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APRESENTAGAO

A dissertagao esta organizada em Resumo, Abstract e quatro capitulos, a fim
de analisar a historia de vida da espécie de caranguejo porcelanideo Pachycheles
laevidactylus no sul do Brasil.

O capitulo |, “Introdugéo geral”, aborda uma sintese sobre os conhecimentos
acerca da espécie P. laevidactylus e aspectos da biologia populacional e reprodutiva
de crustaceos decapodos. Os capitulos Il e Il foram redigidos em formato de artigos
que serao submetidos a revistas cientificas internacionais. O capitulo Il compreende
uma analise da estrutura populacional e periodo reprodutivo de P. laevidactylus no
Rio Grande do Sul. O capitulo Il consiste em uma analise dos aspectos reprodutivos
de P. laevidactylus em duas localidades no sul do Brasil, comparadas entre si e com
outros locais ao longo da distribuicdo da espécie no Atlantico oeste. O capitulo IV,
“Conclusao geral”, aborda as conclusdes mais relevantes obtidas nesta dissertacgéo.

Os capitulos I, Il e IV estdo formatados de acordo com as normas da revista
Regional Studies in Marine Science. E o capitulo Il esta formatado de acordo com as

regras da revista Nauplius.



RESUMO

A familia Porcellanidae ocorre mundialmente em regiées marinhas tropicais e temperadas, e
possui por volta de 30 géneros e 280 espécies. Sete espécies do género Pachycheles foram
reportadas na costa Brasileira, porém somente duas ocorrem no estado do Rio Grande do
Sul, P. chubutensis e P. laevidactylus. Pachycheles laevidactylus pode ser encontrado na
zona entremarés sob rochas, em tufos de algas ou em bancos de mexilhées. Também podem
viver em simbiose facultativa com espécies de Bryozoa ou bancos de areia formados por
poliquetas. Esta espécie ocorre do estado do Maranhdo no Brasil até Monte Hermoso na
Argentina. O presente estudo teve como objetivo investigar a estrutura populacional e biologia
reprodutiva de P. laevidactylus em duas localidades no sul do Brasil, Torres e Tramandai.
Espécimes foram obtidos sazonalmente durante um ano entre Novembro de 2018 e Agosto
de 2019. Os caranguejos foram coletados em bancos de areia de poliquetas nas formagdes
rochosas de Torres e nos pilares da Plataforma Maritima de Tramandai. A temperatura da
agua foi medida apés o periodo de coleta em cada localidade. Os animais foram sexados,
contados e medidos. Um total de 1534 individuos foram coletados, 943 em Torres e 591 em
Tramandai. Enquanto diferengcas de tamanho corporal e tamanho dos quelipodos n&o foram
encontradas entre os sexos, o pleon das fémeas demonstrou ser mais largo que o dos
machos. A razao sexual manteve-se 1:1 em todas as estacdes, mas diferiu entre classes de
tamanho. A reproducéo foi continua e megalopae estavam presentes exclusivamente na
primavera. A maturidade sexual morfométrica das fémeas foi maior (5.39 mm CW) que o
tamanho da menor fémea ovigera coletada (3.35 mm CW), enquanto machos tornaram-se
morfometricamente maduros em 5.20 mm CW. Um total de 438 fémeas ovigeras foram
identificadas. Os ovos foram medidos, contados e classificados em trés estagios. Fémeas
com ovos no estagio | foram mais frequentes e foi observada uma correlagao positiva entre
tamanho corporal e fecundidade (estagio 1). Diferengas sazonais de tamanho foram
observadas nas duas localidades, porém diferencas de fecundidade e volume dos ovos em
estagio | foram detectadas somente na primavera em Tramandai. A perda de ovos entre
estagios de desenvolvimento ocorreu exclusivamente em Torres. Um aumento similar no
volume dos ovos entre os estagios | e Il foi detectado nas duas localidades. As diferengas
encontradas entre as localidades foram majoritariamente atribuidas a temperatura e a
estrutura dos bancos de areia. Os resultados obtidos foram comparados com os dados

disponiveis para outras localidades dentro dos limites de distribuicdo da espécie.

Palavras-chave: razdo sexual, maturidade, fecundidade, volume de ovos, sazonalidade



ABSTRACT

The Porcellanidae family occurs in tropical and temperate marine habitats worldwide,
comprising around 30 genera and 280 species. Seven species of Pachycheles have been
recorded along the Brazilian coast, but only two occur in the Rio Grande do Sul state, P.
chubutensis and P. laevidactylus. Pachycheles laevidactylus mainly inhabits the intertidal
zone, and can be found under rocks, among seaweed or in mussel beds. They can also live
in facultative symbiosis with species of Bryozoa or polychaete sand banks. This species
occurs from the state of Maranhao in Brazil to Monte Hermoso in Argentina. The present study
aimed at investigating the population structure and reproductive biology of P. laevidactylus in
two locations in southern Brazil, Torres and Tramandai. Specimens were obtained seasonally
during one year from November 2018 until August 2019. The crabs were collected from
polychaete sand banks found on the rock formations in Torres and on the pillars of the
Maritime Platform in Tramandai. Water temperature was measured at each location after the
sampling period. Animals were sexed, counted and measured. A total of 1534 individuals were
sampled, 943 in Torres and 591 in Tramandai. While differences in body size or cheliped size
between sexes were not found, females tended to have larger pleons than males. Sex ratio
was 1:1 in all seasons, but differed between size classes. Reproduction was continuous and
megalopae were present exclusively in spring. The morphometric sexual maturity for females
(6.39 mm CW) was larger than the size of the smallest ovigerous female collected (3.35 mm
CW), while males became morphometrically mature at 5.20 mm CW. A total of 438 ovigerous
females were identified. Their eggs were measured, counted and classified into three stages.
Females with eggs at stage | were the most frequent and a positive correlation between body
size and fecundity (stage |) was observed. Seasonal size differences were observed in both
locations, but only spring in Tramandai showed a difference in fecundity and stage | egg
volume. Egg loss between developmental stages was seen exclusively in Torres. A similar
increase in egg volume was detected between stages | and Il in both locations. The differences
found between the locations were mainly attributed to temperature and sand bank structure.
The results obtained were compared with the data available for other locations within the

species distribution.

Key words: sex ratio, maturity, fecundity, egg volume, seasonality



CAPITULO I: Introdugio geral

1. Introducgao

Pachycheles laevidactylus Ortmann, 1892

Os crustaceos da ordem Decapoda Latreille, 1803 possuem uma grande
diversidade de historias de vida e estratégias reprodutivas (Watling e Thiel, 2015;
Vogt, 2016). Desta ordem fazem parte, entre outros, os caranguejos, siris, camaroes,
lagostas, lagostins, ermitdes, aeglas e porcelanideos; eles podem ser encontrados
em ambientes marinhos, dulcicolas e semi-terrestres. A infraordem Anomura Milne
Edwards, 1832, apesar de apresentar a maior diversidade morfoldgica, se diferencia
dos demais decapodos devido principalmente a redugdo do quinto par de
pereiépodos, por possuirem o ultimo somito toracico mével e o exépodo do urépodo
inteiro (Veloso, 1999). Dentro desta infraordem encontram-se os ermitdes,
caranguejos-reais, aeglas e os caranguejos de porcelana (Ahyong et al., 2010).

A familia Porcellanidae Haworth, 1825, cujos membros sdo popularmente
conhecidos como caranguejos de porcelana, possui distribuigdo marinha mundial em
aguas tropicais, subtropicais e temperadas (Veloso, 1999). Eles podem ser
encontrados nas zonas entremarés e sublitorais dos oceanos, em locais umidos e n&o
diretamente expostos quando descobertos pela maré vazante (Veloso, 1999).
Diversas espécies apresentam interagdes comensais ou simbidticas com outros
organismos, podendo estes ser de vida livre, como peixes (Werding et al., 2016),
camardes (Jensen, 1986), ermitdes (Meireles e Mantelatto, 2008), estrelas-do-mar
(Hernandéz et al., 2005) e tartarugas (Baeza et al., 2013) ou sésseis e coloniais, como

anémonas (Baeza e Stotz, 2001), esponjas (Hiller e Werding, 2018), recifes de corais



(Gore, 1982) e anelideos (Werding e Hiller, 2019). Os porcelanideos sao animais
primariamente filtradores, desempenhando um importante papel de recuperacao da
matéria organica nas cadeias tréficas dos ecossistemas aquaticos (Veloso, 1999). Em
sua maioria ndo possuem valor comercial (Veloso, 1999), porém algumas espécies
sdo consideradas ornamentais e utilizadas para fins de aquarismo como Porcellana
sayana (Leach, 1820) (Baeza et al., 2013).

A familia possui 30 géneros descritos e cerca de 280 espécies (Bezerra et al.,
2019), destas sao encontradas 20 espécies no Brasil distribuidas em 6 géneros
(Ferreira e Melo, 2016). O género Pachycheles Stimpson, 1858 possui o segundo
maior numero de espécies dentro do grupo (Osawa e McLaughlin, 2010), por volta de
47 espeécies (WoRMS, 2021), sendo sete espécies presentes na costa brasileira
(Ferreira e Melo, 2016). Pachycheles laevidactylus Ortmann, 1892 é uma espécie que
habita majoritariamente a zona entremarés, podendo ser encontrada sob rochas, em
tufos de algas ou em bancos de mexilhdes (Veloso, 1999). Também podem estar
presentes em simbiose n&o obrigatoria com espécies de Bryozoa Ehrenberg, 1831 e
em bancos de areia construidos por espécies de Polychaeta Grube, 1850 do género
Phragmatopoma Morch, 1863 (Ferreira e Melo, 2016). A espécie € conhecida
somente da costa oeste do oceano Atlantico (Harvey e De Santos, 1996), ocorrendo

de Maranh&o no Brasil até Monte Hermoso na Argentina (Ferreira e Melo, 2016).

Biologia populacional e reprodutiva

Em estudos de historias de vida dos organismos, a relagao entre crescimento
do individuo e reproducgao € bastante discutida, principalmente analisando o trade-off
de energia entre estes dois eventos (Hartnoll, 1985; Clarke, 1987). O crescimento em

crustaceos decapodos ocorre em saltos, devido ao processo de muda (ecdise) do



exoesqueleto comum aos artréopodos. A taxa de crescimento nesses animais é
determinada pelo aumento do tamanho corporal a cada ecdise e o tempo entre mudas
(intermuda), ambos os quais ndo sao constantes ao longo da vida (Hartnoll, 1982).
Segundo Hartnoll (1982), durante o crescimento, além de mudangas no tamanho
corporal, também podem ocorrer mudancas nas proporgdes das partes do corpo,
esse fendbmeno é conhecido como crescimento alométrico, quando diferentes areas
do corpo possuem taxas de crescimento distintas. Modificacbes nas proporcoes
podem ocorrer de forma gradual ao longo de diversas mudas ou de modo abrupto em
uma muda (Hartnoll, 1982). Mudancgas particularmente extremas sao consideradas
metamorfoses, como por exemplo, a transigdo do ultimo estagio larval (megalopa)
para o primeiro estagio juvenil (Hartnoll, 1985).

Outra transicdo importante ocorre entre o ultimo estagio imaturo e o primeiro
estagio morfologicamente maduro, conhecida como a muda da puberdade (Hartnoll,
1985). Nas fémeas, essa muda €& particularmente notavel pelas mudangas nas
estruturas utilizadas para carregar os ovos, como a propor¢ao da largura do pléon em
relagdo a carapaga em caranguejos. Nos machos, essa muda pode acarretar em
mudangas nas estruturas utilizadas para corte ou passagem dos espermatéforos para
as fémeas, como aumento dos quelipodos ou modificagées nos pledépodos (Hartnoll,
1985). Este fendbmeno ja foi identificado em diversos grupos de crustaceos
decapodos, como Caridea (Pescinelli et al., 2018), Brachyura (Santos et al., 2018) e
Anomura (Chaves et al., 2019; Pinheiro et al, 2017). A muda da puberdade estabelece
a maturidade sexual morfolégica dos individuos, que entdo passam a ser
considerados reprodutivos (Hartnoll, 1985). O numero de machos e fémeas aptos a
se reproduzir em uma populacéo € utilizado para calcular a razdo sexual populacional,

que pode ser 1:1 ou enviesada para um dos sexos (Emlen e Oring, 1977).



O tamanho corporal de fémeas aptas a se reproduzir geralmente esta
relacionado ao numero de ovos que se desenvolvem na parte externa do abdémen.
A fecundidade em crustaceos decapodos € medida considerando o numero de ovos
no estagio inicial de desenvolvimento produzidos a cada evento reprodutivo (Hines,
1982). O tamanho dos ovos é geralmente inversamente proporcional a fecundidade,
gerando um padrao de fémeas com muitos ovos pequenos ou poucos ovos grandes
(Vance, 1973a,b). Este padrdo de numero e tamanho dos ovos também esta
relacionado com latitude e profundidade dos ambientes marinhos, ambos os aspectos
implicam em mudancgas na temperatura da agua (Clarke, 1987). A relagao entre estes
aspectos pode ser observada em espécies diferentes, tanto préximas quanto
afastadas filogeneticamente, e em populagbes da mesma espécie que possuem
distribuicbes ao longo dos gradientes (Laptikhovsky, 2006). Ha também uma
sobreposicao deste fenbmeno com a plasticidade fenotipica do tamanho dos ovos,
observada quando fémeas de tamanhos similares em uma mesma populagao
produzem ovos maiores em temperaturas menores e vice-versa (Laptikhovsky, 2006).

Crustaceos anomuros marinhos apresentam desenvolvimento indireto e as
fémeas destes animais liberam suas larvas na coluna d’agua apos o desenvolvimento
embrionario (Harvey et al., 2014). As larvas que sobrevivem a este periodo
planctbnico eventualmente assentam e tornam-se parte de populagdes locais
(Hadfield, 1986). Esta entrada de novos individuos em uma populagédo é chamada de
recrutamento (Caley et al., 1996). Segundo este autor, a maioria das populag¢des de
invertebrados marinhos sdo demograficamente abertas e o recrutamento local ndo &
determinado pela reproducéo local devido a dispersao dos individuos pelas correntes
oceanicas durante as fases larvais. No sentido restrito, entretanto, o recrutamento em

populagdes marinhas abertas pode ser estimado pela adicdo de individuos as



populagdes locais apos o periodo de assentamento do ultimo estagio larval
plancténico (Caley et al., 1996). Os membros da familia Porcellanidae, de modo geral,
possuem um desenvolvimento indireto abreviado, passando por dois estagios na fase
zoea até o estagio de megalopa (Vela e Gonzalez-Gordillo, 2016), quando assentam
e tornam-se juvenis (Jensen, 1991). Assim, a entrada de individuos em estagio de
megalopa e a presenga de juvenis nas populag¢des de porcelanideos podem indicar
um periodo de recrutamento para estas populagdes (Jensen, 1991).

Ao longo da area de distribuicdo de P. laevidactylus ha estudos realizados no
extremo sul, em Mar del Plata, Argentina sobre razdo sexual (Bremec e Cazzaniga,
1984) e aspectos populacionais e reprodutivos (Camiolo e Luppi, 2016), entretanto
estes trabalhos analisaram um periodo sete e trés meses de coletas,
respectivamente. No Brasil, dois estudos descrevem aspectos reprodutivos da
espécie, um realizado no Ceara (Ogawa e Rocha, 1976) e outro em S&o Paulo
(Pinheiro e Fransozo, 1995). Desta forma, faltam dados sobre a influéncia da
sazonalidade nos aspectos populacionais, sobre como sdo estas populacbes no
Brasil, e sobre os aspectos reprodutivos na regiao sul do pais. Os dados dos estudos

prévios serao utilizados para comparagao com os dados obtidos no presente estudo.

2. Objetivos

O objetivo geral da presente dissertagdo de mestrado € estudar a biologia
populacional e reprodutiva da espécie Pachycheles laevidactylus em duas localidades
do litoral norte do Rio Grande do Sul, Brasil.

Os objetivos especificos sdo analisar a distribuigdo dos sexos nas classes de

tamanho, a razao sexual, o periodo reprodutivo, a maturidade sexual, o crescimento



relativo e o recrutamento a fim de entender a biologia populacional da espécie. E,
para compreender a biologia reprodutiva da espécie, analisar a fecundidade, o volume
dos ovos, a perda de ovos e aumento de tamanho dos ovos. Por fim, todos estes
dados foram analisados de forma comparativa entre as localidades e com outros
trabalhos envolvendo a espécie alvo e outras espécies de Porcellanidae.

As hipoteses iniciais para o capitulo 2 sdo que em ambas as localidades nao
ha diferenca de tamanho entre sexos, a razdo sexual € 1:1, reproducido e
recrutamento s&o continuos e o tamanho em que a fémeas comegam a se reproduzir
é influenciado por mudangas de latitude (tamanhos menores em temperaturas
quentes, tamanhos maiores em temperaturas frias). Considerando o padréo
relacionado a influéncia da latitude na relagao entre fecundidade e volume dos ovos,
a hipotese inicial para o capitulo 3 é que P. laevidactylus seguira este padrao intra e
interespecificamente. Ou seja, a espécie tém uma fecundidade menor e ovos maiores
nos locais estudados em comparagao com outras populagdes e outras espécies do
género em areas tropicais, assim como uma fecundidade maior e ovos menores
quando comparada com outras populacdes e espécies encontradas em locais de

latitude maior.

3. Referéncias

Ahyong, S.T., Baba, K., MacPherson, E., Poore, G.C.B., 2010. A new
classification of the Galatheoidea (Crustacea: Decapoda: Anomura). Zootaxa
2676, 57-68. https://doi.org/10.11646/zootaxa.2676.1.4

Baeza, J.A., Furlan, M., Almeida, A.C., Barros-Alves, S. de P., Alves, D.F.R.,
Fransozo, V., 2013. Population dynamics and reproductive traits of the



ornamental crab Porcellana sayana: implications for fishery management
and aquaculture. Sex. Early Dev. Aquat. Org. 1, 1-12.
https://doi.org/10.3354/sedao00002

Baeza, J.A., Stotz, W.B., 2001. Host-use pattern and host-selection during
ontogeny of the commensal crab Allopetrolisthes spinifrons (H. Milne
Edwards, 1837) (Decapoda: Anomura: Porcellanidae). J. Nat. Hist. 35, 341—
355. https://doi.org/10.1080/002229301300009586

Bezerra, L.E.A., Rocha, S.S. da, Vieira, A., Oliveira, G. de, Almeida, A.O., 2019.
Population biology of the green porcelain crab Petrolisthes armatus
(Crustacea: Porcellanidae) in a tropical estuarine bay of northeastern Brazil.
Cah. Biol. Mar. 60, 307—318. https://doi.org/10.21411/CBM.A.1CD2A9E4

Boschi, E.E., Scelzo, M.A., Goldstein, B., 1967. Desarrollo larval de dos especies
de Crustaceos Decapodos en el laboratorio. Pachycheles haigae Rodrigues
da Costa (Porcellanidae) y Chasmagnathus granulata Dana (Grapsidae).
Boletin del Inst. Biol. Mar. 12, 1-46.

Bremec, C.S., Cazzaniga, N.J., 1984. Consideraciones sobre Pachycheles
haigae Rodrigues da Costa, 1960 y P. chubutensis Boschi, 1963 en Monte
Hermoso (Republica Argentina) (Crustacea, Anomura, Porcellanidae).
Iheringia. Série Zool. 64, 149-162.

Caley, M.J., Carr, M.H., Hixon, M.A., Hughes, T.P., Jones, G.P., Menge, B.A.,
1996. Recruitment and the Local Dynamics of Open Marine Populations.
Annu. Rev. Ecol. Syst. 27, 477-500.
https://doi.org/10.1146/annurev.ecolsys.27.1.477

Camiolo, M.D., Luppi, T.A., 2016. Habitat e historia de vida de Pachychelles
laevidactylus (Crustacea, Anomura, Porcellanidae) en el intermareal rocoso
de Mar del Plata, Argentina. lheringia. Série Zool. 106, 1-9.
https://doi.org/10.1590/1678-4766€2016015

Chaves, M.R., Marcal, I.C., Shimizu, R.M., Bueno, S.L.S., Teixeira, G.M., 2019.
Allometric growth, sexual maturity, and life cycle of Aegla lata (Decapoda,

10



Anomura), a critically endangered species. J. Crustac. Biol. 39, 748-757.
https://doi.org/10.1093/jcbiol/ruz062

Clarke, A., 1987. Temperature, latitude and reproductive effort. Mar. Ecol. Prog.
Ser. 38, 89-99. https://doi.org/10.3354/meps038089

Emlen, S.T., Oring, L.W., 1977. Ecology, sexual selection, and the evolution of
mating systems. Science (80). 197, 215-223.

Ferreira, L.A. de A., 2015. Intersexuality in the porcellanid crab Pisidia longicornis
(Crustacea: Decapoda: Anomura: Porcellanidae). Zoologia 32, 176—178.
https://doi.org/10.1017/s175526720700735x

Ferreira, L.A. de A., Melo, G.A.S. de, 2016. Porcelain crabs from Brazil
(Crustacea: Decapoda: Anomura: Porcellanidae). Zootaxa 4092, 175-194.

Gore, R.H., 1982. Porcellanid Crabs from the Coasts of Mexico and Central
America (Crustacea: Decapoda: Anomura). Smithson. Contrib. to Zool. 363,
1-34.

Hadfield, M.G., 1986. Settlement and recruitment of marine invertebrates: a

perspective and some proposals. Bull. Mar. Sci. 39, 418-425.

Hartnoll, R.G., 1982. Growth, in: Bliss, D.E., Abele, L.G. (Eds.), The Biology of
Crustacea 2, Embryology. Morphology and Genetics. Academic Press, New
York, pp. 111-196.

Hartnoll, R.G., 1985. Growth, sexual maturity and reproductive output. in:
Wenner, A.M. (Ed.), Crustacean Issues 3. Factors in Adult Growth. A.A.
Blakema, Rotterdam, pp. 01-128.

Harvey, A.W., Boyko, C.B., McLaughlin, P.A., Martin, J.W., 2014. Anomura, in:
Martin, J.W., Olesen, J., Hegeg, J.T. (Eds.), Atlas of Crustacean Larvae.
Johns Hopkins University Press, Baltimore, pp. 283—-294.

Harvey, A.W., De Santo, E.M., 1996. On the status of Pachycheles laevidactylus
Ortmann, 1892 (Decapoda: Porcellanidae). Proc. Biol. Soc. Washingt. 109,
707-714.

11



Hiller, A., Werding, B., 2018. On a new commensal species of Aliaporcellana from
the western pacific (Crustacea, Decapoda, Porcellanidae). Zookeys 2018, 1-
9. https://doi.org/10.3897/zookeys.780.26388

Hines, A.H., 1982. Allometric constraints and variables of reproductive effort in
brachyuran crabs. Mar. Biol. 69, 309-320.
https://doi.org/10.1007/BF00397496

Jensen, G.C., 1986. Some Observations of the Alpheid Shrimp Betaeus setosus
Hart with Its Host, Pachycheles rudis Stimpson. Bull. South. Calif. Acad. Sci.
85, 180-181.

Jensen, G.C., 1991. Competency, settling behavior, and postsettiement
aggregation by porcelain crab megalopae (Anomura: Porcellanidae). J. Exp.
Mar. Bio. Ecol. 153, 49-61. https://doi.org/10.1016/S0022-0981(05)80005-X

Laptikhovsky, V., 2006. Latitudinal and bathymetric trends in egg size variation:
A new look at Thorson’s and Rass’s rules. Mar. Ecol. 27, 7-14.
https://doi.org/10.1111/j.1439-0485.2006.00077 .x

Mantelatto, F.L.M., Garcia, R.B., 1999. Reproductive potential of the hermit crab
Calcinus tibicen (Anomura) from Ubatuba, Sado Paulo, Brazil. J. Crustac. Biol.
19, 268-275.

Meireles, A.L., Mantelatto, F.L.M., 2008. Biological features of a puzzling
symbiotic association between the hermit crab Dardanus insignis and the
porcellanid crab Porcellana sayana (Crustacea). J. Exp. Mar. Bio. Ecol. 362,
38-42. https://doi.org/10.1016/j.jembe.2008.05.009

Miranda, |., Mantelatto, F.L., 2009. Estimating population features of the
anomuran crab Petrolisthes armatus (Porcellanidae) in a remaining and
impacted mangrove area of the western Atlantic. J. Nat. Hist. 43, 2027-2039.
https://doi.org/10.1080/00222930903094613

Miranda, |., Mantelatto, F.L., 2010. Sexual maturity and relative growth of the
porcellanid crab Petrolisthes armatus (Gibbes, 1850) from a remnant
mangrove area, southern Brazil. Nauplius 18, 87-93.

12



Ogawa, E.F., Rocha, C.AS., 1976. Sobre a fecundidade de crustaceos
decapodos marinhos do Estado do Cear4, Brasil. Arg. Ciéncias do Mar 16,
101-104.

Osawa, M., McLaughlin, P.A., 2010. Annotated Checklist of Anomuran Decapod
Crustaceans of the World (Exclusive of the Kiwaoidea and Families
Chirostylidae and Galatheidae of the Galatheoidea) Part || — Porcellanidae.
The Raffles Bulletin of Zoology 23, 109-129.

Pescinelli, R.A., Almeida, A.O., Costa, R.C., 2018. Population structure, relative
growth and morphological sexual maturity of the snapping shrimp Alpheus
brasileiro Anker, 2012 (Caridea: Alpheidae) from the south-eastern coast of
Brazil. Mar. Biol. Res. 14, 610-620.
https://doi.org/10.1080/17451000.2018.1472383

Pinheiro, M.A.A., Fransozo, A., 1995. Fecundidade de Pachycheles haigae
Rodrigues Da Costa, 1960 (Crustacea, Anomura, Porcellanidae) em
Ubatuba (SP), Brasil. Rev. Bras. Biol. 55, 623-631.

Santos, F.M., Pescinelli, R.A., Pantaledo, J.A.F., Costa, R.C., 2018. Relative
growth, morphological sexual maturity, heterochely, and handedness in
Panopeus occidentalis (Brachyura, Panopeidae). Invertebr. Reprod. Dev. 62,
74—-81. https://doi.org/10.1080/07924259.2017.1415987

Vela, M.J., Gonzalez-Gordillo, J.l., 2016. Larval descriptions of the family
Porcellanidae: A worldwide annotated compilation of the literature
(Crustacea, Decapoda). Zookeys 564, 47-70.
https://doi.org/10.3897/zookeys.564.7018

Veloso, V.G., 1999. Familia Porcellanidae (caranguejos anomuros marinhos). in:
Buckup, L., Bond-Buckup, G. (Eds.), Os Crustaceos do Rio Grande do Sul.
Ed. Universidade UFRGS, Porto Alegre, pp. 398—405.

Vogt, G., 2016. Structural specialties, curiosities, and record-breaking features of
crustacean reproduction. J. Morphol. 277, 1399-1422.
https://doi.org/10.1002/jmor.20582

13



Watling, L., Thiel, M. 2015. The role of natural history in understanding the
diversity of lifestyles in crustaceans. in: Thiel, M., Watling, L. (Eds.), The
Natural History of Crustacea Vol. 2, Lifestyles and Feeding Biology. Oxford
University Press, New York, pp. 1-13.

Werding, B., Christensen, B., Hiller, A., 2016. Three way symbiosis between a
goby, a shrimp, and a crab. Mar. Biodivers. 46, 897-900.
https://doi.org/10.1007/s12526-016-0453-x

Werding, B., Hiller, A., 2019. A new species of Polyonyx (Crustacea, Anomura,
Porcellanidae) inhabiting polychaete-worm tubes (Annelida, Chaetopteridae)
in the Indo-West Pacific. Zookeys 818, 25-34.
https://doi.org/10.3897/zookeys.818.30587

WoRMS, 2021. Pachycheles Stimpson, 1858.
http://www.marinespecies.org/aphia.php?p=taxdetails&id=205958
(accessed 02 April 2021).

14



CAPITULO II:

Population biology of the porcelain crab Pachycheles laevidactylus Ortmann,

1892 (Decapoda, Anomura, Porcellanidae) in southern Brazil

Sera submetido para a revista Regional Studies in Marine Science

Link para acessar as normas:
https://www.elsevier.com/journals/regional-studies-in-marine-science/2352-
4855/guide-for-authors

15



Population biology of the porcelain crab Pachycheles laevidactylus Ortmann,

1892 (Decapoda, Anomura, Porcellanidae) in southern Brazil

Amanda P. Horch®" and Mariana Terossi® P

aLaboratory of Carcinology, Graduate Program in Animal Biology (PPGBAN),
Department of Zoology, Institute of Biosciences, Federal University of Rio Grande do
Sul (UFRGS). Av. Bento Gongalves, 9500, Agronomia, 91501-970, Porto Alegre, Rio

Grande do Sul, Brazil. ® mterossirm@gmail.com.

*Corresponding author: amandahorch@gmail.com

Abstract

The population structure, sex ratio, reproductive period, recruitment, size at sexual
maturity and relative growth of the porcelain crab Pachycheles laevidactylus was
analysed from two locations on northern coast of Rio Grande do Sul state, Brazil. The
crabs were collected from polychaete colonies seasonally during one year, sexed,
counted and measured. A total of 1534 individuals were sampled, 943 in Torres and
591 in Tramandai. There was no difference in body size or cheliped size between
sexes, while females had larger pleons than males. The sex ratio was 1:1 in both
locations throughout the year, but was skewed towards either males or females in two
size classes. Reproduction was continuous, with a higher frequency of ovigerous
females in the coldest seasons, but recruitment occurred exclusively in spring. The
morphological sexual maturity for females (5.39 mm CW) was larger than the size of

the smallest ovigerous female collected (3.35 mm CW), while males became
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morphologically mature at 5.20 mm CW. Overall, the species starts reproducing at
smaller sizes at locations closer to the edges of its distribution. Chelipeds grow at
slower rates in adult females than in juveniles. Males did not show any change in
growth pattern from juveniles to adults, but all slopes were different except for pleon

somite length.

Key words: sex ratio, reproductive period, recruitment, maturity, relative growth

1. Introduction

The anomuran family Porcellanidae Haworth, 1825 occurs worldwide in tropical
and temperate marine habitats, especially in intertidal and subtidal zones (Osawa and
McLaughlin, 2010; Ferreira and Melo, 2016). The family comprises around 30 genera
and 280 species described (Bezerra et al., 2019). Most porcelain crab species are
free-living and can be found on rocky shores, coral reefs and estuarine areas (Veloso,
1999). Some display symbiotic relationships with other organisms, both free-living
such as shrimps, hermit crabs, turtles and fishes (Jensen, 1986; Meireles and
Mantelatto, 2008; Baeza et al., 2013; Werding et al., 2016) and sessile such as coral
reefs, anemones, sponges and annelids (Gore, 1982; Baeza and Stotz, 2001; Hiller
and Werding, 2018; Werding and Hiller, 2019). These crabs are known to consume
benthic algae and filter plankton from the water column (Veloso, 1999; Zimba et al.,
2016), they also serve as food for local predators (Ogawa and Rocha, 1976). They are
considered to have little commercial value, but a few species are used in the aquarium
trade, such as Porcellana sayana (Leach, 1820) (Baeza et al., 2013).

Twenty species of Porcellanidae are currently known from the Brazilian coast,

seven of which belong to Pachycheles Stimpson, 1858 (Ferreira and Melo, 2016).
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Pachycheles laevidactylus Ortmann, 1892 mainly inhabits the intertidal zone, and can
be found under rocks, among seaweed or in mussel beds (Veloso, 1999). They can
also live in facultative symbiosis with species of Bryozoa or polychaete sand banks of
Phragmatopoma Morch, 1863 (Ferreira and Melo, 2016). This species occurs
exclusively in the western Atlantic, from the state of Maranh&o in northeast Brazil to
Monte Hermoso in Argentina (Ferreira and Melo, 2016). No information on the life
history of P. laevidactylus is known for the south of Brazil, although it is the most
frequent Decapoda species in the P. caudata Krgyer in Morch, 1863 sand banks on
the northern coast of Rio Grande do Sul state (Zanini et al., submitted). In Argentina,
Bremec and Cazzaniga (1984) analysed the reproductive biology and sex ratio of the
species, while Camiolo and Lupi (2016) studied its habitat and population structure,
heterochely, relative growth, morphological maturity and fecundity.

Considering that this species is the most frequent decapod in the poliquete
sand banks on the northern coast of Rio Grande do Sul and little is known about their
ecology on the region, the present study aimed at investigating the population biology
of the porcelain crab species Pachycheles laevidactylus in southern Brazil. The
population structure, sex ratio, reproductive period, recruitment, size at sexual maturity
and relative growth of individuals from two locations on the northern coast of Rio
Grande do Sul state were analysed seasonally over the course of a year. Our initial
hypotheses are that there is no difference in body size between sexes, sex ratio is 1:1,
reproduction and recruitment are continuous and the size at which females start
reproducing is strongly influenced by latutidinal changes (smaller sizes at warmer

temperatures, larger sizes at colder temperatures).

2. Material and methods
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2.1 Sample collection

Specimens of Pachycheles laevidactylus (Fig. 1A) were obtained from two
locations on the northern coast of Rio Grande do Sul state, Brazil, Torres
(29°20'20.9"S, 49°43'23.0"W) and Tramandai (30°00'16.7"S, 50°07'49.2"W) (Fig. 1B),
during one year: November 2018 (spring), February (summer), May (autumn) and
August 2019 (winter). In Torres, the crabs were collected at low tide from rock
formations at the shore (Fig. 1D) by two people for 30 minutes. During that time sand
banks formed by the polychaete P. caudata were searched for crabs by hand using
knives. Considering the lack of natural rock formations in the Tramandai shoreline, the
animals were collected at low tide from the pillars of the Maritime Platform (Fig. 1C,
D). Samples of P. caudata sand banks were removed from the pillars and brought to
the beach, where two people examined them for crabs during 30 minutes. Water
temperature was measured at each location after the sampling period with a mercury
thermometer.

Immediately after collection, the crabs were transported to the laboratory and
frozen. The animals were identified according to Ferreira and Melo (2016), counted
and sexed considering pleopod presence, number and location (Ferreira, 2015). Males
have only the second pleopod present, which is modified as a gonopod, while females
only have the third to fifth pleopods, which are long and setose (Baeza and Asorey,
2012; Ferreira, 2015). The following measurements were obtained from the specimens
using a 0.01 mm caliper and a light stereomicroscope: carapace length (CL); carapace
width (CW); largest cheliped propodus length (LPL); largest cheliped propodus width
(LPW); smallest cheliped propodus length (SPL); smallest cheliped propodus width
(SPW); second pleon somite length (PSL) and pleopod length (PL). The only pleopod

present in males and the pleopod found on the third pleon somite in females were
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used for PL, always on the left side. Only measurements of intact structures were
considered, measurements of structures with injuries were not performed. Considering
the differences between locations and collection methods, some analyses (population
structure, sex ratio, reproductive period and recruitment) were performed by location.
However, considering that the locations are near each other, some analyses (sexual
maturity and relative growth) were done with the entire pool of data.

Specimens were preserved in 70% ethyl alcohol and deposited at the
Carcinological Collection of the Zoology Department at Universidade Federal do Rio

Grande do Sul (DZ/UFRGS), under the catalogue numbers 6921 to 6928.

2.2 Population structure, sex ratio, reproductive period and recruitment

Population structure was analysed according to the size-frequency distribution
of individuals. The size classes were calculated using the formula k = 1 + logzn, k being
the number of classes and n being the total number of specimens (Sturges, 1926).
The dimensions of a size class were obtained by dividing the range of CW
measurements by k. The frequency of ovigerous females/total females marked the
reproductive period. The recruitment was estimated by the presence of individuals in
the megalopa phase. Individuals whose sex could not be determined were considered
indeterminate (IN).

Statistical analyses were performed using R version 3.6.0 (R Core Team, 2020)
and Microsoft Excel. Kolmogorov-Smirnov test was applied to test data normality.
Measurements from males and females were compared through Mann-Whitney test.
Chi-square test (x?) was used to compare the number of males and females (sex ratio)
between seasons, size classes and in total. Size data is presented as median (1%

quartile; 3" quartile) and the significance level used was a = 0.05.
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2.3 Size at functional and morphological sexual maturity

The functional sexual maturity for females was estimated based on the smallest
ovigerous female. To determine the morphological sexual maturity of females and
males, the measurements were log transformed and a non-hierarchical ‘k-means
clustering’ analysis was performed. This method separates the data into a preselected
number of groups in order to maximize the variance between groups and minimize the
variance within groups. It was used to separate juveniles and adults within each sex.
A discriminant analysis (DA) was applied to refine the classification if needed. An
analysis of covariance (ANCOVA) was used to compare the intercepts and slopes
between juveniles and adults for each relationship. The results determined whether
the two groups (juvenile and adults) were best represented by different linear

equations or by the same single equation.

2.4 Relative growth

A regression analysis was performed to evaluate the relative growth
considering the function y = ax?, where y = dependent variable (CL, LPL, LPW, SPL,
SPW, PSL and PL), x = independent variable (CW), a = intercept and b = slope of the
regression (Hartnoll, 1982). The value of the constant b was used to establish the
growth pattern for each body part, where b = 1 was considered isometric growth, b >
1 was positive allometric growth and b < 1 was negative allometric growth. The values

of the constant b were tested using the Student’s t-test.

3. Results

3.1 Population structure
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A total of 1534 individuals were collected during the study period. Of the 943
sampled in Torres, 91 (9.7%) were megalopae, 40 (4.2%) were IN, 400 (42.4%) were
males, 144 (15.3%) were non-ovigerous females and 268 (28.4%) were ovigerous
females (Fig. 2). The highest number of crabs collected was 351 in summer, while the
lowest was 128 in autumn (Fig. 2). In Tramandai 591 individuals were collected, of
which 2 (0.5%) were megalopae, 9 (1.5%) were IN, 278 (47.1%) were males, 83
(14.0%) were non-ovigerous females and 218 (36.9%) were ovigerous females (Fig.
2). Winter was the season when the highest number of animals were collected (257),
and the lowest (85) was in spring (Fig. 2). Torres had the megalopa with the smallest
CW of all (1.46 mm), while the largest individual was an ovigerous female (15.16 mm)
(Table 1). In Tramandai, the CW of individuals varied between 1.62 mm (megalopa)
and 15.00 mm (male) (Table 1).

The data showed a non-normal distribution (Torres: D = 0.92785, p < 0.0001;
Tramandai: D = 0.97547, p < 0.0001). Size comparisons between males and females
yielded similar results in both locations (Fig. 3). In Torres, there was no difference in
size between males and total females in the following structures: CW (W = 79776, p =
0.088), CL (W = 84456, p = 0.239), LPL (W = 41532, p = 0.353), LPW (W = 42837, p
= 0.468), SPL (W =43272, p = 0.759) and SPW (W = 43841, p = 0.808). Females had
significantly larger PSL than males when comparing total individuals (W = 95008, p <
0.0001) and only adults (W = 37136, p < 0.0001), as well as a slightly larger PSL
between juveniles (W = 16083, p = 0.034). While in Tramandai, total females were
slightly larger than males (W = 40420, p = 0.025). Total males and females did not
display a significant difference in CL (W = 44234, p = 0.202), LPL (W = 27195, p =
0.786), LPW (W = 30510, p = 0.658), SPL (W = 31088, p = 0.881) and SPW (W =

31078, p = 0.949). Females also had a significantly larger PSL than males in total (W
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= 52610, p < 0.0001) and when comparing only adults (W = 28869, p < 0.0001), but

not between juveniles (W = 4123.5, p = 0.672).

3.2 Sex ratio

In both locations, the total sex ratio did not differ significantly from 1:1 (Torres:
Xx? =0.18; Tramandai: x?> = 1.08; p > 0.05) and there was also no difference between
the number of males and females in each season (p > 0.05). However, in Torres, the
females were found in significantly higher numbers in the seventh size class (9.21-
10.64 mm; x? = 4.26, p < 0.05) (Fig. 4A) and in Tramandai, males were more abundant
in the fourth size class (4.89-6.32 mm; x< = 4.06, p < 0.05) and females were more

abundant in the seventh size class (9.21-10.64 mm; x= = 4.76, p < 0.05) (Fig. 4A).

3.3 Reproductive period and recruitment

Ovigerous females were found all year round in both locations (Fig. 4B). The
lowest frequencies of ovigerous females were in spring (Torres) and summer
(Tramandai). The highest frequencies of ovigerous females were in autumn/winter in
both locations. The recruitment period was the same for both locations, with megalopa
being found only in spring and IN being found mainly in spring/summer in Torres and
exclusively in this period for Tramandai (Fig. 2). The water temperature varied from

15°C in winter (Torres) to 28°C in summer (Tramandai) (Fig. 4B).

3.4 Size at functional and morphological sexual maturity
The overall smallest ovigerous female was found in Tramandai (3.35 mm CW,
3.33 mm CL), and appeared in all size classes after that (Fig. 2), signaling the size at

functional maturity for females. In Torres, ovigerous females began to appear in the
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third class (3.45—4.88 mm) and were the only individuals in the tenth class (13.53—
15.00 mm) (Fig. 2).

The size of the smallest adult female found through the k-means clustering
analysis was 5.39 mm CW, with all the smaller females considered juveniles (Fig. 5).
For males, the smallest adult was considered to be at 5.20 mm CW, with all the smaller
males considered juveniles. Most relationships showed a significant difference
between juveniles and adults for both males and females (ANCOVA, Table 2). CL x
CW in females was the only relationship where the slope was the same between
juveniles and adults, while the intercept was different. In males, only PSL x CW was

better explained by one single linear equation instead of two (Table 2, Fig. 5).

3.5 Relative growth

In the relative growth analysis, CL showed negative allometric growth in all
groups (Table 3, Fig. A1). The characters LPL, LPW, SPL and SPW had different
growth between juvenile and adult females. Juvenile females had positive allometry
for LPL, LPW and SPW, and isometric growth for SPL, while adults had isometric
growth for LPL, LPW and SPW, and negative allometric growth for SPL. Juvenile and
adult females had positive allometry for PSL and PL. Males did not present any
difference in growth pattern between juveniles and adults and all characters other than
CL had positive allometric growth (Table 3, Fig. A1). IN individuals presented positive
allometry for LPL, LPW and SPW, and isometric growth for SPL and PSL (Table 3).
These individuals did not have pleopods and so the PL growth pattern could not be

analysed.

4. Discussion
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4.1 Population structure

There are both similarities and differences between the Pachycheles
laevidactylus populations of Tramandai and Torres. Notably, females were slightly
larger than males in Tramandai only, whereas no such difference could be detected
in Torres nor in a P. laevidactylus population in Argentina (Bremec and Cazzaniga,
1984). This indicates a lack of size difference between males and females in this
species, regardless of the small difference seen in Tramandai. A similar situation was
seen in the species Allopetrolisthes spinifrons (H. Milne Edwards, 1837) and
Porcellana sayana, both species that also live in gregarious communities and have
been found to have little or no size difference between males and females (Baeza and
Asorey, 2012; Baeza et al., 2013). However, size differences between males and
females have been detected in other porcelain crab species, with males generally
attaining larger sizes than females (Ahmed and Mustaquim, 1974; Miranda and
Mantelatto, 2009; Baeza and Asorey, 2012), although sometimes females can attain

the larger sizes (Ahmed and Mustaquim, 1974).

4.2 Sex ratio

The sex ratio of P. laevidactylus was 1:1 overall in both locations and did not
fluctuate throughout the year. The same has also been found in several other species
of Porcellanidae (Ahmed and Mustaquim, 1974; Bremec and Cazzaniga, 1984;
Fransozo and Bertini, 2001; Miranda and Mantelatto, 2009; Baeza and Asorey, 2012;
Baeza et al., 2013; Bezerra et al., 2019). However, sex ratio did differ from 1:1 in a
few size classes. Females were more abundant in the seventh size class (9.21-10.64
mm) in both locations, while males were more abundant in the fourth size class (4.89—

6.32 mm) only in Tramandai. This skewed sex ratio by size agrees with the slight size
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difference detected between males and females in Tramandai, since males were more
abundant in a smaller size class and females dominated a larger size class. While
females were more abundant in a larger size class in Torres as well, the males were
not more frequent at any size over another.

The overall sex ratio of these P. laevidactylus populations fits within the theory
of natural selection. The theory states that natural selection favours a 1:1 sex ratio,
and that if producing male or female progeny is equally expensive then the sex ratio
is likely to be 1:1 (Wenner, 1972). However, the skewed sex ratio seen in the different
size classes of P. laevidactylus does not fit the theory, and might be caused by
different mortality rates or differential behaviours between sexes (Wenner, 1972), such
as ovigerous females hiding deeper into the sand banks for protection or males being
more active as they search for mates. Ahmed and Mustaquim (1974 ) reported a similar
pattern for the four species they analysed, where the overall and seasonal sex ratio
was 1:1, but in some size classes it deviated in favour of one of the sexes. The two
Pachycheles species they analysed also showed a tendency towards larger crabs
being mostly female, while the opposite occurred in the two Petrolisthes Stimpson,

1858 species (Ahmed and Mustaquim, 1974).

4.3 Reproductive period and recruitment

Ovigerous females were collected across all seasons, indicating a continuous
reproductive strategy, but with the highest frequency of ovigerous females in the
coldest months (autumn/winter). Boschi (1963) observed that ovigerous females of P.
laevidactylus (cited as P. haigae) could be found all year long in Argentina and Ogawa
and Rocha (1976) also collected ovigerous females on the northern coast of Brazil

along an entire year, but no other study has since analysed its reproductive period in
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other locations. Some species of porcelain crabs have shown continuous
reproduction, Pachycheles tomentosus Henderson, 1893, Pachycheles natalensis
(Krauss, 1843), Petrolisthes rufescens (Heller, 1861) in Pakistan (Ahmed and
Mustaquim, 1974), Petrolisthes armatus (Gibbes, 1850) in Brazil (Oliveira and
Masunari, 1995; Miranda and Mantelatto, 2009; Bezerra et al., 2019) and Porcellana
sayana in Brazil (Baeza et al., 2013) are some examples of this reproductive strategy.
In contrast, other species have more restricted reproductive periods, such as
Pachycheles monilifer (Dana, 1852) in Brazil (Fransozo and Bertini, 2001),
Petrolisthes boscii (Audouin, 1826) in Pakistan (Ahmed and Mustaquim, 1974),
Petrolisthes laevigatus (Guérin, 1835) in Chile (Lardies et al., 2004) and Petrolisthes
Japonicus (De Haan, 1849) in Japan (Hamasaki et al., 2020).

The larval stages of P. laevidactylus can last between 25 to 31 days (Boschi et
al., 1967), until they become megalopae and settle (Jensen, 1991). Individuals in the
megalopa stage were collected exclusively during spring in both locations, which
indicates a seasonal recruitment period for this species in the region. Despite being
present all year long, ovigerous females had higher frequencies in autumn/winter
which might lead to the presence of megalopae and IN in spring/summer.
Nevertheless, the complete absence of megalopae in other seasons indicates that
factors other than temperature are influencing the recruitment period in these
populations. This disjointed reproductive and recruitment period was also registered
in two populations of Petrolisthes armatus in Brazil (Oliveira and Masunari, 1995;
Pinheiro et al., 2017). The authors of those studies also found that P. armatus in those
locations had continuous reproduction, yet seasonal recruitment. However, for another
two populations of the same species both continuous reproduction and continuous

recruitment were recorded (Miranda and Mantelatto, 2009; Bezerra et al., 2019). This
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intraspecific plasticity might be especially clear in species with wide distributions and
which can occupy diverse environments within that range. Subsequent studies on
other populations of Pachycheles laevidactylus including all seasons could provide
more data on whether this species also presents this intraspecific plasticity along its
distributional range.

In contrast to the restricted presence of megalopae, IN individuals and male
and female juveniles were found in both spring and summer in Tramandai, while in
Torres they were collected all year long. The disparity between the number of
megalopae collected in Torres (91) and Tramandai (2), as well as the difference
between the presence of megalopae and the presence of IN individuals and juveniles,
could perhaps be attributed to bias in the different sampling methods applied to each
location or the physical habitat differences (horizontal natural rock formations in Torres

vs. vertical human made columns in Tramandai).

4.4 Size at functional and morphological sexual maturity

The smallest ovigerous female found in the present study (3.35 mm CW, 3.33
mm CL) was larger than the ones found in other studies of P. laevidactylus in
northeastern Brazil (2.8 mm CL; Ogawa and Rocha, 1976 as P. haigae), in Mar del
Plata, Argentina (2.26 mm CW; Camiolo and Luppi, 2016) and in Monte Hermoso,
Argentina (3.0 mm CW,; Bremec and Cazzaniga, 1984 as P. haigae), and similar to
southeastern Brazil (3.3 mm CL; Pinheiro and Fransozo, 1995 as P. haigae). The size
of the smallest ovigerous female is often used to signal the onset of functional sexual
maturity for females, and is known to vary between species and between populations

of the same species (Hines, 1989; Hirose et al., 2013).
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Wehrtmann et al. (2012) also reported a difference in size at onset of functional
sexual maturity for populations of Petrolisthes armatus along its distributional range.
The authors observed that females became ovigerous at smaller sizes in Pacific Costa
Rica compared to Brazil, and concluded that this shift might be related to
environmental factors such as temperature. Similar patterns are known for other
decapod species (Hines, 1989; Castilho et al., 2007; Hirose et al., 2013), where
breeding starts at smaller sizes in warmer environments than in colder environments,
forming a gradient from lower latitudes to higher latitudes (Blackburn et al., 1999;
Blackenhorn and Demont, 2004). But a few cases of the opposite occurring are also
known (Terossi et al., 2010). This variation might be due to multiple abiotic and biotic
factors, such as latitude, temperature, salinity, habitat, food availability, competition
and predation risk (Hirose et al., 2013). Here we see a slight increase in the size of
the smallest ovigerous female from the tropical zone (northeastern Brazil) towards the
temperate zone (present study), but a decrease from the south of Brazil towards
Argentina. Argentina is at the edge of the P. laevidactylus distribution range, which
could influence the size difference observed between south Brazil and Argentina.
Studies have shown that environmental conditions might be less optimal at the edges
of an organism's distribution when compared to the central areas, possibly resulting in
stress related population and reproductive differences (Wehrtmann et al., 2012;
Wassick et al., 2017).

It should be noted that only one of the P. laevidactylus studies cited above
(Ogawa and Rocha, 1976) conducted their sampling during an entire year, with the
added caveat that the authors were focused on fecundity rather than population
analysis. The other studies all had shorter sampling periods, the longest lasting 7

months (Bremec and Cazzaniga, 1984). These different sampling periods could have
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influenced the crab sizes found in those populations when compared to the present
study, due to the possible influence of biotic and abiotic factors that could change from
season to season.

In the present study, the morphological sexual maturity of females did not match
the functional sexual maturity (smallest ovigerous female). The smallest
morphologically mature female (5.39 mm CW) was about 2 mm larger than the
smallest ovigerous female found (3.35 mm CW). A study done with brachyuran crabs
showed that gonadal maturity can occur before morphological changes in relative
growth, even for characters related to reproduction (Lopez et al., 1997). These authors
also found that the size at onset of gonadal maturity coincided with the size of the
smallest ovigerous female, but the percentage of ovigerous females only began to be
relevant near the morphometric size of maturity. In porcelain crabs, a difference
between functional and morphological maturity was found in another population of P.
laevidactylus in Argentina (Camiolo and Lupi, 2016) and in Petrolisthes armatus in
Brazil (Pinheiro et al., 2017). Camiolo and Lupi (2016) calculated the morphological
maturity for females at around 4.38 mm CW, smaller than the size found for females
in the present study. Once again showing that Pachycheles laevidactylus does not
follow the usual pattern between reproduction and temperature. The morphological
sexual maturity for males was slightly smaller than for females, with the smallest adult

male having 5.20 mm CW.

4.5 Relative growth
Individuals of indeterminate sex, females and males showed a negative
allometry between carapace length and width, a pattern that was also observed in

Petrolisthes armatus for both sexes in two studies (Miranda and Mantelatto, 2010;
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Wassick et al., 2017) but only females in another (Pinheiro et al., 2017). Heterochely
was observed in both males and females in the present study, same as reported for
P. laevidactylus in Argentina (Camiolo and Luppi, 2016) and as is common in porcelain
crabs (Pinheiro et al., 2017). In the study, Camiolo and Luppi (2016) found no
significant difference in handedness between males and females. As such, we did not
analyse handedness in the present study, and instead, only compared chelipeds by
size rather than anatomical side.

The length and width of both chelipeds grew slower than the carapace width in
adult females as opposed to juvenile females, especially the length of the smallest
cheliped. This change in growth pattern is probably related to energy allocation, since
as adults the females tend to direct more energy towards reproduction. In males, the
length and width of both chelipeds showed positive allometric growth as juveniles and
as adults. Nevertheless, the angular and linear coefficients were different between the
two demographic categories, indicating that these structures grow at different speeds.
This is even more apparent when comparing the width of both the smaller and the
largest chelipes. Regardless of the difference in growth pattern, no size difference
could be detected when comparing the measures of the largest and the smallest
chelipeds between males and females. The population of P. laevidactylus analysed in
Argentina also showed positive allometry for the length of the larger cheliped, but
isometry for both sexes on the length of the smaller cheliped (Camiolo and Lupi, 2016),
as opposed to the males and adult females in the present study. Additionally, the larger
cheliped of adult males and females of species from the Petrolisthes and the
Allopetrolisthes genera presented positive allometric growth (Miranda and Mantelatto,
2010; Baeza and Asorey, 2012; Pinheiro et al., 2017), in contrast to the females in this

study.
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Despite males and females displaying the same growth pattern (positive
allometry) for the second pleon somite, adult females had a larger second pleon somite
than adult males. However, males had the same growth line for both juveniles and
adults, while females did not, showing that the pleon of females grows faster than the
pleon of males. The females of P. laevidactylus analysed in Argentina showed a similar
growth pattern for adults (positive allometry) and different for juveniles (isometry),
while the males presented isometric growth rates overall (Camiolo and Lupi, 2016).
The relationship between pleon size and sex is very well documented in brachyuran
crabs (Hartnoll, 1982; Hirose et al., 2013), and females with pleons larger than males
have also been found in the porcelain crab Petrolisthes armatus (Miranda and
Mantelatto, 2010; Pinheiro, et al., 2017; Wassick et al., 2017) and Pachycheles
laevidactylus (Camiolo and Lupi, 2016). This difference between sexes is probably
related to reproduction, as a larger pleon in females could correlate to more space for
egg carrying, and consequently a higher number of eggs (Hartnoll, 1982).

Male and female pleopods are morphologically different in porcellanid crabs,
and also have different functions. Only one pair of pleopods is present in males
(located on the second pleon somite), it is biramous and modified into a gonopod
(Ferreira, 2015). In females, there are three pairs of pleopods, located on the third,
fourth and fifth somites; and they are used to hold the egg mass during the ovigerous
period (Ferreira, 2015). The pleopods of both males and females showed positive
allometric growth overall, which differs from what was seen in a porcelain crab from a
different genus. Petrolisthes armatus displayed a plasticity in pleopod length growth
patterns across its distributional range. In Brazil, the pleopod length in males of P.
armatus had negative allometric growth and in females it had isometric growth

(Miranda and Mantelatto, 2010). In two locations in the Atlantic United States of
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America, females had positive allometric growth in both while males had negative
allometric growth in one and isometric growth in the other (Wassick et al., 2017). Still,
males and females alike use their pleopods during reproduction and might benefit from
having longer pleopods as adults, facilitating the transfer of sperm from males to
females and influencing the amount of eggs females can hold. This might explain why
males and females in the present study presented positive growth.

The present study analysed many aspects of P. laevidactylus at two locations
in a temperate zone in Brazil for the first time, adding to the knowledge of this species.
Some of our initial hypotheses were confirmed, such as the lack of difference in body
size between sexes, the 1:1 sex ratio and continuous reproduction. However, others
were not. The recruitment period was seasonal and latitudinal differences did not seem
to be the most relevant factor influencing the size that females start reproducing or
their size at morphological maturity. Further studies focused on the population
dynamics of P. laevidactylus at the northern edge of its distribution could help elucidate

how environmental factors other than latitude and temperature affect its biology.
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Table 1. Pachycheles laevidactylus. Carapace width (mm) from individuals sampled in two locations in

the northern coast of Rio Grande do Sul state, Brazil. §: males; Q: females; 15 q: 15t quartile; 3™ q: 3™

quartile.
Torres Tramandai
Groups
Min Max  Median (1%t g; 3™ q) Min  Max Median (15t q; 3" q)
Megalopa 146 1.68 1.58 (1.56; 1.60) 1.62 1.63
Indeterminate 148 3.65 2.07(1.81;2.28) 1.85 445 257 (2.10;2.89)
Q 1.75 15.16 6.08 (4.02; 8.02) 2.08 14.05 7.52(4.73;9.15)
Ovigerous 3.61 15.16 7.16(5.61;9.26) 3.35 14.05 8.13(6.44;9.65)
o) 1.80 13.30 5.59 (3.84;7.69) 215 15.00 6.48 (4.68; 8.49)
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Table 2. Pachycheles laevidactylus. Analysis of covariance (ANCOVA) results for each growth

relationship between juveniles and adults of females and males in the northern coast of Rio Grande do

Sul state, Brazil. CL, carapace length; CW, carapace width; LPL, largest cheliped propodus length;

LPW, largest cheliped propodus width; SPL, smallest cheliped propodus length; SPW, smallest cheliped

propodus width; PSL, second pleon somite length; PL, pleopod length; J, juveniles; A, adults; Par,

parameter; *significant difference at p < 0.05.

Relationship Group Par. (log) F p
CL X CWV Y (JVS.A) Intercept 8.54 u.uus”
siope .59 U.UsY
3 (JVS. A) - - -
siope 20.25 u.uuu”
LPL x CW Q (Jvs.A) - - -
siope 098.13 u.uuu”
& (JVS. A) - - -
siope 29.48 u.uuu”
LPW x CW Q (Jvs.A) - - -
siope 122.20 u.uuu”
G (JVS. A) - - -
siope 1031/ u.uuu”
SPL x CW Q (Jvs.A) - - -
siope o.41 U.uus
3 (JVS. A) - - -
siope v.05 u.uu
SPW x CW Q (Jvs.A) - - -
siope 82.1U u.uuu”
3 (JVS. A) - - -
siope oU.44 U.uuu”
PSL x CW Q (Jvs.A) - - -
siope .04 VAV
3 (JVs.A) Intercept U.45 U.504
siope u.uz (VR-1.74
PL x CW Q (Jvs.A) - - -
siope 80.39 u.uuu”
G (JVS. A) - - -
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siope

142.61

(VAVIVI0

Table 3. Pachycheles laevidactylus. Relative growth for groups (IN: indeterminate sex; 2J: juvenile

female; QA: adult female; 3J: juvenile male; JA: adult male) of individuals sampled in the northern

coast of Rio Grande do Sul state, Brazil. CL carapace length; CW carapace width; LPL largest cheliped

propodus length; LPW largest cheliped propodus width; SPL smallest cheliped propodus length; SPW

smallest cheliped propodus width; PSL second pleon somite length; PL pleopod length; n number of

individuals; r correlation coefficient (all correlations were significant, p < 0.05); GP growth pattern; +

positive allometry; — negative allometry; = isometry.

Relationship Group n Power function y = ax? r’ b+1 GP
CLxCW IN 47 CL =0.11 Cwo# 0.93 Yes -
QJ 245 CL =0.13 Cwo 0.97 Yes -
QA 424 CL =0.12 Cwo# 0.98 Yes -
3J 252 CL =0.10 Cwo 0.98 Yes -
3A 384 CL =0.02 Cwo* 0.99 Yes -
LPL x CW IN 28 LPL = 0.20 CW'26 0.93 Yes +
QJ 190 LPL =0.12 CW'"?! 0.95 Yes +
QA 334 LPL = 0.24 CW'" 0.90 No =
3J 191 LPL = 0.22 CW'0 0.95 Yes +
3A 302 LPL = 0.01 CW"16 0.95 Yes +
LPW x CW IN 28 LPW = 1.14 CW'% 0.94 Yes +
QJ 190 LPW = 0.94 CW'4! 0.90 Yes +
QA 336 LPW = 0.33 CW'® 0.90 No =
3J 192 LPW = 1.09 CW'%2 0.92 Yes +
3A 307 LPW = 0.54 CW"18 0.94 Yes +
SPL x CW IN 27 SPL = 0.06 CW°#8 0.49 No =
QJ 189 SPL = 0.08 CwW"% 0.90 No =
QA 336 SPL = 0.10 CWo9% 0.87 Yes -
aJ 189 SPL =0.26 CW"!7 0.94 Yes +
3A 307 SPL =0.13 CW"®® 0.94 Yes +
SPW x CW IN 28 SPW =1.12 CwW"3 0.79 Yes +
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QJ 191 SPW =1.03 CW"# 0.91 Yes
QA 336 SPW = 0.54 CW0% 0.89 No
3J 190 SPW =1.08 CW'* 0.94 Yes
JA 307 SPW =0.79 CW"'2 0.95 Yes
PSL x CW IN 47 PSL =0.61 CW"™0 0.88 No
QJ 243 PSL = 0.59 CW"12 0.96 Yes
QA 421 PSL =0.61 CW"'® 0.96 Yes
aJ 252 PSL = 0.49 CW"2 0.97 Yes
JA 383 PSL = 0.49 CW"02 0.96 Yes
PL x CW QJ 212 PL = 3.81 Cw?234 0.79 Yes
QA 407 PL =2.67 CW'" 0.92 Yes
aJ 249 PL = 1.94 Cw'% 0.80 Yes
JA 383 PL=1.19 Cw'04 0.94 Yes
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Figure Captions

Figure 1. A) Pachycheles laevidactylus Ortmann, 1892. B) Location of the two study
areas, Tramandai and Torres, Rio Grande do Sul, Brazil. C) Photo of the Tramandai
Maritime Platform. D) Photo of the Torres rocky shore. E) Photo of a Phragmatopoma
caudata Krgyer in Morch, 1863 sand bank in Tramandai. Photographs by F.B. Ribeiro

(A) and M. Terossi (C—E).

Figure 2. Pachycheles laevidactylus. Frequency of individuals by size class (CW

carapace width) in total and separated by season in Tramandai and Torres. n

number of individuals.

Figure 3. Pachycheles laevidactylus. Size of body structures (mm) by sex in
Tramandai and Torres, boxplot (median and quartiles, with outliers). CL = carapace
length; CW = carapace width; LPL = largest cheliped propodus length; SPL = smallest
cheliped propodus length; LPW = largest cheliped propodus width; SPW = smallest
cheliped propodus width; PSL = second pleon somite length. Bold and underlined

structures are significantly (p < 0.05) different between males and females.

Figure 4. Pachycheles laevidactylus. A) Percentage of males found in each size class
(CW = carapace width) in Tramandai and Torres, dark circles indicate a significant (p
< 0.05) difference between the number of males and females. B) Percentage of
ovigerous females (based on the total number of females) and water temperature (°C)

by season in Tramandai and Torres.
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Figure 5. Pachycheles laevidactylus. Dispersion diagrams of juvenile and adult
females and males sampled in the northern coast of Rio Grande do Sul state, Brazil.

PSL: second pleon somite length, PL: pleopod length, CW: carapace width.

Figure A1. Pachycheles laevidactylus. Dispersion diagrams of juvenile and adult
females sampled in the northern coast of Rio Grande do Sul state, Brazil. CL: carapace
length, CW: carapace width, LPL: largest cheliped propodus length, LPW: largest
cheliped propodus width, SPL: smallest cheliped propodus length, SPW: smallest

cheliped propodus width.
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Size of body structures (mm)
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CAPITULO III:

Reproduction of the porcelain crab Pachycheles laevidactylus Ortmann, 1892
(Decapoda, Anomura, Porcellanidae) in southern Brazil: a comparative study in

two locations

Sera submetido para a revista Nauplius

Link para acessar as normas:

https://www.scielo.br/revistas/nau/iinstruc.htm
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Reproduction of the porcelain crab Pachycheles laevidactylus Ortmann, 1892
(Decapoda, Anomura, Porcellanidae) in southern Brazil: a comparative study in

two locations

Abstract

The present study analysed the reproductive characteristics of Pachycheles
laevidactylus in two locations (Tramandai and Torres) in the south of Brazil. Fecundity,
number of eggs and egg volume were analysed during one year and compared
between locations and seasons. 438 ovigerous females were collected from sand
banks formed by the polychaete Phragmatopoma caudata and measured. Eggs were
classified into three stages, counted and measured. Water temperature was measured
at each location after the sampling period. Females with stage | eggs were more
frequent than females with eggs on stages Il and lll, possibly because it is the longest
stage. A positive correlation between female body size and fecundity (stage |) was
observed, represented by a power function. Ovigerous females from both locations
had a maximum number of eggs higher (around 3000) than previously found for the
species in other studies, however, they also reached the largest sizes. Seasonal size
differences were observed in both locations, but only spring in Tramandai showed a
difference in fecundity. Conversely, ovigerous females in Torres lost 36,8% of their
eggs between stages Il and Ill, while no egg loss was detected in Tramandai. Stage |
egg volume fluctuated between seasons in Tramandai only, showing a tendency to be
smaller in the warmer seasons. A similar increase in egg volume was detected
between stages | and Il in both locations, 44.4% in Tramandai and 41.2% in Torres.
The differences found between the locations were mainly attributed to temperature

and sand bank structure.
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Keywords: fecundity, egg volume, egg loss, seasonality

Introduction

Decapod crustaceans are known as a group with highly diverse reproductive
patterns (Fernandéz et al., 2020), but two aspects are considered extremely important
for all of them, fecundity and egg size. Fecundity is generally defined as the number
of fertilized eggs that a female carries in a single brood (Sastry, 1983) and, according
to Thorson-Rass’ rule, is inversely related to egg size (Laptikhovsky, 2006). Number
of eggs and egg size can differ between higher taxa, species and even closely related
populations as a response to variations on temperature, food availability, reproductive
season and female body size (Laptikhovsky, 2006). As a result, a general pattern
related to latitude and depth in marine environments can be seen between number of
eggs and egg size (Clarke, 1987). Species living in warmer temperatures tend to have
a high number of small eggs, while in cold temperatures eggs tend to be larger but
fewer in number (Laptikhovsky, 2006).

Many studies have analysed these reproductive parameters in different
crustacean species (Fernandéz et al., 2020), including the widespread porcelain crabs
(Pinheiro and Fransozo, 1995; Baeza et al.,, 2001; Hernaez and Palma, 2003;
Hamasaki et al., 2021). Due to their global marine distribution, species of the
Porcellanidae Haworth, 1825 family are frequently good models for studies on inter
and intraspecific plasticity of fecundity and egg size (Wehrtmann et al., 2012; Wassick
et al., 2017; Vifha et al., 2018).

Around 280 species have been described for Porcellanidae and classified into

30 different genera (Bezerra et al., 2019). Seven species that belong to the
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Pachycheles Stimpson, 1892 genus have been recorded along the coast of Brazil, but
only two occur in the state of Rio Grande do Sul, Pachycheles chubutensis Boschi,
1963 and Pachycheles laevidactylus Ortmann, 1892 (Ferreira and Melo, 2016). The
first can generally be found at lower depths, in sandy bottoms or associated with
sponges (Veloso, 1999). In contrast, the second lives in algae tufts, mussel beds and
under rocks in the intertidal zone (Veloso, 1999). Pachycheles laevidactylus is also
frequently associated with bryozoans and polychaetes of the Phragmatopoma Morch,
1863 genus. In a survey of crustaceans inhabiting sand reefs of Phragmatopoma
caudata Krgyer in Morch, 1863 conducted in the northern coast of Rio Grande do Sul
state (Zanini et al., submitted), P. laevidactylus was the most frequent decapod found.
Furthermore, in a population study conducted in the northern coast of Rio Grande do
Sul state, in Torres and Tramandai, a high percentage of ovigerous females was
observed in relation to the total individuals (28% in Torres and 37% Tramandai) (Horch
and Terossi, capitulo Il). This species is distributed from Maranh&o state in northern
Brazil to Monte Hermoso in Argentina (Ferreira and Melo, 2016), and in Brazil, only
two studies have been conducted analysing the reproductive biology of this species in
the states of Ceara (Ogawa and Rocha, 1976) and S&o Paulo (Pinheiro and Fransozo,
1995). Camiolo and Luppi (2016) have also recorded the number of eggs of ovigerous
females along with information on the population biology of the species in Mar del
Plata, Argentina.

Considering that a pattern related to latitude can be seen between fecundity
and egg volume (Clarke, 1987) and that these features are fundamental to understand
the life-history traits of a species, we tested whether this pattern could be observed
intraspecifically and interspecifically in a species of porcelain crab. To accomplish this

we analysed the fecundity, number of eggs and egg volume of P. laevidactylus during
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one year in two locations in the south of Brazil (temperate zone). We tested the
hypothesis that females have lower fecundity and larger eggs in cold temperatures
(temperate areas) when compared to other populations of P. laevidactylus in tropical
areas, and conversely, higher fecundity and smaller eggs then species found at colder

temperatures.

Material and methods

Sample collection

Ovigerous females of Pachycheles laevidactylus inhabiting sand banks formed
by the polychaete P. caudata were obtained from two locations on the northern coast
of Rio Grande do Sul state, Brazil, Torres (29°20'20.9"S, 49°43'23.0"W) and
Tramandai (30°00'16.7"S, 50°07'49.2"W). The collections were done once per season
during one year: November 2018 (spring), February (summer), May (autumn) and
August 2019 (winter). The sampling methods, including a map and photographs, have
been described in detail in Horch and Terossi (Capitulo Il). All ovigerous females were
stored individually to minimize egg loss. Water temperature was measured at each
location after the sampling period with a mercury thermometer. They were then
transported to the laboratory and frozen. The animals were identified according to
Ferreira and Melo (2016) and counted. Carapace width (CW) of all females was
measured using a 0.01 mm caliper and a light stereomicroscope.

Specimens were preserved in 70% ethyl alcohol and deposited at the
Carcinological Collection of the Zoology Department at Universidade Federal do Rio

Grande do Sul (DZ/UFRGS), under the catalogue numbers 6921 to 6928.

Reproductive biology
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The size-frequency distribution of ovigerous females followed the population
size classes described in Horch and Terossi (Capitulo IlI). Eggs were carefully
removed from the pleon of the females and counted using a manual counter.
Embryonic development of the eggs was classified according to Wehrtmann (1990):
stage | (eggs without eye pigmentation and with yolk), stage Il (eggs with eye
pigmentation and yolk) and stage lll (fully developed larvae with little or no yolk). To
calculate egg volume, the larger (Id) and smaller (sd) diameters were measured of 15
randomly selected eggs from each female and used according to the formula V = (&
X (sd)? X Id)/6 (Turner and Lawrence, 1979). Measurements were taken using a
stereomicroscope equipped with a camera lucida to draw the eggs. Only females with
eggs at stage | were considered for fecundity analysis, while females with eggs on
other stages were used to analyse egg loss and changes in egg volume during

embryonic development.

Data analysis

Statistical analyses were performed using Microsoft Excel and R version 3.6.0
(R Core Team, 2020). Kolmogorov-Smirnov and Levene tests were used to analyse
data normality and homogeneity. Since data was found to be non-parametric, log
transformations were applied before some tests as needed. Regression analysis was
performed to compare the number and volume of the eggs in stage | with the CW of
each female. Mann-Whitney test was used to compare female CW between locations.
Female CW and fecundity were compared between seasons for each location using a
Kruskal-Wallis test, followed by a Pairwise Wilcox test when significant. Analysis of
covariance (ANCOVA) was applied to compare the number of eggs and egg volume

between embryonic stages, and egg volume between seasons, with the CW as
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covariate. A subsequent Tukey test was performed when significant. The data is
presented as median (1t quartile; 3" quartile) and the significance was considered as

a = 0.05.

Results

The values of water temperature in Tramandai were: 25°C (spring), 28°C
(summer), 21°C (autumn), 17°C (winter); and in Torres were: 20°C (spring), 24°C
(summer), 22°C (autumn), 15°C (winter). A total of 201 ovigerous females were
analysed in Tramandai, of which 12.9% were in spring, 16.9% were in summer, 20.9%
were in autumn and 49.3% were in winter. Of the 237 ovigerous females analysed in
Torres, 10.1% were in spring, 43.5% were in summer, 17.3% were in autumn and
29.1% were in winter (Fig. 1A). In relation to the egg development stages, in
Tramandai, 70.2% females carried eggs on stage |, 12.9% carried eggs on stage |l
and 16.9% carried eggs on stage lll, and in Torres, 59.5% females carried eggs on
stage |, 22.8% carried eggs on stage |l and 17.7% carried eggs on stage Il (Tab. 1).
Except spring in Tramandai (no females with stage Il eggs), all other seasons had
females with eggs in the three stages distributed in almost similar proportions (Fig.
1A). Nevertheless, females carrying stage | eggs were more abundant in all seasons
in both locations (Fig. 1A).

The size range of the ovigerous females found in Torres was 3.61 mm to 15.16
mm [7.34 (5.91; 9.39) mm], while in Tramandai the smallest ovigerous female was
3.35 mm and the largest was 14.05 mm [8.13 (6.47; 9.69) mm] (Fig. 1B). Despite the
largest ovigerous female being sampled in Torres, a significantly higher number of
ovigerous females in the larger size classes were collected in Tramandai (Mann-
Whitney, W = 21446, p = 0.016). Ovigerous females also showed a significant

difference in size between seasons in both Torres (Kruskal-Wallis, H = 14.156, p =
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0.003) and Tramandai (Kruskal-Wallis, H = 61.521, p < 0.0001) (Fig. 2A). In Torres,
the ovigerous females in spring were larger than the ones sampled in all other seasons
(p < 0.005). However, in Tramandai, the ovigerous females collected in summer were
significantly smaller than the ones present in all other seasons (p < 0.0001) (Fig. 2A).

Considering ovigerous females with eggs in the stage | of development
(fecundity), the minimum number of eggs found was 1 in both locations, while the
maximum number found in Tramandai was 3000 and in Torres it was 2749 eggs (Tab.
1). In both locations, fecundity showed a significant correlation with female body size
(p < 0.0001) (Fig. 2B), but no correlation was found between the volume of stage |
eggs and body size (p = 0.24). When comparing fecundity between locations,
ovigerous females in Tramandai had a significantly higher number of eggs than in
Torres (Mann-Whitney, W = 11564, p = 0.018; Tab. 1). Fecundity was also different
between seasons in Tramandai (Kruskal-Wallis, H = 44.13, p < 0.0001), with the
number of eggs in summer being significantly lower than all other seasons (p < 0.001)
(Fig. 2A). However, fecundity was not significantly different between seasons in Torres
(Kruskal-Wallis, H = 5.28, p = 0.152) (Fig. 2A). The volume of eggs on stage | was
different between seasons in Tramandai (ANCOVA, F = 14.02, p < 0.0001), with the
differences between spring—winter (p < 0.0001), spring—autumn (p < 0.001) and
summer—winter (p = 0.035) being significant. No difference in the volume of stage |
eggs was detected between seasons in Torres (ANCOVA, F =2.22, p > 0.09).

No difference was detected between the number of eggs present at each
embryonic stage in Tramandai (ANCOVA, F = 1.571, p = 0.21; Fig. 3A; Tab. 1).
However, the number of eggs present at each stage was significantly different in
Torres (ANCOVA, F =7.656, p <0.0001; Fig. 3A; Tab. 1), with the differences between

stages I-lll (p < 0.001) and stages II-lll (p = 0.002) being significant, but not between
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stages |-l (p = 0.941). Ovigerous females in Torres lost 36,8% of their eggs during
embryonic development, the majority of them between stage Il and stage Ill. When
comparing egg volume between embryonic stages, the results seen in Torres and
Tramandai were similar. Egg volume was significantly different between embryonic
stages in both Torres (ANCOVA, F = 43.405, p < 0.0001) and Tramandai (ANCOVA,
F =27.34, p <0.0001). Stage | was different from stages Il and Ill (p < 0.0001), while
stages Il and Il were not significantly different from each other in both Torres (p =
0.32) and Tramandai (p = 0.92) (Fig. 3B). The median egg volume in Tramandai
increased 44.4% during development from stage | to stage lll, whereas in Torres the
egg volume increased 41.2% (Fig. 3B).

Eight females, four from each location, were found carrying larvae (zoea |) on
their pleons, sometimes together with eggs in stage lll. They were not considered in

the analyses.

Discussion

Ovigerous females of Pachycheles laevidactylus were found in all seasons.
Considering the absolute numbers analysed in this study, the highest number of
ovigerous females were in summer in Torres and in winter in Tramandai. However, a
study of the reproductive period (frequency of ovigerous females in relation to total
females) in this same region and period reported the highest frequency of ovigerous
females in the colder months (autumn-winter) (Horch and Terossi, Capitulo II). In both
locations, females with stage | eggs were overall more abundant than females with
eggs on stages Il and Ill. The same pattern was seen in two populations of Petrolisthes
armatus (Gibbes, 1850), where ovigerous females with stage | eggs were also more

abundant than stages Il and Ill (Wehrtmann et al., 2012). Probably because what we
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consider stage | here (egg without eye pigmentation) is longer than the other stages,
as also reported for P. chubutensis (stages | and Il from Gonzalez-Pisani et al., 2009)
and for hermit crabs (stages | to IV from Turra and Leite, 2007).

A positive correlation between female body size and fecundity (number of stage
| eggs) was observed in both Tramandai and Torres, represented by a power function.
The same positive correlation with a power function was found in other P. laevidactylus
populations in Sdo Paulo, Brazil (Pinheiro and Fransozo, 1995) and Mar del Plata,
Argentina (Camiolo and Lupi, 2016). Ogawa and Rocha (1976) represented the
correlation between fecundity and body size using a linear function in a population in
Ceara, Brazil. However, the authors did not specify whether they considered only
females with stage | eggs in the analysis, and as such, the results cannot be compared
with the present study. A power function has also been a good fit for other species of
Porcellanidae, including species in the same genus, such as Pachycheles monilifer
(Dana, 1852) (Hattori and Pinheiro, 2001; Leone and Mantelatto, 2015) and in other
porcelain crabs, such as Allopetrolisthes angulosus, Allopetrolisthes spinifrons,
Liopetrolisthes patagonicus, Petrolisthes granulosus and Petrolisthes tuberculatus
(Hernaez and Palma, 2003). Petrolisthes armatus has shown intraspecific differences
in this correlation, with two populations being best represented by a linear function
(Wehrtmann et al., 2012) and another with a power function (Pinheiro et al., 2017). A
power function indicates that the smaller sized females have a very low number of
eggs when compared to the larger females, which in turn have an incrementally higher
number of eggs as they grow. Therefore, the relationship between body size and
fecundity might be best described by a power function for porcelain crab species, with

perhaps a certain level of intraspecific plasticity.
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In the present study, the ovigerous females of both locations had a maximum
number of eggs higher than any found previously for P. laevidactylus in other locations
(Tab. 2). The northernmost location analysed for this species is the state of Ceara,
Brazil, where the authors found females with the lowest number of eggs (Tab. 2),
however, as already mentioned, we cannot affirm that they considered only females
with stage | eggs in the analysis. Further south, a maximum of 775 eggs was reported
in Sao Paulo, Brazil. Meanwhile, in Mar del Plata, Argentina, a location almost at the
southern edge of the known distribution of P. /laevidactylus, Camiolo and Lupi (2016)
sampled ovigerous females with a number of eggs between 1 and 160. It should be
noted that the ovigerous females collected in Tramandai and Torres reached larger
sizes than the ones collected in the studies mentioned above (Tab. 2). Considering
the influence of female body size on fecundity, this size difference could perhaps
explain the higher number of eggs. As already discussed by Horch and Terossi
(Capitulo 1), other than Ogawa and Rocha (1976), no other study mentioned above
conducted samples during one year, which could influence female body size and
consequently fecundity.

The number of eggs found in the present study were also higher than the ones
found for other species of the Pachycheles genus, as seen in P. ackleianus A. Milne-
Edwards, 1880, P. monilifer (Dana, 1852) and P. rugimanus A. Milne-Edwards, 1880
(Tab. 2), as well as a few porcelain crabs of other genera (Reid and Corey, 1991;
Wehrtmann et al., 2012, Hamasaki et al., 2021). Even so, ovigerous females of the
species Pachycheles grossimanus had the largest sizes and highest number of eggs
of the genus (Tab. 2). Polyonyx gibbesi (Reid and Corey, 1991) and Allopetrolisthes
spinifrons (Baeza et al., 2001) were observed carrying a higher number of eggs than

the ones recorded in the present study as well.
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As previously mentioned, female body size directly influences fecundity. This
relationship might explain the higher fecundity found in Tramandai, since a higher
number of large ovigerous females were collected in Tramandai than in Torres. This
dissimilarity in female size could be a consequence of the difference between habitats
(horizontal natural rock formations in Torres vs. vertical wood columns in Tramandai),
and the different sampling methods employed at each one. Exposure time could also
be influencing fecundity, as seen when comparing the fecundity of intertidal and
subtidal species of Porcellanidae (Vifna et al., 2018), since longer periods of air
exposure during low tide could have consequences for daily temperature fluctuations
(Stillman and Somero, 2000) and egg oxygenation (Vifa et al., 2018). The pillars of
the Maritime Platform in Tramandai might spend less time exposed during low tide
than the rock formations in Torres (A. P. Horch, personal observation).

Seasonal differences were observed in both locations. In Tramandai, ovigerous
females were both smaller in size and carried fewer eggs in summer when compared
to all other seasons, therefore, the low fecundity was probably influenced by the
reduced female size. In Torres, ovigerous females were larger in spring when
compared to all other seasons however, no seasonal difference in fecundity was
observed. This discrepancy between the two locations might be because the size
difference in Torres was not as prominent as the one seen in the summer of
Tramandai. Water temperature might have influenced the difference in both size and
fecundity, since summer in Tramandai was the hottest season of the studied period,
11°C higher than the coldest season (winter) in Tramandai and 4°C higher than
summer in Torres, and studies have shown that high temperatures might be
detrimental to porcelain crabs (Stillman and Somero, 2000; Stillman, 2004). A study

conducted with Petrolisthes japonicus in Japan found a difference in fecundity
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between the three breeding periods observed for the species, despite its non-
continuous reproduction (Hamasaki et al., 2021). Fecundity was also higher in winter
than in summer for Allopetrolisthes spinifrons in Chile, in a location where the species
has continuous reproduction (Baeza et al., 2001).

When comparing the number of eggs present at each stage of embryonic
development, ovigerous females showed different patterns in the two locations. No
egg loss was detected in Tramandai, but a significant loss was seen in Torres. This
loss occurred between stage Il and stage lll, therefore females carrying stage Il eggs
had the lowest numbers of all three stages. None of the previous reproductive studies
analysed egg loss in Pachycheles laevidactylus, but it is a fairly common occurrence
in decapods (Corey and Reid, 1991; Lardies and Wehrtmann, 2001; Terossi et al.,
2010), and has been observed in some other porcelain crabs (Reid and Corey, 1991;
Lardies and Wehrtmann, 1996; Forster and Baeza, 2001; Wassick et al., 2017;
Hamasaki et al., 2021). However, Hernaez and Palma (2003) analysed reproductive
parameters of five species of Porcellanidae and did not observe significant egg loss
between embryonic stages for any of the species, which corroborated the results found
by Lopez et al. (1997) for Petrolisthes granulosus. Egg loss was also not detected in
a population of Pachycheles monilifer in Brazil (Leone and Mantelatto, 2015). When it
does occur in porcelain crabs, egg loss is accidental and might be attributed to general
movement by the ovigerous females, pleon fanning or active grooming of the egg mass
by the 5th pereopod during development (Forster and Baeza, 2001). Contrary to other
decapods (Terossi et al., 2010), the results obtained in a study with Petrolisthes
violaceus show that an increase in egg volume during development does not lead to

egg loss due to space constraints (Forster and Baeza, 2001).
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The lack of correlation between the volume of stage | eggs and female body
size (CW) seen for P. laevidactylus has been recorded for other decapod crustaceans
as well (Terossi et al.,, 2010; R. Penas-Torramilans, A. P. Horch and M. Terossi,
unpublished data), including porcelain crabs (Wassick et al., 2017). However, none of
the previous studies conducted with P. laevidactylus analysed the egg volume in those
locations, making it impossible to compare our current results. The volume of stage |
eggs stayed constant throughout the year in Torres. In contrast, egg volume was
significantly different between seasons in Tramandai. With the exception of summer
and autumn, stage | eggs tended to be smaller in the warmer seasons (spring and
summer) when compared to the colder seasons (autumn and winter). Perhaps this
variation between locations might also be due to the wider temperature fluctuations
recorded in Tramandai, which had an 11°C (17-28°C) difference between summer
and winter compared to the 9°C (15-24°C) recorded in Torres. A similar phenomenon
to what was seen in the fecundity comparisons.

A significant increase in egg volume was detected during embryonic
development in both locations. This increase occurs between stage | and stage Il, with
no change seen between stage Il and Ill. Studies have also shown an increase in
volume during egg development in Pachycheles chubutensis (Gonzalez-Pisani et al.,
2009), P. monilifer (in Hattori and Pinheiro, 2001), Petrolisthes armatus (in Reid and
Corey, 1991; Wehrtmann et al, 2012), P. granulosus (in Lépez et al., 1997; Hernaez
and Palma, 2003), P. laevigatus (in Lardies and Wehrtmann, 1996) and Liopetrolisthes
patagonicus (in Hernaez and Palma, 2003). This increase in egg size during
development is usually attributed to embryo growth (Hernaez and Palma, 2003) and
higher water content (Lardies and Wehrtmann, 1996; Lopez et al., 1997), both of which

are limited by characteristics of the egg membrane (Lardies and Wehrtmann, 1996).
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Interestingly, the change in egg volume between developmental stages was the only
similarity between the reproductive aspects of P. laevidactylus in Tramandai and
Torres.

Temperature is generally considered as an important factor for reproduction,
leading to patterns such as females in lower latitudes having many small eggs and
females in higher latitudes having few large eggs (Clarke, 1987; Laptikhovsky, 2006).
This pattern does not represent the known fecundity of Pachycheles laevidactylus at
different locations along its distributional range, since ovigerous females found at low
latitudes (Ceara, Brazil; Ogawa and Rocha, 1976) had fewer eggs than females found
at higher latitudes (Sdo Paulo, Brazil; Pinheiro and Fransozo, 1995; present study).
Likewise, when comparing the fecundity observed in Sdo Paulo (Pinheiro and
Fransozo, 1995) with Tramandai and Torres, females in the present study had a higher
number of eggs than in Sdo Paulo. Conversely, the fecundity of the ovigerous females
in Argentina (Camiolo and Lupi, 2016) was similar to Ceara (Ogawa and Rocha, 1976),
but lower than both Sdo Paulo (Pinheiro and Fransozo, 1995) and the present
locations.

Eight ovigerous females were found carrying some larvae, frequently alongside
stage lll eggs. This could be because at the time of collection these ovigerous females
were in the process of releasing their offspring or by the rupture of the membrane of
some or all stage Ill eggs present during the freezing and thawing process. Ovigerous
females of Petrolisthes japonicus in Japan were also found carrying hatching eggs
(Hamasaki et al., 2021), but no possible explanation was provided by the authors.

In conclusion, the differences in fecundity observed between Pachycheles
laevidactylus populations could not be linked to latitude changes, and the species did

not follow the expected pattern. Instead of higher fecundity and smaller eggs in warmer
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temperatures (lower latitude) and lower fecundity and larger eggs in colder
temperatures (higher latitude), P. laevidactylus shows lower fecundity at the edges of
its distribution and higher fecundity at the present locations. As such, our initial
hypothesis was not supported. The correlation between latitude and egg volume could
not be tested, since this is the first study to analyse this feature in P. laevidactylus.
Further reproductive studies with this species should include egg volume analyses and
how it relates to latitude and fecundity. Aspects other than water temperature and
latitude appear to be influencing the species’ reproductive pattern, perhaps food
availability, microhabitat differences (which species they live in symbiosis with), ocean
currents and human interactions might be responsible for the variation observed. It is
important to document species that do not fit within the expected reproductive
patterns, so that we can investigate why and widen our understanding of how life-

history traits are influenced by the environment.
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Table 1. Pachycheles laevidactylus. Number of eggs and volume (mm?3) for each embryonic
developmental stage from two locations in the northern coast of Rio Grande do Sul state, Brazil. n:

number ovigerous females; Range: minimum-maximum; 1t Q: 15t quartile; 3™ Q: 3" quartile.

Number of eggs Egg volume (mm?3)

n Range  Median 18Q 349Q Range Median 188Q 39Q

Tramandai

Stage | 141 1-3000 258 59 593 0.04-0.20 0.10 0.07 0.14

Stage Il 26 1-2260 434 168 695 0.13-0.20 0.17 0.16 0.18
Stage llI 34 2-1256 307 28 488 0.06-0.29 0.18 0.15 0.21
Torres

Stage | 141 1-2749 133 32 408 0.04-0.19  0.10 0.08 0.13
Stage Il 54 2-1516 132 41 315 0.07-0.23  0.15 0.13 0.17
Stage lll 42 1-1528 84 15 278 0.07-0.24  0.17 0.14 0.19
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Table 2. Ovigerous female size (mm) and number of eggs from species of the Pachycheles genus. n: number of ovigerous females; Range: minimum-maximum;

SD: standard deviation; na: not available in the literature. * carapace width, other measurements are of carapace length; **median (15! quartile; 3™ quartile);

***the authors considered fecundity as eggs in stage |, others did not mention that.

Body size (mm)

Number of eggs

Species Location Sample collection Reference
n Range Mean + SD Range Mean + SD
P. ackleianus A. Milne-Edwards, 1880 Florida, USA Jan., Jul., Oct. 20 2.8-4.32 3.72 24-143 62.7 Reid and Corey, 1991***
P. grossimanus (Guérin, 1835) Montemar, Chile 1 year 8 7.5-20.5 na 5968 na Antazana et al., 1965***
P. laevidactylus Ortmann, 1892 Cear4, Brazil 1 year 11 2.8-9.8 4.3 14-157 34 Ogawa and Rocha, 1976
S3o Paulo, Brazil Jul., Sept., Nov. 157 3.33-9.6 6.38 + 1.56 2-775 156.1 £ 117.6 Pinheiro and Fransozo,
1995***
Torres, Brazil 1 year 237 3.61-15.16*  7.34 (5.91; 9.39)** 1-3000 133 (32; 408)** Present study***
Tramandai, Brazil 1 year 201 3.35-14.05* 8.13 (6.47; 9.69)** 1-2749 258 (59; 593)** Present study***
Mar del Plata, Argentina Apr., May, Jun. na 2.26-na* na 1-160 na Camiolo and Lupi, 2016
P. monilifer (Dana, 1852) Florida, USA Jun., Jul., Sept. 22 4.16-8.24* 6.01* 8-286 113.32 Reid and Corey, 1991***
S3o Paulo, Brazil Aug. to May 180 3.3-8.8 6.1+1.2 2-511 135+ 126 Hattori and Pinheiro,
2001***
Sé&o Paulo, Brazil Summer (once in . .
Spring and Autumn) 48 3.31-8.48 54+1.1 na 174 £ 228 Leone azrg)d1 gﬁgtelatto,
35 2.62-5.95* 4.7 £0.9* na 53.6 £52.8
P. rugimanus A. Milne-Edwards, 1880 Florida, USA Mar., Jun., Oct. 8 3.2-5.92 4.19 10-235 94.25 Reid and Corey, 1991***
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Figure Captions

Figure 1. Pachycheles laevidactylus. Ovigerous females carrying eggs in stage |,
stage Il and stage Ill sampled in Tramandai and Torres, Rio Grande do Sul, Brazil

distributed by seasons (A) and size classes (B). CW: carapace width.

Figure 2. Pachycheles laevidactylus. Size and fecundity (stage | eggs) of ovigerous
females sampled in Tramandai and Torres, Rio Grande do Sul, Brazil. A) Boxplot
(median and quartiles, with outliers) by seasons. Four values (outliers) of fecundity
higher than 2000 eggs were excluded from the graph, three from Tramandai (spring:
2444 and 2015; autumn: 3000) and one from Torres (spring: 2749). B) Regressions

between carapace width (CW) and fecundity.

Figure 3. Pachycheles laevidactylus. Median (13! quartile; 3" quartile) of the number

of eggs (A) and egg volume (B) at each embryonic stage of development (I-ll) in

Tramandai and Torres, Rio Grande do Sul, Brazil.
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CAPITULO IV: Conclusio geral

Estudos populacionais e reprodutivos sdo essenciais para o conhecimento
cientifico sobre as espécies e para esfor¢cos de conservagao. O presente trabalho € o
primeiro a analisar a histéria de vida do caranguejo de porcelana Pachycheles
laevidactylus Ortmann, 1892 na regido Sul do Brasil. Também foram realizadas
importantes comparagdes destes aspectos ecoldgicos da espécie com informagdes
de estudos conduzidos em outros locais ao longo da sua ampla distribuigdo no
Atléantico oeste, apontando diferengas e similaridades.

Pachycheles laevidactylus aparenta n&o possuir diferenga de tamanho
corporal entre fémeas e machos, porém o pleon das fémeas adultas se mostrou maior
que o dos machos adultos. Essa diferenga se deve provavelmente a aspectos
reprodutivos, pois fémeas com pleons maiores podem carregar um numero maior de
ovos. De modo geral, a espécie manteve uma raz&o sexual 1:1 durante o ano, porém
foram encontrados maiores numeros de fémeas ou machos em algumas classes de
tamanho. Pachycheles laevidactylus apresentou reprodugao continua no sul do Brasil,
como ja havia sido observado em popula¢des no Ceara e Argentina. Apesar disso,
pode-se observar uma maior frequéncia de fémeas ovigeras durante os meses frios.
Megalopas foram coletadas somente na primavera em ambas as localidades,
apontando um recrutamento sazonal.

Foi encontrada uma diferenga entre o tamanho da menor fémea ovigera (3.35
mm CW) e o tamanho de maturidade sexual morfolégica das fémeas (5.39 mm CW).
Enquanto a maturidade morfolégica dos machos foi calculada em 5.20 mm CW.
Considerando o tamanho da menor fémea ovigera encontrada, a comega a se

reproduzir em tamanhos menores nas extremidades da sua distribui¢cdo (Ceara, Brasil

80



e Mar del Plata, Argentina), enquanto em localidades mais centrais isto ocorre em
tamanhos maiores (Rio Grande do Sul e Sdo Paulo, Brasil). A maturidade morfolégica
das fémeas também ocorreu em um tamanho maior no Rio Grande do Sul quando
comparado com a Argentina. O presente estudo analisou o crescimento relativo de P.
laevidactylus pela primeira vez no Brasil. Individuos de sexo indeterminado, fémeas
e machos apresentaram o mesmo padrao de crescimento para a comprimento da
carapacga (alometria negativa). Foi observado que o comprimento e a largura de
ambos os quelipodos cresce em um ritmo mais lento quando comparado com a
largura da carapaga em fémeas adultas, do que em fémeas juvenis. Fémeas juvenis
e adultas apresentaram alometria positiva para o pleon e o primeiro pleépodo. A
relagdo entre o comprimento da carapaca e a largura da carapacga foi a unica onde a
reta das fémeas juvenis e das adultas possui a mesma inclinagdo, mas intercepto
diferentes. Machos n&o apresentaram diferenca de alometria entre juvenis e adultos,
e todas as estruturas (exceto comprimento da carapaga) apresentaram alometria
positiva. Para machos, a relagdo entre o pleon e a largura da carapacga foi melhor
representada por uma unica reta, enquanto todas as outras relacbes foram
representadas por retas com inclinagdes e interceptos diferentes entre juvenis e
adultos.

Fémeas carregando ovos em estagio | foram mais abundantes que fémeas
com ovos em estagio Il ou lll, possivelmente devido a maior duragédo deste estagio.
Foi encontrada uma correlagdo positiva entre fecundidade (ovos em estagio |) e
tamanho corporal em Torres e Tramandai, representada por uma funcao de poténcia,
similar ao encontrado em outras localidades. O tamanho maximo das fémeas
ovigeras coletadas em Torres e Tramandai foi maior do que em outras localidades, e

o mesmo foi observado quanto ao numero maximo de ovos contados. Também houve
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variagao de tamanho e numero de ovos entre as estagdes do ano em Tramandai,
apontando uma possivel influéncia da temperatura da agua na fecundidade. A
diferenca ocorreu na primavera, quando foram encontradas fémeas menores e com
um numero também menor de ovos. Por outro lado, uma variagdo no nimero de ovos
entre estacbes nao foi observada em Torres. Considerando o desenvolvimento
embrionario, a perda de ovos nao foi observada nas fémeas de Tramandai, todavia
em Torres houve uma diminuicdo no numero de ovos entre os estagios Il e Ill.

N&o houve correlagéo entre o tamanho das fémeas e o volume dos ovos em
estagio |, similar a outros porcelanideos. O volume dos ovos em estagio | manteve-
se constante durante o ano em Torres, porém mudou em Tramandai. Esta mudanca
possivelmente ocorreu devido a maior amplitude de temperatura medida em
Tramandai, com uma tendéncia de os ovos serem menores durante os meses
quentes e maiores durante os meses frios. A uUnica similaridade reprodutiva
encontrada entres as duas localidades estudadas foi o aumento de volume dos ovos
durante o desenvolvimento embrionario. O aumento ocorreu somente entre os
estagios l e Il.

A temperatura da agua € geralmente considerada um fator importante para a
reproducao de espécies marinhas, resultando em um padrédo observado onde fémeas
em menores latitudes possuem muitos ovos pequenos, e fémeas em latitudes maiores
carregam poucos ovos maiores. A fecundidade de Pachycheles laevidactylus n&o
aparenta seguir este padrao, no entanto outros estudos focados em analisar o volume
dos ovos sdo necessarios para melhor elucidar a plasticidade reprodutiva observada

na espécie ao longo da sua distribuigéo.
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