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Resumo

Este estudo analisou o ciclo reprodutivo de Amphimedon viridis em uma regido entre-marés
do Atlantico tropical entre abril de 2023 a agosto de 2024. Também investigamos como 0s
fatores ambientais poderiam explicar a dindmica reprodutiva da espécie. A reproducéo foi
continua, com desenvolvimento assincrono dos elementos reprodutivos. A espécie
apresentou baixo esforco reprodutivo, com apenas uma pequena porcentagem da populacéo
envolvida na reprodugéo ao longo do estudo. Observamos que A. viridis é vivipara, e durante
0s 17 meses de pesquisa, foi registrada apenas uma larva (parenquimela). Durante o periodo
analisado, foram identificados ovocitos em 14 meses, cistos espermaticos em 5 meses e
embrides em 10 meses. Embora os ovocitos tenham sido mais frequentes, sua densidade foi
menor (0,01 £0,01 odcitos.mm?) em comparacao aos cistos espermaticos (0,51 = 1,14 cistos
espermaticos.mm 2). Nao encontramos diferenca significativa entre os meses do estudo para
0 tamanho dos ovdcitos e cistos espermaticos; no entanto, os embrides foram maiores
durante os meses da estacdo seca. Entre os fatores ambientais analisados, a temperatura do
ar (més atual e com um més de atraso), marés baixas (més atual), clorofila-a e a precipitacéo
(més atual e com um a dois meses de atraso) influenciaram significativamente a reproducao
de A. viridis, afetando principalmente a densidade de ovoécitos. O tamanho médio dos
individuos da populacdo foi de 195,64 + 230,60 cm?, mostrando variacdes significativas
entre 0s meses, mas sem diferenca de tamanho entre individuos reprodutivos e ndo
reprodutivos. Além disso, tanto a temperatura do ar quanto a temperatura da agua do mar
impactaram negativamente a area superficial da espécie, especialmente durante os periodos
com marés baixas, quando os individuos eram maiores. Esses resultados indicam que fatores
climaticos e oceanograficos desempenham um papel fundamental no ciclo reprodutivo de A.

viridis, influenciando tanto o esforco reprodutivo quanto o desenvolvimento morfolégico.

Palavras-chave: Gametogénese, Invertebrados, Porifera



Abstract

This study analyzed the reproductive cycle of Amphimedon viridis in an intertidal region of
the tropical Atlantic between April 2023 and August 2024. We also investigated how the
environmental factors could explain the reproductive dynamics of the species. Reproduction
was continuous, with asynchronous development of reproductive elements. The species
exhibited low reproductive effort, with only a small percentage of the population involved
in reproduction throughout the study. It was observed that A. viridis is viviparous, and over
the 17 months of research, only one larva (parenchymella) was recorded. During the
analyzed period, oocytes were identified in 14 months, spermatic cysts in 5 months, and
embryos in 10 months. Although oocytes were more frequent, their density was lower (0.01
+ 0.01 oocytes.mm?) compared to spermatic cysts (0.51 + 1.14 spermatic cysts.mm2). No
significant difference was found among the months of the study for the size of oocytes and
spermatic cysts; however, embryos were larger during the dry season months. Among the
environmental factors analyzed, air temperature (current month and one-month lag), low tide
(current month), chlorophyll-a, and precipitation (current month and with one to two-month
lags) significantly influenced the reproduction of A. viridis, mainly affecting oocyte density.
The average individual size of the population was 195.64 + 230.60 cm?, showing significant
variations among months but no difference of size between reproductive and non-
reproductive individuals. Additionally, both air temperature and seawater temperature
negatively impacted the surface area of the species, especially during periods with lower
tides when individuals were larger. These results indicate that climatic and oceanographic
factors play a fundamental role in the reproductive cycle of A. viridis, influencing both

reproductive effort and morphological development.

Keywords: Gametogenesis, Invertebrates, Porifera



Introducéo Geral

Filo Porifera Grant, 1836

O filo Porifera Grant, 1836, representa o filo mais antigo ainda existente e
desempenha um papel fundamental na compreensdo da evolugdo dos animais, por ser
considerado um possivel grupo irmdo dos metazoarios (Redmond & McLysaght, 2023).
Com base em registros fosseis e em analises de relégio molecular, sabe-se que as esponjas
existem ha aproximadamente 700 milhdes de anos, e vém se diversificando desde entdo
(Moraes, 2011; Gold et al. 2016; Dohrmann & Worheide, 2017; Turner, 2021). Atualmente,
o filo Porifera possui cerca de 9.721 espécies descritas, distribuidas em quatro classes
monofiléticas (De Voogd et al. 2024) (Fig. 1). A classe Demospongiae Sollas, 1885, é a mais
diversa do filo, representando cerca de 81% de suas espécies, com aproximadamente 8.050
espécies descritas (Lavrov et al. 2023; De Voogd et al. 2024). Essas esponjas possuem um
esqueleto mineralizado sustentado por fibras de espongina e apresentam diferentes formas
reprodutivas. A classe Hexactinellida Schmidt, 1879, conhecida popularmente como
esponjas de vidro, € comumente encontrada em aguas profundas e apresenta um esqueleto
composto por espiculas silicosas, contando com aproximadamente 708 espécies descritas
(Henkel, Borkenhagen & Janussen, 2015; De Voogd et al. 2024). A classe
Homoscleromorpha Bergquist, 1978 possui cerca de 136 espécies, geralmente pequenas,
habitando ambientes cripticos, com um esqueleto formado por espiculas silicosas ou
ausentes. Além disso, apresenta uma membrana basal formada por colageno tipo IV e
juncdes celulares especializadas entre coandcitos e pinacdcitos (Domingos, Lage & Muricy,
2016; Lage et al. 2019; De Voogd et al. 2024). Por fim, a classe Calcarea Bowerbank, 1862
¢ caracterizada por um esqueleto composto de carbonato de calcio (CaCOs) e ¢
predominantemente encontrada em &guas rasas, apresentando atualmente cerca de 827
espécies descritas (Worheide et al. 2012; De Voogd et al. 2024).
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Figura 1 - Relacgdo filogenética das quatro classes de Porifera e outros metazoérios. (Fonte: Lanna et al. 2024).

As esponjas sdo organismos multicelulares, exclusivamente aquaticos, sésseis e
bentbnicos. Seu tamanho varia de milimetros a metros de didmetro e possuem uma enorme
variedade de formas. Quando adultos apresentam habito filtrador, capazes de reter até 80%
das particulas em suspensdo, alimentando-se principalmente de matéria organica particulada
e fitoplancton (Stabili et al. 2006; Hadas, Shpigel & lIlan, 2009; De Goeij et al. 2013). Séo
organismos principalmente marinhos, embora também sejam encontrados em agua doce. No
ambiente marinho sdo encontrados desde regies entre-marés até aguas profundas. Sua
distribuicdo geografica abrange zonas tropicais, temperadas e polares, evidenciando sua
capacidade de adaptacéo a diferentes condi¢cdes ambientais (Varijakzhan et al. 2021).

Por serem organismos sésseis produzem metabélitos secundarios como forma de
defesa contra predadores (Kelman et al. 2001; Perdicaris, Vlachogianni & Valavanidis,
2013). Esses compostos bioativos apresentam um grande interesse econdmico, por serem
farmacologicamente importantes. Os metabdlitos permitem que as esponjas possam ser
utilizadas em uma grande variedade de atividades para a satde humana, principalmente por
apresentarem propriedades anti-inflamatdrias, antitumorais, antifngicas, antivirais e
antibacterianas (Varijakzhan et al. 2021).

A organizacdo corporal das esponjas é considerada simples e é composta por trés
camadas principais: a pinacoderme, que atua como revestimento externo; o mesoilo, uma
matriz extracelular contendo células moveis e os elementos esqueléticos (fibras de espongina
e espiculas); e a coanoderme, onde se localizam os coandcitos. Essa estrutura é organizada
em torno de um sistema aquifero que é exclusivo do filo, formado por canais inalantes e
exalantes e camaras coanocitarias com o mesoilo sendo suporte deste sistema (Fig. 2, Carrier
et al. 2022). Atualmente, sdo classificados seis tipos de sistemas aquiferos no filo Porifera,

0 asconoide, siconoide, sileibde, solenoide, leuconoide e cladonoide (Fig. 3) (Cavalcanti &



Klautau, 2011; Lopes & Klautau, 2023). Em esponjas com sistema aquifero leuconoide, a
agua do meio externo passa pelos poros dérmicos (Ostios), canais inalantes, prosopila,
camaras coanocitarias, apopila, canais exalantes, atrio e finalmente o ésculo (Fig. 2, Carrier
et al. 2022). Por meio do sistema aquifero, as esponjas realizam processos essenciais, como

alimentacéo, trocas gasosas e a absorcéo ou liberagdo de gametas.
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Figura 2 - llustracdo da morfologia interna do corpo das esponjas da classe Demospongiae. Canais aquiferos
exalantes (eac); canais aquiferos inalantes (iac); cAmaras coanocitarias (cc); célula deixa o epitélio para entrar
no mesoilo (setas vermelhas); coléncitos (co); embriGes incubados (be); esclerdcitos (sc); espiculas (sp);
exopinacdcitos (xp); fibrilas de colageno (cf); fluxo da agua (setas azuis); micrébios de vida livre (am);
microébios simbidticos de vida livre (sm); 6sculo (0s); ovécitos (00); particulas em suspensdo (fp); poros (po);
vesiculas de digestdo (dv); ambiente extracelular (ee); ambiente intracelular (ie); bacteriécitos (ba); bacteridcito
de bolso (pb). (Fonte: Carrier et al. 2022).
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sileibde. (d) leuconoide. (e) solenoide. (Fonte: Cavalcanti & Klautau, 2011).



Classe Demospongiae e ordem Haplosclerida

A classe Demospongiae e suas subclasses sdo reconhecidas como monofiléticas
(Morrow & Cardenas, 2015). As esponjas desta classe possuem um esqueleto orgéanico
composto por fibras de espongina e/ou espiculas silicosas, que podem ser classificadas como
megascleras e microscleras. Esses organismos ndo formam estruturas sinciciais,
apresentando, portanto, elementos celulares discretos (Hooper & Van Soest, 2002). O
sistema aquifero é predominantemente do tipo leuconoide, caracterizado pelo aumento do
numero de camaras coanocitarias, reducdo do tamanho dessas camaras no mesoilo e pelo
desenvolvimento de canais inalantes e exalantes (Ereskovsky, 2010; Cavalcanti & Klautau,
2011) (Figs. 2, 3D). Atualmente, a classe conta com 22 ordens, incluindo a ordem
Haplosclerida Topsent, 1928.

A ordem Haplosclerida distingue-se pela presenca de um esqueleto ectossomal e
coanossomal, bem como um esqueleto isodictial formado por megascleras (Fig. 4A-B, Hajdu
et al. 2011). Seus organismos possuem espiculas dxeas, de forma pontiaguda e fusiforme,
facilmente diferenciadas das espiculas de outras ordens da classe Demospongiae (Fig. 4C,
Hajdu et al. 2011). Esta ordem abriga uma grande diversidade de esponjas marinhas, que
podem atingir tamanhos significativos (Van Soest & Hooper, 2002). Os individuos podem
apresentar variadas formas corporais, como incrustantes, tubulares, macicas, arborescentes,
lobadas ou escavadoras, e sua consisténcia pode variar entre macia, dura ou quebradica (Van
Soest & Hooper, 2002). Esta é uma ordem bastante diversa, mas a maioria das familias
pertencentes a ordem Haplosclerida ndo sdo consideradas monofiléticas (Morrow &
Cérdenas, 2015).
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Figura 4 - Estrutura esquelética da Xestospongia muta (Schmidt, 1870). (A-B) Esqueleto ectossomal. (C)
Espicula 6xeas. (Fonte: Hajdu et al. 2011).

Reproducéo na classe Demospongiae

As esponjas da classe Demospongiae se reproduzem tanto de forma assexuada
quanto sexuada. A reproducdo assexuada acontece por trés mecanismos: brotamento,
gemulacdo e fragmentacdo (Ereskovsky, 2010). A reproducdo assexuada por brotamento
ocorre atraves da formacao de um broto na parede do corpo da esponja, que se desprende e
da origem a um novo individuo. Na reproducdo por gemulagéo, ha a producgéo interna de
gémulas, por meio de células totipotentes no mesoilo. Essas gémulas a posteriori sdo
liberadas para o meio externo sendo transportadas pelo vento e/ou por animais. Na
reproducdo por fragmentacédo, hé a regeneracdo de um fragmento que se rompeu da esponja
parental (Maldonado & Riesgo, 2009; Ereskovsky, 2010).

A reproducdo sexuada, por sua vez, envolve células pluripotentes, como coandécitos
e arquedcitos, que se diferenciam em gametas (5A) (Zarrouk et al. 2013; Funayama, 2018;
Brusca et al. 2018). A reproducdo sexuada é caracterizada pela gametogénese e
embriogénese. Na espermatogénese, 0s espermatozoides sdo formados em cistos
espermaticos, que se originam a partir de coandcitos presentes nas camaras coanocitarias

(5B, Gaino, Frine & Giuseppe, 2010). Quando os cistos espermaticos atingem a maturidade,



eles migram para regibes proximas aos canais exalantes, permitindo a liberagdo dos
espermatozoides na &gua circundante (Ereskovsky, 2010). Os ovdcitos, por sua vez,
desenvolvem-se a partir de arquedcitos e passam pelo processo de vitelogénese, durante o
qual acumulam vitelo para sustentar o embrido em desenvolvimento (5C, Gaino, Frine &
Giuseppe, 2010). Uma caracteristica notavel dos ovdcitos é sua capacidade de fagocitar
células nutridoras, que fornecem energia e nutrientes adicionais (5D) (Gaino, Frine &
Giuseppe, 2010; Maldonado & Riesgo, 2009; Ereskovsky, 2010).

Apdbs a maturacdo dos gametas masculinos e femininos, ha a fecundacédo, que pode
ser interna, dentro do corpo da esponja (viviparidade), ou externa, na coluna d'agua
(oviparidade), dependendo da espécie (Pechenik, 2016; Brusca et al. 2018). Na classe
Demospongiae, a viviparidade foi favorecida como a condicdo ancestral e a oviparidade
adquirida de forma independente (Riesgo et al. 2014). Além disso, os individuos podem ser
hermafroditas, produzindo ambos os tipos de gametas, ou gonocdricos, produzindo apenas
um tipo de gameta (Fromont & Bergquist, 1994; Maldonado & Riesgo, 2009; Brusca et al.
2018). Apos a fecundacdo, inicia-se a embriogénese (5E, Gaino, Frine & Giuseppe, 2010),
marcada pelas clivagens do zigoto, que podem ser iguais ou desiguais. O processo culmina
na formacdo de uma larva livre-natante, que é liberada pelo 6sculo ou, em alguns casos,
rompe o tecido da esponja para ser liberada. A larva fixa-se no substrato e desenvolve-se até
alcancar a fase adulta. Essas larvas sdo lecitotréficas, utilizando reservas energéticas
armazenadas no vitelo, possuem um tempo de vida relativamente curto e nadam
intermitentemente em periodos curtos, inicialmente com uma natacdo mais rapida e
tornando-se mais lenta (Maldonado & Bergquist, 2002; Chu & Reiswig, 2014; Lanna &
Riesgo 2020). Embora no filo Porifera sejam observados diferentes tipos de larvas (Fig. 6,
Ereskovsky, 2010), na classe Demospongiae, a larva parenquimela é predominante
(Ereskovsky, 2010).
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Figura 5 - Esquema de diferenciacgdo celular e cortes hist
sistema de diferenciacdo celular em Demospongiae. (B) Cistos espermaticos de Hippospongia communis
(Lamarck, 1814). (C) Ovdcito em estagio de vitelogénese rodeado por células nutridoras (barra= 30 um). (D)
Ovdcito fagocitando células nutridoras (barra= 50 pm) e (E) embrido da Hymeniacidon perlevis (Montagu,
1814) (barra= 50 pm). Cistos espermaticos primarios (spl); Cistos espermaticos secundarios (sp2);

Espermaétides (spt); Espermatozéides (spz). (Gaino, Frine & Giuseppe, 2010; Zarrouk et al. 2013).

Figura 6 - Diferentes tipos de larvas encontradas no filo Porifera. (a) Calciblastula. (b) Pseudoblastula. (c)
Amphiblastula. (d) Disphaerula. (e) Hoplitomella. (f) Parenchymella — Poecilosclerida. (g) Parenchymella —
Spongiliida. (h) Trichimella. (i) Cinctoblastula. Bactérias simbi6ticas (sb); cAmara de coandcitos larval (cc);
camara flagelada (fc); cdmara interna (ic); células ciliadas (ci); células com cristaloides intranucleares (cr);
células em cruz (crc); células maternas (mc); células multiciliadas (mcc); espiculas larvais (s); membrana basal
(bm); pinacoderme larval (pi). (Fonte: Ereskovsky, 2010).
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Reproducgéo sexuada na ordem Haplosclerida

A viviparidade é caracteristica das familias da ordem Haplosclerida, embora também
sejam encontradas algumas familias oviparas (Morrow & Cardenas 2015). As esponjas
oviparas liberam gametas de forma sincronizada com as populacdes locais, garantindo uma
reproducdo coordenada. Na ordem Haplosclerida, também sdo observados individuos
hermafroditas (simultdneos, sucessivos ou alternantes) e gonocéricos (Sara, 1993). O
processo de gametogénese na ordem assemelha-se ao que é observado e descrito para a classe
Demospongiae. A espermatogénese, por exemplo, ocorre nos cistos espermaticos (Fig. 7A,
llan & Loya, 1990), estruturas localizadas no mesoilo, cuja quantidade e tamanho podem
variar dentro de uma mesma populacdo (Ereskovsky, 2010). O desenvolvimento dos
espermatocitos dentro de cada cisto é geralmente sincrono; no entanto, diferentes estagios
de desenvolvimento podem ser observados entre o0s cistos de uma mesma espécie. Ao final
da espermatogénese, 0s espermatozoides maduros sao liberados na coluna d'agua através dos
canais exalantes.

Os ovdcitos, por sua vez, sdo originados a partir de arqueocitos e passam pelo
processo de vitelogénese (Fig. 7B, llan & Loya, 1990). Durante a ovogénese, uma
caracteristica marcante € a presenca de células nutridoras ao redor dos ovocitos nos estagios
iniciais, que posteriormente sdo fagocitadas, fornecendo nutricdo para o gameta (Leys &
Degnan, 2002). Especificamente, os ovocitos dessas esponjas sdo classificados como
isolécitos ou oligolécitos (Reiswig, 1976). O desenvolvimento embrionario em
Haplosclerida é caracterizado por clivagens totais, desiguais e assincronas (Fig. 7C,
Simpson, 1984; Ereskovsky, 2010). Apos as clivagens, forma-se a mdrula, que passa por um
processo de diferenciacdo celular, dando origem as estruturas larvais do tipo parenquimela
(Fig. 7D, llan & Loya, 1990). Quando maduras, essas larvas sdo liberadas no ambiente
(Simpson, 1984; Fromont, 1994).
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A e a AR GTANES
Figura 7 - Microscopia dos elementos reprodutivos da ordem Haplosclerida. (A) Cistos espermaéticos e (B)
Ovdcito em estagio inicial da espécie Chalinula sp. (C) Embrido da Xestospongia bergquistia Fromont, 1991.
(D) larva parenquimela da espécie Chalinula sp. Cisto espermatico (s); camaras coanocitarias (c); embrido
(em). (Fonte: llan & Loya, 1990; Ereskovsky, 2010).

Amphimedon viridis Duchassaing & Michelotti, 1864

Amphimedon viridis (Demospongiae, Haplosclerida, Niphatidae) é uma esponja
amplamente distribuida geograficamente, ocorrendo desde os Estados Unidos até o Brasil.
No territorio brasileiro, sua presenca é registrada em cinco estados: Pernambuco, Alagoas,
Bahia, Rio de Janeiro e Sdo Paulo (Wells et al. 1960; Muricy et al. 2011; De Voogd et al.
2024). Em Salvador, A. viridis é uma espécie abundante nos afloramentos rochosos, sendo
encontrada tanto em regides entre-marés quanto em areas mais profundas, atingindo até 15
metros de profundidade. Essa esponja apresenta tamanho corporal consideravel, com
individuos medindo de 8 cm? a 836,4 cm? na regido entre-marés de Salvador (BA).
Amphimedon viridis pode habitar tanto ambientes eutrofizados quanto dguas mais limpas,
demonstrando alta adaptabilidade. E uma espécie que possui relevancia socioeconémica
como recurso biotecnolégico, destacando-se pela producdo de metabdlitos secundarios
bioativos, como a halitoxina e anfitoxina, com toxicidade seletiva contra microrganismos
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(Berlinck et al. 1996; Lee, Cho & Tran, 2021).

Amphimedon viridis pertence ao género Amphimedon Duchassaing & Michelotti,
1864, que apresenta cerca de 50 espécies distribuidas ao redor do mundo. Cinco delas
ocorrem no Brasil: Amphimedon compressa Duchassaing & Michelotti, 1864; Amphimedon
viridis; Amphimedon erina (de Laubenfels, 1936); Amphimedon estelae Santos, Docio &
Pinheiro, 2014 e Amphimedon complanata (Duchassaing, 1850), sendo que A. viridis e A.
estelae ocorrem no Estado da Bahia. Amphimedon viridis possui formato maci¢o incrustante,
6sculos abundantes e distribuidos por todo corpo (Fig. 8A). E uma esponja que possui
arquitetura ectossomal e esqueleto coanossomal (Fig. 9A, Hajdu et al. 2011), espiculas 6xeas
(Fig. 9B, Hajdu et al. 2011) e presenca de espongina no esqueleto (Hajdu, 2011; Santos,
2016; Cerqueira et al. 2020). Além disso, apresenta sistema aquifero leuconoide, composto

por canais e cdmaras coanocitarias abundantes e esféricas (Fig. 8B-D).

.l - -
Figura 8 - Anatomia interna e morfologia externa de Amphimedon viridis. (A) Amphimedon viridis in situ. (B)
Imagem histoldgica do sistema aquifero leuconoide. (C) Detalhe do canal e (D) das cAmaras coanocitarias.

Canais (ca); camaras coanocitérias (cc); 6sculos (oc); pinacoderme (pi).
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Figura 9 - Estrutura esquelética da Amphimedon viridis. (A) arquitetura ectossomal. (B) Espiculas Oxeas.
(Fonte: Hajdu et al. 2011).

Influéncia do ambiente na reproducéo das esponjas
A regido entre-marés, localizada na interface entre o0 ambiente aquético e terrestre, é
caracterizada por oscilacdes diarias causadas pela descida e subida da maré pelo menos uma
vez ao dia. Este ambiente representa um lugar desafiador para viver, pois 0s organismos
dessas regides sofrem com as constantes flutuacdes nas condigdes fisico-quimicas. Os
invertebrados marinhos que se adaptaram a esses locais enfrentam estresses ciclicos, sejam
eles mecanicos, térmicos ou quimicos, e.g.: 0 hidrodinamismo, aumento da temperatura,
dessecamento e variacdo da salinidade (Leeuwis & Gamperl, 2022). A regido entre-mares
embora represente uma pequena parte do ambiente marinho, € um dos mais bem estudados
(Pereira & Soares, 2009).
Historicamente as esponjas sdo reconhecidas como animais altamente plasticos (Hill
& Hill, 2002) capazes de responder de maneira diversa as variagdes ambientais, incluindo
alteracbes nos padrbes reprodutivos (Schonberg, 2016). Dependendo das condigdes
ambientais que as esponjas se encontram podem apresentar padrdes reprodutivos diferentes
(continuo ou sazonais) (Riesgo, 2007; Lanna et al. 2018). Esponjas de regides tropicais
tendem a se reproduzir de forma continua com um baixo esfor¢o reprodutivo, enquanto
especies de regides temperadas se reproduzem sazonalmente com alto esfor¢o reprodutivo.
Fatores ambientais, principalmente a temperatura, influenciam nessas estrategias. Esponjas

daregido entre-marés expostas a estresses ambientais ciclicos, por exemplo, apresentam uma
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quantidade de larvas reduzida, mas estas sdo grandes, o que favorece seu rapido
assentamento e crescimento da esponja (Ayling, 1980). Alem disso, algumas espécies
conseguem alternar o modo reprodutivo em sexuado e assexuado, como estratégia para
maximizar seu sucesso reprodutivo (Vasconcellos & Lanna, 2022). Nesse sentido, estudar o
ciclo reprodutivo de Amphimedon viridis, em combinacdo com a influéncia do ambiente, é
crucial para compreendermos a influéncia dos fatores ambientais sobre os aspectos
reprodutivos da espécie. Considerando que o conhecimento sobre a reproducao das espécies
da ordem Haplosclerida ainda é limitado, investigacfes mais detalhadas como essa sédo
fundamentais para ampliar nossa compreensao sobre a ecologia e a biologia reprodutiva das

esponjas.
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Objetivos

Objetivo Geral

Investigar o ciclo reprodutivo de Amphimedon viridis na praia da Pituba: Salvador, BA.

Obijetivos especificos
I.  Determinar o periodo reprodutivo de Amphimedon viridis;
Il.  Investigar a variagdo temporal no esforco reprodutivo e no tamanho dos elementos

reprodutivos de Amphimedon viridis;

I1l.  Investigar a influéncia de fatores enddgenos e exdgenos no ciclo e no esforco
reprodutivo da espécie;

IV. Investigar a influéncia dos fatores ambientais na area de superficie de Amphimedon
viridis.
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Abstract

This study analyzed the reproductive cycle of Amphimedon viridis in an intertidal region of
the tropical Atlantic between April 2023 and August 2024. We also investigated how the
environmental factors could explain the reproductive dynamics of the species. Reproduction
was continuous, with asynchronous development of reproductive elements. The species
exhibited low reproductive effort, with only a small percentage of the population involved
in reproduction throughout the study. It was observed that A. viridis is viviparous, and over
the 17 months of research, only one larva (parenchymella) was recorded. During the
analyzed period, oocytes were identified in 14 months, spermatic cysts in 5 months, and
embryos in 10 months. Although oocytes were more frequent, their density was lower (0.01
+ 0.01 oocytes.mm?) compared to spermatic cysts (0.51 + 1.14 spermatic cysts.mm2). No
significant difference was found among the months of the study for the size of oocytes and
spermatic cysts; however, embryos were larger during the dry season months. Among the
environmental factors analyzed, air temperature (current month and one-month lag), low tide
(current month), chlorophyll-a, and precipitation (current month and with one to two-month
lags) significantly influenced the reproduction of A. viridis, mainly affecting oocyte density.
The average individual size of the population was 195.64 + 230.60 cm?, showing significant
variations among months but no difference of size between reproductive and non-
reproductive individuals. Additionally, both air temperature and seawater temperature
negatively impacted the surface area of the species, especially during periods with lower
tides when individuals were larger. These results indicate that climatic and oceanographic
factors play a fundamental role in the reproductive cycle of A. viridis, influencing both

reproductive effort and morphological development.

Keywords: Gametogenesis, Invertebrates, Porifera
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1. INTRODUCTION

The influence of the environment on the life cycle of marine invertebrates is well
recognized. However, to what extent is the reproductive cycle of sponges (Porifera) shaped
by the environmental conditions in which they live? Reproduction, though a fundamental
biological activity for the maintenance and perpetuation of species, can be affected by
changes in the physicochemical conditions of the environment. Sponges, for instance, are
sessile organisms without specialized organs, and they are particularly sensitive to
environmental fluctuations (Riesgo & Maldonado, 2008; Lanna et al., 2018). Thus,
understanding the physiological responses of sponges to environmental factors, especially
in the context of their reproductive cycles, is crucial for estimating how climate change might
influence the survival of these organisms. To address this knowledge gap, we selected the
sponge Amphimedon viridis Duchassaing & Michelloti, 1864 as a model species, given the
absence of studies on its reproductive cycle and the potential impacts of climate change.
Moreover, this species belongs to the same order as Amphimedon queenslandica Hooper &
van Soest, 2006, one of the main models for evolutionary developmental biology in Porifera
(Maritz et al., 2010).

The sponge A. viridis belongs to the class Demospongiae Sollas, 1885 order
Haplosclerida Topsent, 1928, with a broad geographic distribution ranging from Florida to
S&o Paulo (Muricy et al., 2011; de Voogd et al., 2024). This species inhabits intertidal zones
and depths of up to fifteen meters. It has socioeconomic relevance as a potential
biotechnological resource for obtaining pharmacologically active substances (Berlinck et al.,
1996). It stands out as a major producer of secondary metabolites (Lee et al., 2021). The
selective toxicity of its extracts against microorganisms is attributed to the presence of highly
bioactive alkaloids, such as halitoxin and amphitoxin. Due to these metabolites, this species

has been the subject of various studies on its antimicrobial activity. However, until now, its



19

reproductive aspects have been unknown (Kelman et al., 2001). Additionally, A. viridis plays
a significant ecological role, providing shelter and protection for associated fauna and
serving as a food source for other organisms (Huang, 2007; Archer et al., 2020).

Along Brazil's northeastern coast, A. viridis is frequently observed in the intertidal
zone, a region at the interface between aquatic and terrestrial environments. This zone is
characterized by exposure during low tide and submersion during high tide. With the rise
and fall of the tides, organisms living in these regions are subjected to cyclic stresses,
including mechanical, thermal, and chemical challenges, such as hydrodynamics,
temperature increase, desiccation, salinity variation, and air exposure at least once daily
(Leeuwis & Gamperl, 2022). Despite representing only a small fraction of the marine
environment, the intertidal zone is undoubtedly the most extensively studied of all
ecosystems due to its unique location (Pereira & Soares, 2009). The dynamic conditions of
this zone, combined with large-scale climate changes such as the EI Nifio phenomenon, can
impact sponge biology (Jones et al., 2010). While A. viridis has adaptations that enable its
survival in this environment, it was not yet understood how its gametogenesis and
embryogenesis respond to the adverse conditions of the intertidal zone. It is known, however,
that significant fluctuations in environmental conditions can compromise reproductive
success, reduce fecundity, and negatively impact the survival of marine invertebrates
(Brazeau & Lasker, 1992).

Sponges, despite lacking gonads, have pluripotent cells such as choanocytes and
archaeocytes, which differentiate into gametic cells, enabling sexual reproduction
(Funayama, 2018). In the class Demospongiae, various reproductive strategies are observed,
with viviparity being predominant, although oviparity is also present in some species.
Hermaphroditism and gonochorism are also observed in this class (Fromont & Bergquist,

1994). Documented strategies include viviparity and gonochorism (Fell, 1974; Elvin, 1976;
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Fromont, 1994), viviparity and hermaphroditism (Ilan & Loya, 1990; Leys & Degnan, 2002;
llan et al., 2004), and oviparity and gonochorism (Fromont & Bergquist, 1994; Maldonado
& Riesgo, 2009a; Ereskovsky et al., 2017). Specifically, in the genus Amphimedon
Duchassaing & Michelotti, 1864, individuals are viviparous and hermaphroditic (either
simultaneous or sequential), with internal fertilization and the development of
parenchymella larvae (llan & Loya, 1988, 1990; Maldonado & Riesgo, 2009a; Maritz et al.,
2010).

The density, duration, and reproductive period of sponges can be influenced by
exogenous factors, related to environmental aspects, and endogenous factors, such as body
size (Stearns, 1976; Vasconcellos & Lanna, 2022; Oliveira & Lanna, 2022). Among the
exogenous factors, temperature stands out as the main regulator of the sponge reproductive
cycle (Riesgo & Maldonado, 2008; Ereskovsky, 2000; Lanna et al., 2018). However, in
tropical regions, reproduction is strongly influenced by rainfall and food availability, which
play critical roles in the triggering and maintenance of the reproductive cycle (De Goeij et
al., 2008; Lanna et al., 2015; 2021). This relationship is associated with the increased food
supply, allowing more energy to be allocated to reproduction. Regarding endogenous
factors, some sponges exhibit a positive correlation between fecundity and body size, with
larger individuals generally producing more gametes. However, reproduction does not
depend exclusively on organism size (Fromont & Bergquist, 1994; Maldonado & Riesgo,
2008b; Lanna & Klautau, 2016; Calazans & Lanna, 2019). Interestingly, the opposite can
also occur, as the strategy of delaying sexual maturation to invest in growth may compromise
the population success of intertidal sponges (Fromont, 1994; Whalan et al., 2007).

Most studies on the reproductive aspects of intertidal sponges have focused on temperate
regions (Lannaet al., 2018). However, in tropical areas, factors such as temperature, rainfall,

and chlorophyll-a significantly influence the reproductive cycle of sponges (Calazans &
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Lanna, 2019; Lanna et al., 2021; Vasconcellos & Lanna, 2022). In this context, we aimed to
investigate how these and other environmental factors affect the reproductive cycle of A.
viridis. To this end, we posed the following questions: How is the reproductive cycle of A.
viridis? When is the species’ reproductive period? Do reproductive effort, reproductive
element size, and surface area of A. viridis vary between rainy and dry months? How do
endogenous and exogenous factors impact the reproductive cycle of A. viridis? Based on
previous findings, we hypothesize that A. viridis reproduces continuously; there is no
significant difference in the size or quantity of reproductive elements throughout the study
period, given Salvador's relatively stable weather despite its two distinct seasons; but the

environmental factors can influence the reproductive effort and specimen size.

2. MATERIAL AND METHODS

2.1 Study location

To investigate the reproductive dynamics of Amphimedon viridis, we collected
biological material from Pituba Beach (-13.00 S, -38.45 W) in Salvador, Bahia, Brazil (Fig.
1). Pituba Beach features a linear area of approximately 200 meters of rocky outcrop, with
tide pools exposed at low tide of the semidiurnal tide regimes of the region. Salvador is a
city with stable weather throughout the year, historically, with average temperatures ranging
from 22 °C to 31 °C. The region has two recognized seasons: the rainy season (March-
August) and the dry season (September-February) (Lessa et al., 2009; Lanna et al., 2018).
Amphimedon viridis is abundant and commonly found in the study area, found attached to
the substrate and covered by a thin layer of sand. In addition, A. viridis have a wide
distribution, extending from the USA to southern Brazil (Wells et al., 1960; Muricy &

Ribeiro, 1999).
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FIGURA 1 Geographical location of the study area (A). Todos 0s Santos Bay (TSB). Atlantic Ocean
Beach, Salvador, Bahia (seta), and a photograph of Amphimedon viridis in situ (seta), (B).

2.2 Acquisition of Reproduction data

Specimens of Amphimedon viridis were collected monthly from April 2023 to August
2024 (17 months) in this intertidal zone during low tides. Each month, a tissue fragment was
collected from each of the 10 A. viridis specimens (n= 170 sponges collected during the
study). Before collecting, we measured the width and length of the specimens with a
measuring tape to calculate the sponge's surface area. The surface area of A. viridis was
calculated using the formula for the area of a rectangle: Area = width x length. With the help
of a pair of scissors, a fragment of approximately 1 cm3 was cut from each specimen and
fixed in 4% formalin in seawater for 24 hours. After 24 hours, the fragments were removed
from the formalin and washed with distilled water. Subsequently, the fragments were placed
in 5% hydrofluoric acid for 24 hours for demineralization, then washed with distilled water
and dehydrated in a series of ethanol (50%, 70%, 80%, 90%, and 100%). The fragments
were then cleared in xylene and embedded in paraffin. The paraffin blocks were sectioned
to 5 um thickness using a rotary microtome. The sections were, then, stained with Harris
hematoxylin and eosin (Lanna et al., 2018). For each of the ten samples, two histological

slides were prepared to verify the presence of reproductive elements (spermatic cysts,
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oocytes, embryos, and larvae) using a light microscope. Additionally, fifteen pictures of each
specimen were taken randomly (final magnification of 200x) using the charge-coupled
device (CCD) camera of the microscope, totaling approximately 4 mm?2 sponge area for each
specimen. With the obtained images, we used ImageJ software to calculate the size and
average density (£ SD) per mm? of the reproductive elements of each specimen (Abramoff
et al., 2004). Then, we calculated the average density of the reproductive elements for the

population in that month (Lanna & Klautau, 2018; Vasconcellos & Lanna, 2022).

2.3 Acquisition of environmental data

We investigated the effect of eight environmental factors (air temperature, rainfall,
seawater surface temperature, salinity, low tide height, chlorophyll-a concentration
(phytoplankton), and particulate organic matter) to investigate if they could be influencing
on different data of the reproductive cycle of the species (Lanna et al., 2018). The data on

air temperature (°C) and rainfall (mm.month™!) were obtained through the Brazilian National

Institute of Meteorology (INMET,_https://portal.inmet.gov.br/, last accessed September
2024); seawater surface temperature (°C) and salinity (ppm) through the Brazilian Coast

Monitoring System (SiMCosta,_https://simcosta.furg.br/hnome, last accessed September

2024);  low  tide  height (m) through the Tide  Table  website

(https://tabuademares.com/br/bahia/salvador, last accessed September 2024); and to obtain

the daily concentration of chlorophyll-a (mg.m3), which is a proxy indicative of microalgae
(Perez et al., 2006), and particulate organic matter (mg.m3), we used satellite images from

the SeaWifs website (https://oceancolor.gsfc.nasa.gov/cgi/browse.pl, last accessed

September 2024). The images were obtained daily and analyzed using the SeaDAS software

(https://seadas.gsfc.nasa.gov/) to obtain the concentration of chlorophyll-a and particulate

organic matter in the pixel of the study area. We used the average monthly values of the
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environmental factors, except rainfall, which we considered as the total accumulated
rainfall for each month. The environmental factors were collected from April 2023 to August

2024.

2.4 Data analysis

The data were tested for normality and homoscedasticity before the statistical tests.
The statistical tests were carried out to answer three different questions. 1) Is there variation
on the reproduction during the studied period? To answer that, we analyzed the variation in
sponge area, density, and size of reproductive elements (spermatic cysts, oocytes, and
embryos) among the months of the study applying ANOVA tests to assess differences among
the studied months, followed by Tukey’s post hoc tests with Bonferroni correction to identify
significant pairwise differences. 2) Is the area of reproductive sponges different from those
that were not reproducing? This difference between the area of sponges that were
reproducing and the area of sponges that were not reproducing was analyzed through a T-
test. 3) Could the environmental factors influence the reproduction and surface area of the
species? To investigate this issue, we applied Generalized Linear Models (GLM) to verify
the effect of environmental factors in the reproduction of Amphimedon viridis. The dataset,
which includes area, density of reproductive elements, and environmental factors with
different scales, was first transformed into a scale using the 'scale’ function in R. The delayed
effect of environmental factors on the reproduction of A. viridis was included in the models
(Lanna et al. 2018). The current month was denoted by the number (0) and the delays were
denoted by minus signs preceding the number; for instance, rainfall (—1) means a delay of 1
month and rainfall (—2) means a delay of 2 months. The purpose is to understand the effect
of environmental factors from previous months on the growth and reproduction of A. viridis,

as sponges may take time to respond to environmental changes (Riesgo & Maldonado, 2008;
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Lanna et al., 2021). After that, we calculated the full model comprising all seven
environmental factors and their respective delays (0, 1 and 2 months) for the area of the
sponge and for each reproductive element density and size. We used the Gaussian family
and the link function to fit the global models for continuous variables. We then used the
dredge function in the ‘MuMIn’ library in R (Bartén 2024) to investigate all the possible
combinations with the different environmental factors. Based on the multi-model theory, all
models that are within the AAICc <2 were considered to be as explanatory as the others
(Burnham & Anderson, 2002). Consequently, we calculated the averaged model to obtain
the mean coefficient and the confidence interval for all the variables included in the best
models. The environmental factors in which the confidence interval did not overlap zero
were considered as having a significant influence on the model explaining the response

variable. All analyses were conducted using R (RStudio Team, 2022).

3. RESULTS

We observed that Amphimedon viridis is commonly found on the walls of tide pools,
under sandstone reefs, and rocky substrates. The average surface area (size) of individuals
in the A. viridis population was 195.64 + 230.60 cm?2. The highest average surface area of
the population occurred between the rainy and dry seasons, from August to October 2023
(Figure 2A).

The A. viridis population was reproductively active continuously during the 17 months
of the study. Based on an exploratory analysis of the 170 studied specimens, 78 were
observed reproductively active. We considered reproductively active individuals as those
engaged in gametogenesis or incubating embryos and larvae. Among the 78 reproductively

active individuals, 41 (52.56%) specimens had oocytes, six (7.69%) had spermatic cysts, and
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14 (17.94%) had embryos. Interestingly, eight individuals (10.25%) presented both oocytes
and spermatic cysts at the same time, five individuals (6.41%) presented both oocytes and
embryos at the same time, while three specimens (3.84%) had oocytes, spermatic cysts, and
embryos, and one specimen (1.28%) had oocytes, spermatic cysts, embryos and larva. We
observed the co-occurrence of male and female elements in 21.79% of the reproductively
active population. Based on this, we consider A. viridis to be a simultaneous hermaphrodite.
Individuals with only oocytes were randomly found in 14 months (82.35%) during the study
period, while individuals with spermatic cysts were found in five months (29.41%), followed
by individuals with embryos in ten months (58.82%), and individuals with more than one
reproductive element simultaneously in nine months (52.94%). Although reproductive
individuals of A. viridis were continuously observed in the population; their number was
usually low. The period of the study when the number of reproductive individuals was higher

occurred between August 2023 and January 2024 (Figure 2B).
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FIGURE 2 Population and reproductive dynamics of Amphimedon viridis from April 2023 to August 2024
from Pituba Beach, Salvador, Bahia, Brazil. (A) Average surface area of Amphimedon viridis during the study
period. (B) Percentage of specimens with spermatic cysts, oocytes, embryos, oocytes and spermatic cysts
simultaneously, oocytes and embryos simultaneously; and spermatic cysts, oocytes, and embryos
simultaneously. Abbreviations: sc, spermatic cysts; 00, oocytes; em, embryos.
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3.1 Reproductive elements

In A. viridis, spermatogenesis occurred in spermatic cysts, forming clusters of
basophilic spermatogenic cells. These cysts were rounded and distributed throughout the
mesohyl. We observed synchrony in the maturation within the cysts, but this was not true
when considering different cysts, as they usually exhibited different stages of maturation
(Figure 3A). We observed two stages of development of the spermatic cysts. In the first
stage, the cells (spermatogonia) were larger, and fewer cells were within the cysts. In the
second stage, the cells (spermatids) were smaller and more abundant within the cysts (Figure
3B e 3C). The diameter of the sperm cysts ranged from 11.46 um to 42.96 pum, with an
average of 23.44 = 5.35 um (n = 1,097). The largest spermatic cysts were recorded in
September 2023 and December 2024 (42.96 um and 37.25 um, respectively).

The oocytes of Amphimedon viridis were found scattered throughout the mesohyl,
exhibiting a rounded or oval shape. The nucleus of the cells was central, and distinct, with a
rounded nucleolus located peripherally in the nucleus. During maturation, the oocytes were
surrounded by a monolayer of elongated follicular cells, which remained until full
maturation, acting as nurse cells (Figure 3D). In the previtellogenic stage, the small oocytes
were irregular due to the low amount of yolk and their ability to move within the mesohyl
(Figure 3D). As vitellogenesis progressed, a noticeable increase in oocyte size occurred due
to greater yolk quantity (Figure 3E). It was observed that some oocytes seemed to
phagocytize nurse cells, contributing to the increase in yolk (Figure 3F). The diameter of the
oocytes ranged from 25.85 um to 129.43 um, with an average of 48.91 + 18.09 um (n = 73).
The largest oocytes were recorded in June and July 2024 (129.43 pum and 120.47 pm,
respectively). These oocytes were the ones found with phagocytized nurse cells.

We could not observe fertilization, but as the embryo and larva were brooded inside

the mesohy! of the specimens, we can assume that fertilization is internal and, consequently,
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the species is viviparous. During the early stages of embryogenesis, the embryos of A. viridis
undergo successive chaotic cleavages, increasing the number of cells, and constantly being
surrounded by a monolayer of nurse cells. In the early stage of embryogenesis, we observed
large, spaced, and scarce spherical cells surrounded by a monolayer of nurse cells (Figure
3G). In the more advanced stage, the embryos assumed a rounded shape and considerable
size, being composed of abundant spherical cells. The embryo was still surrounded by a thin
layer, which resulted from a reduction in the number and size of the nurse cells. The mature
embryos were observed to be distributed throughout the mesohyl (Figure 3H). The diameter
of the embryos ranged from 75.78 um to 444.58 um, with an average of 235.38 + 82.14 um
(n = 64). The largest embryos were recorded in June and September 2023 (375.4 um and
444 .58 um, respectively).

After the embryogenesis, we could observe the presence of parenchymella larva in
the mesohyl of A.viridis. The larva was elongated and composed of three distinct layers, each
formed by different cell types, being the external layer of the larva composed of ciliated cells
(Figure 31). The diameter of the single observed larva was 180.844 um. Finally, we observed
that the production of spermatic cysts, oocytes, and embryos was asynchronous at both the

population and individual levels.
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FIGURE 3 Reproductive elements of Amphimedon viridis from Pituba Beach, Salvador, Bahia, Brazil. (A-C)
Spermatic cysts at different stages of maturation (sc). (A) cysts distributed in the mesohyl (sc). (B-C) cysts in
early stage (sc 1) and advanced stage (sc 2) of spermatogenesis. (D-F) Oocytes at different stages of maturation
(00). (D) Pre-vitellogenic oocyte surrounded by nurse cells (nc). (E) Vitellogenic oocyte surrounded by nurse
cells (nc). (F) Post-vitellogenic oocyte with phagocytosed nurse cells (nc). (G-H) Embryos (em) at different
stages of maturation. (G) Two embryos in early stage of development. (H) Embryo in advanced stage of

development. (1) Larva of the parenchymella type.

3.2 Reproductive dynamics

From the quantification, individuals involved in spermatogenesis showed an average
density of 0.51 + 1.14 spermatic cysts.mm 2 throughout the entire study period, with a higher
concentration during the dry season (Figure 4A). The density of cysts was lower in April and
May 2023, especially in May 2023 (0.43 + 0.4 spermatic cysts.mm?), and higher in
September 2023 (40 + 24.40 spermatic cysts.mm2?). However, we could not find any
significant difference in the density of spermatic cysts among the months (Table 1). The

average diameter of spermatic cysts was larger in September 2023 (26.12 + 5.53 um) and
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smaller in February 2024 (20.05 + 3.62 um), both in the dry season (Figure 4D). However,
we found no significant differences in the average size of spermatic cysts among the different
months (Table 1).

From the quantification, individuals involved in oogenesis were observed in almost
all months (except June 2023 and February 2024), with an average density of 0.01 £ 0.01
oocytes.mm 2 for the whole studied period. The average oocyte density was lowest in April
2023 (0.09 + 0.06 oocytes.mm2) and highest in August 2023 (0.8 + 0.23 oocytes.mm2), both
during the rainy season (Figure 4B). It increased slightly at the end of the rainy season in
2023 and 2024. However, we did not observe significant differences in the average of oocyte
density among the different months (Table 1). The average size of oocytes varied very little
during the study period, but there was an increase at the end of the rainy season in 2024,
from June to August 2024, with the highest values in July 2024 (100.62 + 21.37 um) and the
lowest in April 2024 (40.2 + 8.47 um) (Figure 4E). Nevertheless, we did not observe
significant variations in the average oocyte size among the months (Table 1).

From the quantification, individuals involved in embryogenesis were observed over
ten months during the study period, with an average density of 0.01 + 0.03 embryos.mm™
per month. The average embryo density was higher during the dry season, in September
2023 (0.94 £ 0.45 embryos.mm?) and lower in June 2023 (0.14 £+ 0.08 embryos.mm™2) and
March 2024 (0.14 + 0.12 embryos.mm?) (Figure 4C). However, no significant difference in
embryo density was found among the different months (Table 1). The average diameter of
embryos was larger in June 2023 (288.82 £ 100.72 um) and smaller in August 2023 (161.77
+ 39.79 um), both in the rainy season (Figure 4F). We found a significant difference in the
average size among the different months during the study period. (Table 1). In addition, we
found through the Tukey test that the significant variation in embryo size was mainly related

to density of embryos observed in September 2023. The presence of larvae was not
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quantified during the study period, although one individual with larva was observed (Figure
3).

The surface area of A. viridis was smaller in April 2023 (43.5 £ 29.9 cm?) and larger
in September 2023 (551.17 + 517.77 cm?), (Figure 2A). A significant difference in the
average surface area was observed among the different months (Figure 2A; Table 1). During
the study period, we did not find any significant difference in the average surface area
between reproductive and non-reproductive individuals for all the reproductive

elements (Table 2).
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FIGURE 4 Reproductive dynamics of Amphimedon viridis during the study period in Pituba Beach, Salvador,
Bahia, Brazil. (A-C) Monthly average density (bars) and standard deviation (lines) of the reproductive elements
per mm2 (A) Oocyte, (B) Spermatic cysts, and (C) Embryos. (D-F) Monthly average size of the reproductive
elements of A. viridis during the study period (D) Oocyte. (E) Spermatic cyst. (F) Embryo.
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TABLE 1 Summary of statistical results from ANOVA comparing the density and size of reproductive
elements among the months of the study. Significant: *P < 0.05, ***P<0.001. Abbreviations: df, Degrees of
Freedom; F value, F-statistic; Mean Sg, Mean Square; Pr(>F), P-value for F-test; Sum Sg, Sum of Squares.

df Sum Sq Mean Sq  F value Pr (>F)

Density of spermatic cysts

Month 17 18210 1071.2 1.321 0.186
Residuals 152 123248 810.8

Size of spermatic cysts

Month 17 746 43.87 1.263 0.224

Residuals 152 5279 34.73

Density of oocytes
Month 17 6.28 0.3691 0.993 0.469
Residuals 152 56.48 0.3716

Size of oocytes
Month 17 9506 559.2 1.048 0.41

Residuals 152 81076 533.4

Density of embryos
Month 17 14.1 0.8293 1.143 0.319
Residuals 152 110.3 0.7255

Size of embryos
Month 17 1777234 10426 1.943 0.0183 *

Residuals 152 815778 5367

Surface area
Month 17 2982994 175470 4473 <0.00107 ***

Residuals 149 5844694 39226
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TABLE 2 Summary of statistical results from the T-test comparing the average size (surface area) between
reproductive and non-reproductive individuals. Abbreviations: SWO, Surface area of individuals with oocytes;
SLO, Surface area of individuals lacking oocytes; SWC, Surface area of individuals with spermatic cysts; SLC,
Surface area of individuals lacking spermatic cysts; SWE, Surface area of individuals with embryos; SLE,
Surface area of individuals lacking embryos.. Significant: *P < 0.05.

t df P-value
SWO and SLO 1.303  53.397 0.196
SWC and SLC 0.087 13.485 0.931
SWE and SLE 0.086  25.586 0.931

3.3 Dynamics of the environmental factors

We obtained data for seven environmental factors in different databases during the
study period (February 2023 to August 2024). During this period, we calculated the monthly
average for each factor, except for rainfall, for which we obtained the accumulated total of
rain in each month. The monthly average of low tides varied during the study period, with
the highest low tides observed in May 2023 at 0.62 (x 0.23) m and in July 2023 at 0.62 (+
0.20) m, while the lowest low tides were recorded in December 2023 at 0.42 (£ 0.31) m
(Figure 5A).

Salinity, as expected, was higher from September 2023 to February 2024 (dry
season), ranging from 33.62 (+ 0.23) psu in February 2023 to 37.07 (£ 0.66) psu in January
2024 (Figure 5B). The accumulated monthly rainfall in Salvador ranged from 25 mm in
October 2023 to 794.4 mm in May 2024, with the highest rainfall occurring during the rainy
season, from March to August (Figure 5C). The water temperature varied slightly throughout
the study period, with the lowest temperature recorded in July 2023 at 26.12 (+ 0.35 °C) and

the highest in March 2024 at 29.23 (£ 0.79 °C) (Figure 5D).
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FIGURE 5 Dynamics of environmental factors during the study period (February 2023 to August 2024), from
Pituba Beach, Salvador, Bahia, Brazil. (A) Low tide, (B) Salinity, (C) Rainfall, and (D) Seawater temperature.
The bars show the average values and the lines indicate the standard deviations, except in C, where the
accumulated monthly Rainfall is shown.

Air temperature varied over the months, with higher temperatures observed during
the dry season and the beginning of the rainy season (December 2023 to March 2024), with
March 2024 being the month with the highest air temperature at 28.48 (+ 2.04) °C and July
2023 having the lowest temperature at 24.33 (x 1.60) °C (Figure 6A).

The average Chlorophyll-a (a proxy for phytoplankton) varied from 0.51 (x 0.19)
mg/m?3 in March 2024 to 7.65 (+ 10.62) mg/m3 in June 2024; however, the chlorophyll-a
concentration was considered relatively low for a large part of the study period, with
chlorophyll-a levels greater than 2.00 mg/m3 occurring in only seven months (Figure 6B).
The particulate organic matter (POM) varied over the months, with a peak concentration of
330.29 (£ 112.87) g/m3in June 2024 and the lowest concentration in February 2024 at 104.83

(£ 21.14) g/m3 (Figure 6C).
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FIGURE 6 Dynamics of environmental factors during the study period (February 2023 to August 2024) from
Pituba Beach, Salvador, Bahia, Brazil. (A) Air temperature, (B) Chlorophyll-a, and (C) Particulate Organic
Matter. The bars show the average values and the lines indicate the standard deviations.

3.4 Influence of the environmental factors on the reproduction

We found seven explanatory models for the variation in the density of spermatic
cysts, with the variables and their lags (the numbers indicate a lag of 0, -1, or -2 months):
chlorophyll-a (-2), low tides (0 and -2), particulate organic matter (0, -1 and -2), rainfall (-2)
seawater temperature (-1 and -2) and air temperature (-1). However, none of the variables
contributed significantly to the average model (Figure 7A, Table 3). We retrieved two
models to explain the variation in the size of spermatic cysts with the variables: chlorophylI-
a (0), particulate organic matter (-2), rainfall (-2), salinity (0, and -2), seawater temperature
(0, -1 and -2), low tides (-2), and air temperature (0). However, only chlorophyll-a (0) was
positively significant for the average model (Figure 7B, Table 3).

Oocytes were the reproductive elements with most environmental factors related to
their reproductive dynamics. However, we found only three models to explain the density of
oocytes, with the variables: chlorophyll-a (-1 and -2), low tides (0), rainfall (0 and -2),

seawater temperature (-2), air temperature (0 and -1), and salinity (0) with the chlorophyll-a
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(-2), low tides (0), rainfall (0 and -2) and air temperature (0) being positively significant for
the average model, while seawater temperature (-2) and air temperature (-1) were negatively
significant for the average model (Figure 7C, Table 3). For the size of oocytes, we retrieved
five explanatory models with the variables: chlorophyll-a (-1), low tides (-2), particulate
organic matter (0), rainfall (-2), water temperature (-1), and air temperature (-2). Among
these variables, chlorophyll-a (-1) and particulate organic matter (0) were positively
significant for the average model (Figure 7D, Table 3).

We identified five explanatory models for embryo density with the variables:
chlorophyll-a (-1), low tides (0 and -2), rainfall (-2), and particulate organic matter (0).
Among these variables, only low tides (0) were negatively significant for the average model
(Figure 6E, Table 3). For the variation in embryo size, we found seven explanatory models
consisting of the variables: rainfall (0), low tides (0), particulate organic matter (0), salinity
(0, -1 and -2), and air temperature (0). However, none of the variables contributed
significantly to the average model (Figure 7E, Table 3).

We obtained two explanatory models for the variation in the surface area of
Amphimedon viridis (Figure 8, Table 3). The models were composed of the variables:
chlorophyll-a (-2), low tides (0), rainfall (-1), seawater temperature (0 and -2), and air
temperature (0). Among the environmental factors, only rainfall (-1) was positively
significant for the average model (Figure 8, Table 3), while chlorophyll-a (-2), low tides (0),
water temperature (-2), and air temperature (0) were negatively significant for the average

model (Figure 8, Table 3).
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FIGURE 7 Multi-model averaged variables coefficients (points) and 95% confidence intervals (lines) for the
monthly average density and size of the reproductive elements of Amphimedon viridis, from Pituba Beach,
Salvador, Bahia, Brazil. (A-C) Density of the reproductive elements per mmz2 (A) Spermatic cysts, (B) Oocyte,
and (C) Embryos. (D-F) Size of the reproductive elements of A. viridis during the study period (D) Spermatic
cyst, (E) Oocyte, and (F) Embryos. Variables with significant contributions to the models are marked in red.
Environmental factors: at, air temperature; ch, chlorophyll; mo, particulate organic matter; ra, rainfall; sa,
salinity; ti, low tides; wt, water temperature. Subscript numbers indicate a lag of 0, 1, or 2 months.
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FIGURE 8 Multi-model averaged variables coefficients (points) and 95% confidence intervals (lines) for the
monthly avearage surface area of Amphimedon viridis, from Pituba Beach, Salvador, Bahia, Brazil. Legend as
in Figure 7.
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TABLE 3 Top models with the environmental factors that explain the variation in the monthly average of the
density and size of spermatic cysts, oocytes, and embryos of Amphimedon viridis and its surface area in Pituba
Beach, Salvador, Bahia, Brazil. Environmental factors: at, air temperature; ch, chlorophyll; mo, particulate
organic matter; ra, rainfall; sa, salinity; ti, low tides; wt, water temperature. The numbers in parentheses indicate
a lag of 0, 1, or 2 months. Abbreviations: AlCc, Corrected Akaike Information Criterion; Delta, Difference
between a reference value and a value of interest; Df, Degrees of freedom; LogLink, Log-likelihood.

Models df logLik AICc delta weight

Density - spermatic cysts

ch(2)+ti(0)+mo(2) 5 -1572 4690 0.00 0.23
ti(2)+mo(0)+ra(2)+wt(1)+wt(2) 7 -10.63 47.71 081 0.15
wt(2) 3 -2002 4788 098 0.14
ti(2)+mo(L)+wt(1)+wt(2)+at(1) 7 -10.76 4797 107 013
mo(0)+ra(2) 4 -1833 4798 108  0.13
mo(0)+wt(2) 4 -1834 4801 111  0.13
ti(2)+mo(0)+wt(1)+wt(2) 6 -14.15 4871 181  0.09
Size - spermatic cysts

ch(0)+mo(2)+ra(2)+sa(0)+sa(2)+wt(0)+at(0) 9 0.07 4358 0.00 0.58
ti(2)+wt(1)+wt(2) 5 -14.40 4425 066 042
Density - oocytes

ch(2)+ti(0)+ra(0)+ra(2)+wt(2)+at(0)+at(1) 9 348 36.75 0.00 0.74

ch(2)+ti(0)+ra(0)+ra(2)+sa(0)+wt(2)+at(0)+at(1) 10 8.28 40.11 3.36 0.14

ch(1)+ch(2)+ti(0)+ 10 8.18 40.32 3.56 0.12
+ra(0)+ra(2)+wt(2)+at(0)+at(1)

Size - oocytes

ch(1)+ti(2)+mo(0) 5 -1475 4496 000  0.42
ch(1)+ti(2)+mo(0)-+wt(1) 6 -1303 4645 149 0.0
ch(1)+mo(0) 4 -1750 4634 139 021

wt(1)+at(2) 4 -1755 4643 147  0.16



ch(1)+ti(2)+mo(0)+ra(2)

Density - embryos
ti(0)+ti(2)

ti(0)
ch(1)+ti(0)+ti(2)
ti(0)+ti(2)+ra(2)
ti(0)+ti(2)+mo(1)

Size - embryos
ra(0)+sa(1)+sa(2)
ti(0)+ra(0)+sa(1)+sa(2)
sa(1)+sa(2)
mo(0)+ra(0)+sa(1)+sa(2)
ra(0)+sa(0)+sa(2)
ti(0)+sa(2)+at(1)

ti(0)

Surface area

ch(2)+ti(0)+ra(L)+wt(2)+at(0)
ch(2)+ti(0)+ra(L)+wt(0)+wt(2)+at(0)

8

-13.20 46.81

-14.36  40.06
-17.01 41.87
-13.26  41.98
-13.27 42.00
-13.30 42.04

-16.83 49.12
-14.53 49.46
-19.16  49.65
-14.72 49.84
-17.24 49.93
-17.38 50.22
-21.30 50.45

1.92 22.60
493 24.14

1.85

0.00
1.81
1.92
1.94
1.99

0.00
0.34
0.53
0.72
0.81
1.09
1.33

0.00
1.54

39

0.17

0.39

0.16
0.15
0.15
0.15

0.20
0.17
0.15
0.14
0.13
0.11
0.10

0.68
0.32

4. DISCUSSION

4.1 Reproductive cycle of Amphimedon viridis

The reproductive aspects of Amphimedon viridis were similar to those observed in

other species of its order, Haplosclerida (Fell, 1976; Wapstra & van Soest, 1987; Fromont,

1994). The species exhibited continuous reproduction, associated with low reproductive
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effort. Viviparity was identified, as well as the asynchronous development of reproductive
elements within the same individual. Furthermore, our data suggest that the reproductive
process is influenced by different environmental variables. Amphimedon viridis exhibited
continuous reproduction, with oocytes present throughout almost the entire study period,
while spermatic cysts and embryos were found in short periods. Although continuous
reproduction is observed in several species of the class Demospongiae, it is not a
phylogenetically inherited characteristic but rather influenced by environmental factors. In
tropical regions, where the climate is more stable, sponges and other marine invertebrates
tend to reproduce continuously (Lanna & Klautau, 2016; Lanna et al., 2018; 2021), making
this strategy expected for A. viridis. Although it is more common in organisms from tropical
regions, continuous reproduction can also be observed in species from temperate regions
(Riesgo et al., 2007).

Despite the continuous reproduction of A. viridis, its reproductive effort was low,
with a small percentage of the population involved in reproduction during the study period.
This low investment was expected, considering the environmental stresses characteristic of
the intertidal zone (Gaino et al., 2010), as gamete formation in any invertebrate demands a
high energy cost (Harri et al., 2002). This pattern of low reproductive effort is also observed
in another species of the genus, Amphimedon chloros llan, Gugel & van Soest, 2004, studied
in shallow waters of the Red Sea (llan et al., 2004). However, the opposite was observed in
Amphimedon queenslandica Hooper & van Soest, 2006, another species of the same genus,
which exhibited a higher reproductive effort in reefs of Shark Bay, at Heron Island Reef,
southern Great Barrier Reef (Maritz et al., 2010). These results highlight that reproductive
effort can be directly influenced by environmental conditions, as three species of the same

genus exhibited distinct patterns of reproductive investment depending on the environments
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they inhabited. Nonetheless, how and which environmental factors influence reproductive
effort of A. viridis will be further addressed in the next section.

The species Cladocroce caelum Santos, Da Silva, Alliz & Pinheiro, 2014, belonging
to the order Haplosclerida and studied in a submerged area in Salvador, exhibited
reproductive characteristics similar to those of A. viridis. Cladocroce caelum displayed
continuous reproduction, low reproductive effort, and a higher frequency of oocytes in the
mesohyl (Lanna et al., 2018). Continuous reproduction and low reproductive effort were also
observed in Tedania ignis (Duchassaing & Michelotti, 1864), belonging to the order
Poecilosclerida, studied in Salvador. In contrast, Haliclona cymaeformis (Esper, 1806) from
the order Haplosclerida, but studied in the Great Barrier Reef under different environmental
conditions, exhibited reproductive activity only during the summer, with abundant spermatic
cysts in the mesohyl and the presence of larvae (Fromont, 1994).

The viviparity observed in A. viridis is an ancestral condition in Demospongiae
(Riesgo et al., 2014) maintained in species of Haplosclerida (Fromont & Bergquist, 1994,
Maldonado & Bergquist, 2002). Additionally, the simultaneous presence of male and female
reproductive elements in the same individual indicates that A. viridis is a simultaneous
hermaphrodite, consistent with observations in other phylogenetically related species (llan
& Loya, 1988, 1990; Maldonado & Riesgo, 2009b; Maritz et al., 2010; Riesgo et al., 2014).
The reproductive elements of A. viridis were found dispersed in the mesohyl, as observed in
other species of the order (llan et al., 2004; Leong & Pawlik, 2011). However, in some
species, such as A. queenslandica, the reproductive elements are incubated in specialized
chambers (Leys & Degnan, 2002; Maritz et al., 2010). It is worth noting that A. viridis and
A. queenslandica, although named as the same genus, belong to different phylogenetic
lineages of Haplosclerida, leading to a non-monophyletic Amphimedon. As A. chloros is

found in the same lineage of A. viridis, the existence of the specialized chambers in A.
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queenslandica is likely an exclusive characteristic of this Australian species (Fromont, 1994;
llan & Loya, 1988, 1990; Redmond et al., 2011).

We observed asynchronous reproductive stages in the Pituba Beach population of A.
viridis, with spermatic cysts, oocytes, and embryos at different stages of development. This
asynchronous development is common in Demospongiae and represents an advantageous
strategy for avoiding self-fertilization and ensuring genetic variability in offspring (Leys &
Degnan, 2002; Degnan et al., 2005). It also allows the release of reproductive elements at
different times throughout the year, promoting greater reproductive success and reducing
competition for resources (Degnan et al., 2008). This strategy could ensure the continuous
release of larvae, increasing the likelihood of these larvae encountering favorable conditions
for settlement in the intertidal zone.

The reproductive effort of A. viridis supports the hypothesis that viviparous sponges
tend to have a lower density of oocytes than oviparous ones (Witte & Barthel, 1994; Lanna
et al., 2015). The density of oocytes in A. viridis during the study was low, ranging from
0.09 to 0.8 oocytes.mm2. Interestingly, a lower density of oocytes was observed when
compared to spermatic cysts in the current studied species, although the frequency of oocytes
was higher. This pattern is common among sponges (Simpson, 1984; Mercurio et al., 2007).
The lower density of oocytes in A. viridis can be attributed to the high energy demand
required for oogenesis, while the higher frequency of oocytes is related to the extended
incubation period, as they undergo the vitellogenesis process. Ereskovsky et al. (2013)
observed that specimens of Oscarella lobularis (Schmidt, 1862) subjected to food limitation
displayed a higher proportion of males compared to females, likely due to the lower energy
demand required for spermatogenesis. This explanation should apply to A. viridis, too.

Embryogenesis also demands a significant amount of energy for the sponges. We

observed that embryo size was larger during the dry season, characterized by higher solar
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incidence. This higher solar incidence may have favored increased photosynthetic rates in
phytoplankton, an important food source for sponges. Thus, we believe that during the dry
season, A. viridis had greater food availability, allowing more energy allocation to embryo
growth. We will discuss in more detail the influence of solar incidence on the greater food
availability for the sponge in the next session.

Regarding larval development, our results showed that A. viridis produces
parenchymella-type larvae, a larval type common in Demospongiae lineages, including the
order Haplosclerida. (Ereskovsky, 1999; Leys & Degnan, 2002; Degnan et al., 2008;
Worheide et al., 2012; Lanna et al., 2024). Surprisingly, the presence of larvae in A. viridis
was very rare, with only one larva recorded during the study period. In contrast, larvae are
more commonly observed in other species in Demospongiae lasting two to three months
being brooded in the mesohyl of the sponges (Ayling, 1980; Ettinger-Epstein et al., 2007).
The prolonged presence of larvae is also observed in other species of the genus, such as A.
queenslandica and A. compressa, and represents a response to the asynchronous
development of embryos (Maritz et al., 2010; Leong & Pawlik, 2011; Stephens et al., 2012).
The duration of larval development in sponges is still poorly understood. However, the study
by Maritz and collaborators (2010), conducted in a submerged environment, suggests that A.
queenslandica takes approximately three weeks from fertilization to reach the mature larval
stage. For A. viridis, we believe that both larval development and release occur over a short
period, possibly as a response to the specific conditions of the intertidal environment.
Nevertheless, it is still unclear whether this characteristic reflects an adaptation to the
environmental stresses typical of the intertidal zone in Salvador, considering that Spongia
ceylonensis (Dendy, 1905), studied in a tropical intertidal region of Penghu, Taiwan,
exhibited larvae for a period of five months. Similarly, Gaino et al. (2010) observed a higher

frequency of larvae in Hymeniacidon perlevis (Montagu, 1814), in the intertidal zone



44

compared to the sublittoral, in a study conducted in the Mar Piccolo di Taranto (lonian Sea,
Apulia). This difference was attributed to the presence of macroalgae, which reduced
desiccation in the intertidal zone while causing anoxic episodes in species fully submerged.

The size and morphology of the reproductive elements of A. viridis showed
similarities with those of other species in the order Haplosclerida. The morphology of the
reproductive elements of A. viridis was similar to that observed in Chalinula sp. (Grant,
1841), Xestospongia bergquistia (Laubenfels, 1932), Haliclona fulva (Topsent, 1893), and
A. chloros (llan & Loya, 1990; Ereskovsky, 2010). The average size of the spermatic cysts
in A. viridis was comparable to that of Haliclona amboinensis (Lévi, 1961), while the
oocytes resembled those of H. cymiformis, and H. fulva. However, the average size of the
spermatic cysts and oocytes in A. viridis was smaller compared to A. chloros, a species of
the same genus (llan et al., 2004). The average larval size, in turn, was similar to that of
Haliclona loosanoffi (Hartman, 1958), (Fell, 1976; Fromont, 1994; Ereskovsky et al., 2017).
These comparisons indicate that, although the characteristics of reproductive elements are
widely shared within the order Haplosclerida, they may undergo minor variations due to
geographic and environmental differences.

Body size was not a limiting factor for the onset of reproduction in A. viridis, as
reproductive elements were found in specimens ranging from 8 to 836.4 cmz2. This suggests
that the species reaches sexual maturity early, likely as a strategy to increase its chances of
propagation in the inhospitable intertidal zone. Similar results were observed by Maldonado
& Riesgo (2008a) in Corticium candelabrum (Schmidt, 1862) and by Fromont & Bergquist
(1994) in Xestospongia bergquistia (Fromont, 1991), Xestospongia exigua (Kirkpatrick,
1900), and Xestospongia testudinaria (Lamarck, 1815). This pattern is also observed in
cnidarians, such as Galaxea fascicularis (Linnaeus, 1767) and Seriatopora hystrix (Dana,

1846) (Rapuano et al., 2023). However, some sponges in the class Demospongiae exhibit
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distinct reproductive patterns, such as Rhopaloeides odorabile (Thompson, Murphy,
Bergquist & Evans, 1987), which initially invests energy in growth, reaching a minimum
size before starting reproduction as a strategy to reduce mortality (Whalan et al., 2007). This
differs from certain species that concentrate most of their energy on a single reproductive

event before dying (Lanna et al., 2007).

4.2 Influence of exogenous factors on the reproduction and surface area of Amphimedon
viridis

We identified different explanatory models for the dynamics of each reproductive
element. In this study, we observed that air temperature (current month and one-month-lag),
low tide (current month), chlorophyll-a and rainfall (current month, with a one- and two-
month lag) were the main environmental drivers of the reproduction of Amphimedon viridis.
Chlorophyll-a was used as a proxy for the density of phytoplankton, an important food
source for sponges (Ribes et al., 1999; Maldonado et al., 2012). Our results showed that the
chlorophyll-a concentration positively influenced the size of spermatic cysts. This finding
aligns with previous studies also in the region of Salvador (Lanna et al., 2018; Cajado &
Lanna, 2021), that demonstrated that greater food availability leads to increased investment
in cyst production.

Chlorophyll-a, with a two-month lag (-2), showed a positive influence on oocyte
density, while chlorophyll-a with a one-month lag (-1) and particulate organic matter POM
(0) were positively associated with oocyte size. Considering that oogenesis requires a high
energy input, the availability of food in the environment is essential for the production and
growth of these gametes (Elvin, 1976). In this context, chlorophyll-a was used as an indicator
of phytoplankton abundance, as mentioned, and reflects food availability, while POM was

recognized as a crucial nutritional source for sponges (De Goeij et al., 2008). The
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simultaneous association of these food resources indicates that an increase in energy
availability might promote the increase in size of the oocytes and more intense gamete
production (Riesgo et al., 2015; Lanna et al., 2024).

In addition to chlorophyll-a, the month's low tides (without lag) showed a positive
relationship with oocyte density, which was expected since reduced exposure during low
tides decreases susceptibility to environmental stress. Interestingly, we observed that the
month's low tides (without lag) showed a negative relationship with embryo density, a
pattern also reported by Calazans & Lanna (2019) for Heteropia glomerosa (Bowerbank,
1873), at the Terminal Turistico Nautico da Bahia, in Salvador. This negative relationship in
A. viridis may be associated with the fertilization period, which likely occurred during times
of higher low tides, resulting in an increased number of embryos during lower tide periods.
As the average tide level rises again, embryos may be rapidly released as larvae. Similar
phenomena have been described in other intertidal marine invertebrates, whose reproduction
and larval release are synchronized with spring tides (Gupta, 2017; Tamaki et al., 2018).

Rainfall (current month and two-month lag) positively influenced oocyte density.
Although rainfall can affect water salinity, causing stress, particularly for sponges in
intertidal pools, it also increases food availability in coastal areas by transporting organic
matter and nutrients (Arianoutsou, 1989; Fabricius, 2005). Our results contrast with findings
in Aplysina insularis (Duchassaing & Michelotti, 1864), Desmapsamma anchorata (Carter,
1882), Tedania ignis, and Cladocroce caelum, where rainfall negatively influenced
reproduction (Lanna et al., 2018; Oliveira & Lanna, 2022). In those cases, the large amount
of sediment transported during the rainy season likely affected sponge filtration (Edmunds
& Lasker, 2016; Wahab et al., 2014). For A. viridis, the sediment brought by rainfall

apparently did not affect reproduction, as observed in Lanna et al. (2018) and Oliveira &
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Lanna (2022), but we hypothesize that the food carried out from the coast to the pools might
have been essential for oogenesis.

An unexpected result was the positive correlation of the month's air temperature with
oocyte density, once air temperature can impact the dehydration of the exposed organisms
in intertidal regions, or - at least - increase the salinity and decrease the oxygen available in
the water pools. Nonetheless, the increase in the water temperature is constantly associated
to the reproductive effort of several species of sponges in different regions of the world
(Lanna et al., 2018) An example is the case of Geodia cydonium (Linnaeus, 1767), studied
in the Bay of Porto Cesareo, which concentrates its reproductive efforts in the summer, a
period when the water temperature increases, reaching values above 25 °C (Mercurio et al.,
2007). Putting together our findings with the previous ones, we can highlight that both air
and water temperatures could drive oocyte production. Although A. viridis inhabits a tropical
region with minimal climate variation, temperature fluctuations can still positively influence
its reproduction. However, air temperature (one-month lag) and water temperature (two-
month lag) negatively correlated with oocyte density. While such negative relationships are
uncommon, they may be explained by stress on sponges. Increased air and water
temperatures in intertidal pools affect oxygen solubility and salinity through evaporation
(Vinagre et al., 2019). Despite sponges' tolerance to oxygen and salinity variations (Knudby
etal., 2013; Lee & Riding, 2018), these cyclic environmental changes in the intertidal region,
combined with the high energy demand of oogenesis, explain the overall reduced oocyte
numbers observed in this species.

Global climatic events, such as El Nifio, can impact intertidal marine invertebrates.
However, the effects of this phenomenon on marine sponges remain underexplored. Previous
studies indicated that reef sponges demonstrated higher tolerance to water warming during

El Nifio events (Kelmo, et al., 2013; Nava, Garcia-Madrigal & Carballo, 2019). In contrast,
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our results indicated that the increase in air and water temperatures associated with ENSO
had a negative effect on the reproductive dynamics of A. viridis. However, the true influence
of ENSO on A. viridis reproduction remains uncertain, as this study was conducted
exclusively during an ENSO event. Thus, it is possible that ENSO is either masking or
amplifying the effects of temperature on the species reproduction. Nonetheless, the negative
effect of the temperature on reproduction suggests that ENSO may impact the reproductive
biology of some species, particularly on oocyte density. Further studies investigating sponge
reproductive cycles both during and outside ENSO events are essential for a better
understanding of the impacts of this phenomenon.

Interestingly, we also observed that both air temperature and seawater temperature
negatively affected the surface area of A. viridis. One can infer that the influence of the
temperature on the reproduction of A. viridis, as discussed above, could be indirect, meaning
that the proper negative relationship of temperatures could be with the size of the sponges.
Nonetheless, we observed that the size of the sponge did not influence in the reproductive
effort of A. viridis. These findings highlight the importance to investigate multiple drivers
of the reproduction at the same time. The negative influence of the temperature on the size
of the specimens of A. viridis contrasts with other studies showing a positive relationship
between temperature and growth rate (Duckworth & Battershill, 2003; Page et al., 2005;
Koopmans & Wijffels, 2008). The intertidal zone, characterized by daily thermal
fluctuations experiences high evaporation rates, leading to elevated desiccation levels.
Although sponges are tolerant of these fluctuations, increased temperatures intensify
environmental stresses, causing tissue damage in these organisms (Guzman & Conaco,
2016). Furthermore, higher temperatures increase the vulnerability of marine invertebrates
to pathogens (Garren et al., 2016). In this context, sponges tend to redirect their energy

toward maintenance and survival, reducing investment in growth. On the other hand, rainfall,



49

with a one-month lag, showed a positive relationship with the surface area of A. viridis. We
believe this relationship is associated with the influence of rainfall in lowering temperatures
in the intertidal zone, as well as increasing food availability carried by water flow. In
contrast, chlorophyll-a, with a two-month lag, showed a negative relationship with surface
area, differing from expectations and commonly observed patterns (Duckworth et al., 2004;
Koopmans & Wijffels, 2018). We attribute this relationship to the period during which the
sponge directs its energy toward reproduction rather than growth. This pattern reflects an
energy trade-off strategy, where resources are alternately allocated between growth and
reproduction (Elvin, 1976).

Finally, we observed a negative influence of the month's low tides on the surface area
of A. viridis, meaning that when the tides were lower the individuals were larger. Previous
studies in the sublittoral zone have shown that low tides were positively related to the growth
of Aplysina solangeae Pinheiro, Hajdu & Custodio, 2007 and Aplysina fulva (Pallas, 1766),
likely due to increased water volume and greater food availability (Oliveira & Lanna, 2022).
However, little is known about the effects of low tides on the size of intertidal sponges. In
A. viridis, we believe that this effect is related to the time when the sponge allocates its
energy for reproduction rather than growth. We observed that larger individuals during low
tides had fewer oocytes and more embryos. As embryo incubation demands a large amount
of energy, the sponge may allocate its resources mainly to this process, prioritizing

incubation over growth.

Conclusions

We found that the reproduction of A. viridis in the intertidal zone is continuous, with
low reproductive effort. The species is viviparous and a simultaneous hermaphrodite, and its

gametogenesis, embryogenesis, and larval type were similar to those observed in other
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species of its order, Haplosclerida. However, the larval density of A. viridis was very low,
likely due to the specific environmental conditions of the intertidal zone, although this aspect
is not yet fully understood. The surface area, density, and size of the reproductive elements
were influenced by various environmental factors, as conditions in tropical regions like
Salvador tend to be more stable throughout the year. We found no significant correlations
between the species surface area and the density of reproductive elements. Although the
study was conducted entirely during the ENSO event 2023-2024, we observed a negative
effect of water temperature on oocyte density, suggesting that ENSO may impact the
reproduction of this species. Finally, the reproductive strategies in Amphimedon viridis

seems to be determined by both phylogenetic and environmental factors.
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Conclusao

Os resultados deste estudo indicam que Amphimedon viridis na zona entre-marés
apresenta reproducdo continua, caracterizada por um baixo esfor¢o reprodutivo. A espécie €
vivipara e hermafrodita simultanea, compartilhando caracteristicas reprodutivas comuns a
outras esponjas da ordem Haplosclerida, incluindo gametogénese, embriogénese e o tipo
larval (parenquimela). A densidade larval de A. viridis foi baixa, possivelmente devido as
condi¢des ambientais especificas da zona entre-marés, embora esse aspecto ainda ndo esteja
totalmente compreendido. A densidade de ovdcitos foi menor em comparagdo aos cistos
espermaticos. E ndo encontramos diferenca significativa entre 0os meses do estudo para o
tamanho dos ovocitos e cistos espermaticos; no entanto, os embrides foram maiores durante
0s meses da estacdo seca. Observamos que a area de superficie, densidade e tamanho dos
elementos reprodutivos foram influenciados por diversos fatores ambientais, sendo que, em
regides tropicais como Salvador, essas condi¢des tendem a ser mais estaveis ao longo do
ano. Entre os fatores ambientais analisados, a temperatura do ar, maré baixa, concentragdo
de clorofila-a e precipitacdo foram os que mais influenciaram a reproducdo e a area de
superficie da espécie. O tamanho médio da populacao foi de 195,64 + 230,60 cm2, mostrando
variagOes significativas entre 0s meses, no entanto, ndo foram encontradas correlagdes
significativas entre a area de superficie e a densidade dos elementos reprodutivos. Embora o
estudo tenha sido realizado integralmente durante o evento El Nifio-Southern Oscillation
(ENSO) 2023-2024, foi observado um efeito negativo da temperatura da dgua na densidade
de ovacitos, sugerindo que esse fenébmeno climéatico pode impactar a reproducdo da espécie.
Por fim, os dados sugerem que as estratégias reprodutivas de Amphimedon viridis sdo

determinadas tanto por fatores filogenéticos quanto ambientais.
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Main Text

Manuscripts must be written in clear, concise English. Manuscript text files should be double-spaced, with
margins of 2.5 cm. Please use 51 and metric units throughout: hr, hour; min, minute; s, second; ms,
millisecond; L, liter; mi, milliliter; °C, degrees Celsius (please use the degree symbol, not a superscript “o’).
For ratio units use a slash (e.g., “mg/kg™), but for compound ratios use superscripts (e.g., “mg kg™ hr'")
Use the unit of measurement as the abbreviation, not the name of the variable (e.g.. “hr® or *min® for
tirme, not “t"). Authors are asked to avoid using slash phrases such as "andfor®. Latin abbreviations such as
“eg.,” "l.e.” and “ete.” should be used in parenthetical phrases anly.

Acknowledgments

Contributions from anyone who does not meet the criteria for authorship should be listed, with
permission from the contributor, in an Acknowledgments section. Financial and material support should
also be mentioned. Thanks to anonymous revieeers are not appropriate,

References

The references should be prepared according to the Publication Manual of the Americon Psychological
Association (APA) (7th edition, 2020). This means in-text citations should follow the authar-date stye in
which the author's last name and the year of publication for the source should appear in the text, for
example, (Jones, 1938). Articles with ane or two authors include all names in every in-text dtation; articles
with three or more authors abbreviate to the first author name plus et al. Include the year in the indirect
repeated citations, for example, Several studies (Smith & John, 2005a, 2005k; Smith 2003a, 2003b).

If two references with same year shorten to the same form, cite the surnames of the first authors and of
as many of the subsequent authors as necessary to distinguish the two references, followed by a comma
and et al,, for example, Bradley, Ramirez, and Soo (19%4) and Bradley, Soo, et al. (1594).

If two references with six or more authars shorten to the same form, cite the surnames of the first
authors and of as many of the subsequent authors as necessary to distinguish the two references,
followed by a comma and et al. For example if references ‘Barrett, Koenig, Cave, Tang, Lane, and Gabriel
(1996) and "Barrett, Koenig, Wood, Kengman, Mosy, and Daly (1996)" appears in list, then these can be
cited, respectively, as follows: Barrett, Koenig, Cave, et al. (1996) and Barrett, Koenig, Woaod, ot al. (1996).

The camplete reference list should be sorted alphabetically by name and appear at the end of the
manuscript. Please note that for journal articles, issue numbers are not included unless each issue in the

volurme begins with page 1, and a DOI should be provided for all references where available. For more
infarmation about APA referencing style, please refer to the APA FAQ.

Reference examples follow:
Journal Article:

Audrain-McGovern, |, Lerman, C., Wileyto, E. P., Rodriguez, D., & Shields, P. G. (2004). Interacting effects of
genetic predisposition: Depression on adolescent smoking progression. American fournal of Pspchiotry,
167, 1224-1230.

Maote: delete issue numbers for journals with consecutive pagination within a volume.

sSurnames and initlals for up to 20 authors should be provided in the reference list. If there are more than
20 authors, then list 19 authors, with ellipses, followed by last author:



78

Pegion, K., Kirtman, B. F., Becker, E., Collins, D. C,, Lajoie, E., Burgman, ., Bell, ., DelSole, R, Min, D, Zhu,
Y., Li, W., Sinsky, E., Guan, H., Gottschalek, )., Metzger, E. |, Barton, M. P., Achuthavarier, D., Marshak, |.,
Koster, A., . .. Kim, H. (2019). The subseasonal experiment (SubX): A multimadel subseasonal prediction
experiment. Bulletin of the Amerfcan Meteorological Soclety, 100{10), 2043—2061.

Book:
The publisher location is na longer included in the reference.

Covey, 5. R (2013). The 7 habits of highly effective people: Powerful lessons in personal change. Simon &
Schuster.

Book Chapter:

Harrison, P. L (2011). Sexual reproduction of scleractinian corals. In 2. Dubinsky & M. Stambler
(Eds.), Coral reefs: An ecosystem in transition (pp. 55-85). Springer.

Mustrations

Whenever practical, data should be presented in graphs rather than tables. Authors are encouraged to
design tables and figures with the final journal page size in mind: each item should be formatted so that it
is at least 85 mm wide (the width of a single column in the two-column journal layout); no more than 175
mm wide {the full-page width); and no more than 230 mm high (the full-page height). All elements of each
table or figure (letters, structures, labels, symbols) must be large enough (at least 1.5 mm high) to be clear
and readable at final size.

Tables must be submitted as text (not as an image, or a POF). Authors are asked to use the Microsoft

Waord table formatting tools (or ather similar format). Please do not make tables out of tab-delimited text.
Each table should be numbered sequentially in the arder in which it is referred to in the main text.

Tables shauld be self-contained and complement, not duplicate, information contained in the text.
Legends should be concise but comprehensive — the table, legend, and footnotes must be
understandable without reference to the text.

Figures

fnwvertebrote Blofogy now accepts embedded rich media files (video, audio) as figures. Videasaudio files
shauld be submitted along with the article itself, the transcript, and ary other files at point of submission.
The maximurm file size for submitting audio or video content is 300 ME with a maximum duration of 5
minutes (note: the combined manuscript files for a submission, including video, audio, tables, figures, and
text must not exceed 350 MB). Please refer to the embedded rich media author submission guidelines
here for the complete instructions.

Although authors are encouraged ta send the highest-quality figures possible, for peer-review purposes,
awide variety of formats, sizes, and resolutions are acceptable. Click here for the basic figure
requirements for figures submitted with manuscripts for initial peer review, as well as the more detailed
post-acceptance figure requirements.

Figures must be submitted in publication-ready form. Each figure should be numbered sequentially in the
order in which it is referred to in the main text. Each figure must be uploaded as an individual electronic
file, one file per numbered figure. Additionally, figures may be inserted into the main text file if desired
(reviewers often find it helpful to see the figure alongside the relevant text). Please use the RGB colar
palette for color figures; please save figures without color content as grayscale (to reduce file sizes and
upload times).



79

Figures composed as pixel-based images (e.g., photographs, micrographs, drawings) can be submitted as
bitrmaps in Tagged Image File Farmat (tif), PNG (png), or JPEG (.jpegh.TIFF images should have dimensions
of at least B5 mm wide, up te 175 mm wide and up to 230 mm high, with a resalution at those dimensions
of at least 300 dpi (for RGE color) or 500 dpi (for grayscale images). Micrographs, maps, anatomical
drawings, and similar images should each include a scale bar in the figure and its value in the figure or
the legend; please do not use expressions of magnification. Please also refer to the figure preparation
guidelines here for complete intstructions and submission checklist.

Maps or charts should not be based on Google Earth, Google Maps, or other copyright materials or data
without express consent of the copyright holder. Authors are encouraged to draw maps or charts of
study areas by using open-source tools and data, or using maps and charts that are in the public demain.

Figures composed as line art or data illustrations (e.g., scatterplots, bar graphs, box-and-whisker plats,
regressions) should be submitted as vector graphics in Encapsulated PostScript (.eps) format or in POF
format. Data graphics with color content should use the RGE color palette. It is acceptable but less
desirable to submit line art as TIFF images; for line art submitted in TIFF format, the minimum acceptable
resolution is 1200 dpi at final published size (at least 85 mm wide, up to 175 mm wide, up to 230 mm

high).

Figures composed from multiple parts or panels must be submitted as a single electronic file (not as
separate panels or parts). Each panel should be sequentially labeled with an upper-case letter in
parentheses (e.g., A), “(BY, etc). Figures composed fram both color and grayscale images should be
submitted at the higher resolution (i.e., 500 dpi); figures composed from both line art and bitmaps (e.g.,
data graphics plus micrographs) should be submitted as a TIFF bitmap at the highest resolution (i.e., 1200
dpi). Authors are encouraged to avoid placing a frame or box around individual panels in multipart
figures, except where the frame adds information (e.g., frames that show latitede and longitude an maps
or charts, or gutters that separate histological images from each ather).

Wherever possible, authors should adopt a uniform style for labeling panels in multipart figures,
structures in micrographs or anatamical drawings, locations on maps, or differences amang treatment
groups in data graphics (e.g., upper-case letters for panels in the upper-right corner of each panel; scale
bars for each panel in the lower left corner). To avoid confusion between labels for panels and labels for
other elements, please use lower-case |etters or abbreviated phrases for anatomical structures and other
elements (e.g., “a” or “ant”), or to indicate differences among treatrment groups (e.g., “a”, "b" ete); use
upper-case letters (“A°, “B7, ete) for panel labels only.

Full-page multipanel figures with high-resolution bitmap images may be large files. LZW compression
(e.g., in Photoshop) can be used to reduce file size without affecting image quality. Further information an
preparing electronic figures is available at Wiley Author Services. Authors can also consult the editor-in-
chief for advice on preparing figures.

Authors are encouraged to submit additional, unlabeled photographs or drawings as possible cover
ilustrations.

For each species studied, the complete scientific name with taxenomic authority and date should be
given; for example,Ostren eduills Linnaeus 1758 for a species and its original taxenomic description; or
Pisoster brevispinus (STMpson 1857), for a spacies with a revised taxonomic description or genus
assignment. Use sMaLl caps for the taxenomic authority, and do not use a comma to separate the
taxonomic autherity from the year; this farmatting helps to distinguish the taxenomic authority from the
narmes of authars of cited reference works. For marine invertebrates, authors are encouraged to use the
World Register of Marine Species as an authoritative source for up-to-date species names, taxonamic
authorities, and classification.



The complete species name and taxonomic authority for the species studied should be given either at the
first mention in the main text of the manuscript or in 2. METHODS, but not in the tithe or abstract. Use the
full binomial (Ostrea edwlis) at the first mention in each section of the paper, and then abbreviate (0.
edulis, not Ostrea unless referring to the genus). The scientific name of any taxon is capitalized and
treated as a singular noun, not a plural or an adjective (e.g., “Concer productus is a wide-spread species”,
not “Cancer praductus are widespread ). In particular, authers should avoid USing taxon names as
adjective phrases (e.g., “the chelae of C. productus®, not *C. productus chelae®).

Figure Legends

Legends should be concise but comprehensive — the figure and its legend must be understandable
without reference to the text. Include definitions of any symbols used and define or explain all
abbreviations and units of measurement.

Color figures

Figures submitted in colour may be reproduced in color online free of charge. Please note, however, that
it is preferable that line figures (e.g. graphs and charts) are supplied in black and white so that they are
legible if printed by a reader in black and white.

Additional Files

Supporting Information files

Supparting information files are not essential to the article, but provide greater depth and background.
They are hosted anline and appear without editing or typesetting. They may incdude tables, figures,
videns, datasets, etc.

Files containing supporting information can be uploaded to a third-party repository (e.g., Dryad, Figshare,
GitHulr) or can be uploaded with the other manuscript files as Supporting Information files and hosted
with the full-text article on Wiley Online Library. Flease cite digital object identifiers (D01) or accession
numbers in 2. METHODS (or elsewhere as appropriate) for files uploaded to a third-party repository.
Authors are encouraged to consull repasitory-vetting sites such as re3data.arg or fairsharing.org for help
in identifying registered and certified data repositories relevant to any specific discipline or subject area.

For files to be hosted on Wiley Online Library and accessed via the full-text article, please add an

additional section following the References and before the Figure legends, using the formatting shown
belyw. Please include the name of each supporting infarmation iterm and a briefl description or caption.
Each item should be numbered sequentially in the order inwhich it is cited in the main text (e.g.,
Appendix 51, etc.). At the first mention in the main text of any supporting information file, please use the
full name (e.g., “(see Supporting Infarmation Figure 51)°, and for all subsequent instances use just the
name of each item (e.g., “{see Figure S1)°). Links to each item in the list will be added to the full-text
version of the article. Mo specific farmat is prescribed for supporting information files; authars are
encouraged to adopt a clear and consistent style for the organization and presentation of data and ather
supplementary information.

Example:

Additional Supporting Infarmation may be found online in the supporting tab for this article.
FIGURE 51 Brief text description of this figure

FIGURE 52 Brief text description of this figure

TABLE 51 Brief text description of this table
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APPENDIX 51 Brief text description of this dataset or text file

VIDEDQ 51 Brief text description of this video

Click here for Wiley's FAQs on supparting information.

Maote: if data, seripts, or other artefacts used to generate the analyses presented in the paper are
available via a publicly available data repository, authors should include a reference to the location of the
material within their paper.

General Style Points
The following points provide general advice on formatting and style.

« Abbreviations: In general, terms should not be abbreviated unless they are used repeatedly and
the abbreviation is helpful to the reader. Initially, use the word in full, followed by the abbreviation
in parentheses. Thereafter use the abbreviation only.

* Units of measurement: Measurements should be given in 51 or Sl-derived units. Visit the Bureau
International des Poids et Mesures (BIPM) website for more information about 51 units.

* Numbers: numbers under 10 are spelt out, except for: measurerments with a unit (8 mmaolf); age (6
weeks old), or lists with ather numbers (11 arthropods, 9 annelids, 4 molluses).

* Trade Names: Chemical substances should be referred ta by the generic name only. Trade names
should not be used. Drugs should be referred to by their generic names. If proprietary drugs have
been used in the study, refer to these by their generic narme, mentioning the proprietary name and
the name and location of the manufacturer in parentheses.

Wiley Author Services

Manuscript Preparation Tips: Wiley has a range of resources for authors preparing manuscripts for
submission available here. In particular, we encourage authors to consult Wiley's best practice tips on
Writing for Search Engine Optimization.

Article Preparation Support

Wiley Editing Services offers expert help with English Language Editing, as well as translation, manuscript
farmatting, figure illustration, figure formatting, and graphical abstract design — o you can submit your
manuscript with confidence.

Alsa, check out our resources for Preparing Your Article for general guidance about writing and
preparing your manuscript.

2. EDITORIAL POLICIES AND ETHICAL CONSIDERATIONS

Peer Review and Acceptance
The acceptance criteria far all papers are the quality and originality of the research and its significance ta

journal readership. Papers will only be sent to review if the Editor-in-Chief determines that the paper
meets the appropriate quality and relevance requirerments.

Wiley's policy on the canfidentiality of the review process is available here.

Animal Studies

A staternent indicating that the protocel and procedures emplayed were ethically reviewed and
approved, as well as the name of the body giving approval, must be included in the Methods section of
the manuscript. Authors are encouraged ta adhere to animal research reporting standards, for exarmple
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the ARRIVE guidelines for reporting study design and statistical analysis; experimental procedures;
experimental animals and housing and husbandry. Authors should also state whether experiments were
performed in accordance with relevant institutional and national guidelines for the care and use of
laboratory animals:

+ S authors should cite compliance with the US Mational Research Council's Guide for the Care and Use
of Laboratory Anirmals, the US Public Health Service's Policy on Humane Care and Use of Laboratory
Animals, and Guide for the Care and Use of Laboratory Animals.

+ UK authors should conform ta UK legislation under the Animals (Scientific Procedures) Act 1986
Amendment Regulations (51 2012/3039).

+ Eurapean authors outside the UK should conform to Directive 2010/63/EL.

Species Names
Upon its first use in the title, abstract, and text, the commaon name of a species should be followed by the
scientific name (genus, species, and authority) in parentheses. For well-known species, however, scientific

names may be omitted from article tides. If no commeon name exists in English, only the scientific name
should be used.

Genetic Nomenclature
Sequence variants should be described in the text and tables using both DA and protein designations
whenever appropriate; gene names shouwld be italicized; protein names should be in plain type face.

Sequence variant nomenclature must follow the current HGVS guidelines; see varnomen.hgvs.org, where
examples of acceptable nomenclature are provided.

Sequence Data

Mucleatide sequence data can be submitted in electronic form to any of the three major collaborative
databazes (DDE|, EMBL, GenBank). Genome or transeriptome sequences should be uploaded to a
suitable data archive (eg., Sequence Read Archive); assemblies may also be uploaded to an online
repasitory (e.g.. Transcriptome Shotgun Assembly Database). The suggested wording for referring to
accession-number information is: “These sequence data have been submitted to the GenBank databases
under accession number U12345",

Structural Data
For papers describing structural data, atomic coordinates and the associated experimental data should

be deposited in the appropriate databank (see below). Please note that the data in databanks must be
released, at the latest, upon publication of the article. We trust in the cooperation of our authors to
ensure that atomic coordinates and experimental data are released on time.

Organic and organometallic compounds: Crystallographic data should not be sent as Suppaorting
Information, but should be deposited with the Cambridge Crystallographic Data Centre (CCDC) at
code.cam.ac.ukiservices/structure¥SFdeposit.

Inorganic compounds: Fachinformationszentrum Karlsruhe (FIZ; fiz-karlsruhe.de).
Proteins and nucleic acids: Frotein Data Bank (resboorg/pdb)
NMR spectroscopy data: BioMagResBank (bmrbuwisc.edu).
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fram people who provided technical help, collation of data, writing assistance, acquisition of funding, or a
departrment chairperson who provided general support). Prior to submitting the article all authors should
agree on the arder in which their names will be listed in the manuscript.

Data Sharing and Data Accessibility
Flease review Wiley's policy here. This journal encourages data sharing.

Authors are strongly encouraged to share the data, scripts, code, and other artefacts supporting the
results in the paper by archiving them in an appropriate public repository. Authors may provide a data

availability staternent, including a link to the repository and persistent identifier(s), in order that this
statement can appear in the published paper. Shared data should be cited.

Sample staterments are available here. If published, staterments will be placed in the heading of your
manuscript.
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