the estimation of the basal fluorescence (Fo), and after the application of a saturating

pulse, maximum fluorescence (F) is estimated (Schreiber et al., 1986).

3.2.4. Environmental data

Environmental predictors of the bottom of the ocean were downloaded from Bio-
ORACLE v2.0 (Assis et al., 2018) and from the R packages “SCC26” and “SCC85” (Chih-Lin,
2020a, 2020b), which has historical bottom data and climate change projections (RCP 2.6 and
8.5) from the CMIP5 - Coupled Model Intercomparison Project Phase 5, the most recent
multimodel dataset underlying the Fifth Assessment Report by the Intergovernmental Panel on
Climate Change (IPCC). To test whether events of extreme temperatures contribute to
determine the distribution of L. crispatum, a layer of the MHW median intensity (the sea surface
temperature anomaly associated with an event of heatwave) from 1982 to 2019 was developed
in MATLAB R2015a following the methodology and data used by Jacox et al. (2020), which
calculates MHW from monthly SST anomalies. We defined MHW:s as periods with anomalous

warming of the surface of the ocean above a seasonally varying 90th-percentile threshold, in
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accordance to the definition of Hobday et al. (2016). For further explanation regarding
methodology and analysis, refer to Jacox et al. (2020). To match the resolution of the Bio-
ORACLE layers, CIMPS5 and heatwave layers were interpolated bilinearly using the function
disaggregate of the R package “raster”. Environmental predictors used in the final model were
selected based on biological relevance and in combination with experimental settings
(temperature, nutrients and pH), and are descripted in Table 1. Multicollinearity between
predictors was tested via Variance Inflation Factor (VIF), and all variables had VIF values <
10.

Table 1 - Predictors used in the model, their units and sources. “Future prediction” lists variables which have been
predicted to the future scenarios RCP 2.6 and 8.5, and used in the future projections in this study.

Predictor Unit Source Future prediction
Long-term max. nitrate at min. depth umol/L Assis et al. (2018) No
Long-term max. salinity at min. depth PSS Assis et al. (2018) Yes
Long-term max. temperature at min. depth Celsius Assis et al. (2018) Yes
Minimum depth of the seafloor (bathymetry) Meters Assis et al. (2018) No
Calcite saturation state - (Chih-Lin, 2020a, 2020b) Yes
Mean pH at seafloor - (Chih-Lin, 2020a, 2020b) Yes
Median heatwave intensity Celsius Jacox et al. (2020) No

3.2.5. Ecological Niche Models

To build the Ecological Niche Models (ENMs), occurrence data of L. crispatum was
downloaded from the Global Biodiversity Information Facility (GBIF, 2020) and literature data
(Supplementary Material 2). Occurrence data was cleaned of duplicates, and locations were
corrected manually in QGIS 3.6 when description of sampling sites did not match the
coordinates depicted. The correction of coordinates was curated by the specialist in Brazilian
rhodoliths, M.N. Sissini. To reduce sampling bias, occurrences were filtered using the R

function envSamp (https://github.com/SaraVarela/envSample). While geographically cleaned

occurrences can have similar environmental information, by cleaning occurrences in the
environmental space, close occurrences with very different and important environmental
information are kept (Varela et al., 2014). The filters for this selection were Maximum
Temperature and Maximum Nitrate, described by Carvalho et al. (2019) as the variables most
important to explain, respectively, the distribution and abundance of Brazilian rhodolith beds.
This step removed 7 occurrences out of the 27 raw occurrences for L. crispatum, maintaining

20 occurrences to be used in the model.
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Pseudo-absence selection has a great influence in models performance and accuracy,
and as such, we followed the recommendations of Barbet-Massin et al. (2012) for the generation
of pseudo-absences. The recommended number of pseudo-absences varies with the modelling
technique, and accordingly, we chose to focus in three machine learning (ML) algorithms:
Gradient Boosting Machines (GBM, also known as Boosted Regression Trees — BRT),
Artificial Neural Networks (ANN) and Random Forests (RF). For ML algorithms, a number of
pseudo-absences equal to the number of presence yields better predictive accuracy, and when
the number of pseudo-absences is different from the number of presences, model predictive
quality is better when giving an equal weight for presences and absences (Barbet-Massin et al.,
2012). For this reason, we generated 60 pseudo-absences (three times the number of presences,
20), and weighted absences equally to the presences. Considering the low number of pseudo-
absences, 10 datasets of pseudo-absences were generated and used for 10 different runs of each
model, to reduce the influence of pseudo-absence selection. Barbet-Massin et al. (2012) also
recommend selecting pseudo-absences with a geographical exclusion (2° far) when there are
few presences, yielding significantly better models. As our model has very few presences, we
generated the pseudo-absences within 20 and 25 km around the presences, roughly 2° of
distance in the Equator.

To project the current and future habitat suitability for L. crispatum in the Brazilian
coast, an ensemble modeling approach was applied. All models and pseudo-absences were
generated using the “biomod2” R package, as well as model evaluations (Thuiller et al., 2020).
Individual runs of each presence-absence algorithm (ANN, GBM and RF) were made with 10
iterations in each one of the 10 pseudo-absence datasets, resulting in 300 models. For each run,
the data was split between a calibration and a validation set (70%/30%, respectively). Model
parameters were selected according to the recommendations of Elith et al. (2008) for GBM, of
Breimen (2002) for RF, and for ANN, default parameters were used. Models’ performance was
accessed via the receiver operating characteristic (ROC) curve (AUC Fielding and Bell, 1997),
and true skill statistics (TSS, Allouche et al., 2006). The ensemble model was composed only
by models which obtained TSS values above the 0.8 threshold. Three ensemble algorithms were
run: committee averaging (CA, average of binary predictions), weighted mean of probabilities
(WMean, the weighted sum by the selected evaluation method scores) and coefficient of
variation of probabilities (CV, coefficient of variation of the probabilities over selected models,
a measure of uncertainty of the prediction). For further information regarding ensemble

algorithms, please refer to Thuiller et al. (2020). The final model was then projected to current
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and future conditions, in two scenarios of emissions: RCP 2.6 and RCP 8.5. For variables that
did not have projections for the future (Table 1), their layers from the present were used.
Variable importance and their respective curves were calculated using Biomod2
functions (Thuiller et al., 2020). The variable importance technique in Biomod2 is similar to
the principle of variable importance calculation in RF, and varies between 0 and 1, where
highest values represent highest influence of the variable in the model (Thuiller et al., 2020).
However, this technique does not account for interactions between variables, and therefore,
does not sum to one. Three iterations were run to determine variables’ importance, and this
result is presented in percentage (variable studied * 100 / sum of all variables’ importance) to
facilitate interpretation. Response curves generated are based in the Evaluation Strip method
(Elith et al., 2005), where n-1 variables are set to a fixed value (in our case, the mean), and only
the studied variable varies across the whole data range, where variations calculated show the

sensibility of the model to the studied variable (Thuiller et al., 2020).

3.2.6. Statistical analyses

We tested the data (GPP and Fv/Fm) for homogeneity of variances by the Bartlett test,
and the absence of this condition led us to run non-parametric analyses. To test if variations
observed in GGP and Fv/Fm values are explained by experimental conditions, a Canonical
Redundancy Analysis (RDA) was run. The matrix of explanatory variables (y) was composed
by the different temperatures among treatments (18, 24 and 30°C), time (beginning and end of
the experiment), and the collapsed conditions of nutrients (addition/no addition of nutrients)
and pCO» (addition/no addition of pCO»), named as Nutrients+pCO,. Physiological data of GPP
and Fv/Fm were grouped in the matrix of response variables (x). GPP data, which contained
negative values, was transformed to positive values by summing all values to a common
constant, the lowest value of the dataset. Data was then transformed by the method of chi-
squared, and the collinearity of explanatory variables was verified by VIF < 3. The significance
of each RDA axis was determined by permutations and their comparison by Analysis of
Variance (ANOVA). To test if there was recovery of the photosynthetic apparatus (Fv/Fm) after
treatments were ceased and conditions returned to initial values, a Permutational Analysis of
Variance (PERMANOVA) was run with the explanatory variables: temperature,
nutrients+pCO; and time (days 1, 3,5, 7,9, and 11). All analyses were run on R 4.0.2 using the
R package “vegan” (Oksanen et al., 2019).
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3.3. RESULTS

3.3.1. Experiment

The total variance of the dataset was largely due to constrained (91.57%) rather than
to unconstrained variance (8.42%), demonstrating that much of the variance of GPP and Fv/Fm
is explained by experiment conditions. The first and second RDA axis explained 76.93% and
13.66%, respectively, of the variance in the response variables (Fig. 3). With 999 permutations,
ANOVA results showed that the overall RDA solution is significant (»p < 0.001, R2=0.916, R*-
adjusted = 0.906), as well as both RDA1 and RDA?2 axis (p < 0.001).

PERMANOVA showed no significant interaction (p = 0.251) between the effects of
temperature, time and nutrients+pCO: on the photosynthetic yield of L. crispatum in the 10
days of experiment (FOC conditions plus recovery, Fig. 4), and only the effects of temperature
and nutrients+pCO> individually had significant effects (p < 0.05, Table S1 in Supplementary
Material 1).

3.3.2. Ecological niche model

The ensemble models presented high validation scores, with TSS = 0.987 and ROC =
0.998 for the CA ensemble model, and TSS = 0.968 and ROC = 0.996 for the WMean model
(evaluations based on the testing data). The coefficient of variance is small in coastal areas,
demonstrating that model projections in the coast have low uncertainty (Fig. S3 in
Supplementary Material 1). To facilitate interpretation, we chose to show here only the results
of the CA ensemble model, which reached better evaluation metrics, which reached better
evaluation metrics, and Kappa, TSS and ROC statistics of each individual model run are
available in the Supplementary Material 1 (Fig. S4).

The binary map of current habitat suitability for L. crispatum matches the occurrences
found for this species (Fig. 5), and shows suitability in the southeastern and northeastern regions
of Brazil, with a few other locations in the south and north. The variable with the highest relative
importance was maximum nitrate (0.202), followed by maximum temperature (0.048),
maximum salinity (0.025), bathymetry (0.021), and calcite saturation (0.010). Median heatwave
intensity and pH had low importance for the ensemble model (Fig. 6, values in percentage).
Highest probabilities of occurrence for maximum nitrate are from 0 to 5 umol/L, for maximum

temperature from 20 to 28.5°C, for maximum salinity for 35 to 37, and for calcite saturation,
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from 1 to 4 (Fig. 7). Response curves for all predictors are in Fig. S5 in the Supplementary
Material 1. Under future climate scenarios, there are predicted shifts in the distribution of L.
crispatum in both RCP 2.6 and RCP 8.5, mostly to the southern and northern coasts of Brazil
(Fig. 8). Under RCP 2.6, the predicted loss of suitable habitats is of 1.242%, while the gain is
0f'43.116%. As for RCP 8.5, the predicted loss is of 4.762%, with 58.489% of gain of suitable
habitats.

3.4. DISCUSSION

By the use of an experimental evaluation and the development of an ENM, the present
study showed the interesting ability of L. crispatum to survive to an extreme event, and that
accordingly, such events of extreme warming are not drivers of the distribution of this species
in the South Western Atlantic Ocean. Although the combination of heatwave, nutrient and CO>
enrichment reduced the photosynthetic yield and photosynthesis of L. crispatum in both winter
and summer, it was not enough to preclude the recovery of individuals after the removal of
stressors. This result goes in accordance with model results, which showed no significance of
heatwaves and pH in determining the current habitat suitability of this species in the Brazilian
coast. Moreover, future climate conditions in both emission scenarios demonstrate that L.
crispatum may not be strongly affected by changed environmental conditions. This is the first
study that we are aware of that models current and future habitat suitability of one rhodolith-
forming species. Previous studies have focused in creating models of many rhodolith-forming
species of Brazil (Carvalho et al., 2020a), of mder! species in the Mediterranean (Martin et al.,
2014), and of multiple species forming coralline algal beds in Scottish waters (Simon-Nutbrown
et al., 2020). By looking at one species, we are able to make better inferences about the factors
influencing the current and future distribution of these organisms, and raise key points regarding
the ecology and resilience of rhodoliths that need to be addressed in future studies.

As our results show, in the past, marine heatwaves have not defined the distribution of
L. crispatum, and although we have not used a layer with heatwave intensity projection for the
future, as it had very little contribution to the overall model, it is unlikely that this would have
an impact in the future habitat suitability of L. crispatum. However, as these events are predicted
to get more severe, long-lasting and frequent (IPCC, 2019), this trend may drastically change,
and indeed affect the distribution of this species to some scale. We have tested the effects of
extreme events for five days, and the survival of rhodoliths to longer events is likely smaller

than what we observed in our experiment, and needs to be assessed. The recovery of some
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individuals after extreme events will also lead to genetic change, facilitated by the mortality of
less tolerant rhodoliths, a trend already observed in other groups of algae (Coleman et al., 2020;
Gurgel et al., 2020).

Our observations of L. crispatum recovery after the removal of stressors, in both
summer and winter simulations, can be due to this species phenotypic plasticity to changes in
environmental conditions (Fox et al., 2019), which goes in accordance with its current
distribution in the Brazilian coast. This species is found from shallow waters to mesophotic
zones, and its latitudinal range stretches from the Amazon’s mouth to southern Brazil, being
one of the most abundant species in the Brazilian coast (Amado-Filho et al., 2017). Thus, this
species is adapted to a wide range of temperatures, leading to the tolerance to 30°C observed in
our study. Moreover, the natural fluctuations in ocean’s pH, which are very common during the
day, in events of heavy rain and runoff from coastal areas, and according to depth (Hofmann et
al., 2011), also can assist to explain the plasticity of L. crispatum in more acid conditions. It is
also necessary to acknowledge that the pH layer used in our model is from the bottom of the
ocean, presenting different values of pH than a surface layer would (see, for example,
differences in surface pH in southern Brazil in Carvalho-Borges et al., (2018), where pH in
depths <200m is approximately 8.1), but as L. crispatum occurs mostly in the bottom, this goes
in accordance with the biology of the species. Besides these natural variations in ocean’s pH,
CRA have been demonstrated to somewhat control the pH in their boundary layer to sustain
calcification, even in simulated scenarios of ocean acidification (Hofmann et al., 2016;
McNicholl et al., 2019, 2020), a strategy that likely comes from exposition of this group of
organisms to past ocean acidification and warming (Bergstrom et al., 2020). Future research
focusing in L. crispatum should direct efforts in investigating the different strategies used by
this species to cope with decreased pH and elevated temperatures.

One of the assumptions in ENMs is niche conservatism, observed in species
phylogenetically close. Phylogenetic niche conservatism is the “tendency of lineages to retain
their niche-related traits through speciation events” (Crisp and Cook, 2012, p.1), and therefore,
determines which environmental conditions the clade can tolerate (Wiens and Donoghue,
2004). Whether this is a reasonable assumption to be made in ENMs, especially when dealing
with fast environmental changes and the projection of species distributions to novel
environmental conditions, is a topic of discussion (Peterson, 2011). Interestingly, our
experiment results corroborate model predictions of higher habitat suitability of L. crispatum
in the future, which can be better understood by looking at the evolutionary history of this

species and its order. CRA have a great presence in the geological record, which shows that this
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group likely thrived under a wide range of temperatures, light and nutrient levels, and even are
theorized to have peaked in mid Miocene substituting coral reefs due to enhanced trophic
resources (Halfar and Mutti, 2005). But more specifically, Hapalidiales, the order in which the
genus Lithothamnion is inserted, diverged ca. 65-117 My ago (Aguirre et al., 2010; Pefia et al.,
2020), when pCO; values (Honisch et al., 2012) and temperature (Hansen et al., 2013) were
higher than those found today [< 600 ppm and < 8°C warmer than present day, Royer et al.
(2004)]. This likely resulted in a resilient adaptation of calcification strategies that allowed CRA
to succeed in past ocean acidification and warming oscillations, and may thus allow the survival
of some taxa in the future ocean (Bergstrom et al., 2020), supporting our model projections for
the future. Our experiment results corroborate the ability of L. crispatum to survive to such
conditions, and may indicate conservatism of these traits that allowed the group to cope with
past ocean conditions, but further phylogenetic and physiological studies need to be done in
order to corroborate this hypothesis.

Previous experimental studies have also shown the ability of some CRA species to
cope with climate change and local drivers. During the 5-day exposure of L. crispatum to the
combined drivers, individuals demonstrated a considerable drop in photosynthetic yield and a
decrease in GPP, explained by the experiment conditions, in accordance with previous studies,
that demonstrated decreasing photosynthesis in CRA when exposed to increased pCO> and
temperatures (Anthony et al., 2008; Diaz-Pulido et al., 2012; Vasquez-Elizondo and Enriquez,
2016). However, after the removal of stressors, L. crispatum restored its photosynthetic yield
to control values, similar to the response of other CRA species, that were not negatively affected
by higher pCO- and temperatures (Sordo et al., 2019; Cornwall et al., 2020) or higher nutrient
concentration and pCO> (Johnson and Carpenter, 2018). Using the same L. crispatum
population from southern Brazil, in a longer experiment (30 days) exposing the species to
warming and increased nutrient concentration, Schubert et al. (2019) observed no response to
increased nutrient concentrations (+21 pmol/L), and higher photosynthetic rates in treatments
with +5 °C, but with decrease in calcification rates. In our model, nitrate was the variable with
the highest importance to determine the habitat suitability of L. crispatum in the Western
Atlantic, with a considerable drop in probability of occurrence in locations with nitrate values
higher than 5 umol/L. This discrepancy between model results and experimental observations
can be hypothesized to be a consequence of: i. L. crispatum tolerates higher nutrient conditions,
but its distribution is limited by another factor, such as another limiting nutrient (e.g. iron); ii.
our experiment is very time-limited, and there is a possibility that longer (> 30 days) and more

complex experiments, accounting for biological interactions (e.g. in mesocosms), would show
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a different response; iii. L. crispatum may be adapted to cope with acute events of nutrient
discharge, but not chronic exposition.

Looking at the future projections of habitat suitability, our model predicts higher
suitability in 2100, in both RCP 2.6 and 8.5 scenarios, than in the present. Assessing the
accuracy of ENMs projections in the future is tricky, as climate change brings non-analog
environmental conditions, i.e., conditions that do not exist in the present, and predicting how
species will respond to these conditions is complex (Fitzpatrick and Hargrove, 2009; Refsgaard
etal., 2014). One of the variables that can change our prediction in nitrate, as it was the variable
that most contributed to our model. We did not find a prediction layer for this variable in the
future, and we can expect many changes in concentrations and the spatial distribution of nitrate.
Changes in land use in Brazil are already one of the main threats to marine ecosystems (Magris
et al., 2020), and with increasing use of fertilizers and sewage discharge, nutrient levels will
likely increase in coastal zones worldwide (Galloway et al., 2004; Van Der Struijk and Kroeze,
2010). Therefore, the impacts of changes in nutrient dynamics on L. crispatum’s future
distribution is still to be investigated, and estimating how much of our prediction is accurate is
not possible at this moment, as predicted losses of habitat suitability of this species can be
different than what we estimated. However, higher nutrient levels in the past (11-16 My ago)
favored the expansion of rhodalgal facies to the detriment of other reef-building organisms,
indicating that CRA may still be resistant to a greater availability of nutrients and have
advantage in such scenarios (Halfar and Mutti, 2005). As for the second most important variable
to explain the distribution of L. crispatum, maximum temperature helps explain the range
expansion to southern areas of Brazil, as warming is expected in this region in the future, and
tropicalization of marine ecosystems in middle latitudes is predicted and already being observed
(Vergés et al., 2014).

The model here developed is regarded as an Ecological Niche Model and its results
read as habitat suitability because we lack important information about L. crispatum (and CRA
in general) which would allow the characterization of its true distribution. First, there are very
few occurrences for CRA species in Brazil, and even with a species more widely studied as L.
crispatum, we were able to find only 27 trustworthy occurrences. Thus, it is unlikely that we
have described the full climatic niche of the species here (Barbet-Massin et al., 2012), although
our model was able to correctly predict habitat suitability for the existing occurrences.
Secondly, CRA identification is flawed and in the past was based only in morphological traits,
which have been shown with the evolution of molecular tools to not be enough to characterize

differences between species, as there are many cryptic species in the group (Sissini et al., 2014;
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Richards et al., 2016; Torrano-Silva et al., 2018; Twist et al., 2019). Hence, occurrences
available may not be very reliable, especially if identification of the species was done based
only in morphological traits and the species is not very well studied and/or described. Here, we
used only occurrences which are within the current knowledge of the distribution of this species
in the Brazilian coast, and many of the occurrences were registered by people who worked in
this study, trying to minimize as much as possible the use of inaccurate occurrences. Thirdly,
information about CRA’s dispersal capability is still largely undescribed. Although CRA, as all
other rhodophytes, disperses mostly by non-motile spores and thus is believed to not reach long
distances, some species likely disperse by colonizing a range of surfaces, and can easily raft to
new localities (Norton, 1992; Bryan et al., 2012; Fraser et al., 2018; Cornwall et al., 2019; Rindi
etal., 2019). However, information about dispersal in specific species is rare, and most of these
theoretical predictions still need to be corroborated by populational genetic data (Rindi et al.,
2019). Dispersal is highly important in shaping species’ geographical distribution, as limited
dispersal can restrict the occupation of suitable habitats by the species (Peterson and Anderson,
2012).

Another important factor shaping species distributions and their niche is their
interactions with other species, and changes in interactions caused by environmental changes
will also play an important part in determining the fate of a species (Ockendon et al., 2014;
Vergés et al., 2016; Strona and Bradshaw, 2018). Marine heatwaves have already resulted in
increased turf cover in calcification accretion units placed in shallow coralgal reefs at Abrolhos
in Brazil (Reis et al., 2016), and increased nutrient conditions and ocean acidification also favor
the growth of fleshy algae (Scherner, 2013; Legrand et al., 2017). Trophic interactions will also
suffer changes under climate change, such as herbivorous fish interactions that are predicted to
decrease in the tropics and expand poleward, exercising more pressure in algal communities in
middle latitudes (Inagaki et al., 2020). Grazers control CRA cover by epiphytes and the
competition with other groups of algae, but in conditions of increased pCO: levels, increased
grazing activity by sea urchins and gastropods was shown to weaken the structural integrity of
the thalli, making CRA more susceptible to ocean acidification (Rich et al., 2018; Legrand et
al., 2019). Not only these interactions will suffer alterations in the future, but also interactions
within the rhodolith microbiome, changing the microbial community around the rhodolith and
affecting the settlement of invertebrate larvae (Huggett et al., 2018). Therefore, many other
factors need to be considered to create more precise predictions of the future of rhodolith-

forming species.
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Having raised some of the caveats in our model, future predictions, and experiment, it
is also necessary to consider the importance of studies investigating the future habitat suitability
of key species. Although there is a certain level of uncertainty of predictions, mostly because
of data not available about either the species or environmental conditions, conservation actions
need information fast to try to mitigate some of the impacts of climate change, and studies like
these are important to, at least, bring this discussion to the table of decision makers (Rilov et
al., 2019). The importance of rhodolith beds in the past and in the present is colossal, and there
is no indication that in the future they will lose their importance to life stages of many species.
In fact, if some rhodolith-forming species indeed survive to extreme events and the global
environmental change, they may be of utmost importance in creating new habitats for diverse
species that will need to dislocate to new locations, tracking their niche. If our study is any
indication, L. crispatum may be one of those species, and its higher habitat suitability in the
future in matching regions where important fishes are predicted to shift their biotic interactions
and distributions (Inagaki et al., 2020) can perhaps create the opportunity of these species to
survive to novel environmental conditions. Of course, many other studies need to be done to
confirm this hypothesis, investigating how the presence of rhodoliths beds influence the
distribution of important fauna, and if L. crispatum has the dispersal ability necessary to
colonize new regions. But considering the higher sensitivity of reef-building coral species to
climate change (Anthony et al., 2011; Roth et al., 2020), rhodolith beds formed by tolerant

species may be the only option in the future ocean.
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4. DISCUSSAO GERAL

No presente trabalho, foi possivel observar que os bancos de rodolitos brasileiros estao
ameacados por diversas forgantes ambientais e antropogénicas, € o seu futuro ¢ incerto
(Capitulo 1). Ao mesmo tempo, algumas espécies podem ter maior resisténcia frente a essas
forcantes, e talvez representem como o futuro de bancos de rodolitos serda (Capitulo 2).
Enquanto que existe muita preocupacao em entender os efeitos das mudancgas climaticas em
ecossistemas, pouco se da atengao as condigdes locais, climaticas e nao climaticas, que podem
impactar igualmente ou mais esses ecossistemas (RILOV et al., 2019). E ¢ justamente na escala
local que acdes de manejo e conservacao sdo feitas, o que torna, portanto, a conservacao desses
ecossistemas mais complexa, ja que sdo necessarias informagdes interdisciplinares em diversas
escalas. Desta forma, o presente trabalho se encontra exatamente nessa problematica, buscando
entender os principais desafios para a conservagdo de bancos de rodolitos brasileiros, e
investigando os impactos de mudangas globais e locais na resiliéncia e adequabilidade de
habitat de uma importante espécie formadora de rodolitos.

As respostas de rodolitos frente a mudangas ambientais t€ém se mostrado cada vez mais
especificas de cada espécie (CORNWALL; DIAZ-PULIDO; COMEAU, 2019). Portanto, as
mudangas nas distribui¢des de rodolitos também serdo dependentes da resposta de cada espécie,
e variardo muito entre diferentes taxas e regioes (CHEN et al., 2011), refor¢ando a necessidade
de um estudo que investigue os impactos das alteragdes ambientais em uma espécie, como este.
Ao fazermos isso, pudemos observar que L. crispatum apresentou uma tendéncia de resisténcia
a certas condi¢cdes ambientais, indo contra a tendéncia da maioria dos organismos calcificantes
e construtores de recifes biogénicos (ANTHONY et al., 2011; EAKIN; SWEATMAN;
BRAINARD, 2019). Além disso, flutuacdes nas condi¢cdes ambientais que exponham os
individuos a extremos (por exemplo, extremos de temperatura) podem ser mais importantes na
distribuicao das espécies do que mudancas nas condi¢des médias, principalmente se forem
letais ou at¢ mesmo sub letais (WETHEY et al., 2011). Para L. crispatum, as ondas de calor
marinhas ndo se mostraram letais e ndo explicaram a atual distribuicdo da espécie na costa
brasileira. Porém, eventos como este ainda podem ser sub letais para esta espécie no futuro, se
considerarmos a variabilidade intraespecifica, que pode selecionar fendtipos mais resistentes e
levar a processos evolucionarios rapidos (GURGEL et al., 2020).

Porém, para serem criadas predi¢des cada vez mais precisas sobre o destino de espécies
formadoras de rodolitos frente a mudangas globais, ¢ necessario o levantamento de muitas

outras informacdes sobre a fisiologia, ecologia e historia evolutiva desses organismos. Pouco
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se sabe sobre o papel do microbioma na resposta de rodolitos as mudancas ambientais, € muito
menos sobre como essa aparentemente importante interacdo serd afetada no futuro
(CAVALCANTI et al., 2018). Se de fato o microbioma afeta a fisiologia e atua como um
“amortecedor” entre o ambiente e o rodolito, as alteragdes dessa interagao irdo causar mudancas
na resposta dos organismos e consequentemente na distribuicdo de rodolitos no futuro
(CAVALCANTI et al., 2014; LAGE; GRACA, 2016). Além disso, ainda existe muita incerteza
sobre a diversidade total de espécies de algas coralinas no mundo, com muitas espécies ainda a
serem identificadas e muitas duvidas sobre as atuais descri¢des de espécies, ja que a morfologia
variada e a dificuldade de analisar a anatomia de algas calcarias ja levou a descri¢do de espécies
cripticas como uma espécie (PENA et al., 2020; SISSINI et al., 2014). Isso reflete em poucos
estudos genéticos populacionais, e entdo informacdes sobre a variabilidade intraespecifica de
espécies de rodolitos e possiveis genoOtipos mais resistentes a mudancas ambientais sdo
praticamente inexistentes (HERNANDEZ-KANTUN et al., 2014; PARDO et al.,
2019).Também existem poucos estudos experimentais sobre a resposta de rodolitos a variagdes
ambientais de diversas varidveis, principalmente quando se considera o grande numero de
espécies e a variabilidade da resposta deles a cada condigdo ambiental. Alguns mecanismos
fisiologicos de algas coralinas, como a calcificagdo, ainda ndo sdo completamente
compreendidos (NASH et al., 2019), e estudos sobre o a viabilidade de esporos em cendrios de
mudangas ambientais também sdo escassos (PAGE; DIAZ-PULIDO, 2020). E um fator muito
importante para estimarmos a futura distribui¢do de bancos de rodolitos, a capacidade de
dispersdo desses organismos, ¢ dificilmente considerada e investigada (CORNWALL; DIAZ-
PULIDO; COMEAU, 2019). Todas essas sdao informagdes cruciais para de fato serem criadas
predicdes mais precisas sobre esse importante grupo de organismos, podendo guiar acdes de

manejo e conservagao desses ecossistemas.
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