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Resumo

Os isépodos terrestres possuem uma cuticula protetora que mantém a forma corporal,
permite locomogdo e comunicacdo com o ambiente e protege contra dessecacéo, infecgcéo e
predacdo. Assim como nos demais crustaceos, a cuticula é composta por uma matriz
organica que € mineralizada com calcio. A cuticula é uma estrutura versétil que reflete
adaptacdes ambientais e a ampla distribuicdo geogréfica do grupo. Dessa forma, a
ultraestrutura e a composicao da cuticula variam entre espécies. Isépodos terrestres fazem
mudas frequentes ao longo da vida para crescer e/ou renovar receptores de superficie, o
que resulta em reabsorcdo e deposicdo cuticular constante. Esse grupo apresenta muda
bifasica e deposicdo de placas de célcio nos esternitos anteriores antes da ecdise como
estratégia para reciclar o calcio corporal. Estudos relacionados a cuticula nesse grupo
contemplam a ultraestrutura, a composicdo e a deposicdo bem como o efeito de alguns
fatores ambientais na muda. No entanto, poucos estudos exploram as ligacdes entre
ecomorfologia e histéria de vida. Essa tese visa explorar diversos aspectos relacionados a
cuticula e a muda de duas espécies neotropicais de is6podos terrestres. Atlantoscia
floridana e Balloniscus glaber foram usados como modelo uma vez que sdo frequentemente
encontrados nas mesmas localidades e diferem em tipo ecomorfolégico e estratégias
ambientais. No Capitulo |, foram exploradas as estruturas de superficie e a ultraestrutura da
cuticula das duas espécies a fim de ver como as diferencas encontradas podem ser
relacionadas a histéria de vida de cada espécie, utilizando técnicas de microscopia. As
espécies diferiram em tipo e disposicdo das estruturas de superficie bem como em
espessura e propor¢cdo de camadas da cuticula. De maneira geral, as diferencas das
estruturas de superficie estdo relacionadas a selecdo de microhabitat e nicho ecoldgico.
Caracteristicas cuticulares ajudam a explicar o habito endégeno de B. glaber e epigeo de A.
floridana enquanto que as diferencas em ultraestrutura séo relacionadas a estratégias

comportamentais e tolerdncia ambiental. No Capitulo I, o efeito do célcio alimentar no ciclo



de muda das espécies foi testado. Para isso, dieta experimental e analise estrutural da
cuticula foram realizadas a fim de entender como diferentes concentracdes de célcio
alimentar interferem na duracdo do ciclo de muda. Peculiaridades na ecdise em A. floridana
refletem morfologia especifica do animal. A duracdo da intramuda foi maior em B. glaber
assim como a sobrevivéncia média nos tratamentos. A duracdo do ciclo de muda foi
influenciada pela concentragdo de célcio; uma tendéncia a menor duragdo do ciclo com o
aumento da concentracao de calcio foi observada em B. glaber, enquanto em A. floridana a
diferenca encontrada foi apenas entre o controle sem calcio e os demais tratamentos. N&o
houve efeito da dieta no grau de mineralizagdo ou na ultraestrutura em B. glaber.
Independentemente do tratamento, a maior taxa de mortalidade em laboratério parece estar
relacionada com o préprio processo de ecdise, com mortalidade acumulada de 20% do
inicio da ecdise até o inicio da pés-muda para ambas as espécies. No Capitulo lll, a
secrecdo da cuticula durante a pré- e pés-muda muda foi observada utilizando microscopia
de transmissdo. A deposi¢do seguiu 0 padréo observado para outros isopodos. Entretanto,
granulos eletrondensos presentes no espaco ecdisial durante a pré-muda séo
provavelmente constituidos de célcio, sugerindo a reciclagem de calcio diretamente da
cuticula velha para a nova no mesmo segmento. Esses granulos sao depositados nas
escamas na nova epicuticula antes da ecdise, sugerindo a presenca de calcio na superficie
cuticular das espécies. Além disso, regides sem a ultraestrutura tipica encontrada na poés-
muda indicam que ha modificacdo na exocuticula apos a ecdise uma vez que a expansao e
endurecimento da nova cuticula apenas apés a ecdise. De maneira geral, esse trabalho nédo
apenas trouxe novas informacdes sobre a estrutura cuticular de duas espécies neotropicias,
mas também contribuiu para esclarecer conexdes entre ecomorfologia e requerimentos
biologicos de isdpodos terrestres.

Palavras chave: tatuzinho; morfologia funcional; ultraestrutura; exoesqueleto; falha na

ecdise; grau de mineralizacdo; calcio; microscopia



Abstract

Terrestrial isopods have a protective cuticle that maintains body shape, allows locomotion,
enables communication with the environment and protects them against desiccation,
infection and predation. As in all crustaceans, their cuticle is composed of an organic matrix
that is mineralized with calcium. The cuticle is highly versatile reflecting adaptations to
environmental conditions and large geographical distribution of this group. Therefore, cuticle
ultrastructure and composition vary among species. Terrestrial isopods molt frequently
throughout their lives in order to grow and/or renew surface receptors, resulting in constant
cuticular resorption and deposition. In this group, this dynamics of cuticle formation is
affected by the biphasic molt and by the calcium deposition on sternal deposits prior ecdysis,
strategies to recycle body calcium. Studies related to cuticle on this group include
ultrastructure, composition and deposition as well as effect of some environmental factors on
molting. However, few studies explore connections of ecomorphology and life history of
animals. This thesis aimed to explore various aspects of cuticle structure and molting using
two Neotropical species of terrestrial isopods. Atlantoscia floridana and Balloniscus glaber
were used as models since they are found in the same locations while differing in
ecomorphology and behavioral strategies. In Chapter I, | explored the cuticle surface
structures and ultrastructure of both species to see how their differences can be related to
each species life history traits, using microscopy techniques. Species differed in surface
structures type and disposition, as well as cuticle thickness and layer proportion. Overall,
differences in surface structure are related to microhabitat selection and ecological niche.
Cuticular features further explain the endogeic habit of B. glaber and epigeic habit of A.
floridana, while differences in cuticle ultrastructure relate to behavioral strategies and
environmental tolerance. Next, differences on molting cycle and environmental requirements
were analyzed. In Chapter I, | tested the effects of dietary calcium on the molting cycle of

both species. For that, artificial diet and structural analysis of the cuticle were used to



understand how different concentrations of dietary calcium interfere with molt cycle duration.
Peculiarities were observed during ecdysis in A. floridana and reflect to specific morphology
of the species. Intramolt duration was longer for B. glaber as well as overall survivorship in
treatments. Cycle duration was influenced by calcium concentration; a trend of shorter molt
cycle length with increasing calcium concentration was observed for B. glaber, while in A.
floridana, only difference between control without calcium and other treatments was
observed. Degree of mineralization and cuticle ultrastructure of B. glaber showed no
difference between treatments. Regardless of treatment or species, higher mortality rate
under lab conditions seems to be related to the process of ecdysis itself, with cumulative
mortality of 20% from the beginning of ecdysis until the beginning of postmolt. In Chapter lll,
| used transmission electron microscopy to analyze cuticle secretion in both species during
pre- and postmolt stages. Cuticle deposition during premolt followed the same pattern as
other terrestrial isopods. Nonetheless, electron dense granules present on the ecdysial
space during premolt are likely calcium granules, suggesting the recycling of calcium within
the same segment. These granules are deposited on the scales of the new epicuticle prior
ecdysis, suggesting the presence of calcium on the cuticular surface of both species.
Moreover, regions without typical lamellate ultrastructure during postmolt indicate
modification of the exocuticle after ecdysis since expansion and hardening must occur after
ecdysis. Overall, this work not only added information on cuticular structure of two
Neotropical species but also clarified connections between ecomorphology and biological

requirements of terrestrial isopods.

Key words: woodlice; functional morphology; ultrastructure; exoskeleton; ecdysial failure;

mineralization degree; calcium; microscopy



Apresentacao

Esta tese esta estruturada em capitulos que correspondem aos artigos
desenvolvidos independentemente, mas, que no conjunto, inter-relacionam-se e
completam-se. Primeiramente é apresentada uma introducdo geral sobre cuticula e
muda em isépodos terrestres e 0s objetivos do trabalho. Todos os capitulos
apresentam resultados comparativos entre as espécies Atlantoscia floridana e
Balloniscus glaber e abordam, respectivamente, a estrutura da cuticula, o processo
de ecdise e o efeito de calcio alimentar no ciclo de muda e as mudancas
ultraestruturais da cuticula na pré- e pés-muda. Ao final, sdo apresentadas as
conclusdes finais sobre os capitulos bem como perspectivas futuras para trabalhos

na area.

Capitulo | — Morphology, microhabitat selection and life-history traits of two
sympatric woodlice (Crustacea: Isopoda: Oniscidea): a comparative analysis

Neste capitulo sdo descritas as estruturas da superficie e a ultraestrutura da
cuticula de duas espécies simpatricas de isopodos terrestres e discutidas as
implicacdes dessas caracteristicas ecomorfolégicas na histéria de vida dos animais.
As duas espécies apresentam diferencas cuticulares; as estruturas da superficie
cuticular ajudam a explicar a selecdo do micro-habitat de cada espécie enquanto a
ultraestrutura da cuticula tem associagcdo com a estratégia anti-predatoria adotada
por cada espécie bem como ajuda a explicar a diferenca em tolerancia a flutuacbes

ambientais previamente observadas para cada espécie.



Capitulo 1l — Experimental evidence of dietary calcium influence on molt cycle and
cuticular structure on woodlice (Crustacea, Isopoda, Oniscidea)

Neste capitulo sdo utilizados experimentos para verificar o efeito do calcio
alimentar no ciclo de muda das duas espécies que possuem diferentes
caracteristicas cuticulares. Os resultados sugerem efeito do célcio externo no ciclo
de muda, sendo esse efeito mais pronunciado na espécie com cuticula mais
espessa. Além disso, foi verificada uma alta mortalidade associada ao periodo
correspondente a ecdise e ao inicio da pés-muda. Essa “falha na ecdise” foi relatada
anteriormente em alguns trabalhos, mas dados brutos sobre essa mortalidade sao

escassos na literatura.

Capitulo Il — Ultrastructural changes in the cuticle of two terrestrial isopod species
(Crustacea: Oniscidea) during pre- and postmolt

Neste capitulo sdo descritos os processos de reabsorcdo e deposicado da
cuticula de duas espécies de isopodos terrestres. O estudo relata ndo s6 a
sequéncia de eventos ultraestruturais antes da ecdise, mas também a ultraestrutura
da cuticula apds a ecdise (po6s-muda). A discussdo € focada nas estruturas
relacionadas a mobilizacdo de elementos constituintes da cuticula velha para a

cuticula nova.



Introducgé&o geral

Introducao geral

Is6podos terrestres

Os isopodos terrestres (Crustacea: Isopoda: Oniscidea) sdo animais
detritivoros de solo que estdo envolvidos na ciclagem de nutrientes e na formacao
do solo. Eles contribuem direta e indiretamente nesses processos e a sua
contribuicdo € afetada por fatores como o tamanho dos individuos, da populacéo e a
composicdo de espécies da assembleia (Quadros & Araujo 2008). Esse grupo
consiste em aproximadamente 3600 espécies de tamanho pequeno a médio (1,2-
30mm) distribuidas por todo o mundo (Schmalfuss 2003). Eles sdo um dos grupos
de macro-decompositores mais abundantes em diversas comunidades (Hassall &
Dangerfield 1990, Zimmer 2002a)

Os detritivoros podem apresentar preferéncia alimentar e diferenciada taxa
de consumo de acordo com caracteristicas das espécies vegetais disponiveis. Essa
preferéncia é relacionada a senescéncia e ao estagio de decomposicao (Wieser
1984, Hassall et al. 1987, Van Wensem et al. 1993, Yeates & Barmuta 1999, Wood et
al. 2012), a quantidade de substancias deterrentes (Cameron & LaPoint 1978,
Hassall & Rushton 1984, Targett et al. 1986, Sousa et al. 1998, Canhoto & Graca
1999, Lambdon & Hassall 2005, Wood et al. 2012), a colonizacdo microbiana
(Gunnarsson & Tunlid 1986, Kautz et al. 2000, Zimmer et al. 2003, lhnen & Zimmer
2008) e a disponibilidade de nutrientes importantes (Dudgeon et al. 1990, Graca et
al. 2001, Quadros et al. 2014). A colonizacdo microbiana aumenta a atratividade de
fontes de alimento para os isépodos, especialmente os de “baixa qualidade” (Ihnen

& Zimmer 2008). Quando dada a escolha, os isdpodos terrestres consomem folhas
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Introducgé&o geral

de diferentes espécies mantendo uma dieta mista (Wieser 1984) a fim de suprir suas
demandas nutricionais, consumindo determinadas folhas pelo seu conteudo de
cobre ou de célcio, outras para satisfazer suas demandas energéticas enquanto
evitam a ingestdo excessiva de elementos possivelmente toxicos (Dudgeon et al.
1990).

Os isOpodos terrestres contribuem nos processos de decomposicéo
degradando parcialmente a serapiheira e promovendo a atividade microbiana
(Zimmer 2002b). Suas contribuicbes sao indiretas e diretas uma vez que as fezes
produzidas sdo muito mais decompostas que o alimento original. As suas fezes
apresentam uma maior superficie de contato e sdo prontamente colonizados por
populacdes microbianas (Hassall et al. 1987). Essa contribuicdo indireta para a
decomposicdo da serapilheira por retornar grande quantidade de matéria na forma
de fezes (Quadros & Araujo 2008) contribui para a formacdo do humus do solo e
para o crescimento de florestas (Knoeppay et al. 2000). Tradicionalmente, animais
detritivoros eram pensados como possuindo baixa eficiéncia de assimilacao
(Szlavecz & Pobozsny 1995). No entando, recentemente, uma revisdo de estudos
experimentais sobre detritivoros de solo indicou que esses macroartropodos

produzem impactos diretos na mineralizacao de carbono (David 2014).

Morfologia geral e tipos ecomorfolégicos

Os is6podos terrestres sdo animais segmentados e com um exoesqueleto
rigido. Eles apresentam trés grupos de segmentos: cefalotorax, pereion (ou térax) e
pleon (ou abdémem). Cada segmento do pereon (sete segmentos) e do pleon (cinco
segmentos + pleotelson) consiste em um tergito (placa dorsal) e um esternito (placa

ventral) (Sutton 1972) (Fig. 1).
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Introducgé&o geral

Os isopodos terrestres podem ser classificados em grupos ecomorfoldgicos
(Schmalfuss 1984) de acordo com as suas caracteristicas morfologicas, as quais
sao correlacionadas com estratégias ecolégicas e padrées comportamentais (Fig. 2).
Segundo Schmalfuss (1984) a maioria das espécies de isOpodos terrestres pode ser
enquadrada em uma das cinco categorias funcionais, exceto os ndo-conformistas:
v'Corredores ou “runners”. tipicamente possuem corpo estreito, pereépodos
longos e tergito liso. Essas espécies correm para evitar predadores.

v'Aderentes ou “clingers”: possuem geralmente tergitos mais largos que 0s
corredores e margem posterior do primeiro epimero concava (geralmente
convexa nas espeécies corredoras). Espécies desse grupo geralmente possuem
pereépodos mais curtos e apresentam tubérculos ou outros ornamentos na
superficie do tergito. Esses animais geralmente permanecem imoveis e aderidos
ao substrato quando descobertos.

v'Roladores ou “rollers”: possuem sessado sagital semicircular e capacidade
volvacional, com tergitos lisos e se fecham em uma bola para proteger a
superficie ventral de predadores.

v'Intersticiais ou “creepers”: espécies pequenas (comprimento maximo de 5 mm
de comprimento) com costelas longitudinais nos tergitos e peredpodos
relativamente curtos. Essas espécies habitam buracos no instersticio e estédo
adaptadas a micro-habitats permanentemente Umidos

v Espinhosos ou “spiny”: esse grupo é caracterizado pela presenca de espinhos
e protuberancias conspicuas na superficie dorsal. Todas as espécies desse
grupo possuem capacidade volvacional.

Além de caracteristicas morfolégicas macroscépicas, caracteristicas como a

espessura e aspecto geral da cuticula que reveste o corpo dos animais também esta
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Introducgé&o geral

associada a essas categorias. Espécies com capacidade volvacional como
Armadillidium vulgare (Latreille, 1804) apresentam, tipicamente, uma cuticula muito
espessa e altamente mineralizada. A superficie dorsal é lisa e sem ornamentacdes,
0 que dificulta a manipulacdo e abertura do animal pelo predador. Espécies como
Porcellio scaber Latreille, 1804 que sdo aderentes e/ou corredores apresentam uma
cuticula mais fina do que as espécies com capacidade volvacional. As espécies
corredoras possuem cuticula mais fina, menos mineralizada e mais flexivel que
espécies de roladores e aderentes (Becker et al. 2005, Hild et al. 2008, Luquet

2012).

Cuticula: estrutura e funcao

Os artrépodos possuem uma cuticula protetora que sustenta e mantém a
forma corporal. A cuticula é uma estrutura extremamente versatil que reflete as
adaptacdes ambientais e a versatilidade ecoldgica desses animais (Moussian 2013).
Além da protecao e da sustentacdo do corpo, a cuticula possui uma série de funcdes
como protecdo contra dessecacdo e contra predadores de mesma escala, bem
como a comunicacdo com o meio externo (Seidl et al. 2011, Neues et al. 2011,
Luquet 2012, Vittori et al. 2012a, Moussian 2013).

A cuticula apresenta diferente ultraestrutura em distintos grupos e partes do
corpo. Assim como na maior parte dos crustaceos, a cuticula dos is6podos é
composta de quatro camadas: epicuticula, exocuticula, endocuticula e camada
membranosa (Travis 1955, Csonka et al. 2013). Abaixo dessa matriz esta a
epiderme que secreta a cuticula (Fig. 3). As mesmas camadas basicas sdo
encontradas nas cuticulas de Hexapoda e de Pancrustacea ndo-hexapoda; porém, a

nomenclatura difere, mas é bem estabelecida para cada grupo (Roer et al. 2015).
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A cuticula dos crustaceos consiste em uma porcdo organica composta de
fibras de quitina-proteina que séo esclerotizadas (i.e. ligacédo de proteina-proteina e
proteina-polissacarideo) e em uma por¢cao mineral. Na porcao organica, as fibras de
quitina sdo depositadas em disposicdo helicoidal sem a presenca camadas com
deposicao preferencial como ocorre em Hexapoda. A porcdo mineral é constituida
principalmente por carbonato de calcio cristalino (na forma de calcita) e carbonato de
calcio amorfo (*amorphous calcium carbonate - ACC”) (Becker et al. 2005). Na
cuticula completa e calcificada, a endocuticula € muito mais espessa que a
exocuticula. A exocuticula € constituida principalmente por calcita enquanto a
endocuticula € composta principalmente de ACC (Hild et al. 2008, Matsko et al.
2011). No total, sete niveis de organizacdo sdo identificados na cuticula de
crustaceos (Fig. 4) que vao desde a polimerizacdo de N-acetil-glucosamina (nivel I)

até a deposicédo de carbonato de calcio ao redor das nanofibras de quitina-proteina

(nivel VII) (Luquet 2012).

Ecdise e ciclo de muda

Para crescer, os is6podos terrestres realizam mudas periodicas uma vez que
0 exoesqueleto rigido impede o crescimento continuo. A duracdo do ciclo de muda
estd associada com diversos fatores, como temperatura do ambiente (Steel 1980),
estagio de desenvolvimento e periodo reprodutivo (Lawlor 1976a). Em baixas
temperaturas ocorre uma diminuicdo da frequéncia da muda ou até uma anecdise
temporaria (5°-10°C em Oniscus asellus Linnaeus, 1758) (Steel 1980).

Os is6podos terrestres apresentam estratégias para reciclagem do célcio da
cuticula uma vez que nesse ambiente a absor¢cdo desse elemento ndo pode ser feita

da agua como em ambientes marinhos. Uma dessas estratégias é a muda bifasica
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(Heeley 1941, Messner 1965, Steel 1982). Os isOpodos terrestres realizam
primeiramente a muda da regido posterior e apos, a muda da regido anterior, com
divisdo entre o quarto e o quinto pereonito (Zidar et al. 1998). Esse processo
possibilita uma menor perda de CaCO3; (Greenaway 1985, Steel 1993, Ziegler et al.
2007). Além da muda bifasica, os isépodos reabsorvem parte do calcio cuticular
durante a pré-muda e desenvolvem depdsitos de calcio nos esternitos anteriores
(Ziegler 1994, 1997, Strus & Compére 1996, Neues et al. 2011, Vittori et al. 2012a)
(Fig. 5).

Quantidades consideraveis de CaCO3 sdo reabsorvidas da cuticula velha a
cada ciclo de muda devido a alta solubilidade do ACC (Becker et al. 2005, Neues et
al. 2011). Os ions de carbonato de calcio e de hidrogénio podem ser rapidamente
mobilizados, facilitando a reabsorcado destes através do epitélio do integumento. A
porcao cristalina (calcita) € menos soluvel e € eliminada com a exuvia (Wood &
Russell 1987, Becker et al. 2005, Strus et al. 2008).

ApOs a perda da exuvia, 0s animais precisam mineralizar a sua nova cuticula
e a mineralizacdo da parte posterior do corpo € acompanhada da reabsorcdo de
mineral da parte anterior do corpo. Isso sugere que os animais utilizam o ACC na
mineralizacao da cuticula para facilitar a reabsorcéo e a reciclagem do carbonato de
calcio cuticular. A forma amorfa do CaCOg3 precede a formacao de calcita na camada
distal da cuticula do tergito (Hild et al. 2008).

Devido a reabsor¢édo de minerais, a extvia perdida na intramuda tem menor
guantidade de carbonato de célcio, de material organico e espessura que a cuticula
da pré-muda inicial (Neues et al. 2011). Ainda assim, parte do calcio é perdida com a
exuvia (Ziegler & Miller 1997). Fontes de calcio para mineralizacdo da nova cuticula

incluem a hemolinfa (Steel 1993), a cuticula da parte posterior do corpo (Becker et
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al. 2005, Ziegler et al. 2007) e a ingestdo da exuvia (Greenaway 1985, Ziegler &

Scholz 1997).

Justificativa

Estudos relacionados a muda de isépodos terrestres incluem a frequéncia da
muda (Lawlor 1976b, Steel 1980, Vittori et al. 2012a), a formacéo e a estrutura dos
depdsitos e corpos de célcio (Wood & Russell 1987, Ziegler 1994, Ziegler & Miller
1997, Vittori et al. 2012b, a), a ultraestrutura da cuticula (Strus & Compére 1996,
Ziegler 1997, Vittori et al. 2012a, Vittori & Strus 2014) e a quantidade e a distribuic&o
de minerais em diferentes espécies e estagios da muda (Becker et al. 2005, Hild et
al. 2008, Neues et al. 2011). Algumas conexdes foram estabelecidas entre
caracteristicas cuticulares e a biologia das espécies: a composicdo mineral da
cuticula foi relacionada ao grupo ecomorfologico (Becker et al. 2005) e
caracteristicas ultraestruturais e deposicao da cuticula com o ambiente de superficie
e subterraneo (Vittori et al. 2017). No entanto, ainda ha uma caréncia de estudos
que relacionem caracteristicas ecomorfolégicas com tolerancia ambiental,
distribuicdo geografica e historia de vida dos isopodos terrestres (Hornung 2011).

Quanto aos fatores ambientais, pouco se sabe sobre a interferéncia deles no
ciclo de muda dos is6podos, além dos efeitos da temperatura e do fotoperiodo.
Espera-se que 0s animais necessitem de céalcio do meio externo para mineralizar a
nova cuticula com mesma espessura e grau de mineralizagdo. No entanto, ndo se
sabe de gue maneira a quantidade de célcio disponivel na fonte alimentar afeta a
duragdo do ciclo de muda ou o crescimento dos animais de diferentes tipos

ecomorfologicos.
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Objetivos

Esse estudo objetivou descrever a ultraestrutura da cuticula na intermuda e
durante o processo da muda e compreender como fontes de alimento com diferentes
concentracfes de célcio interferem no ciclo de muda e no crescimento de duas
espécies simpatricas de isOpodos terrestres de diferentes tipos ecomorfologicos
(corredor e aderente). Para isso, foram usadas as espécies Atlantoscia floridana
(Van Name, 1940) e Balloniscus glaber Araujo e Zardo, 1995 uma vez que essas sao

facilmente coletadas e cujas historias de vida sdo bastante conhecidas.

Objetivos especificos:

1) analisar e descrever a ultraestrutura e estruturas da superficie da cuticula
de duas espécies de diferentes grupos ecomorfolégicos, utilizando métodos de
microscopia Optica e eletrbnica;

2) relacionar as caracteristicas cuticulares com a historia de vida das duas
espécies;

3) caracterizar e comparar o0 ciclo de muda e a taxa de crescimento de
acordo com as diferentes concentracdes de célcio da fonte alimentar das duas
espécies, utilizando experimentos de laboratério com dieta experimental;

4) identificar a composicdo e o grau de mineralizagdo da cuticula de
isbpodos submetidos a tratamentos com diferentes concentracdes de célcio
alimentar, utilizando andlise elementar;

5) descrever e analisar aspectos ultraestruturais relacionados a reabsorgéo,
a deposicao e a re-mineralizacdo da cuticula durante diferentes etapas do ciclo de

muda.
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Espécies modelo:

Para esse estudo, duas espécies de isépodos terrestres foram usadas:
Atlantoscia floridana e Balloniscus glaber. Ambas as espécies sdo abundantes em
diversas localidades do Rio Grande do Sul (Lopes et al. 2005, Quadros & Araujo
2008, Kenne & Araujo 2015), facilitando a coleta para manutencdo em laboratorio.
Diversos aspectos morfoldégicos e ecologicos como historia de vida, dinamica
populacional, curva de crescimento, estratégias reprodutivas e nutricdo foram
estudadas em ambas a espécies (Araujo et al. 2004a, b, Araujo & Bond-Buckup
2004, 2005, Lopes et al. 2005, Meinhardt et al. 2007, Quadros et al. 2009, 2012,

2014, 2008, Quadros & Araujo 2008, Bugs et al. 2014, Kenne & Araujo 2015).
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Figura 1. Morfologia geral de um isépodo terrestre mostrando as caracteristicas

externas mais importantes. A) Viséo dorsal. B) Detalhe do urépodo. C) Viséo ventral.

Fonte: Sutton, 1978.
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Figura 2. Tipos eco-morfolégicos de isépodos terrestres que sao relacionados as

estratégias anti-predatérias adotadas pelos animais. Fonte: Schmalfuss, 1984.
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Figura 3. Ultraestrutura da cuticula e epiderme de pancrustacea durante diversas
fases do ciclo de muda. A nomenclatura utilizada em pancrustacea esta assinalada
na figura A e a de hexapoda na figura F. A) Camadas observadas na intermuda. B) O
comeco da pré-muda é marcado pela apolise (separacdo da cuticula e epiderme) e
seguido do comeco da deposicdo da nova epicuticula e absor¢cdo da endocuticula
velha. C) Na pré-muda tardia ha deposicdo da nova exocuticula enquanto a
enducuticula velha continua sendo absorvida. D-E) Apos a ecdise, a nova
endocuticula comeca a ser secretada pela epiderme e continua até o final da

formacao da cuticula (F). Fonte: Roer et al, 2015.
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Homarus americanus multilayered bulk cuticle twisted plywood of chitin-protein fiber plane
chitin-protein planes

honeycomb-like

chitin-protein nanofibril
plane; mineralized

Acetyl-glucosamine : a-chitin chains chitin nanofibrils chitin-protein fibers in
molecules wrapped with proteins mineral-protein matrix

Figura 4. Niveis hierarquicos da organizacdo da cuticula de um crustaceo. Os niveis
I a VIl representam o modelo geral de formacdo da matriz da cuticula. Nivel I:
polimerizacdo de N-acetil-glucosamina. Nivel Il: formagédo de cadeias de a-quitina.
Nivel lll: formacdo de nanofibras de quitina associada a proteinas. Nivel IV:
formagdo da matriz mineral-protéica com fibras de quitina-proteina (em Homarus
americanos esse nivel ndo é observado). Nivel V: nanofibras de quitina-proteina em
disposicao de colmeia; matriz mineralizada. Nivel VI: disposi¢ao helicoidal de fibras

de quitina-proteina. Nivel VII: cuticula multilamelada. Fonte: Nikolov et al. 2011.
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Figura 5. Apresentacdo esquematica do movimento de ions de célcio durante o
ciclo de muda (a) e da morfologia geral da cuticula (b) do is6podo Porcellio scaber

em diferentes fazes do ciclo de muda. Fonte: Ziegler & Merz 1999.
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“Science is simply common sense at its best”

Thomas Huxley
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Abstract

The soil is a heterogeneous habitat with layers that differ in many aspects. Soil
animals’ morphological adaptations relate to specific microhabitat. We compared
cuticle surface structures and ultrastructure of Balloniscus glaber (endogeic) and
Atlantoscia floridana (epigeic) using microscopy techniques to understand how
morphological characteristics allow sympatry. Species differed in scale and sensillum
type and disposition, as well as cuticle thickness and layer proportion. Balloniscus
glaber has curved scales and robust, caudally oriented sensilla that are most likely
adaptive features for endogeic lifestyle. Its cuticle has high overall thickness and
numerous stacks that provide toughness compatible with clinging strategy and higher
tolerance to seasonal fluctuation. Atlantoscia floridana is an epigeic species with flat
scales and long perpendicular sensilla, not adapted to the soil layer. Its delicate and
flexible cuticle with thinner stacks makes it an agile runner although with lower
tolerance to seasonal changes. Overall, differences in surface structure are related to
microhabitat selection and ecological niche, so species can occur in same location.
Differences in cuticle ultrastructure relate to behavioral strategies and environmental
tolerance. This way, knowledge of species’ ecology is complemented by

morphological data that can help to explain habitat partition.

Keywords

functional morphology; integument; exoskeleton; ultrastructure; scales; tricorn

sensilla
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1. Introduction

Terrestrial isopods, commonly known as woodlice, are an abundant group of
crustaceans that have successfully colonized the terrestrial environment. They feed
mainly on leaf litter and decomposing material (Zimmer, 2002). Despite being found
from supralittoral to arid zones (Hornung, 2011; Warburg, 1987), they are most
commonly found in the litter and soil layers.

The soil is a heterogeneous habitat with layers that differ in many aspects
such as organic content, humidity and pore size (Coleman et al., 2004). Some soil
animals can migrate into different soil profiles while others are restricted to only one
profile (Briones et al., 2009; Krab et al., 2010; Sutton, 1968). Vertical migration is a
strategy that enables certain organisms to avoid adverse conditions, such as high
temperature and humidity (Fu-xia et al.,, 2014), provided that the soil presents
different microhabitats. A continuum can be observed from epigeic (surface-dwelling
species) to endogeic (soil-dwelling) species in many groups including isopods
(Sutton et al., 1984). Even though some species of woodlice are considered
endogeic, they can still present epigeic activity depending on environmental factors
such as time of the day and soil humidity (Tuf and Jerabkova, 2008). Isopods are
abundant in many terrestrial ecosystems (Schmalfuss, 2003), but communities of
woodlice have typically low species richness and number of dominant species
(Hornung et al., 2008; Lopes et al., 2005; Quadros and Araujo, 2008; Vilisics et al.,
2012). Although woodlice distribution covers a large geographical range, all species
show fairly uniform morphology and little variation in basic body structure.

The whole body is protected by cuticle that functions as an exoskeleton; it

supports body shape and provides protection from environmental factors, including
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predation and desiccation (Seidl et al., 2011; Seidl and Ziegler, 2012). In most
crustaceans, this structure is a sclerotized and mineralized matrix secreted by the
underlying hypodermis (Compere, 1995). In woodlice, the complex cuticular surface
forms various structures such as tubercles, scales, as well as innervated sensilla for
communication with the environment (Holdich and Lincoln, 1974). Tricorn sensilla are
common exteroreceptors on the dorsal surface and appendages of woodlice
(Holdich, 1984) and have mechano- and chemosensory function (Schmalfuss, 1978;
Ziegler and Altner, 1995).

The cuticle consists of epicuticle, exocuticle, lamellated endocuticle and
membranous layer with several stacks. Some of these layers are periodically
reabsorbed while a new cuticle is secreted before ecdysis, resulting in ultrastructural
differences throughout the molt cycle. Cuticle architecture varies in different species
even though the same layers are always observed in all studied isopods (Hild et al.,
2009; Mrak et al., 2015; Neues et al., 2011; Strus et al., 2008; Vittori et al., 2012;
Vittori and Strus, 2014; Ziegler, 1994) that differs from other arthropods such as
insects (Roer et al., 2015).

Cuticle ultrastructure reflects different hierarchical levels of organization that
can be related to mechanical properties. For instance, chitin fibers are deposited in
helicoidal disposition, forming a plywood structure that resembles lamellae or stacks
in transmission micrographs. Fiber arrangement and disposition has been shown
experimentally and by modeling to interfere with material toughness (Peterlik et al.,
2005). In live animals, mechanical properties are also affected by other aspects as
cuticle hydration. Therefore, ultrastructural features indicate when the cuticle is at its
most complete form (i.e. intermolt stage) and is a good starting point to understand

cuticular mechanical properties in live animals.
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Despite having the same overall morphology, woodlice are grouped into
several eco-morphological categories (Schmalfuss, 1984) with different behavioral
characteristics. Body shape, size of appendices and cuticle characteristics are
important characters for this distinction. Rollers such as Armadillidium vulgare
(Latreille, 1804) can conglobate into a tight ball as a defense mechanism. They
typically have smooth tergal surface, making it difficult for the predator to unroll the
animal. Clingers such as Porcellio scaber Latreille, 1804 either cling to a solid
substrate or run to avoid predation. Their cuticle surface often presents tubercles.
Species that only run as defense against predators (i.e. runners), usually have
lighter, and more flexible cuticle than rollers and clingers although mineralization
degree of runners and clinger can be similar (Neues et al., 2007). Cuticle thickness
relates to ecomorphological category; however, it is more strongly correlated with
microhabitat preference (Csonka et al., 2013).

Woodlice are good experimental models used in laboratory to study several
topics ranging from adaptations to land to soil ecotoxicology. While much is known
about their morphology, physiology and ecology, other topics as adaptive
morphology to environmental conditions and microhabitat distribution still need
further investigation (Hornung, 2011). Balloniscus glaber Araujo and Zardo, 1995 and
Atlantoscia floridana (Van Name, 1940) are frequently abundant woodlice species,
commonly found in the same locations (Lopes et al., 2005). Nonetheless, these two
species present very different characteristics. Atlantoscia floridana is a surface-active
(epigeic) species that belongs to the runner group, while B. glaber is a burrowing soil-
active (endogeic) species (Quadros and Araujo, 2007) that can occasionally be found
in the litter layer. For these two species, most of the knowledge is restricted to

ecology and morphology; ecological studies are mainly related to population
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dynamics and life history traits (Araujo and Bond-Buckup, 2005; Bugs et al., 2014;
Lopes et al., 2005; Quadros et al., 2008; Quadros and Araujo, 2007). Nonetheless,
information is somewhat fragmented and few correlations have been made between
ecological features and morphological characteristics of the species.

The aim of this study was to compare the cuticle structure and composition of
B. glaber and A. floridana, in order to understand how morphological characteristics
relate to microhabitat selection and life history traits. We hypothesize that
morphological differences on the cuticle of the selected species are related to epigeic
and endogeic nature and to anti-predatory response. For that, we observed the
cuticle ultrastructure of the tergites as well as the structures present on its surface
using microscopy techniques and related these findings with previous knowledge

about ecology of both species.
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2. Material and methods

2.1 Sample collection

Specimens were sampled from the leaf litter and topsoil in two locations with
co-occurrence of the selected species, near urban areas of Porto Alegre, RS,
southern Brazil (30°4'10.19" S, 51°7'10.19" W and 30°20'2.50" S, 51°16'57.82" W).
The average cephalothorax width (CW) was 1.9+0.1 mm for Balloniscus glaber and
1.1+£0.1 mm for Atlantoscia floridana, being both species medium sized adults (for
growth curves see Araujo and Bond-Buckup, 2004; Meinhardt et al., 2007). After
identification, collected specimens were observed for three days and animals with
signs of approaching ecdysis (i.e. presence of sternal calcium deposits (Zidar et al.,
1998)) were excluded. For each technique, 2 to 5 intermolt specimens of each

species were used.

2.2 Sample preparation
Specimens were sacrificed by freezing and fixed in Karnovsky fixative (2.5 %
glutaraldehyde, 2 % paraformaldehyde in 0.1 M Hepes buffer, pH 7.3) for at least 3
days at 4 "C. Individuals were then washed in Hepes buffer prior to further steps.
Some tergites were decalcified with EDTA in Hepes buffer solution at 4 C.
Decalcification lasted 4 hours for selected samples of A. floridana and 5 days for all
B. glaber samples. Decalcification times differ due to difference in size and overall

toughness. After decalcification, samples were washed in Hepes buffer solution.
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2.3 Histology and light microscopy

Paraffin samples were processed using PELCO BioWave microwave tissue
processing system. Short times of dehydration by graded concentrations of ethanol
were used for A. floridana (70 % - 5 min, 95 % - 3 min, 2 x 100 % - 3 min), while
slightly longer times were used for B. glaber (70 % - 7 min, 95 % - 5 min, 2 x 100 % -
5 min) due to difference in size and toughness of the animal. Infiltration and
embedding in paraffin followed.

Blocks were mounted and sectioned parasagittally (8 um) on rotatory
microtome (Leica). Tissue sections were collected on glass slides, deparaffinized
with xylene and rehydrated in ethanol series. Slides were stained with Azan
(Hubschman, 1962) or Weighert's hematoxylin-eosin. Sections were photographed
with Zeiss Axioskop microscope.

Histological sections were used to measure cuticle thickness. A total of 10
measurements were obtained from the posterior part of the tergite of 3 individuals for
each species, using ImageJ software (Abramoff et al., 2004). As cuticle thickness is
correlated to body size (Vittori and Strus, 2014), average CW of 2.0 and 1.0 mm
were estimated from growth curves for B. glaber (Meinhardt et al., 2007) and A.
floridana (Araujo and Bond-Buckup, 2004), respectively, and therefore used to
normalize cuticular measurements. To make comparison easier, figures of animals

were oriented with the head to the left-hand side.

2.4 Transmission electron microscopy (TEM)
For ultrastructural analysis, some of the samples were post-fixed in osmium
tetroxide for one hour and washed in buffer solution. Samples were dehydrated in

ethanol series (30%, 50%, 70% and absolute for 20 min each). The final ethanol
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solution was gradually replaced by acetone and specimens were embedded in Agar
100 resin. Polymerization of the resin was performed in embedding molds at 60 °C
for 48 h.

Parasagittal semithin and ultrathin sections were cut with Reichert Ultracut S
ultramicrotome (Leica). Semithin sections (0.5 um) were cut with a glass knife and
stained with Azur Il — Methylene Blue. Images were obtained with a Zeiss Axiolmager
Z.1 light microscope, equipped with an HRC Axiocam camera and Axiovision
software. Ultrathin sections (70 nm) were floated on water, collected on copper grids,
and contrasted with 4% uranyl acetate and 10 % lead citrate. Grids were examined
with a CM 100 transmission electron microscope (FEI). Micrographs were recorded
with BioScan 729 and Orius 200 cameras (Gatan) using Digital Micrograph software
(Gatan). On the micrographs, animals are oriented with the head to the left-hand

side.

2.5 Scanning electron microscopy (SEM)

Fixed samples were washed with 0.1 M Hepes buffer, dehydrated in an
ascending ethanol series and transferred to pure ethanol. After gradual substitution
of ethanol with hexamethyldisilazane (HMDS), samples were air-dried and attached
to metal holders with conductive silver paint. Mounted specimens were sputter-
coated with platinum and observed with a JSM-7500F field emission scanning

electron microscope (JEOL).
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3. Results

The cuticle of both species exhibit comparable general ultrastructure but differ
considerably in thickness and sculpturing. The layers differ in thickness and
proportion in both species as well as fiber arrangement. The epicuticular surface of
the tergites of both species comprises scales and sensilla and lacks tubercles and
other ornaments. Shape, size and distribution of the scales and sensilla differ

between species and can help to explain habitat partition.

3.1 Balloniscus glaber

3.1.1 Scales

The cuticular surface of the tergites of Balloniscus glaber (Fig. 1) presents fine
scales and sensilla scattered throughout the dorsal surface (Fig. 2B). The base of the
scales is rounded and the distal end curves anteriorly (Fig. 2C). In some areas they
overlap. The profiled surface of the scales extends in longitudinal direction and forms
a serrated edge at the curved distal end of the scale (Fig. 2D-F). Although scales
cover the entire tergite, they appear more scarce and shorter on the part covered by
the preceding tergite. Areas with removed scales are present on both, covered

(anterior) and exposed (posterior) areas of the tergites (Supplementary Material).

3.1.2 Sensilla

Scales are always observed in front of each sensillum (Fig. 2A). Although not

as densely distributed as scales, the sensilla are found throughout the entire tergite
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(Fig. 2B). These exterior receptors comprise a sensory hair with an apical pore,
embedded in a shaft-forming cuticular structure at its base, without observable
articulation with the basic cuticle (Fig. 2). The shaft opens dorsally towards its distal
end, exposing the sensory hair of the sensilla. Regardless the sensillum morphotype,
the distal ventral end always exceeds the length of its sensory hair (Fig. 2B, D-F).

The sensilla are oriented caudally, protruding gently from the cuticle in an
acute angle with the body surface (Fig. 2). Besides their scattered distribution
throughout the surface of the tergites, a line of sensilla is also observed at the edge
of the posterior margin of all tergites (Fig. 2B, C). Although the surface-type and the
edge-type sensilla have the same basic anatomy, they differ in size and shape.

The edge-type sensillum (Fig. 2A, C) is generally longer than the surface-type,
measuring about 30 um. The protective shaft of the edge-type sensillum resembles a
cluster of filaments merged at their base and slightly fanning towards their distal end
(Fig. 2A). Although the overall structure of this sensillum type is about the same
throughout the entire edge of the tergite, the length of the sensory hair and
supporting ventral side varies without any clear pattern and regardless of the position
of the sensillum, so the apical pore can be located proximally or distally in the
sensillum (Fig. 2C).

The surface-type sensillum (Fig. 2D-F) does not change much in shape, but
varies considerably in size. It measures from 15 to 25 pum. In this sensillum type, the
protective shaft consists of merged filaments rather than a cluster of filaments.
Regardless of the size of the sensillum, the sensory hair always extends distally,

towards the tip of the supporting ventral side.
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3.1.3 Cuticle ultrastructure

Histological sections show tergites arranged as overlapping series of
successive segments (Fig. 1). In these sections, no scales were observed in the
anterior part of the tergite. The overlapped scales consist of epicuticle only (Fig. 3E).
In transmission electron micrographs, a thin epicuticle composed of two electron
dense layers is observed (Fig.3C). This layer forms scales (Fig. 3E) on the cuticle
surface. These are thicker at their base (approximately 400 nm) and thinner distally.
The tergal cuticle is composed of distinct layers: epicuticle, distal and proximal
exocuticle, and endocuticle with membranous layer facing the epithelium (Fig. 3 A,
B). The protective shaft from the sensillum (Fig. 3F) is also constituted of epicuticle
material.

As the cuticle thickness is slightly different in the anterior and posterior parts of
the tergite, measurements were obtained from the posterior part. The average
thickness of the cuticle is about 21+1 um, although average thickness of one
individual was around 30 um. The epicuticle (Fig 3C) consists of several layers (Fig.
3C) with overall thickness about 100 nm. The exocuticle (Fig. 3A-C) measures 4-
5um on average and presents several stacks. It is differentiated in distal and
proximal layers that are most noticeable at the posterior edge of the tergite (Fig. 3B).
The endocuticle is the thickest layer comprising numerous stacks or lamellae (Fig.
3A). In this layer, the distal stacks are thicker than the proximal stacks. The average
thickness of the postecdysial layers (endocuticle and membranous layer) is 18+1 um
with average stack thickness of 0.7+£0.07 um. For the individual with thicker cuticle,
the average exocuticle thickness did not differ from other animals, but average
endocuticle thickness was around 23 um. Pore canals (Fig. 3D) are observed in all

length of the cuticle but are more abundant in the anterior part of the tergite.
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3.2 Atlantoscia floridana

3.2.1 Scales

The tergites of A. floridana (Fig. 4A) present a smoother surface than B.
glaber (Supplementary Material). The cuticular scales are flat, close to the surface,
semi-circular at the base and rounded at their distal end (Fig. 5A). They rarely
overlap. The profiled surface of the scales extends longitudinally and gradually
wrinkles towards the distal end of the scale, forming an irregular yet smooth distal
edge. The posterior edge of the tergites ends with wide, rectangular, flap-like scales,

extending alongside the tergite edge (Fig. 4B, 5D).

3.2.2 Sensilla

The base of the sensillum protruding from the tergites of A. floridana is always
overlapped by a scale (Fig. 5B, C). When preceding the sensillum, the scale usually
projects upwards rather than lying flat along the surface (Fig. 5B). The sensilla on the
surface of A. floridana also comprise a sensory hair with an apical pore and a
supporting cuticular shaft around the sensory hair (Fig. 4C, 5B-C). Two kinds of
sensilla were observed on the surface of A. floridana: long-type (Fig. 4C, 5B) and
short-type sensillum (Fig. 5C, 6C). Both types are scattered throughout the tergite
surface and absent at the posterior edge of the tergite in this species (Fig. 6D).

The long-type sensillum (Fig. 6B) measures about 40 um and protrudes
perpendicularly from the surface. It consists of a long, tube-like shaft forming a short,
shallow gutter supporting the posterior face of the sensory hair, which extends

beyond the surrounding shaft. This structure cuts through the cuticle ending in a bulb
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with nervous tissue (stained in red with Azan) underneath the cuticle (4C). The apical
pore at the tip of the hair is anteriorly oriented (Fig. 5B).

The short-type sensillum (Fig. 5C, 6C) is much shorter than the previous type,
measuring about 10 um. They point backwards and lay flat on the surface. The flat,
leaf-like shaft opens dorsally, exposing the sensory hair, which never extends

beyond the edge of the supporting ventral side.

3.2.3 Cuticle ultrastructure

Histological sections show the overlapping tergites of the successive
segments, with the flap-like scale at the edge forming an awning structure towards
the next segment (Fig. 4A-B). In histological sections, scales are not easily observed
provided that they are flat to the surface. Both types of scales consist of epicuticle.
The scales are thinner comparing to those of B. glaber (approximately 200 nm), and
have constant thickness throughout their length. The protective shaft from the
sensilla is also constituted of epicuticle material (not shown). In transmission
micrographs, the cuticle structure shows three distinct layers, a thin epicuticular
layer, an exocuticle, and an endocuticle with pore canals (Fig. 6).

The cuticle of A. floridana (Fig. 6A) is about 6+0.3 um thick in average.
Maximum thickness recorded was around 8 um. The exocuticle is about 1.5+0.1 um
thick and differentiation of proximal and distal parts that can be observed most clearly
at the posterior margin of the tergite (Fig. 6B). Although thinner than in B. glaber, the
relative proportion of the exocuticle is higher in A. floridana (Fig. 7). The endocuticle
is about 4-5um thick. The average stack thickness from the postecdysial layers
(endocuticle and membranous layer) is 0.3+0.02 um, with thinner stacks on the

proximal end.
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4. Discussion

This study presents new information on cuticular morphology of two woodlice
species and correlates this ecomorphological data with microhabitat selection and life
history traits. We show the differences in cuticular surface structures, and
ultrastructure of two woodlice species with similar ecological requirements that allow

them to occupy different microhabitats within the soil.

4.1 Surface structures of Balloniscus glaber and endogeic lifestyle

Balloniscus glaber has cuticular surface structures that allow burrowing
behavior and endogeic (soil-active) lifestyle, despite the lack of some morphological
attributes previously related to this lifestyle. In fact, animals were more frequently
collected from the soil than from the litter in both selected locations (Wood, C.T.,
personal observation). Previously, endogeic species have been mainly related to the
creeper ecomorphological group that inhabits crevices in the soil (Sutton 1984).
Unlike creepers that are small and narrow species (Sutton et al., 1984), B. glaber is
larger and does not have ornamentations such as tubercles. Instead, they present
many curved scales that protrude upwards. These structures are considered to be
anti-adhesive (Schmalfuss, 1976) so their high density throughout the dorsal surface
can help preventing attachment of small soil particles, despite the lack of tubercles
and ribs observed for this species.

Another characteristic that is compatible with endogeic activity and burrowing
behavior is the position of sensilla. They present an acute angle with the body
surface which means that the receptors are less prone to breaking than

perpendicular sensilla. Also, the caudal orientation makes the apical pore less prone
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to blockage by soil particles. The same disposition has been shown on the clinger
species Porcellio scaber (Ziegler and Altner, 1995). Furthermore, the protective
structure of the sensilla around the sensory hair is quite robust and should be
resistant to breaking in a compact environment like the soil. Therefore, the observed
disposition and overall external morphology seem to be related to the surrounding

physical environment and endogeic nature of B. glaber.

4.2 Cuticle ultrastructure of Balloniscus glaber and clinging strategy

Although B. glaber possess an intermediate morphology between runners and
clingers, the observed cuticle ultrastructure is similar to that of other clinger species.
Clingers require a tougher cuticle than runners since they attach firmly to the
substrate to stop the predator from accessing their soft parts. We observed a similar
cuticular thickness between B. glaber and Porcellio scaber (Hild et al., 2008) that
also present clinging strategy.

Besides thickness, specific cuticle ultrastructure is also related to mechanical
strength in arthropods. Mechanical properties have been related to fiber arrangement
and hierarchical level of organization (Erko et al., 2013) and organic and mineral
composition (Bar-On et al., 2014; Erko et al., 2015, 2013; Huber et al., 2014; Nikolov
et al., 2011; Politi et al., 2012; Wu et al., 2016). For example, great changes in fiber
orientation along the cuticle are suggested to influence mechanical properties and its
resistance to shear in subterraneous woodlice (Vittori and Strus, 2014). Therefore, a
heterogeneous cuticle with a thick proximal exocuticle layer and an endocuticle with
a high number of stacks of varying thickness suggests that the cuticle of this species

possesses high mechanical strength in live animals.
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In terms of behavior, B. glaber can present tonic immobility when disturbed
(Quadros et al, 2012) and clings tightly to the substrate when attacked.
Morphologically, it also possesses some attributes common to clinger species
(Schmalfuss, 1984) such as short pereopods and flat body. This indicates B. glaber
is a clinger and cuticle thickness and ultrastructure might be an additional
characteristic related to anti-predatory response.

The presence of five pairs of pleopodal lungs (Araujo and Leistikow, 1999)
along with the higher cuticle thickness of B. glaber can be related to the higher
environmental tolerance observed for this species. Morphological characteristics
such as surface area of respiratory structures and total cuticle thickness influence
animal’'s environmental tolerance and therefore are important factors influencing
habitat distribution (Csonka et al., 2013). This species is resistant to seasonal
fluctuations regarding temperature and humidity (Quadros and Araujo, 2007), so the
thickness of the cuticle may also be related to this observed tolerance. Furthermore,
the ultrastructure of the epicuticle with two electron dense layers can also be related

to more effective waterproofing.

4.3 Surface structures of Atlantoscia floridana and epigeic lifestyle

Unlike B. glaber, the cuticular surface of A. floridana doesn’t present
characteristics compatible with endogeic (soil active) habit. This species is
characteristic of the litter layer with few individuals occurring in the most superficial
soil layer during cold periods (Araujo and Bond-Buckup, 2005). Atlantoscia floridana
has small body size and lacks surface structures that could minimize water adhesion
on the body surface. Also, many perpendicular sensilla observed in A. floridana were

broken on scanning micrographs even though the preceding flat scale at the base of
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the sensilla might help in stopping it from moving frontwards. These surface
structures may restrict A. floridana to the surface layer (i.e. litter).

Exposition to the environment and predators on the surface layer may also
provide sufficient evolutionary pressure for the development of the observed
disposition of sensilla in this species, which may increase perception of the
surrounding environment. The litter layer can be used as predation arena for soil
animals (Kajak, 1995), and detection of substrate vibration can be a trigger for anti-
predator response (Lohrey et al., 2009). Therefore, subtle movements in the litter
may elicit a running response in this species so the long-type sensillum may increase
the potential surrounding area which the animal can perceive. Both sensilla types
present a bulb with nervous tissue underneath the cuticle, but more information on

their ultrastructure is needed to determine chemosensory function.

4.4 Cuticle ultrastructure of Atlantoscia floridana and running strategy

The cuticle ultrastructure observed in A. floridana indicates a delicate and
flexible nature that is compatible with running strategy. The cuticle thickness of this
species is similar to other surface trichoniscids (Vittori and Strus, 2014), and the
ultrastructure similar to other runners such as Ligia italica Fabricius 1798 (Strus et
al., 2008) and Titanethes albus (C. Koch, 1841) (Hild et al., 2009; Vittori and Strus,
2014). Besides the thickness, the more homogeneous and looser fibrilar structure of
the cuticle of A. floridana also indicates its light nature. Further testing on mechanical
properties should be conducted to confirm these features.

The thin and flexible cuticle of A. floridana is compatible to its running strategy
but might be less effective in preventing accumulation of unwanted particles between

segments. Also, the overlapping area of the tergites in this species is narrower than
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in B. glaber since the length of this area is related to overall body size. Thus, the flap-
like scale at the posterior edge of the tergites constitutes an additional physical
barrier that protects the arthrodial membrane, and might increase protection against
entrance of unwanted solil particles in the space between tergites. This flap-like scale
might work in a similar way to the wedge-shape and the elongated scales with long
bristles found in Tylos europaeus Arcangeli, 1938 (Seidl et al., 2011).

Populations of A. floridana are more unstable than of B. glaber (Quadros and
Araujo, 2007) and species’ abundance is highly affected by fluctuations in
temperature and humidity (Araujo and Bond-Buckup, 2005). The comparably thinner
cuticle observed in this species might make it less tolerant to environmental changes.
Other physiological attributes related to environmental tolerance are not known for
this species and could also interfere in population stability. Moreover, the observed
surface structures seem to restrict species to the surface-layer and hinders vertical
migration (not recorded for this species in the literature) that would help the animal to

avoid certain adverse environmental conditions.

5. Conclusions

Overall, we observed that surface structures present in Balloniscus glaber
such as scale type and disposition of sensilla are adequate for endogeic lifestyle,
while the cuticle ultrastructure with attributes such as higher overall thickness and
stack number indicates this species has a tough cuticle that is necessary for clinging
anti-predatory response. On the other hand, the size and disposition of sensilla and
flat scales found on the surface of Atlantoscia floridana coupled with its thinner and

delicate cuticle makes it an agile epigeic runner. Since cuticular characteristics affect
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physiological attributes such as resistance to desiccation, these have implications on
resistance to environmental fluctuations. Therefore, population stability of both
species can be not only related to animal’s behavioral and reproductive strategies but
also to differences in physiology influenced by cuticular characteristics.

This work described morphological attributes from the cuticle of two species
and combined knowledge on ecology to help to understand how they relate to habitat
partition and life history. Functional morphology data can help to establish
connections between morphology and ecology and provide future directions and

experiments to further elucidate the inferred connections.

Acknowledgments

The authors wish to thank CAPES for granting the PDSD scholarship BEX 6034-14-4
to CTW and CNPq for the Productivity Fellowship 305900/2014-5 to PBA. We are
also grateful to Magda TuSek-Znidari¢ and Polona Mrak for the help in sample
preparation, and to MiloS Vittori and two anonymous reviewers for valuable
comments on a previous version of the manuscript. Animal collection and
transportation are in compliance with Brazilian federal laws (license # 43200 and

14BR015851/DF from IBAMA)

60



Capitulo | — Morfologia da cuticula e historia de vida

References

Abramoff, M.D., Magalhdes, P.J., Ram, S.J., 2004. Image processing with ImageJ.

Biophotonics Int. 11, 36-43. doi:10.1117/1.3589100

Araujo, P.B., Bond-Buckup, G., 2005. Population structure and reproductive biology
of Atlantoscia floridana (van Name, 1940) (Crustacea, Isopoda, Oniscidea) in

southern Brazil. Acta Oecologica 28, 289-298. doi:10.1016/j.acta0.2005.05.005

Araujo, P.B., Bond-Buckup, G., 2004. Growth curve of Atlantoscia floridana (van
Name) (Crustacea, Isopoda, Philosciidae) from a Brazilian Restinga Forest. Rev.

Bras. Zool. 21, 1-8. d0i:10.1590/S0101-81752004000100001

Araujo, P.B., Leistikow, A., 1999. Philosciids with pleopodal lungs from Brazil with

descriptions of a new species. Contrib. to Zool. 68, 109-141.

Araujo, P.B., Zardo, C.M.L., 1995. Uma nova espécie de Balloniscus Budde-Lund
(Crustacea, Isopoda, Balloniscidae) do sul do Brasil. Rev. Bras. Zool. 12, 785—

790. d0i:10.1590/S0101-81751995000400008

Bar-On, B., Barth, F.G., Fratzl, P., Politi, Y., 2014. Multiscale structural gradients
enhance the biomechanical functionality of the spider fang. Nat Commun 5, 1-8.

doi:10.1038/ncomms4894

Briones, M.J.l., Ostle, N.J., McNamara, N.P., Poskitt, J., 2009. Functional shifts of
grassland soil communities in response to soil warming. Soil Biol. Biochem. 41,

315-322. doi:10.1016/j.s0ilbio.2008.11.003

Bugs, P.S., Araujo, P.B., Mendonca Junior, M. de S., Ott, R., 2014. Diversity and

61



Capitulo | — Morfologia da cuticula e historia de vida

population characteristics of terrestrial isopods (Crustacea, Oniscidea) across
three forest environments in southern Brazil. lheringia. Série Zool. 104, 334—

340. doi:10.1590/1678-476620141043334340

Coleman, D.C., Crossley, D.A., Hendrix, P.F., 2004. Fundamentals of soil ecology.

Elsevier Academic Press. Chicago (Autor-Data, 15th ed.), Amsterdam.

Compere, P., 1995. Fine structure and morphogenesis of the sclerite epicuticle in the
Atlantic shore crab Carcinus maenas. Tissue Cell 27, 525-538.

doi:10.1016/S0040-8166(05)80061-8

Csonka, D., Halasy, K., Szabé, P., Mrak, P., Strus, J., Hornung, E., 2013. Eco-
morphological studies on pleopodal lungs and cuticle in Armadillidium species
(Crustacea, Isopoda, Oniscidea). Arthropod Struct. Dev. 42, 229-35.

doi:10.1016/j.asd.2013.01.002

Erko, M., Hartmann, M.A., Zlotnikov, I., Valverde Serrano, C., Fratzl, P., Politi, Y.,
2013. Structural and mechanical properties of the arthropod cuticle: Comparison
between the fang of the spider Cupiennius salei and the carapace of American
lobster Homarus  americanus. J.  Struct. Biol. 183, 172-179.

doi:10.1016/j.jsb.2013.06.001

Erko, M., Younes-Metzler, O., Rack, A., Zaslansky, P., Young, S.L., Milliron, G.,
Chyasnavichyus, M., Barth, F.G., Fratzl, P., Tsukruk, V., Zlotnikov, I., Politi, Y.,
2015. Micro- and nano-structural details of a spider’'s filter for substrate
vibrations: relevance for low-frequency signal transmission. J. R. Soc. Interface

12, 1-13. doi:10.1098/rsif.2014.1111

Fu-xia, H., Tong-yin, X., Gui-lin, X., Rong-shu, F., 2014. Vertical migrating and

62



Capitulo | — Morfologia da cuticula e historia de vida

cluster analysis of soil mesofauna at Dongying Halophytes Garden in Yellow
River Delta. J. Northeast Agric. Univ. (English Ed. 21, 25-30.

doi:10.1016/S1006-8104(14)60018-0

Hild, S., Marti, O., Ziegler, A., 2008. Spatial distribution of calcite and amorphous
calcium carbonate in the cuticle of the terrestrial crustaceans Porcellio scaber
and Armadillidium vulgare. J. Struct. Biol. 163, 100-108.

doi:10.1016/j.jsb.2008.04.010

Hild, S., Neues, F., Znidarsi¢, N., Strus, J., Epple, M., Marti, O., Ziegler, A., 2009.
Ultrastructure and mineral distribution in the tergal cuticle of the terrestrial isopod
Titanethes albus. Adaptations to a karst cave biotope. J. Struct. Biol. 168, 426—

436. doi:10.1016/}.jsb.2009.07.017

Holdich, D.M., 1984. The cuticular surface of woodlice: a serch for receptors, in:

Symposia of the Zoological Society of London 53. pp. 9-48.

Holdich, D.M., Lincoln, R.J., 1974. An investigation of the surface of the cuticle and
associated sensory structures of the terrestrial isopod, Porcellio scaber. J. Zool.

172, 469-482. doi:10.1111/j.1469-7998.1974.tb04379.x

Hornung, E., 2011. Evolutionary adaptation of oniscidean isopods to terrestrial life:
Structure, physiology and behavior. Terr. Arthropod Rev. 4, 95-130.

doi:10.1163/187498311X576262

Hornung, E., Vilisics, F., S6lymos, P., 2008. Low a- and high B-diversity in terrestrial
isopod assemblages in the Transdanubian region of Hungary, in: Proceedings of

the International Symposium of Terrestrial Isopod Biology - ISTIB-07. pp. 1-11.

63



Capitulo | — Morfologia da cuticula e historia de vida

Huber, J., Fabritius, H., Griesshaber, E., Ziegler, A., 2014. Function-related
adaptations of ultrastructure, mineral phase distribution and mechanical
properties in the incisive cuticle of mandibles of Porcellio scaber Latreille, 1804.

J. Struct. Biol. 188, 1-15. doi:10.1016/}.jsb.2014.09.002

Hubschman, J.H., 1962. A simplified azan process well suited for crustacean tissue.

Stain Technol. 37, 379-380.

Kajak, A., 1995. The role of soil predators in decomposition processes. Eur. J.

Entomol. 92, 573-580. do0i:10.14411/eje.1995.073

Krab, E.J., Oorsprong, H., Berg, M.P., Cornelissen, J.H.C., 2010. Turning northern
peatlands upside down: Disentangling microclimate and substrate quality effects
on vertical distribution of Collembola. Funct. Ecol. 24, 1362-1369.

doi:10.1111/j.1365-2435.2010.01754.x

Lohrey, A.K., Clark, D.L., Gordon, S.D., Uetz, G.W., 2009. Antipredator responses of
wolf spiders (Araneae: Lycosidae) to sensory cues representing an avian

predator. Anim. Behav. 77, 813-821. doi:10.1016/j.anbehav.2008.12.025

Lopes, E.R.D.C., Mendonc¢a Jr, M.D.S., Bond-Buckup, G., Araujo, P.B., 2005.
Oniscidea diversity across three environments in an altitudinal gradient in
northeastern Rio Grande do Sul, Brazil. Eur. J. Soil Biol. 41, 99-107.

doi:10.1016/j.ejs0bi.2005.11.002

Meinhardt, H., Quadros, A.F., Araujo, P.B., 2007. Growth curve of Balloniscus glaber
Araujo & Zardo (Crustacea, Isopoda, Oniscidea) from Parque Estadual de
Itapud, Rio Grande do Sul, Brazil. Rev. Bras. Zool. 24, 1108-1112.

doi:10.1590/S0101-81752007000400030

64



Capitulo | — Morfologia da cuticula e historia de vida

Mrak, P., Bogataj, U., Strus, J., Znidar$i¢, N., 2015. Formation of the hindgut
cuticular lining during embryonic development of Porcellio scaber (Crustacea,

Isopoda). Zookeys 515, 93-109. doi:10.3897/zookeys.515.9468

Neues, F., Hild, S., Epple, M., Matrti, O., Ziegler, A., 2011. Amorphous and crystalline
calcium carbonate distribution in the tergite cuticle of moulting Porcellio scaber

(Isopoda, Crustacea). J. Struct. Biol. 175, 10-20. doi:10.1016/}.jsb.2011.03.019

Neues, F., Ziegler, A., Epple, M., 2007. The composition of the mineralized cuticle in
marine and terrestrial isopods: a comparative study. Cryst. Eng. Commun. 9,

1245-1251. doi:10.1039/b710974a

Nikolov, S., Fabritius, H., Petrov, M., Friak, M., Lymperakis, L., Sachs, C., Raabe, D.,
Neugebauer, J., 2011. Robustness and optimal use of design principles of
arthropod exoskeletons studied by ab initio-based multiscale simulations. J.

Mech. Behav. Biomed. Mater. 4, 129-45. doi:10.1016/j.jmbbm.2010.09.015

Peterlik, H., Roschger, P., Klaushofer, K., Fratzl, P., 2005. From brittle to ductile

fracture of bone. Nat. Mater. 5, 52-55. doi:10.1038/nmat1545

Politi, Y., Priewasser, M., Pippel, E., Zaslansky, P., Hartmann, J., Siegel, S., Li, C.,
Barth, F.G., Fratzl, P., 2012. A spider’s fang: How to design an injection needle
using chitin-based composite material. Adv. Funct. Mater. 22, 2519-2528.

doi:10.1002/adfm.201200063

Quadros, A.F., Araujo, P.B., 2008. An assemblage of terrestrial isopods (Crustacea)
in southern Brazil and its contribution to leaf litter processing. Rev. Bras. Zool.

25, 58-66. doi:10.1590/S0101-81752008000100009

65



Capitulo | — Morfologia da cuticula e historia de vida

Quadros, A.F., Araujo, P.B., 2007. Ecological traits of two neotropical oniscideans
(Crustacea, Isopoda). Acta Zool. Sin. 53, 241-249. doi:10.1590/1678-

476620141043334340

Quadros, A.F., Araujo, P.B., Sokolowicz, C.C., 2008. Reproduction of Neotropical
isopods (Crustacea: Oniscidea) in southern Brazil: similarities and differences
relative to temperate and tropical species, in: Proceedings of the International

Symposium of Terrestrial Isopod Biology - ISTIB-07. pp. 81-90.

Quadros, A.F., Bugs, P.S., Araujo, P.B., 2012. Tonic immobility in terrestrial isopods:
intraspecific  and interspecific  variability. = Zookeys 176, 155-170.

doi:10.3897/zookeys.176.2355

Roer, R.D., Abehsera, S., Sagi, A., 2015. Exoskeletons across the pancrustacea:
Comparative morphology, physiology, biochemistry and genetics. Integr. Comp.

Biol. 55, 771-791. doi:10.1093/icb/icv080

Schmalfuss, H., 2003. World catalog of terrestrial isopods (Isopoda: Oniscidea).

Stuttgarter Beitrage zur Naturkd. Serie A, 341pp.

Schmalfuss, H., 1984. Eco-morphological strategies in terrestrial isopods. Symp.

Zool. Soc. London 53, 49-63.

Schmalfuss, H., 1978. Morphology and function of cuticular micro-scales and
corresponding structures in terrestrial isopods (Crust., Isop., Oniscoidea).

Zoomorphologie 91, 263-274. doi:10.1007/BF00999815

Schmalfuss, H., 1976. Morphologie und Funktion der tergalen Langsrippen bei

Landisopoden (Oniscoidea, Isopoda, Crustacea). Zoomorphologie 86, 155-167.

66



Capitulo | — Morfologia da cuticula e historia de vida

doi:10.1007/BF00995522

Seidl, B., Huemer, K., Neues, F., Hild, S., Epple, M., Ziegler, A., 2011. Ultrastructure
and mineral distribution in the tergite cuticle of the beach isopod Tylos
europaeus  Arcangeli, 1938. J. Struct. Biol. 174, 512-526.

doi:10.1016/j.jsb.2011.03.005

Seidl, B.H.M., Ziegler, A., 2012. Electron microscopic and preparative methods for
the analysis of isopod cuticle. Zookeys 176, 73-85.

doi:10.3897/zookeys.176.2294

Strus, J., Znidarsi¢, N., Hild, S., Ziegler, A., 2008. Microscopic anatomy and mineral
composition of cuticle in amphibious isopods Ligia italica and Titanethes albus
(Crustacea:lsopoda), in: 14th European Microscopy Congress. Springer Berlin

Heidelberg, Aachen, Germany, pp. 185-186. doi:10.1007/978-3-540-85226-1

Sutton, S.L., 1968. The population dynamics of Trichoniscus pusillus and Philoscia
muscorum (Crustacea, Oniscoidea) in limestone grassland. J. Anim. Ecol. 37,

425-444. doi:10.2307/2958

Sutton, S.L., Hassall, M., Willows, R., Davis, R.C., Grundy, A., Sunderland, K.D.,
Davies, R.C., Grundy, A., Sunderland, K.D., 1984. Life histories of terrestrial
isopods: a study of intra- and interspecific variation. Symp. Zool. Soc. London

53, 269-294.

Tuf, I.H., Jerabkova, E., 2008. Diurnal epigeic activity of terrestrial isopods ( Isopoda:

Oniscidea ). Proc. Int. Symp. Terr. Isopod Biol. 167-172.

Vilisics, F., Szekeres, S., Hornung, E., 2012. Size dependent differences in litter

67



Capitulo | — Morfologia da cuticula e historia de vida

consumption of isopods: preliminary results. Zookeys 176, 247-59.

doi:10.3897/zookeys.176.2470

Vittori, M., Kostanjsek, R., Znidarsi¢, N., Strus, J., 2012. Molting and cuticle
deposition in the subterranean trichoniscid Titanethes albus (Crustacea,

Isopoda). Zookeys 176, 23—38. doi:10.3897/zookeys.176.2285

Vittori, M., Strus, J., 2014. The integument in troglobitic and epigean woodlice
(Isopoda: Oniscidea): a comparative ultrastructural study. Zoomorphology 133,

391-403. doi:10.1007/s00435-014-0232-9

Warburg, M.R., 1987. Isopods and Their Terrestrial Environment, Advances in

Ecological Research 17. doi:10.1016/S0065-2504(08)60246-9

Wu, X., Ma, D., Eisenlohr, P., Raabe, D., Fabritius, H.-O., 2016. From insect scales
to sensor design: modelling the mechanochromic properties of bicontinuous
cubic structures. Bioinspir. Biomim. 11, 45001. do0i:10.1088/1748-

3190/11/4/045001

Ziegler, A., 1994. Ultrastructure and electron spectroscopic diffraction analysis of the
sternal calcium deposits of Porcellio scaber Latr. (Isopoda, Crustacea). J. Struct.

Biol. 112, 110-116.

Ziegler, A., Altner, H., 1995. Are the most numerous sensilla of terrestrial isopods
hygroreceptors? Ultrastructure of the dorsal tricorn sensilla of Porcellio scaber.

Cell Tissue Res. 282, 135-145. doi:10.1007/BF00319140

Zimmer, M., 2002. Nutrition in terrestrial isopods (Isopoda: Oniscidea): an

evolutionary-ecological approach. Biol. Rev. 77, 455-493.

0o



Capitulo | — Morfologia da cuticula e historia de vida

Appendix - List of figures

Fig. 1. Parasagital histological sections of Balloniscus glaber stained with Azan
showing overlapping tergites.

Fig. 2. Scanning micrographs of sensilla with preceding scale and their distribution
on the tergite cuticle of Balloniscus glaber.

Fig. 3. Transmission electron micrographs of the cuticle structure of Balloniscus
glaber.

Fig. 4. Histological sections of Atlantoscia floridana.

Fig. 5. Scanning electron micrographs of sensilla with preceding scale on the
cuticular surface of Atlantoscia floridana.

Fig. 6. Transmission electron micrographs of the cuticle structure of Atlantoscia

floridana.

Fig. 7. Relative thickness of cuticular layers and transmission electron micrographs

of the cuticle ultrastructure of Balloniscus glaber and Atlantoscia floridana.

Supplementary material:

Fig. Dorsal cuticular surface of Balloniscus glaber (A-C) and Atlantoscia floridana (D-

F).
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Cephalothorax Pereion Pleon

Fig. 1. Parasagittal histological sections of Balloniscus glaber stained with Azan

showing overlapping tergites.
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on the tergite cuticle of Balloniscus glaber. A) Detail of edge-type sensillum
comprising a sensory hair with an apical pore (arrow) surrounded by a tapering
tubular projection. B) Tergite surface showing scattered scales, surface-type sensilla
(arrowheads) and a line of edge-type sensilla. C) Edge-type sensilla with distally and
proximally positioned apical pores (arrows). D-F) Several morphotypes of surface
type-sensilla (arrows indicate apical pores). Note the serrated margin of the curved
scale visible on figures D-F.
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Fig. 3. Transmission electron micrographs of the cuticle structure of Balloniscus
glaber. A) Parasagittal section of the cuticle showing different layers. B) Posterior
edge of the tergite showing the distinction of the proximal (pex) and distal (dex)
exocuticle. C) Detail of epicuticle and exocuticle. D) Transversal cut of pore canals
(arrowhead) in the endocuticle. E) Curved epicuticular scale on the tergite surface F)
Surface-type sensillum with overlapping scale. sc, scale; ep, epicuticle; ex,
exocuticle; en, endocuticle; dex, distal exocuticle; pex, proximal exocuticle; ml,
membranous layer; sl, sensillum; sh, sensory hair; ps, protective shatft.
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A

Cephalothorax Pereion Pleon
|

Fig. 4. Histological sections of Atlantoscia floridana. A) Parasagittal section stained
with Azan showing overlapping tergites (premolt animal). B) Hematoxylin-eosin
staining of flap-like scale (arrow) at the posterior edge of the tergite on the area
equivalent to the one assign on figure A. C) Azan stained transverse section of long-
type sensillum with bulb containing nervous tissue (red-stained) underneath the

cuticle.
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Fig. 5. Scanning electron micrographs of sensilla with a preceding scale on the
cuticular surface of Atlantoscia floridana. A) Short- (arrowheads) and long-type
sensillum formed by a sensory hair surrounded by a protective structure, scattered
over the surface of the 7th tergite. B) Long-type sensillum perpendicular to the tergite
surface with an overlapping scale at the base. C) Detail of the cuticular surface
showing scattered scales and a short-type sensillum. D) Flap-like scale at the

posterior edge of the tergite. Arrows indicate the apical pores.
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Fig. 6. Transmission electron micrographs of the cuticle structure of Atlantoscia

floridana. A) Parasagittal section of the cuticle showing different layers. B) Posterior
edge of the tergite showing the distinction of the proximal (pex) and distal (dex)
exocuticle. C) Short-type sensillum partially cutting through the cuticle. ep, epicuticle;
ex, exocuticle; en, endocuticle; dex, distal exocuticle; pex, proximal exocuticle; sc,

scale; sl, sensillum.
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Fig. 7. Relative thickness of cuticular layers and transmission electron micrographs

of the cuticle ultrastructure of Balloniscus glaber and Atlantoscia floridana.
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Supplementary material. Fig. Dorsal cuticular surface of Balloniscus glaber (A-C)
and Atlantoscia floridana (D-F). A) General appearance of B. glaber. B) Scanning
electron micrograph showing overlapping curved scales. C) Scanning electron
micrograph of 5th, 6th and partially 7th tergite, showing dense coverage with curved
scales and partially descaled areas on the exposed posterior surface of the tergite
(post) (arrowheads) and less-scaled anterior part of the tergite (ant) covered by
removed 4th tergite. D) General appearance of A. floridana. E) Scanning electron
micrograph of flat semicircular scales. F) Scanning micrograph of a tergites surface
covered with flat scales and flap-like scale at the posterior edge (arrow)
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Abstract.

Terrestrial isopods molt frequently throughout their lives in order to grow and/or
renew surface receptors. The molting cycle in terrestrial isopods can be affected by
external and internal factors and involves strategies to recycle body calcium such as
biphasic molting. We used experimental units with artificial diet and structural
analysis of the cuticle to understand how calcium-deficient and calcium-rich food
sources interfere with the molt cycle of two species with different cuticular
characteristics. Peculiarities such as lateral stretching of the antennae were observed
during ecdysis of Atlantoscia floridana and might relate to specific morphology of the
species. Intramolt duration was longer for Balloniscus glaber as well as overall
survivorship in treatments. Cycle duration was influenced by calcium concentration. A
trend of shorter molt cycle was observed with increasing calcium concentration for B.
glaber while in A. floridana only difference between control and treatments was
observed. Degree of mineralization of B. glaber showed negligible difference
between treatments. Regardless of treatment and species, higher mortality rate
under lab conditions seems to be related to the process of ecdysis itself with
cumulative mortality of 20% from the beginning of posterior ecdysis until the

beginning of postmolt period.

Key words: cuticle, ecdysial failure, experimental diet, exuviae, elemental

distribution, mineralization degree
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Introduction

Ecdysis is a periodic process of shedding the old cuticle by which arthropods
grow. The rigid external cuticle of arthropods serves as an exoskeleton that does not
allow continuous growth. Frequency of ecdysis is associated with body size (Lawlor
1976), so molt cycle duration increases with animals growth. Some species enter a
period of anecdysis after reaching a certain size while others continue to molt for the
entire life. Nonetheless, ecdysis is only one part of the molt cycle that involves
resorption and deposition of a new cuticle before the old one is shed. In crustaceans,
this molt cycle involves calcification that is the primary method by which they harden
their cuticle (Greenaway 1985). Terrestrial crustaceans such as woodlice uptake
calcium exclusively by the food, unlike other crustaceans that can assimilate calcium
from the water (Ziegler 2003) and therefore need to recycle high amounts of calcium
from the old cuticle prior ecdysis. Deposition of amorphous calcium carbonate in
sternal deposits during premolt (Ziegler 1994), biphasic molting and consumption of
exuviae (Greenaway 1985) are some strategies that allow woodlice to recycle about
50 % of the calcium (Steel 1993) from the old cuticle.

Detailed descriptions of the ecdysial process in woodlice have been published
(Heeley 1941, Hatchett 1947, Paris & Pitelka 1962, Vittori et al. 2012) as well as data
on molting frequency of different species (Edney 1964, White 1968, Lawlor 1976,
Steel 1980, Zidar et al. 1998, Strus & Blejec 2001, Vittori et al. 2012). Regarding
morphological differences of the cuticle throughout the molt cycle, there are several
studies with different species regarding the formation and structure of sternal calcium
deposits (i.e. Wood & Russell 1987, Ziegler 1994, Vittori et al. 2012), cuticle
deposition (i.e. Messner 1965, Steel 1982, 1993, Strus & Compére 1996, Ziegler

1997) and quantification and distribution of minerals (i.e. Becker et al. 2005, Hild et
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al. 2008, Seidl et al. 2011, Neues et al. 2011). However, other than season (Paris &
Pitelka 1962) and temperature (Edney 1964, Steel 1980), little is known about
environmental factors that interfere with the molting cycle. Regarding nutrition, it has
been shown that metal contamination decreases molt frequency (Drobne & Strus
1996) while food deprivation didn't affect drastically molt cycle duration (Heeley 1941,
Drobne & Strus 1996).

Although one would expect that animals require an external calcium source to
mineralize a new and larger cuticle with the same degree of mineralization, only few
studies acknowledge the effects of external calcium on woodlice. Steel (1993)
described the storage and translocation of calcium during the molt cycle in the
integument of Oniscus asellus Linnaeus, 1758 and reported that the slower
calcification that occurs at postmolt, stage that likely requires intake of dietary
calcium to complete calcification. Regarding consumption, one study using four
sympatric terrestrial isopod species showed that a plant species with high calcium
content (10.57% by weight) was readily eaten by all four isopod species (Dudgeon et
al. 1990), while a more recent work analyzed several litter traits and showed that
preference increases with increasing leaf calcium content among other leaf traits
(Quadros et al. 2014). Concerning addition of calcium, a study using a supralittoral
isopod species showed increased consumption for calcium carbonate enriched algae
(Pennings et al. 2000) and a microcosm experiment showed higher growth rates and
lower risk of mortality of terrestrial isopods in limed conditions (Tompson et al. 2013).
Nonetheless, these studies do not relate the effect of external calcium on the molt
cycle.

This study aims to understand how calcium-deficient and calcium-rich food

sources interfere with molt cycle, growth and degree of mineralization of woodlice.
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We hypothesize that the lack of enough dietary calcium can either interfere with molt
cycle duration and/or cuticular degree of mineralization. Atlantoscia floridana (Van
Name, 1940) and Balloniscus glaber Araujo & Zardo, 1996 are two species with
different cuticular characteristics and from different ecomorphological groups that are
commonly found in sympatry. Therefore, they were chosen to observe the effect of

varying dietary calcium on molt cycle aspects under laboratory conditions.
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Material and Methods
Source-site, species and laboratory culture

Atlantoscia floridana and B. glaber are two isopod species commonly found is
sympatry in southern Brazil. Collections in two locations (30°4'10.19"S,
51°7'10.19"W and 30°20'2.50" S, 51°16'57.82" W) were carried out to establish
laboratory culture. Animals were captured in the field with the aid of forceps and
taken to laboratory. Soil temperature was recorded at the time of each collection and
an average temperature was used in the culture chamber.

Species were sorted and kept in plastic containers with soil and leaf litter from
the collection sites. Males and females were kept in different culture chambers in
order to decrease the number of breeding females. The animals were maintained at
17 °C and 12:12 photoperiod. Medium size adults were used in the experiments with
an average cephalothorax width (CW) of 1.05+0.17 mm for A. floridana and
1.89 £ 0.21 mm for B. glaber (for growth curves see Araujo & Bond-Buckup 2004,
Meinhardt et al. 2007). Both species were kept in culture for at least one month prior
to the beginning of experiments. This period allowed animals to stabilize molt cycle to

culture conditions since this transition frequently triggers ecdysis.

Experimental units and treatments

Each week, culture units were sorted and adult premolt males and non-
breeding females were separated in individuals units (3= 54 mm). The animals were
kept with moistened cotton and one leaf from culture until ecdysis of the anterior half
of the body. The day of the anterior ecdysis was recorded (beginning of postmolt)

and the leaf was replaced by experimental food.
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Experimental food modified from Lardies et al. (2004) was made in laboratory.
A pilot study was conducted to verify acceptance of food by both species and to
determine the proportions of the ingredients in the diet. The control consisted of 50 %
corn starch, 16 % peptone, 25 % cellulose, 1 % vitamin mix, and 8% lipid (vegetal
oil). Ingredients were measured and mixed, and distilled water was added to the
mixture to complete 20 mL. The solution was transferred to a clean petri dish and
placed in oven at 40 °C until dry. The treatments consisted of the same basic mixture
with the addition of 1, 4 or 8 % of calcium carbonate to it provided that leaf species
with more than 8% of calcium content are not common in the litter. Experimental food
was kept in isolated dishes at the same culture chamber for up to one month. After
this time, new food was prepared. Remaining food from units was replaced every
second weeks Animals were observed every other day, and the day of anterior and
posterior ecdysis was recorded. Signs indicating imminent ecdysis such as the
presence of sternal calcium deposits or whitish coloration in one half of the body,
consumption of exuviae and specific behavior related to molting process were also
recorded. Manipulation of animals was avoided in the days before and after ecdysis.

Cephalothorax width of animals was measured (sensu Sutton 1968) at least
two days after the posterior ecdysis since animals are soft and need some time to
expand and harden the cuticle. For the measurement, pictures of animals were taken
in stereomicroscope SMZ800 (Nikon) and CW was measured using ImageJ Software
(Abramoff et al. 2004). New units were made to replace animals that died during the
first ecdysis after individualization until each treatment had a sample number of at
least 10. Animals that presented signs of bacterial infection or presence of
parasitoids were excluded from the analysis. Average duration of molt cycle and

percentage of animals that survived a full molt cycle was calculated. Survivorship
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was compared between species, treatment and treatment within the species using a

mixed linear model on SPSS software (IBM) version 18.

Mineralization of the cuticle

For each treatment, 15 new units with B. glaber were made. Animals were
kept with experimental food for 15 days after completion of anterior ecdysis. After this
time, animals were sacrificed by freezing and dissected under stereomicroscope.
Tergites 2 and 6 were washed with absolute methanol, air dried and store under -

20 °C for elemental analysis.

Electron microprobe analysis

Methanol-treated dry tergites were cut sagittally and glued on aluminum
holders with the middle part exposed. Samples were first platinum coated to increase
conductivity of the sample and then polished. Polishing was done in a Ultracut
ultramicrotome (Leica, Austria) using a 45° diamond knife (Diatome, Switzerland)
advancing into the cuticle by 90, 70, 40 and 20 nm for at least 15 times each
(Fabritius et al. 2005). Samples were then carbon coated and electron microprobe
analysis was performed with a Zeiss 962 scanning electron microscope
(Oberkochen, Germany) equipped with a Falcon (EDAX) X-ray detector system using
GENEIS software. The microscope was set to 20 kV acceleration voltages and 10 pA
emission current in analysis mode. Aluminum standard was used to adjust count rate
and hence normalize electron beam intensity. Elemental maps were recorded at a
256 x 200 pixel resolution with a full spectrum recorded and stored for each pixel. For
quantification, samples were embedded in glue prior to coating and polishing to

remove calcium signal obtained from the tergal surface.
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Since cuticle thickness is correlated to body size (Vittori & Strus 2014), net
intensity and molar percentage values were corrected by average CW. For that,
average CW of 2.0 was estimated from the growth curve of B. glaber (Meinhardt et
al. 2007) and therefore used to normalize data. Normalized Ca and Mg net intensity

values were used as a measurement of degree of mineralization.

Field emission scanning microscopy

After elemental analysis, tergite samples were cleaved for structural
observation. Samples were rotary coated were with a 4 nm thick platinum layer (BAF
100, Balzers) and then observed with a Hitachi S-5200 field emission scanning
electron-microscope (FESEM) at an acceleration voltage of 4 kV and an emission

current of 10 or 20 pA.
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Results
Ecdysis: general remarks

The shedding of the exuviae in both species involves ecdysial movements by
the animal that continues, however at a lower rate, after animal has shed that half of
the exuviae completely. These movements consist of expansion and relaxation of the
body that makes the anterior half move forwards while the posterior half moves
backwards. During this process, each tergite expands individually on the molting half
while the non-molting half moves as a single block (Supplementary material).

Two peculiarities regarding the molting process not previously described on
the literature were observed for A. floridana. Typically, the animal shifts its balance to
the anterior pereopods while shedding the posterior exuviae. In A. floridana, we
observed a few individuals stretching laterally the antennae at this stage (Fig. 1A).
Also, it was noticed an overlap of the 6™ and 7" pairs of pereopods over the uropods
in this species (Fig. 1C). Neither strategy (lateral stretching of the antennae or
overlap of pereopods) was observed for B. glaber. For both species, no difference in
the molting process was observed between the begging of the experiment (before

being subjected experimental diet) and after.

Ecdysis duration and exuviae consumption

The posterior and anterior ecdysis of A. floridana usually occurs within 24 h.
On three occasions, the anterior ecdysis started without complete shedding off of the
posterior half (Fig. 2A). All those occasions resulted in death of the individual:
animals had failed to conclude posterior ecdysis after 1 or 2 days when they started
molting the anterior half. Death also frequently resulted from impossibility of removing

the antennae from the exuviae (Fig. 2B) or incapability of releasing the antennae that
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would sometimes glue together (Fig. 2C) or to the moist, freshly molted body.
Regarding exuviae consumption, A. floridana ingests the anterior or sometimes the
posterior exuviae, but only after the anterior ecdysis has finished and no intramolt
exuvial consumption was recorded.

For B. glaber, anterior ecdysis usually begins 2 days (mean and mode values)
after posterior ecdysis has ended. The shortest and longest intramolt intervals
recorded were one and four days, respectively. Consumption of the posterior exuviae
was observed during intramolt period in many cases, and sometimes consumption of
the anterior exuviae during postmolt (Fig. 3). Treatments with varying calcium
carbonate concentrations (0, 1, 4 or 8% CaCO3) didn’t change mean or median

values of ecdysis duration or exuvial consumption for either species.

Survivorship on treatments

The average treatment longevity for A. floridana was around 19 days for all
treatments. For B. glaber, the average treatment longevity was lower for treatments 0
and 1 % and higher for treatments 4 and 8 % (Table 1).

Significant difference in survivorship was observed between species
(F184=15.94; p<0.001) and no significant difference was observed among
treatments (Fsg4=0.44; p=0.723) or among treatments within the species
(F384=0.58; p=0.629). Nonetheless, a difference in trend can be observed
separating 0-1 % (low calcium) and 4-8 % (high calcium) treatments for B. glaber. A
second analysis grouping low and high calcium treatments increased homogeneity of
variances and showed significant difference among treatments (Fi 3= 10.13,

p = 0.003) for B. glaber (Fig. 4).
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Molt cycle duration on treatments

Molt cycle duration varied between treatments, from 26 to 22 days on average
for A. floridana (Table 1). The longest cycles recorded were on the 0 % treatment.
The average molt cycle duration was higher than the average treatment longevity. On
each treatment, only 20 to 50 % of the animals were able to withstand a complete
molt cycle (Table 1). No increment in cephalothorax width could be noticed since
most animals died during or shortly after ecdysis.

For B. glaber, survivorship followed the opposite trend as molt cycle duration.
Average molt cycle duration varied from 60 (0% treatment) to 38 (8% treatment)
days. Only 20 % of the animals stayed alive during an entire molt cycle in treatments
0 and 1%, and 40 % of animals from the treatments 4 and 8 %. Although two
animals began ecdysis at the end of the first molt cycle on treatments 0 and 1 %,
only one animal could complete the whole process. On the treatment 4 %, all the four
animals that started the ecdysis could complete it. Only on the 8 % treatment there
were animals that could outlast more than one complete molt cycle. About 40 % of
animals (five individuals) could start the first ecdysis, 23 % (three individuals) started
the second ecdysis, and 8 % (one individual) could start the third ecdysis. No
increment in size could be verified since all recorded differences were smaller than

0.05 mm (low accuracy from live animal measurements).

Mineralization degree

Survivorship on experimental units was low and infection with nematode
larvae was observed in many units that were excluded from the experiment.
Therefore, only few animals remained and one sample was selected to analyze

mineral content except for 0 % treatment (no survivor). Elemental maps show Ca,
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Mg, P and S distributed throughout the cuticle (Fig 5). Calcium signal recorded from
the cuticular surface was blocked with the embedding of the sample in glue (Fig. 6),
thus allowing quantification of elements solely from the cuticle section. Relative
degree of mineralization differed slightly between samples. In the same animal,
values were higher for the anterior tergite on treatment 1 % and on the posterior
tergite on treatments 4 and 8 %. Molar percentage of Mg, P and Ca showed little
variation between treatments and tergite and some variation was observed for S

between treatments (Table 2).

Ultrastructure

Average cuticle thickness of B. glaber ranged from 12 to 15 pym. Thickness
normalized by average population CW was 12-13 um for treatment 1%, 14-15 um for
treatment 4% and 16-17 um for treatment 8%. The anterior tergite of the 8%
treatment presented the highest values although thickness was less constant
throughout the tergite. In all samples, epicuticle, exocuticle, endocuticle and

membranous layers can be identified (Fig 7).

Molt stage related survivorship (and life table)

Survivorship data was rearranged regarding molt cycle stage so that the
beginning of posterior ecdysis indicates day 0. Hence, the number of days from the
beginning of the last ecdysis was used rather than the total survival period on the
treatment. For this curve, animals that died during the first postmolt were included.
Survivorship fitted a sigmoid (polynomial) function with R*= 0.96 for A. floridana and

R?=0.98 for B. glaber, illustrating a typical type Ill survivorship curve with high initial
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mortality rate followed by a period of much lower, relatively constant mortality (Fig.
8).

About half the animals died within nine days after beginning of ecdysis for A.
floridana and within 15 days for B. glaber. The highest daily mortality was 24 %
registered for day 1 in A. floridana. Similar cumulative rate was observed for B.

glaber around the 4-5" day (Table 3).
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Discussion

This study used experimental laboratory conditions to control dietary calcium
of two woodlice species with different cuticular characteristics in order to understand
possible implications of external calcium on molt cycle. We observed that the species
with thicker cuticle (i.e. B. glaber) was affected by dietary calcium concentration: molt
cycle duration and mortality seem to be associated with dietary calcium while degree
of mineralization is not. This thicker cuticle coupled with the observed effect of dietary
calcium in molt cycle length indicate higher calcium requirement for B. glaber in
comparison with A. floridana. We also observed that both species present higher
mortality associated with ecdysial failure, although it is not known if this mortality rate
relates to lack of proper ecdysial sites on experimental units or if the same rate of

ecdysial failure happens on natural conditions.

Ecdysis: process and duration

Most of the observed ecdysis process is in agreement with previously
published literature (Heeley 1941, Paris & Pitelka 1962, Vittori et al. 2012). However,
we observed peculiarities during ecdysis that might be related to specific body
morphology. Atlantoscia floridana is a runner and has long pereopods and antennae,
so the observed overlap of pereopods might help the exuviation process.
Furthermore, the lateral stretching of the antennae might help in maintaining balance
when support lays solely in the anterior part of the body. The resting position of the
antennae does not seem to help in this balance. Hence, other peculiarities are
expected to be found on animals with different morphology whose ecdysis process

has not been described yet.
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Ecdysis duration differed between species and might be associated with timing
of cuticle reabsorption and deposition. Deposition of cuticular layers are related to
molt cycle phase so that intramolt reflects a difference in development of both halves
rather than an artificial pause (Price & Holdich 1980a). Timing of deposition of
specific layers is therefore different in each body half (Messner 1965, Steel 1982,
1993, Ziegler 1997), and it is retarded on the anterior half (Ziegler 1997).
Nonetheless, the endocuticle and membranous layers are only secreted after molting
of that half. Atlantoscia floridana presents thinner and more delicate cuticle than B.
glaber (Wood et al. 2017) and is especially fragile during molt. As the number of
endocuticular stacks in the cuticle of A. floridana is lower than in B. glaber, it should
need less time to secrete the new endocuticle, possibly explaining the shorter
intramolt duration. On the other hand, B. glaber has thicker cuticle with higher stack
number and longer time for cuticle secretion is expected, explaining its longer
intramolt duration. Other isopod species have been shown to have intramolt periods
of 2 to 3 days on average while others molt both halves within 24 h (Heeley 1941,
Hatchett 1947, Edney 1964, Messner 1965, White 1968, Zidar et al. 1998, Vittori et
al. 2012). These studies usually report only one intermolt interval although involve
more than one species, making it difficult to relate intramolt duration and cuticle
thickness of other species.

Another factor that may help to explain the observed difference in intramolt
duration between species is the environmental tolerance of each species. During
ecdysis, the individual becomes more susceptible to desiccation and more subjected
to unfavorable changes in microclimate (Paris & Pitelka 1962). Atlantoscia floridana
is less resistant to environmental fluctuations than B. glaber as indicated by its higher

population fluctuation throughout the year (Araujo & Bond-Buckup 2005). Therefore,
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it could benefit from faster intramolt duration that also decreases the time that the

individual is even more vulnerable to desiccation.

Dietary calcium, molt cycle and cuticle

Experimental evidence indicates influence of dietary calcium on molting
frequency of adult woodlice. This influence was not pronounced for A. floridana,
although cycle was slightly longer in calcium deprived treatment. The thinner and
more delicate cuticle observed on this species (Wood et al. 2017) coupled with its
shorter molting cycle indicates its lower requirement for external calcium. On the
other hand, the different trends for molt cycle duration and longevity on treatment of
B. glaber suggests influence of low (0 and 1 %) and high (4 and 8 %) dietary calcium
for this species. Balloniscus glaber has thicker cuticle with numerous endocuticullar
stacks and probably has higher calcium demands than A. floridana. It has been
previously suggested a lack of influence of feeding in molting frequency, since
animals molt when under starvation (Heeley 1941). However, experimental units with
woodlice usually contain plaster or rocks to maintain humidity therefore providing an
external source of calcium carbonate to animals. Plaster consumption by woodlice
subjected to insufficient food source has been previously observed (Wood & Zimmer
2014) and can explain why food source has not been associated with molting
frequency before.

Cycle duration was influenced by calcium concentration and shorter molt cycle
in animals subjected to high calcium food indicate that premolt may be shortened or
anticipated when high amount of external calcium is available. It has been previously
suggested that isopods need an external calcium source to mineralize the anterior

cuticle after ecdysis (Steel 1993). However, the uptake of mineral from external
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sources from late premolt to postmolt has been excluded (Ziegler et al. 2017), since
animals do not feed during this period with the exception of occasional consumption
of exuviae (Steel 1993). Recently, observations on mineral content in different body
parts of the same animal at different molting stages indicated that the recycled
amount of calcium has been previously underestimated and that the ingested
exuviae can be indeed used as a mineral source (Ziegler et al. 2017). Granules of
calcium have been previously recorded in small hepatopancreas cells of the
supralittoral Ligia italica during premolt that are depleted in intramolt and postmolt,
suggesting a role as a storage site (Strus & Blejec 2001), although these granules
are probably not related to accumulation from the ingested cuticle (Ziegler et al.
2017). Therefore, external calcium may be more important for accumulation prior
ecdysis (i.e. during premolt) for molting rather than for mineralization after ecdysis
(i.e. during postmolt).

Plaster has been used in experiments with terrestrial isopods provided that it
helps to maintain more constant humidity for animals. Eliminating plaster or other
external calcium sources from experimental units makes it possible to control calcium
availability to animals at the expense of possibly increasing fluctuations in humidity.
Changes in humidity can affect survivorship on treatments thus making it difficult to
gather enough data for more robust statistical analysis. Lower stability on
experimental units could have interfered with longevity of animals, especially for A.
floridana that is thought to have lower tolerance to environmental fluctuations.

The lack of noticeable increment in size after molting suggests that animals
molt not only for growth. Hatchett (1947) and Heeley (1941) have observed that
molting does not always result in measurable increase in size, so molting frequency

in woodlice has also been associated with renewal of cuticular structures and
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sensory organs (Price & Holdich 1980b). Atlantoscia floridana possesses many long
perpendicular sensilla that are easily broken upon animal manipulation (Wood et al.
2017). This species presented shorter molting cycles than B. glaber that has more
robust surface sensilla. Hence, we suggest that the physical external environment
can also be a factor that influences molt frequency in terrestrial isopods provided that
the space for animals changes in different layers.

However molting frequency seems to be related to dietary calcium in B.
glaber, the structure and degree of mineralization of the cuticle do not seem to be
affected by the experimental diet. Besides calcium being recorded in both the
exocuticular and endocuticular layers, there was calcium signal from the tergal
cuticular surface. In crustaceans, the epicuticle itself is not mineralized, but the
epicuticular surface can be impregnated with calcium salts (Travis 1955, Roer &
Dillaman 1984). In B. glaber this calcium impregnation seems to also occur on the
tergal surface. Regarding the degree of mineralization, there were only small
differences between samples, not relating to treatment itself. This species either
clings, runs or present tonic immobility in response to a predator attack, so it would
be more advantageous to prolong the time for calcium accumulation prior ecdysis
than to decrease degree of mineralization of the cuticle. The amount of calcium and
magnesium from the tergal cuticle of B. glaber is lower than the values obtained for
most of the isopod species studied for elemental aspects so far (Armadillidium
vulgare (Becker et al. 2005), Porcellio scaber (Becker et al. 2005, Seidl et al. 2011),
Tylos europeus (Seidl et al. 2011), Oniscus asellus, Philoscia muscorum, Porcellio
spinicornis and Armadillo officinalis (Neues et al. 2007)). This difference might be
associated with differences in the ecophysiology of the species, size, molting stage

or experimental conditions.

109



Capitulo Il — Célcio alimentar e muda em is6podos terrestres

Ecdysial failure

Regardless of treatment, higher mortality rate under lab conditions seems to
be related to ecdysis itself. The survivorship curve obtained from the beginning of
ecdysis show a rapid initial mortality rate followed by a lower and more constant rate.
For A. floridana that molts both halves within 24 h, mortality rate was over 20 % at
day 1. Similar cumulative mortality for B. glaber was recorded for around day 4 or 5
that has a 2 or 3 days gap between posterior and anterior ecdysis. Cumulative
mortality of about 20 % was recorded around the beginning of postmolt period for
both species. Therefore, this higher mortality period can be associated with the
process of ecdysis itself. Failure of ecdysis can be attributed to a number of causes
including failure to split the old cuticle or to expand body parts soon after ecdysis,
although few data is available on this topic (Reynolds 1980). In crustaceans, most of
what is known about this molt death syndrome is regarding economically important
species from aquaculture, such as the cultured lobsters of the genus Homarus
(Bowser & Rosemark 1981). For terrestrial arthropods, few studies mention this
phenomenon and usually relate to chemicals that disrupt cuticle deposition or
hormonal regulation (Leopold et al. 1985, Kabir et al. 2013). A couple of studies
involving observation of woodlice mention death of isopods with the anterior part of
the exuviae partially removed (Hatchett 1947). Regarding environmental factors, one
study identified incomplete ecdysis as one of the major types of mortality during
emergence of a dragonfly species on the field, and related the high incidence of this
event with overcrowding and competition for ecdysial sites (Corbet 1957).

Nothing about ecdysial sites has been reported for woodlice besides the
observation from Hatchett (1947) that individuals ready to molt seek a protected

location on a rough surface. However, this behavior may rather relate to avoidance of
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cannibalism and predation during the time the animal remains soft and sluggish.
Cannibalism has been occasionally recorded on woodlice and can be associated with
horizontal transmission of bacteria (Bouchon et al. 2008, Le Clec’h et al. 2013).
Regardless of the reason, this search for protected locations during ecdysis makes it
difficult to find cases of ecdysial failure on the field, since animals would be easily
crushed and less available for collection. Therefore we suggest that the frequency of
this event on the field might be similar to frequency observed on laboratory
conditions or which attributes an ecdysial site for woodlice would have. Future

experiments using different substrates might help elucidate this question.

Future directions

This study presents experimental evidence on the effect of an external calcium
source on molt cycle duration of woodlice. Nonetheless, several questions were
raised from the information here presented and from the observation of animals
during the experiments. Are there other peculiarities during the ecdysis process
adopted by other species with different morphology that can help exuviation? Is
intramolt duration related to cuticular thickness and deposition? Is premolt shorter if
high amount of calcium is available of calcium? Why do animals consume the
exuviae at different times? Can molting related to renewal of surface receptors be
influenced by compaction of the surrounding environment? Is mortality rate due to
ecdysial failure similar on the field? Do woodlice have and compete for ecdysial
sites? Do these sites help the exuaviation process or just help to avoid cannibalism
and predators? What attributes does an ecdysial site for woodlice have? Are they the
same for different species? A lot questions are still to be answer relating to

environmental factors affecting molting on terrestrial isopods.
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Fig. 1. Some positions adopted by Atlantoscia floridana related to behavioral
strategies during of soon after shedding off of the posterior exuviae. A) Schematic
drawing of lateral stretching of the antennae when balance is shifted to the anterior
pereopods (pairs 1-4). B) Postmolt animal with antennae in resting position and its
anterior exuviae. C) Overlap from the 6™ and 7" pairs of pereopods over the

uropods.
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Fig. 2. Some cases of ecdysial failure observed in Atlantoscia floridana. A) Beginning
of anterior ecdysis before completion of the posterior one. B) Animal suck on anterior

exuviae. C) Antennae glued together at the end of anterior ecdysis.
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Fig. 3. Ecdysis and exuviae consumption in Balloniscus glaber. A) Freshly molted

individual with anterior exuviae cast off. B) Posterior exuviae partially consumed by

an intramolt individual. C) Postmolt individual feeding on its anterior exuviae.
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Fig. 4. Survivorship regression of Balloniscus glaber and Atlantoscia floridana in

treatments with varying dietary calcium.
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Fig. 5. Elemental analysis of mineralized tergite cuticle of Balloniscus glaber. EDX
spectrum, scanning electron micrograph and net intensity spectral maps for calcium,

magnesium, phosphorus and sulfur of sagittally cleaved polished surfaces.
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Fig. 6. Elemental analysis of mineralized tergite cuticle of Balloniscus glaber before

(A-C) and after (D-F) embedding in glue. A) Scanning electron micrograph of the
cuticle with the epicuticular surface exposed. B) EDX net intensity spectral maps for
calcium of the cuticle with exposed epicuticular surface. C) Overlap of scanning
electron micrograph (A) and calcium spectral map (B). D) Scanning electron
micrograph of the cuticle with the epicuticular surface blocked by embedding in glue.
E) EDX net intensity spectral maps for calcium with the epicuticular surface blocked
by embedding in glue. F) Overlap of scanning electron micrograph (D) and calcium
spectral map (E). ep, epicuticle; ex, exocuticle; en, endocuticle; ml, membranous

layer.
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Fig. 7. Field emission electron micrographs of the cuticle of Balloniscus glaber

subjected to different amounts of dietary calcium. A-C) Overview of the 2™ tergite,
1% CaCOa3 treatment. The cuticle consists of an epicuticle (ep), exocuticle (ex),
endocuticle (en) and membranous layer (ml) (A). The epicuticle (ep) is very thin and
the exocuticle (ex) and its distal smooth layer (sl) have granular texture (B). The
endocuticle presents several stacks due to helicoidal disposition of fibers. D) Detail of
the 6th tergite of the treatment 1 % CaCO3 showing granular material (g) adjacent to
the membranous layer (ml). E) Detail of the 6th tergite of the 8 % CaCO3 showing

abundant pore canals (pc) of the endocuticle.
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to the beginning of the ecdysis. R? values correspond to a polynomial regression

values.

135



Capitulo Il — Célcio alimentar e muda em is6podos terrestres

136



Tables

Capitulo Il — Célcio alimentar e muda em isépodos terrestres

Table 1. Survivorship and molt cycle duration (days) for Atlantoscia floridana and

Balloniscus glaber fed on artificial diet with different calcium content (0, 1, 4 and 8%

CaCog). Survivorship and molt cycle duration values are average + standard error.

Atlantoscia floridana

Balloniscus glaber

Treatment | N Survivorship 1% molt cycle N Survivorship 1% molt cycle
N (%) Duration N (%) Duration
0% 13 19.2+£3.0 3(23%) 26.3+1.8 ]| 10 324+6.7 2 (20%) 60.5
1% 13 200£24 5@39%) 21.8+1.0] 10 30.9+6.4 2 (20%) 59.0
4% 13 18.6+2.8 3(21%) 22.0+32|10 424+11.2 4 (40%) 43.5+8.0
8% 10 19.1+£27 5(50%) 228+29 | 13 43.0+99 538%) 37628
49 19.2+14 16 (31%) 22.6+1.3| 43 376+44 13 (30%) 46.2+3.8
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Table 2. Molar percentage of Mg, P, S and Ca and degree of mineralization (Ca+Mg

net intensity) on a polished surface of the 2" (anterior) and 6" (posterior) tergite of

Balloniscus glaber fed on experimental diet with different calcium carbonate

concentrations. Values are normalized by average cephalothorax width.

Treatment Body half Mg P S Ca Degree of
mineralization (net
intensity)
1%CaCO3; Anterior 0.14 0.47 0.03 5.49 195.8
1%CaCO3; Posterior 0.11 0.33 0.06 4.35 166.3
4%CaCO3; Anterior 0.13 0.51 0.08 5.30 1915
4%CaCO3; Posterior 0.14 0.52 0.10 5.20 200.3
8%CaCO3; Anterior 0.14 0.52 0.17 4.50 184.3
8%CaCO; Posterior 0.13 0.60 0.24 5.17 209.4
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Table 3. Relative and cumulative mortality rate of Atlantoscia floridana and
Balloniscus glaber on laboratory conditions. Day 1 marks the beginning of ecdysis of

the last molt cycle.

Atlantoscia floridana Balloniscus glaber
Time (days) Mortality at day x Cumulative Mortality at day x Cumulative
X mortality rate mortality rate
1 0.24 0.24 0.02 0.02
2 0.08 0.33 0.08 0.10
3 0.04 0.37 0.06 0.16
4 0.02 0.39 0.02 0.18
5 0.02 0.41 0.04 0.22
6 0.04 0.45 0.06 0.29
7 0.02 0.47 0.00 0.29
8 0.02 0.49 0.06 0.35
9 0.02 0.51 0.06 0.41
10 0.02 0.53 0.00 0.41
11-15 0.12 0.65 0.10 0.51
16-20 0.16 0.82 0.02 0.53
21-25 0.02 0.84 0.10 0.63
26-30 0.12 0.96 0.06 0.69
31-35 0.04 1.00 0.10 0.80
36-40 0.04 0.84
41-45 0.04 0.88
46-50 0.08 0.96
51-61 0.04 1.00
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ABSTRACT

Terrestrial isopods molt frequently throughout their lives and therefore they
permanently degrade and renew their cuticle. This dynamics of resorption and
deposition is affected by the biphasic molt and calcium deposition on sternal deposits
prior ecdysis in terrestrial isopods. Analysis of cuticle deposition in Atlantoscia
floridana and Balloniscus glaber during pre- and postmolt stages was done by
transmission electron microscopy. Although A. floridana and B. glaber differ in overall
cuticle structure, cuticle deposition during premolt in both species is similar as
already described in other terrestrial isopod species. The new epicuticle in late
premolt is very similar to the one in intermolt animals suggesting little or no
postecdysial modifications of this layer. Electron dense granules observed in the
ecdysial space during premolt suggest recycle calcium recycling. Based on
morphology and size, these granules are possibly calcium granules further used for
mineralization. Granules from the ecdysial space are deposited on the scales of the
new epicuticle prior ecdysis, suggesting calcium impregnation on the epicuticle of
these species. Anchoring junctions were observed in animals until late premolt since
they need to expand the body during ecdysis. During postmolt, regions without
typical lamellate cuticle indicate modification of the exocuticle after ecdysis since

expansion and hardening must occur after ecdysis.

KEY WORDS: cuticle deposition; mineralization; integument; exoskeleton; woodlice
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INTRODUCTION

Terrestrial isopods molt frequently throughout their lives resulting in constant
cuticular resorption and deposition. Frequent molting in isopod species enables not
only growth and reproduction, but also regeneration of cuticular surface structures of
the integument (Price and Holdich, 1980a) and digestive tract (Strus and Blejec,
2001; Strus et al., 2008). The molt cycle is divided in several phases (Steel, 1982;
Zidar et al., 1998) related to cuticle synthesis and mineralization (Travis, 1957;
Messner, 1965; Steel, 1982) and involves complex hormonal regulation (Carefoot,
1993). Cuticle formation has been studied in several adult species of terrestrial
isopods (Messner, 1965; Price and Holdich, 1980a, 1980b, Steel, 1982, 1993,
Compére, 1990, 1995; Strus and Compeére, 1996; Ziegler, 1997; Strus and Blejec,
2001; Vittori et al., 2012; Strus et al., 2015) and, more recently, in embryonic stages
as well (Mrak et al., 2012, 2015, 2017). Although differences are observed among
them, the sequence of events during cuticle deposition follows a pattern typical for all
studied species. The beginning of premolt is marked by an apolysis that separates
the endocuticle from the underlying epidermis. Secretion of a new epicuticle and
exocuticle occur prior ecdysis while the endocuticle and membranous layer are
secreted after ecdysis. Therefore, the former layers are termed pre-ecdysial while the
latter are postecdysial. The calcification of the exocuticle it thought to happen after
ecdysis while the endocuticle is thought to be calcified during its secretion (Travis,
1955; Roer and Dillaman, 1984).

In terrestrial isopods, this dynamics of resorption and deposition is particularly
interesting since animals present a biphasic molt. They first molt the posterior half of

the body and then the anterior half with the division between the 4™ and 5™ tergite
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(Heeley, 1941; Messner, 1965; Steel, 1982; Ziegler, 1997). Furthermore, they
accumulate calcium in sternal deposits prior ecdysis as an adaptation to recycle
calcium that is necessary to harden the cuticle (Greenaway, 1985). During premolt,
calcium is resorbed from the posterior integument, stored in the anterior sternal
deposits; epicuticle and exocuticle deposition occurs prior ecdysis and mobilization of
these deposits for calcification of the new posterior cuticle follows (Ziegler, 1997).
The interval between posterior and anterior ecdysis is called intramolt and relates to
timing of deposition of cuticular layers rather than a real “break” (Price and Holdich,
1980b). During intramolt, deposition of the anterior cuticle is retarded (Ziegler, 1997).
At this stage, the resorbed calcium from the anterior half is transported to the
hemolymph and later used for calcification of the anterior cuticle after ecdysis
(Ziegler and Merz, 1999). Besides being mobilized to the sternal deposits, granules
of amorphous calcium carbonate are resorbed from the old cuticle and observed on
the ecdysial space prior ecdysis. This calcium granules are thought to be transported
to epithelial cells and/or intercellular spaces and then to the hemolymph and later
used for calcification of the new cuticle (Ziegler, 1994; Strus and Compére, 1996).
Many steps related to these ultrastructural changes are not yet known and
each work adds on to the knowledge of this process. Furthermore, ultrastructural
changes during postmolt have been explored to a lesser extent than premolt in
terrestrial isopods. Therefore, this work aims to describe the ultrastructural changes
related to cuticle deposition of two species of terrestrial isopods from different
ecomorphological categories and with different overall cuticular structure in order to
shed light on the dynamics of cuticle resorption and deposition at two different molt

cycle stages.
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MATERIAL AND METHODS

Animal collection and fixation

Specimens from Atlantoscia floridana (Van name, 1940) and Balloniscus
glaber Araujo and Zardo, 1995 were sampled in two locations near urban areas of
Porto Alegre, RS, southern Brazil (30°4'10.19" S, 51°7'10.19" W and 30°20'2.50" S,
51°16'57.82" W). The average cephalothorax width of A. floridana and B. glaber were
1.1 and 1.9 mm, respectively, being all animals medium sized adults. Animals in
premolt (i.e. with sternal calcium deposits) and postmolt (i.e. after anterior ecdysis
and with moist appearance on anterior part) were separated for ultrastructural
analysis.

Animals were sacrificed by freezing and fixed in Karnovsky fixative (2.5 %
glutaraldehyde, 2 % paraformaldehyde in 0.1 M Hepes buffer, pH 7.3) for 3 days at
4 °C. Samples were then washed in Hepes buffer prior to further steps. Anterior and
posterior tergites were isolated and decalcified with EDTA in Hepes buffer solution at
4 °C for 4 hours for A. floridana and for 5 days for B. glaber (differences relate to
overall animal toughness). After decalcification, samples were washed in Hepes

buffer solution.

Transmission electron microscopy (TEM)

Samples were post-fixed in osmium tetroxide for one hour and washed in
Hepes buffer solution. Dehydration in ascending ethanol series (ethanol 30 %, 50 %,
70 %, absolute, acetone), infiltration and embedding in Agar 100 followed. For that,

samples were kept in agar with acetone overnight and agar-acetone mixtures were
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changed twice on the following day before the addition of accelerator. Polymerization
was performed in embedding molds at 60 °C for 48 h.

Parasagittal sections were cut with Reichert Ultracut S ultramicrotome (Leica).
Semithin sections (0.5 ym) were cut with a glass knife, stained with Azurll —
Methylene Blue and photographed with a Zeiss Axiolmager Z.1 light microscope,
equipped with an HRC Axiocam camera and Axiovision software. Ultrathin sections
(70 nm) collected on copper grids were contrasted with 4 % uranyl acetate and 10 %
lead citrate and examined with a CM 100 transmission electron microscope (FEI).
Micrographs were recorded with BioScan 729 and Orius 200 cameras (Gatan) and

Digital Micrograph software.
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RESULTS

As the sequence of ultrastructural events is the same on both posterior and
anterior parts despite its asynchronous deposition due to biphasic molting (Compére,

1990), results from both parts are presented together.

Premolt

Apolysis can already be seen in animals that do not yet have sternal calcium
deposits (Fig. 1B-C). This separation between membranous layer and epidermis is
not visible in all parts of the tergite at once (Fig. 1A), but can be observed in both
posterior and anterior tergites at early premolt. Detachment between membranous
layer and epidermis was observed in some parts of the cuticle (Fig. 1B) while in other
parts, detachment between lamellae of the same layer was observed (Fig. 1C). The
proximal postecdysial lamellae become thinner and thinner as an electron dense
layer appears on the proximal end of the cuticle facing the ecdysial space (Fig. 1D,
2B, E). Later, this electron dense layer merges with a fibrous granulated sheet (Fig.
1D).

The new epicuticle is secreted from the epidermis and appears initially as
short electron dense protrusions. This layer is thin and discontinuously secreted; the
small segments gradually fuse together forming a continuous layer at later stages.
Scales (epicuticular protrusions) are thinner at the beginning of secretion than the
corresponding structures in intermolt (Fig. 2 A). Electron dense granules at the basis
of the old cuticle are more abundant on the ecdysial space at later premolt stages
(not shown). Some granules appear still associated with the fibrous sheet while

others appear without clear connection to the ecdysial space (Fig. 1D). Some of
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these granules are gradually deposited along the surface of the scales from the new
cuticle (Fig. 1D-E, Fig. 2D). In some parts, these scales are in close proximity with
the old cuticle (Fig. 2C). Epicuticle with scales is formed before beginning of
secretion of new lamellar exocuticle (Fig. 2C-D).

Sites with electron dense bundles of fibers that extend throughout the ecdysial
space into the old cuticle form apical anchoring junctions (Fig. 1F, 2F). These

attachment sites can be observed until late premolt in both species.

Postmolt

After ecdysis, some parts of the tergite present all differentiated layers. At first,
the endocuticle present fewer lamellae that are very thin at the proximal end (Fig.
3A). In these portions, the epicuticle is formed and the exocuticle consists of 3-5
formed lamellae. Near the proximal end of the cuticle, electron dense granules are
present dispersed in a fibrous sheet close to the new endocuticle (Fig. 3B-C, H).

For B. glaber, no clear distinction of the layers is possible soon after ecdysis in
some parts of the tergal cuticle. On these sites, the exocuticle appears as a matrix
with 1 to 3 structured lamellae with large vesicles underneath this layer (Fig. 3 D-G).
Endocuticular lamellae can be identified in regions close to the epidermis although
less structured than in the formed endocuticle. Electron dense granules can be seen
at the interface of exo and endocuticle (Fig. 3D-F) as well as at the proximal end of
the cuticle, close to the epidermis (Fig. 3F, H). Pore canals with electron dense
material are abundant at the proximal end of the new endocuticle (Fig. 3E). The

same situation was not observed in A. floridana.
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DISCUSSION

The present work provides information regarding the dynamics of cuticle
resorption and deposition in Atlantoscia and Balloniscus. Details not previously
described for these two species could be observed in this study such as the
deposition of the granules from the ecdysial space along the surface of the newly
formed scales during premolt. Furthermore, the typical ultrastructure of the layers
during postmolt was not clearly observed in some parts of the tergite, suggesting that
there is some reorganization of previously deposited layers after ecdysis.

Overall, cuticle deposition during premolt in A. floridana and B. glaber followed
the same pattern as previously observed for other terrestrial isopod species (Price
and Holdich, 1980b; Strus and Compére, 1996; Ziegler, 1997; Strus and Blejec,
2001; Strus et al., 2003, 2015; Vittori et al., 2012) . The new epicuticle in late premolt
is very similar to the one in intermolt (Wood et al., 2017) as observed for Titanetes
albus (C. Koch) (Vittori et al., 2012), also suggesting little or no postecdysial
modifications on this layer. Compere (1990) observed loose granular material setting
down on the epicuticular surface during postmolt and suggested that this material
had been discharged by numerous dermal gland ducts as on the cement layer of
insects, layer that is not present in either the species here presented or on T. albus.

Electron dense granules observed in the ecdysial space during premolt
suggest that A. floridana and B. glaber not only shift calcium to sternal deposits but
also recycle calcium within the same segment. These granules appear first in close
proximity with the endocuticle that is being resorbed and latter associated with a
fibrous and granular sheet on the ecdysial space. The granules observed for both

species resemble those identified in Ligia italica (Strus and Compére, 1996; Strus et
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al., 2003, 2015; Znidarsi¢ et al., 2010; Matsko et al., 2011) in size, shape and
location. Those granules accumulated in the ecdysial space during premolt were
identified as calcium granules that are thought to be later transported by hemolymph
to mineralize the cuticle after ecdysis (Strus and Compére, 1996; Strus and Blejec,
2001).

Some granules from the ecdysial space seem to be deposited on the scales of
the new epicuticle prior ecdysis. The epicuticle of Ligia italica, Armadillidium vulgare
and Porcellio scaber is not mineralized (Strus and Compére, 1996; Neues et al.,
2007; Hild et al., 2008) although calcium salts have been shown to be impregnated
on the surface cuticle of decapod crustaceans (Travis, 1955; Roer and Dillaman,
1984; Dillaman et al.,, 2005; Roer et al.,, 2015). Calcium was identified through
mineral analysis on the surface of B. glaber although not quantified (Wood et al in
prep — capitulo 2). It is possible that the granules deposited along the surface of the
new scales are from other materials from the old cuticle rather than calcium.

Anchoring junctions similar to those described by Znidarsi¢ et al. (2012) were
observed in animals until late premolt. During ecdysis, the tergites from molting half
expand individually while the whole non-molting half moves as a single block (Wood
et al., 2017). As animals need to expand the body during ecdysis in order to shed the
exuviae, the maintenance of sites with muscular attachment are important and
therefore observed until ecdysis.

During postmolt, regions without typical lamellate ultrastructure were
observed, indicating modification of the exocuticle after ecdysis. As the new cuticle
expands after ecdysis, hardening by tanning and calcification has to occur after its

deposition. This expansion of the cuticle after ecdysis impose disruption on the pre-
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ecdysial lamellate structure (Price and Holdich, 1980b). This might explain regions

were lamellate structure is highly affected during postmolt (Fig. 3D-G).
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Fig. 1. TEM micrographs from the tergal cuticle of Balloniscus glaber during premolt.

Fig. 2. TEM micrographs from the tergal cuticle of Atlantoscia floridana during

premolt.

Fig. 3. TEM micrographs of the tergal cuticle of Balloniscus glaber during postmolt.
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Fig. 1. TEM micrographs from the tergal cuticle of Balloniscus glaber during premolt.

A) Early premolt stage with portions where the epidermis is still attached to the old
cuticle. B) Site with detachment between membranous layer and underlying
epidermis. C) Site with separation between lamellae of the membranous layer. D)
Late premolt stage with fully formed scales and epidermis and with the presence of
electron dense granules (arrow) in the ecdysial space. E) Detail of electron dense
granules from the old cuticle being deposited (arrow) on the surface of a newly
formed scale. F) Attachment sites with fibers extending into the old cuticle
(arrowheads). endo, endocuticle; ml, membranous layer; e, epidermis; es, ecdysial

space; oc, old cuticle; g, electron dense granules; sc, scale; epi, epicuticle.
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Fig. 2. TEM micrographs from the tergal cuticle of Atlantoscia floridana during
premolt. A) Electron dense layer at the proximal cuticle with granules facing the
ecdysial space. B) Early premolt stage with finger-like projections from the epidermis
(*) and the beginning of secretion of the epicuticular scales by the epidermis. C)
Premolt stage with formed epicuticle and scales and electron dense granules in the
ecdysial space. D) Late premolt stage with formed epicuticle and scales and
beginning of secretion of the exocuticle. Deposition of granules from the ecdysial
space along the surface of the new scales (arrow). E) Scales in close proximity to the
old cuticle. F) Attachment sites with fibers extending into the old cuticle (arrowheads).
oc, old cuticle; g, electron dense granules; e, epidermis; sc, scale; es, ecdysial
space; epi, epicuticle; exo, exocuticle.
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Fig 3. TEM micrographs of the tergal cuticle of Balloniscus glaber during postmolt.
A-C) Deposition of the endocuticle (arrowhead) and presence of granules (g) within a
fibrilar sheet reaching the new endocuticle. D-F) Partially structured cuticle with
deposition of electron dense granules (arrow) in the exocuticle/endocuticle interface.
G) Transport of material from electron dense granules (g) within the newly formed
cuticle. H) Transport of material from electron dense granule from the epidermis to
the proximal layers of the new endocuticle. exo, exocuticle; endo, endocuticle; g,
electron dense granules; epi, epicuticle.
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Consideracodes finais

A cuticula dos artropodos € uma estrutura versatil que esta ligada com o
sucesso ecologico do grupo em colonizar diferentes ambientes terrestres e
aguaticos. Alem disso, a mesma €é usada como inspiracao para biopolimeros uma
vez que as modificacdes estruturais observadas em diferentes espécies e partes do
corpo possuem distintas propriedades mecanicas.

Os capitulos dessa tese abordaram as caracteristicas estruturais da cuticula,
a influéncia do célcio alimentar no ciclo de muda e na mineralizacéo e a dinamica de
reabsorcdo e deposicdo da cuticula de duas espécies neotropicais de isdpodos
terrestres. Os dados aqui apresentados ajudam a explicar relagcbes entre as
caracteristicas ecomorfologicas e a historia de vida (capitulo 1), entre fonte de calcio
externa e ciclo de muda (capitulo 1) e contribuiu com novas informacoes
relacionadas a dinamica de secrecédo cuticular no ciclo de muda (capitulo IIl). Entre

0s principais resultados e conclusdes, esse estudo esclareceu 0s seguintes pontos:

v' a superficie dos tergitos de B. glaber apresenta escamas curvas que podem
estar relacionadas com a diminuicdo da forca de adesdo da agua na superficie
do corpo

v as sensilas de B. glaber sédo robustas e orientadas caudalmente, possibilitando o
habito enddgio da espécie;

v a ultraestrutura da cuticula de B. glaber com grande espessura total e niimero
de lamelas sugere altas propriedades mecanicas que sao condizentes com a

estratégia anti-predatéria de aderente. Essa caracteristica cuticular também
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pode estar associada a maior tolerancia ambiental encontrada nessa espécie
que possui menor flutuacao populacional relacionada a variagcdes sazonais;

as sensilas longas e perpendiculares a superficie do corpo encontradas em A.
floridana impossibilitam o habito enddgio. No entanto, essa disposi¢cdo pode
favorecer o tempo de resposta anti-predatoria uma vez que este prolongamento
aumenta a superficie de percepcao do ambiente;

a fileira de escama na margem posterior dos tergitos de A. floridana pode
constituir em uma barreira fisica para prevencdo de entrada de particulas
indesejadas no espaco intersegmentar;

a ultraestrutura da cuticula de A. floridana com menor espessura total e nimero
de lamenlas endocuticulares e fibras da exocuticula mais frouxas indica que a
cuticula dessa espécie possui natureza leve, condizente com o habito de
corredora. Essa cuticula também pode estar relacionada a menor tolerancia
ambiental da espécie que é mais afetada por variacbes sazonais;

Atlantoscia floridana apresenta posturas especificas tais como sobreposi¢cao dos
peredpodos 6 e 7 sobre os uropodos e alongamento lateral das antenas que
possivelmente ajudam a exuviacdo e manutencao do equilibrio durante a ecdise;
motivos ligados a falha ecdisial em A. floridana incluem comeco da ecdise
anterior antes de terminar a ecdise posterior, incapacidade de remover as
antenas da exudvia ou desgruda-las uma da outra ou do corpo que fica Umido
pelo fluido ecdisial;

a ecdise posterior e anterior geralmente ocorre dentro de 24h para A. floridana e
com um intervalo de 2 dias para B. glaber. Essa diferenca pode estar
relacionada a espessura total da cuticula e ao tempo de secrecdo das camadas

cuticulares durante a intramuda;
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Atlantoscia floridana pode consumir a exdvia apenas na pés-muda enquanto B.
glaber pode consumir a exdvia tanto na intra- e pés-muda. Essa diferenca pode
estar relacionada a duracdo do periodo de intramuda ou da mineralizacdo da
cuticula nessa fase;

a concentracdo de calcio alimentar pode influenciar a duracdo do ciclo de muda
e a sobrevivéncia de isopodos. O efeito do calcio alimentar pode ser sido
anteriormente subestimado devido ao uso de gesso em unidades experimentais
gue constituem uma fonte de calcio externa para os animais;

Atlantoscia floridana € menos afetada do que B. glaber. Essa diferenca pode ser
devido ao menor requerimento de calcio dessa espécie que possui uma cuticula
mais fina e flexivel;

ha uma tendéncia a diminuicdo do ciclo de muda e aumento da sobrevivéncia
em B. glaber com o aumento da concentracdo do calcio alimentar. O calcio
alimentar pode ser mais importante para o acumulo de calcio na pré-muda do
gue na mineralizacdo na pos-muda;

ecdise sem crescimento notavel sugere que existam outros fatores além do
crescimento tais como a renovacdo de estruturas da superficie, e que o
ambiente externo pode interferir com a frequéncia da ecdise;

o grau de mineralizacdo da cuticula de B. glaber ndo foi afetado pela
concentragdo de calcio alimentar. O célcio estd presente na exocuticula e
endocuticula bem como impregnado na superficie embora nédo esteja presente
na epicuticula ou na camada membranosa.

elevadas taxas de mortalidade em condi¢bes de laboratério indicam relagdo com
a fase da ecdise. Uma mortalidade acumulada de 20% dos individuos de ambas

as espécies foi registrada entre o inicio da ecdise posterior e final da ecdise
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anterior/inicio da pés-muda. Essa taxa de falha ecdisial pode ser similar em
campo;

a sequéncia de secrecdo e absorcdo da cuticula nas duas espécies é
semelhante apesar das diferencas ultraestruturais encontradas na cuticula
madura,;

granulos provenientes da cuticula velha sdo armazenados no espaco ecdial
durante a pré-muda e/ou depositados na superficie das escamas da epicuticula
nova. Esses granulos possuem morfologia semelhante aos granulos de calcio
acumulados no espaco ecdisial em Ligia italica sugerindo que parte do calcio
seja reciclado diretamente da cuticula velha para a nova antes da ecdise;
regides pouco estruturadas na cuticula de B. glaber na pds-muda podem estar
relacionados a reorganizacao estrutural em algumas partes da cuticula devido a

expansao do tergitos durante o processo de ecdise.

Apesar do presente estudo esclarecer algumas questfes, varias outras

perguntas surgiram deste trabalho que podem ser futuramente estudadas. Como

sdo as propriedades mecanicas da cuticula nos animais vivos? Qual a funcdo dos

diferentes tipos de sensila? Como as escamas de B. glaber podem ajudar a reduzir

as forcas adesivas da agua? Que outras peculiaridades no processo de ecdise estao

associadas a morfologia especifica? A duragdo da intramuda estd relacionada a

deposicao da cuticula nova? Por que os animais consumem a exdvia em momentos

diferentes? Que gatilhos estdo envolvidos na indu¢cdo da muda? Pode a quebra de

um grande numero de receptores externos ser um dos gatilhos? A mortalidade

relacionada a falha na ecdise em condigBes naturais € similar a encontrada em

condicdes de laboratério? Quais os atributos relacionados a sitio ecdisial para
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isépodos terrestres? Os animais competem por sitios ecdisiais? Como o espaco
ecdisial possibilita que ocorra ao mesmo tempo a absorcdo da cuticula velha e
deposicao da cuticula nova? Como é feito o transporte de diferentes constituintes da
cuticula durante a sintese? Além disso, diversas laminas histoldgicas e micrografias
de transmisséo (como a figura a seguir) obtidas nesse trabalho ainda estdo sendo
analisadas, e talvez algumas delas ajudem a esclarecer outros pontos que ainda néo

foram abordados.

Fig 1. Micrografia de transmisséo de Atlantoscia floridana na pré-muda tardia.
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Please see our information pages on Ethics in publishing and Ethical guidelines for journal
publication.

If the work involves the use of human subjects, the author should ensure that the work
described has been carried out in accordance with The Code of Ethics of the World Medical
Association (Declaration of Helsinki) for experiments involving humans; Uniform
Requirements for manuscripts submitted to Biomedical journals. Authors should include a
statement in the manuscript that informed consent was obtained for experimentation
with human subjects. The privacy rights of human subjects must always be observed.

All animal experiments should comply with the ARRIVE guidelines and should be
carried out in accordance with the U.K. Animals (Scientific Procedures) Act, 1986 and
associated guidelines, EU Directive 2010/63/EU for animal experiments, or the National
Institutes of Health guide for the care and use of Laboratory animals (NIH Publications
No. 8023, revised 1978) and the authors should clearly indicate in the manuscript that
such guidelines have been followed.

All authors are requested to disclose any actual or potential conflict of interest including any
financial, personal or other relationships with other people or organizations within three
years of beginning the submitted work that could inappropriately influence, or be
perceived to influence, their work. More information.

Submission of an article implies that the work described has not been published
previously (except in the form of an abstract or as part of a published lecture or
academic thesis or as an electronic preprint, see 'Multiple, redundant or concurrent
publication' section of our ethics policy for more information), that it is not under
consideration for publication elsewhere, that its publication is approved by all authors
and tacitly or explicitly by the responsible authorities where the work was carried out,
and that, if accepted, it will not be published elsewhere in the same form, in English or in
any other language, including electronically without the written consent of the copyright-
holder. To verify originality, your article may be checked by the originality detection
service CrossCheck.

Authors are expected to consider carefully the list and order of authors before
submitting their manuscript and provide the definitive list of authors at the time of the
original submission. Any addition, deletion or rearrangement of author names in the
authorship list should be made only before the manuscript has been accepted and only if
approved by the journal Editor. To request such a change, the Editor must receive the
following from the corresponding author: (a) the reason for the change in author list
and (b) written confirmation (e-mail, letter) from all authors that they agree with the
addition, removal or rearrangement. In the case of addition or removal of authors, this
includes confirmation from the author being added or removed.

Only in exceptional circumstances will the Editor consider the addition, deletion or
rearrangement of authors after the manuscript has been accepted. While the Editor
considers the request, publication of the manuscript will be suspended. If the manuscript
has already been published in an online issue, any requests approved by the Editor will
result in a corrigendum.

Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing
Agreement' (see more information on this). An e-mail will be sent to the corresponding
author confirming receipt of the manuscript together with a ‘'Journal Publishing
Agreement' form or a link to the online version of this agreement.
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Subscribers may reproduce tables of contents or prepare lists of articles including abstracts
for internal circulation within their institutions. Permission of the Publisher is required for
resale or distribution outside the institution and for all other derivative works, including
compilations and translations. If excerpts from other copyrighted works are included, the
author(s) must obtain written permission from the copyright owners and credit the
source(s) in the article. Elsevier has preprinted forms for use by authors in these cases.

For open access articles: Upon acceptance of an article, authors will be asked to
complete an

'‘Exclusive License Agreement' (more information). Permitted third party reuse of open
access articles is determined by the author's choice of user license.

Author rights
As an author you (or your employer or institution) have certain rights to reuse your
work. More information.

Elsevier supports responsible sharing
Find out how you can share your research published in Elsevier journals.

You are requested to identify who provided financial support for the conduct of the
research and/or preparation of the article and to briefly describe the role of the
sponsor(s), if any, in study design; in the collection, analysis and interpretation of data; in
the writing of the report; and in the decision to submit the article for publication. If the
funding source(s) had no such involvement then this should be stated.

Funding body agreements and policies

Elsevier has established a number of agreements with funding bodies which allow authors
to comply with their funder's open access policies. Some funding bodies will reimburse the
author for the Open Access Publication Fee. Details of existing agreements are available
online.

This journal offers authors a choice in publishing their research:

Open access

= Articles are freely available to both subscribers and the wider public with permitted
reuse.

< An open access publication fee is payable by authors or on their behalf, e.g. by their
research funder or institution.

Subscription

- Articles are made available to subscribers as well as developing countries and patient
groups through our universal access programs.

< No open access publication fee payable by authors.

Regardless of how you choose to publish your article, the journal will apply the same
peer review criteria and acceptance standards.

For open access articles, permitted third party (re)use is defined by the following Creative
Commons user licenses:

Creative Commons Attribution (CC BY)

Lets others distribute and copy the article, create extracts, abstracts, and other revised
versions, adaptations or derivative works of or from an article (such as a translation),
include in a collective work (such as an anthology), text or data mine the article, even
for commercial purposes, as long as they credit the author(s), do not represent the
author as endorsing their adaptation of the article, and do not modify the article in such a
way as to damage the author's honor or reputation.
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Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

For non-commercial purposes, lets others distribute and copy the article, and to include in a
collective work (such as an anthology), as long as they credit the author(s) and provided
they do not alter or modify the article.

The open access publication fee for this journal is USD 1800, excluding taxes. Learn
more about
Elsevier's pricing policy: http://www.elsevier.com/openaccesspricing.

Green open access

Authors can share their research in a variety of different ways and Elsevier has a
number of green open access options available. We recommend authors see our green
open access page for further information. Authors can also self-archive their manuscripts
immediately and enable public access from their institution's repository after an embargo
period. This is the version that has been accepted for publication and which typically
includes author-incorporated changes suggested during submission, peer review and in
editor-author communications. Embargo period: For subscription articles, an appropriate
amount of time is needed for journals to deliver value to subscribing customers before an
article becomes freely available to the public. This is the embargo period and it begins from
the date the article is formally published online in its final and fully citable form. Find out
more.

This journal has an embargo period of 24 months.

Language (usage and editing services)

Please write your text in good English (American or British usage is accepted, but not a
mixture of these). Authors who feel their English language manuscript may require editing
to eliminate possible grammatical or spelling errors and to conform to correct scientific
English may wish to use the English Language Editing service available from Elsevier's
WebShop.

Our online submission system guides you stepwise through the process of entering
your article details and uploading your files. The system converts your article files to a
single PDF file used in the peer-review process. Editable files (e.g., Word, LaTeX) are
required to typeset your article for final publication. All correspondence, including
notification of the Editor's decision and requests for revision, is sent by e-mail.

Submit your article
Please submit your article via http://ees.elsevier.com/jcz.

Referees

Please submit the names and institutional e-mail addresses of several potential referees.
For more details, visit our Support site. Note that the editor retains the sole right to
decide whether or not the suggested reviewers are used.

PREPARATION

Use of word processing software

It is important that the file be saved in the native format of the word processor used.
The text should be in single-column format. Keep the layout of the text as simple as
possible. Most formatting codes will be removed and replaced on processing the article.
In particular, do not use the word processor's options to justify text or to hyphenate words.
However, do use bold face, italics, subscripts, superscripts etc. When preparing tables, if
you are using a table grid, use only one grid for each individual table and not a grid for
each row. If no grid is used, use tabs, not spaces, to align columns. The electronic text
should be prepared in a way very similar to that of conventional manuscripts (see also the
Guide to Publishing with Elsevier). Note that source files of figures, tables and text
graphics will be required whether or not you embed your figures in the text. See also the
section on Electronic artwork.

To avoid unnecessary errors you are strongly advised to use the 'spell-check' and
‘grammar-check' functions of your word processor.
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Subdivision - numbered sections

Divide your article into clearly defined and numbered sections. Subsections should be
numbered

1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section nhumbering).
Use this numbering also for internal cross-referencing: do not just refer to 'the text'. Any
subsection may be given a brief heading. Each heading should appear on its own separate
line.

Introduction
State the objectives of the work and provide an adequate background, avoiding a detailed
literature survey or a summary of the results.

Material and methods
Provide sufficient detail to allow the work to be reproduced. Methods already published
should be indicated by a reference: only relevant modifications should be described.

Theory/calculation

A Theory section should extend, not repeat, the background to the article already dealt
with in the Introduction and lay the foundation for further work. In contrast, a Calculation
section represents a practical development from a theoretical basis.

Results
Results should be clear and concise.

Discussion

This should explore the significance of the results of the work, not repeat them. A
combined Results and Discussion section is often appropriate. Avoid extensive citations
and discussion of published literature.

Conclusions

The main conclusions of the study may be presented in a short Conclusions section, which
may stand alone or form a subsection of a Discussion or Results and Discussion section.

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae and
equations in appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; ina
subsequent appendix, Eq. (B.1) and so on. Similarly for tables and figures: Table A.1; Fig.
A.l, etc.

e Title. Concise and informative. Titles are often used in information-retrieval
systems. Avoid abbreviations and formulae where possible.

< Author names and affiliations. Please clearly indicate the given name(s) and
family name(s) of each author and check that all names are accurately spelled.
Present the authors' affiliation addresses (where the actual work was done) below the
names. Indicate all affiliations with a lower- case superscript letter immediately after the
author's name and in front of the appropriate address. Provide the full postal address of
each affiliation, including the country name and, if available, the e-mail address of each
author.

e Corresponding author. Clearly indicate who will handle correspondence at all stages of
refereeing and publication, also post-publication. Ensure that the e-mail address is
given and that contact details are kept up to date by the corresponding author.

e Present/permanent address. If an author has moved since the work described in the
article was done, or was visiting at the time, a 'Present address' (or 'Permanent address")
may be indicated as a footnote to that author's name. The address at which the author
actually did the work must be retained as the main, affiliation address. Superscript Arabic
numerals are used for such footnotes.

A concise and factual abstract is required. The abstract should state briefly the
purpose of the research, the principal results and major conclusions. An abstract is often
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presented separately from the article, so it must be able to stand alone. For this reason,
References should be avoided, but if essential, then cite the author(s) and year(s). Also,
non-standard or uncommon abbreviations should be avoided, but if essential they must be
defined at their first mention in the abstract itself.

Highlights

Highlights are a short collection of bullet points that convey the core findings of the article.
Highlights are optional and should be submitted in a separate editable file in the online
submission system. Please use 'Highlights' in the file nhame and include 3 to 5 bullet
points (maximum 85 characters, including spaces, per bullet point). You can view
example Highlights on our information site.

Immediately after the abstract, provide a maximum of 6 keywords, using American
spelling and avoiding general and plural terms and multiple concepts (avoid, for example,
‘and’, 'of"). Be sparing with abbreviations: only abbreviations firmly established in the field
may be eligible. These keywords will be used for indexing purposes.

Abbreviations

Define abbreviations that are not standard in this field in a footnote to be placed on the
first page of the article. Such abbreviations that are unavoidable in the abstract must be
defined at their first mention there, as well as in the footnote. Ensure consistency of
abbreviations throughout the article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the
references and do not, therefore, include them on the title page, as a footnote to the title
or otherwise. List here those individuals who provided help during the research (e.g.,
providing language help, writing assistance or proof reading the article, etc.).

Formatting of funding sources
List funding sources in this standard way to facilitate compliance to funder's
requirements:

Funding: This work was supported by the National Institutes of Health [grant numbers
xxxx, yyyy]; the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the
United States Institutes of Peace [grant number aaaa].

It is not necessary to include detailed descriptions on the program or type of grants and
awards. When funding is from a block grant or other resources available to a university,
college, or other research institution, submit the name of the institute or organization
that provided the funding.

If no funding has been provided for the research, please include the following sentence:

This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Units
Follow internationally accepted rules and conventions: use the international system of
units (SI). If other units are mentioned, please give their equivalent in SI.

It is possible to include a link into the text to the database Morph-D-Base.

Math formulae

Please submit math equations as editable text and not as images. Present simple
formulae in line with normal text where possible and use the solidus (/) instead of a
horizontal line for small fractional terms, e.g., X/Y. In principle, variables are to be
presented in italics. Powers of e are often more conveniently denoted by exp. Number
consecutively any equations that have to be displayed separately from the text (if
referred to explicitly in the text).
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Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article.
Many word processors can build footnotes into the text, and this feature may be used.
Otherwise, please indicate the position of footnotes in the text and list the footnotes
themselves separately at the end of the article. Do not include footnotes in the Reference
list.

Electronic artwork General points
= Make sure you use uniform lettering and sizing of your original artwork.
< Embed the used fonts if the application provides that option.
< Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman,
Symbol, or use fonts that look similar.
< Number the illustrations according to their sequence in the text.
« Use a logical naming convention for your artwork files.
= Provide captions to illustrations separately.
« Size the illustrations close to the desired dimensions of the published version.
= Submit each illustration as a separate file.
A detailed guide on electronic artwork is available.
You are urged to visit this site; some excerpts from the detailed information are
given here.
Formats
If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint,
Excel) then please supply 'as is' in the native document format.
Regardless of the application used other than Microsoft Office, when your electronic
artwork is finalized, please 'Save as' or convert the images to one of the following
formats (note the resolution requirements for line drawings, halftones, and line/halftone
combinations given below):
EPS (or PDF): Vector drawings, embed all used fonts.
TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300
dpi.
TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of
1000 dpi. TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale),
keep to a minimum of
500 dpi.
Please do not:
« Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these
typically have a low number of pixels and limited set of colors;
« Supply files that are too low in resolution;
= Submit graphics that are disproportionately large for the content.

Files for full colour images must be in a RGB colour space for online publication (e.g. at
ScienceDirect). Usually, the RGB fi les will be converted to the CMYK color space during the
printing process. Elsevier recommends that only TIFF, EPS or PDF formats are used for
electronic artwork. MS Office fi les (Word, Excel and Power Point) are also accepted.
Journal quality reproduction will require grayscale and colour fi les at resolutions yielding
approximately 300 dpi at final size. Bitmap line art should be submitted at resolutions
yielding 600—1200 dpi at fi nal size. These resolutions refer to the output size of the fi
le; if you anticipate that your images will be enlarged or reduced, resolutions should be
adjusted accordingly. For further information on the preparation of electronic artwork,
please see http://www.elsevier.com/artworkinstructions. If a figure contains more than
one illustration/ micrograph/photo, the single items have to be neatly arranged in a
panel. Please process SEM/TEM micrographs and do not use raw negatives/electronic fi
les. To clearly identify each illustration of the figure panel, use neat and uniform upper
case letters A, B, C etc., scaled to 4-6 mm after reduction. Always indicate the absolute
size by a scale bar with the length stated either directly above the scale bar or in the
respective figure caption. Do not use magnifications. All Figures should be consecutively
numbered and clearly identifiable with a unique fi le name (author-fig. x is
recommended) when uploaded to EES. For Short communications and Opinions a
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maximum of two small illustrations/tables is possible. They should fit into one column of a
single page. 3D PDFs could be published at the journal ZOOLOGISCHER ANZEIGER.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS
(or PDF), or MS Office files) and with the correct resolution. If, together with your
accepted article, you submit usable color figures then Elsevier will ensure, at no
additional charge, that these figures will appear in color online (e.g., ScienceDirect and
other sites) regardless of whether or not these illustrations are reproduced in color in
the printed version. For color reproduction in print, you will receive information
regarding the costs from Elsevier after receipt of your accepted article. Please
indicate your preference for color: in print or online only. Further information on the
preparation of electronic artwork.

lllustration services

Elsevier's WebShop offers lllustration Services to authors preparing to submit a
manuscript but concerned about the quality of the images accompanying their article.
Elsevier's expert illustrators can produce scientific, technical and medical-style images,
as well as a full range of charts, tables and graphs. Image 'polishing’ is also available,
where our illustrators take your image(s) and improve them to a professional standard.
Please visit the website to find out more.

Figure captions

Ensure that each illustration has a caption. Supply captions separately, not attached to
the figure. A caption should comprise a brief title (not on the figure itself) and a description
of the illustration. Keep text in the illustrations themselves to a minimum but explain all
symbols and abbreviations used.

Figure captions should be typed on separate page(s) following the References section of
the manuscript text. They should be concise and aid with the interpretation of each figure
and should be formatted as follows: “Fig. 1. SEM micrographs of Amphithyris hallettensis.
(A) Dorsal valve interior showing median septum (ms). (B) Ventral valve interior with
punctae. Abbreviations: ca, capillae; p, punctae. Scale bars: A = 200 um; B = 150 pm.”
Abbreviations used to highlight figure details should be explained either in the figure
caption (as for “median septum” in the example) or in a list at the end of a caption (as
for “capillae” and “punctae”).

Please submit tables as editable text and not as images. Tables can be placed either next
to the relevant text in the article, or on separate page(s) at the end. Number tables
consecutively in accordance with their appearance in the text and place any table notes
below the table body. Be sparing in the use of tables and ensure that the data presented
in them do not duplicate results described elsewhere in the article. Please avoid using
vertical rules and shading in table cells.

Citation in text

Please ensure that every reference cited in the text is also present in the reference list
(and vice versa). Any references cited in the abstract must be given in full. Unpublished
results and personal communications are not recommended in the reference list, but may
be mentioned in the text. If these references are included in the reference list they should
follow the standard reference style of the journal and should include a substitution of the
publication date with either ‘Unpublished results' or 'Personal communication’. Citation of
a reference as 'in press' implies that the item has been accepted for publication.

Reference links

Increased discoverability of research and high quality peer review are ensured by
online links to the sources cited. In order to allow us to create links to abstracting and
indexing services, such as Scopus, CrossRef and PubMed, please ensure that data
provided in the references are correct. Please note that incorrect surnames, journal/book
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titles, publication year and pagination may prevent link creation. When copying
references, please be careful as they may already contain errors. Use of the DOI is
encouraged.

A DOI can be used to cite and link to electronic articles where an article is in-press and
full citation details are not yet known, but the article is available online. A DOI is
guaranteed never to change, so you can use it as a permanent link to any electronic
article. An example of a citation using DOI for an article not yet in an issue is: VanDecar
J.C., Russo R.M., James D.E., Ambeh W.B., Franke M. (2003). Aseismic continuation of
the Lesser Antilles slab beneath northeastern Venezuela. Journal of Geophysical
Research, http://dx.doi.org/10.1029/2001JB000884i. Please note the format of such
citations should be in the same style as all other references in the paper.

Web references

As a minimum, the full URL should be given and the date when the reference was last
accessed. Any further information, if known (DOI, author names, dates, reference to a
source publication, etc.), should also be given. Web references can be listed separately
(e.g., after the reference list) under a different heading if desired, or can be included in
the reference list.

Data references

This journal encourages you to cite underlying or relevant datasets in your manuscript by
citing them in your text and including a data reference in your Reference List. Data
references should include the following elements: author name(s), dataset title, data
repository, version (where available), year, and global persistent identifier. Add [dataset]
immediately before the reference so we can properly identify it as a data reference. The
[dataset] identifier will not appear in your published article.

References in a special issue
Please ensure that the words 'this issue' are added to any references in the list (and any
citations in the text) to other articles in the same Special Issue.

Reference management software

Most Elsevier journals have their reference template available in many of the most popular
reference management software products. These include all products that support
Citation Style Language styles, such as Mendeley and Zotero, as well as EndNote. Using
the word processor plug-ins from these products, authors only need to select the
appropriate journal template when preparing their article, after which citations and
bibliographies will be automatically formatted in the journal's style. If no template is yet
available for this journal, please follow the format of the sample references and citations
as shown in this Guide.

Users of Mendeley Desktop can easily install the reference style for this journal by clicking
the following link:
http://open.mendeley.com/use-citation-style/zoologischer-anzeiger-a-journal-of-
comparative-zoology When preparing your manuscript, you will then be able to select this
style using the Mendeley plug- ins for Microsoft Word or LibreOffice.

Reference style

Text: All citations in the text should refer to:

1. Single author: the author's name (without initials, unless there is ambiguity) and the
year of publication;

2. Two authors: both authors' names and the year of publication;

3. Three or more authors: first author's name followed by 'et al." and the year of
publication. Citations may be made directly (or parenthetically). Groups of references
should be listed first alphabetically, then chronologically.

Examples: ‘'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999).
Kramer et al. (2010) have recently shown ...."
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List: References should be arranged first alphabetically and then further sorted
chronologically if necessary. More than one reference from the same author(s) in the
same year must be identified by the letters 'a‘, 'b', 'c', etc., placed after the year of
publication.

Examples:

Reference to a journal publication:

Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2010. The art of writing a scientific
article. J. Sci. Commun. 163, 51-59.

Reference to a book:

Strunk Jr., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New York.
Reference to a chapter in an edited book:

Mettam, G.R., Adams, L.B., 2009. How to prepare an electronic version of your article, in:
Jones, B.S., Smith , R.Z. (Eds.), Introduction to the Electronic Age. E-Publishing Inc., New
York, pp. 281-304. Reference to a website:

Cancer Research UK, 1975. Cancer  statistics reports for the UK.
http://www.cancerresearchuk.org/

aboutcancer/statistics/cancerstatsreport/ (accessed 13.03.03). Reference to a dataset:
[dataset] Oguro, M., Imahiro, S., Saito, S., Nakashizuka, T., 2015. Mortality data for
Japanese oak wilt disease and surrounding forest compositions. Mendeley Data, v1.
http://dx.doi.org/10.17632/ xwj98nb39r.1.

References “in press” (accepted for publication) shall be cited with the expected year of
publication and with the remark “(in press)” following the name of the journal. Names of
persons who provide unpublished information should have their initials included in the
text, e.g. (W.F. Miller, pers. comm.

1967 [for information obtained orally]) or (J.J. Jacobs, in lit. 1993) [for information
obtained in writing]). List references alphabetically by author(s) name(s). Do not italicize
words in references other than genus group and species group names. Journal names
should be not abbreviated.

Journal abbreviations source
Journal names should be abbreviated according to the List of Title Word Abbreviations.

Elsevier accepts video material and animation sequences to support and enhance your
scientific research. Authors who have video or animation files that they wish to submit
with their article are strongly encouraged to include links to these within the body of the
article. This can be done in the same way as a figure or table by referring to the video or
animation content and noting in the body text where it should be placed. All submitted
files should be properly labeled so that they directly relate to the video file's content. In
order to ensure that your video or animation material is directly usable, please provide the
files in one of our recommended file formats with a preferred maximum size of 150 MB.
Video and animation files supplied will be published online in the electronic version of your
article in Elsevier Web products, including ScienceDirect. Please supply 'stills' with your
files: you can choose any frame from the video or animation or make a separate image.
These will be used instead of standard icons and will personalize the link to your video data.
For more detailed instructions please visit our video instruction pages. Note: since video
and animation cannot be embedded in the print version of the journal, please provide text
for both the electronic and the print version for the portions of the article that refer to this
content.

Supplementary material such as applications, images and sound clips, can be published
with your article to enhance it. Submitted supplementary items are published exactly as
they are received (Excel or PowerPoint files will appear as such online). Please submit your
material together with the article and supply a concise, descriptive caption for each
supplementary file. If you wish to make changes to supplementary material during any
stage of the process, please make sure to provide an updated file. Do not annotate any
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corrections on a previous version. Please switch off the 'Track Changes' option in
Microsoft Office files as these will appear in the published version.

This journal encourages and enables you to share data that supports your research
publication where appropriate, and enables you to interlink the data with your published
articles. Research data refers to the results of observations or experimentation that
validate research findings. To facilitate reproducibility and data reuse, this journal also
encourages you to share your software, code, models, algorithms, protocols, methods and
other useful materials related to the project.

Below are a number of ways in which you can associate data with your article or make a
statement about the availability of your data when submitting your manuscript. If you are
sharing data in one of these ways, you are encouraged to cite the data in your manuscript
and reference list. Please refer to the "References" section for more information about data
citation. For more information on depositing, sharing and using research data and other
relevant research materials, visit the research data page.

Data linking

If you have made your research data available in a data repository, you can link your article
directly to the dataset. Elsevier collaborates with a number of repositories to link articles
on ScienceDirect with relevant repositories, giving readers access to underlying data that
give them a better understanding of the research described.

There are different ways to link your datasets to your article. When available, you can
directly link your dataset to your article by providing the relevant information in the
submission system. For more information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your
published article on ScienceDirect.

In addition, you can link to relevant data or entities through identifiers within the
text of your manuscript, using the following format: Database: xxxx (e.g., TAIR:
AT1G01020; CCDC: 734053; PDB: 1XFN).

You can enrich your online articles by providing phylogenetic tree data files (optional) in
Newick or NeXML format, which will be visualized using the interactive tree viewer
embedded within the online article. Using the viewer it will be possible to zoom into
certain tree areas, change the tree layout, search within the tree, and collapse/expand
tree nodes and branches. Submitted tree files will also be available for downloading from
your online article on ScienceDirect. Each tree must be contained in an individual data file
before being uploaded separately to the online submission system, via the

'phylogenetic tree data' submission category. Newick files must have the extension .new or
.nwk (note that a semicolon is needed to end the tree). Please do not enclose comments in
Newick files and also delete any artificial line breaks within the tree data because these
will stop the tree from showing. For NeXML, the file extension should be .xml. Please do
not enclose comments in the file. Tree data submitted with other file extensions will not
be processed. Please make sure that you validate your Newick/NeXML files prior to
submission. More information.

You can enrich your online articles by providing 3D models (optional) in PLY, OBJ or U3D
format, which will be visualized using the interactive viewer next to the article. Each 3D
model will have to be zipped and uploaded to the online submission system via the '3D
models' submission category. Please be advised that the recommended model size
before zipping is maximum 150 MB. Multiple models can be submitted. Please provide a
short informative description for each model by filling in the 'Description’ field when
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uploading a dataset. Note: all datasets will be available for download from the online article
on ScienceDirect. If you have concerns about your data being downloadable, please
provide a video instead. More information on OBJ and PLY models or U3D models.

You can enrich your online articles by providing 3D neuroimaging data in NIfTI
format. This will be visualized for readers using the interactive viewer embedded within
your article, and will enable them to: browse through available neuroimaging datasets;
zoom, rotate and pan the 3D brain reconstruction; cut through the volume; change
opacity and color mapping; switch between 3D and

2D projected views; and download the data. The viewer supports both single (.nii) and
dual (.hdr and .img) NIfTI file formats. Recommended size of a single uncompressed
dataset is maximum 150

MB. Multiple datasets can be submitted. Each dataset will have to be zipped and
uploaded to the online submission system via the '3D neuroimaging data' submission
category. Please provide a short informative description for each dataset by filling in the
‘Description’ field when uploading a dataset. Note: all datasets will be available for
downloading from the online article on ScienceDirect. If you have concerns about your
data being downloadable, please provide a video instead. More information.

Scientific names If taxon names are listed in the title, their systematic position must be
indicated (e.g. Lepidoptera: Zygaenidae). If only family group level taxa are treated, the
name of the respective order is required. Binomial taxon names in the title should be
accompanied by author and date of publication. The first mention of a genus group
and/or species group name in the text should appear as the full scientific name, complete
with author and date (e.g. Oulema (Oulema) melanopus (Linnaeus, 1758)). Thereafter, a
binomial name should be abbreviated with the first letter of the generic name,
accompanied by the abbreviation of the sub generic name, if necessary (e.g. O. (O.)
melanopus). Do not use a species group name without the corresponding genus or its
initial. All genus and species group names have to be formatted in italics. The authorities
of species names should be fully cited in the References, as are textual references. In
the case of large taxonomic revisions containing many authority references, please alert
the Subject Editor at submission stage. Taxonomy Taxonomic information must conform to
the requirements of the latest International Code of Zoological Nomenclature. Type
specimens must be designated and type depositories must be clearly indicated for new
species group taxa and should be deposited in recognized institutions. List names in
synonymies as follows: Sphinx flaveola Esper, 1786: 229, pl. 36, fi g. 1., and list the
citation under References (see above).

Copyright 2014 Elsevier | http://www.elsevier.com
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Invertebrate Biology

Edited By: Michael W. Hart
Impact Factor: 1.23

ISI Journal Citation Reports © Ranking: 2015: 62/104 (Marine & Freshwater Biology); 64/161
(Zoology)

Online ISSN: 1744-7410
Author Guidelines

Invertebrate Biology (IB) invites papers describing original, significant
research focused on understanding any aspect of the biology of
invertebrate organisms (protozoan and metazoan), including morphology
and ultrastructure; genetics, phylogenetics, and evolution; physiology and ecology;
neurobiology, behavior, and biomechanics; reproduction and development; and cell and
molecular biology. Taxonomic descriptions may be a component, though secondary, of
papers submitted to IB. Review articles are welcomed, but please consult the Editor-in-Chief
before submitting. All contributions undergo a thorough process of peer-review.

Effective with the 2017 volume, this journal will be published in an online-only format.

Print subscription and single issue sales are available from Wiley's Print-on-Demand Partner.
To order online click through to the ordering portal from the journal’'s subscribe and renew
page on WOL.

Manuscript submission and format

Manuscripts should be submitted electronically through ScholarOne Manuscripts

at http://mc.manuscriptcentral.com/InvBio. Manuscripts must be in English with metric units
throughout. For matters of style not covered here, refer to recent issues of IB or the CBE
Manual Scientific Style and Format. Manuscript text files should be double-spaced, with
margins of at least 2.5 cm. Please provide full names and addresses for each author, five
additional keywords not in the title, and a running title of no more than 40 characters. The
abstract, summarizing the main findings, conclusions, and significance of work, should be
concise and informative; avoid vague statements such as "The significance of the results is
discussed." The introduction, usually a brief account of background and goals, is not titled.
Subsequent sections bear titles, usually Methods, Results, Discussion, and References.
Subheadings should be no more than 40 characters. Place Acknowledgments between
Discussion and References. Figure legends, tables, and footnotes (in that order) should
follow the last page of references.

OnlineOpen

OnlineOpen is available to authors of primary research articles who wish to make their article
available to non-subscribers on publication, or whose funding agency requires grantees to
archive the final version of their article. With OnlineOpen, the author, the author's funding
agency, or the author's institution pays a fee to ensure that the article is made available to
non-subscribers upon publication via Wiley Online Library, as well as deposited in the
funding agency's preferred archive.

Prior to acceptance, there is no requirement to inform an Editorial Office that you intend to
publish your paper OnlineOpen if you do not wish to. All OnlineOpen articles are treated in
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the same way as any other article. They go through the journal's standard peer-review
process and will be accepted or rejected based on their own merit.

Copyright

If your paper is accepted, the author identified as the formal corresponding author for the
paper will receive an email prompting them to login into Author Services; where via the Wiley
Author Licensing Service (WALS) they will be able to complete the license agreement on
behalf of all authors on the paper.

For authors signing the copyright transfer agreement

If the OnlineOpen option is not selected, the corresponding author will be presented with the
copyright transfer agreement (CTA) to sign. The terms and conditions of the CTA can be
previewed in the samples associated with the Copyright FAQs at
http://authorservices.wiley.com/bauthor/fags copyright.asp

For authors choosing OnlineOpen

If the OnlineOpen option is selected, the corresponding author will have a choice of the
following Creative Commons License Open Access Agreements (OAA):

Creative Commons Attribution License OAA

Creative Commons Attribution Non-Commercial License OAA

Creative Commons Attribution Non-Commercial -NoDerivs License OAA

To preview the terms and conditions of these open access agreements please visit the
Copyright FAQs hosted on Wiley Author Services and
visithttp://www.wileyopenaccess.com/details/content/12f25db4c87/Copyright--License.html. If
you select the OnlineOpen option and your research is funded by The Wellcome Trust and
members of the Research Councils UK (RCUK), you will be given the opportunity to publish
your article under a CC-BY license supporting you in complying with Wellcome Trust and
Research Councils UK requirements. For more information on this policy and the Journal's
compliant self-archiving policy please visit: hitp://www.wiley.com/go/funderstatement.

Citations and references

Complete data for all published works and theses cited, and only those cited, must be listed
in References, in alphabetical order; include papers accepted for publication (Baker, in
press), but not those merely submitted or in preparation. In the text, cite works in
chronological order: (Smith & Jones 1991; Cook et al. 1992; Anderson 1993a,b). Cite
unpublished data and manuscripts from one of the authors (Cox, unpubl. data) or other
individuals (D. E. Fox, pers. comm.) with no entry in References. Consult BIOSIS for journal-
title abbreviations.

Examples of References style:

Grell KG & Ruthmann A 1991. Placozoa. In: Microscopic Anatomy of Invertebrates, Vol.2.
Placozoa, Porifera, Cnidaria, and Ctenophora. Harrison FW & Westfall JA, eds., pp. 13-27.
Wiley-Liss, New York. Klauser MD 1982. An ultrastructural and experimental study of
locomotion in Trichoplax adhaerens (Placozoa). Masters thesis, Clemson University,
Clemson, South Carolina. 49 pp.

Lowenstam HA & Weiner S 1989. On Biomineralization. Oxford University Press, New York.
324 :
Pearse VB 1989a. Growth and behavior of Trichoplax adhaerens: first record of the phylum
Placozoa in Hawaii. Pac. Sci. 43: 117-121.

---- 1989b. Stalking the wild placozoan: biogeography and ecology of Trichoplax in the
Pacific. (Abstr.) Am. Zool. 29: 175A.

[llustrations

Whenever practical, data should be presented in graphs rather than tables. In designing
tables, figures, and multiple-figure plates, keep in mind that the final page size (print area) is
41 picas wide (nearly 175 mm or 7 inches) and 54 picas high (230 mm or 9 inches). Figures
may occupy from half- to full-page width. Details of all figures (graphs, line drawings,
halftones) must be large enough (at least 1.5 mm high), to remain clear at final, published
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size. Include a scale bar in each figure and its value in the figure or the legend; do not use
expressions of magnification. lllustrations should be submitted as electronic files at the
appropriate resolution and the size intended for publication. Color images should be
submitted in CMYK color. For file format, submit line artwork (vector graphics) as
Encapsulated PostScript (.eps), and halftones or photographic images (bitmap files) as
Tagged Image File Format (.tif). Minimum acceptable resolution at final, published size is 300
dpi for color figures, 500 dpi for grayscale images, and 1200 dpi for line art. If a plate
contains more than one type of art (e.g., line art and grayscale photographic images), the
entire plate must be submitted at the highest applicable resolution (in this case, 1200 dpi).
For uploading large files more quickly, LZW compression will reduce file size without
affecting quality. Further information on preparing electronic figures is available
at http://authorservices.wiley.com/bauthor/illustration.asp. Figures and tables must be cited in
the manuscript text in the same order as their numbering (e.g., Fig. 1 should be cited before
Fig. 2; likewise, Fig. 1A should be cited before Fig. 1B).Authors are encouraged to submit
additional, unlabeled photographs or drawings to be considered for the issue cover.

Scientific names

For all species studied, the complete scientific name with taxonomic author and date (e.qg.,
Ostrea edulis LINNAEUS 1758) should be given either at the first mention in the text of the
paper or in the Methods, but not in the title or abstract. Place taxonomic author in small caps,
to distinguish from citations to reference works. Use the full binomial (Ostrea edulis) at the
first mention in each section of the paper, and then abbreviate (O. edulis, not Ostrea unless
referring to the genus). The Latin name of any taxon is capitalized and treated as a singular
noun, not a plural or an adjective.

Instructions for authors are also available online

at: www.invertebratebiology.org andwww.wileyonlinelibrary.com/journal//ivb. We encourage
authors to support the society that publishes Invertebrate Biology, and receive the journal in
which their manuscript appears, by becoming a member of the American Microscopical
Society

(http://www.amicros.org/ or www.wileyonlinelibrary.com/journal//ivb).
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Journal of Morphology

Edited By: J. Matthias Starck
Impact Factor: 1.521

ISI Journal Citation Reports © Ranking: 2015: 6/21 (Anatomy &
Morphology)

Online ISSN: 1097-4687

Author Guidelines
NIH Public Access Mandate

For those interested in the Wiley-Blackwell policy on the NIH Public Access Mandate, please
visit our policy statement.

Note to NIH Grantees. Pursuant to NIH mandate, Wiley-Blackwell will post the accepted
version of contributions authored by NIH grant-holders to PubMed Central upon acceptance.
This accepted version will be made publicly available 12 months after publication. For further
information, see www.wiley.com/go/nihmandate.

Visit the new Author Services today! Features include:

. Free access to your article for 10 of your colleagues; each author of a paper may
nominate up to 10 colleagues. This feature is retrospective—even articles already published
offer this feature for free colleague access.

. Access in perpetuity to your published article.

. Production tracking for your article and easy communication with the Production
Editor via e-mail.

. A list of your favorite journals with quick links to the Editorial Board, Aims & Scope,

Author Guidelines and if applicable the Online Submission website; journals in which you
have tracked production of an article are automatically added to your Favorites.
. Guidelines on optimizing your article for maximum discoverability.

Author Guidelines

The Journal of Morphology welcomes manuscripts from all areas of animal morphology.
The Journal publishes original research papers and review articles. We prioritize manuscripts
that report about functional, comparative or evolutionary morphology. Plain descriptive
papers will be considered only when they report about important new and so far unknown
organisms and their morphology. Submitted manuscripts generally should not exceed 35
pages. However, we maintain an open and flexible policy about paper article length; if your
manuscript exceeds 35 pages please contact the editorial office prior to submission to obtain
permission for submitting an overlength paper.

Search Engine Optimization for Your Paper

Consult our SEO Tips for Authors page in order to maximize online discoverability for your
published research. Included are recommendations for making your title and abstract search
engine-friendly, choosing appropriate keywords, and promoting your research through social
media. Submission.
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JMOR uses an online submission system for receiving, reviewing, and accepting
manuscripts for publication, which enables authors to submit their manuscripts online to
expedite the peer review process. The online system also enables authors to check the
status of their manuscripts during the peer review process.

Use this link to submit your manuscript (https://mc.manuscriptcentral.com/imor). The
corresponding author will be instructed to create a user account. Once the account has been
created, manuscripts are to be submitted through the "Author Center". Follow all instructions
and complete all required fields. Submit your manuscript and all Figures and Tables as
separate files. After the manuscript has been successfully submitted, authors will see a
confirmation screen with the manuscript number and receive an email reply from
the JMOR editorial office acknowledging receipt of the manuscript. If that does not happen,
please check your submission and/or contact the editorial office at [morph@wiley.com.
IMPORTANT: Text, figures and tables must be submitted as separate files to ensure that the
submission is successful.

To avoid possible delay in processing your submission, your files must be submitted in the
following formats:

. One .doc or docx file with text and citations

. Each figure in a separate file in .tif or .eps format

. Tables should either be all in one .doc or .docx file, or in separate .doc or .docx files

. Number all pages in sequence beginning with the title page, placing the first author's
surname and the page number in the upper right hand corner of each page.

. Double space and use 12 point font size.

See the Miscellaneous section of this document for format

restrictions/guidelines. JIMOR uses a plagiarism detection system. By submitting your
manuscript to us, you agree that your manuscript will be screened for plagiarism against
previously published works.

All submitted manuscripts must be original and must not have been published previously
either in whole or in part, except in abstract form; manuscripts published previously in
another language may not be submitted. Also, manuscripts submitted to us must not be
under consideration by any other journal.

Be sure to keep an electronic copy that is identical to the version that you submitted online. If
you have any questions on the submission process please email the editorial office
at jimorph@wiley.com.

Manuscripts must be submitted in English (American style), and must be double-spaced with
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Figure Legends.

A descriptive legend must be provided for each figure and must define all abbreviations used
therein.

Figures/lllustrations. Each figure should be high-contrast on a separate page with the
figure number clearly indicated. All color figures will be reproduced in full color in the online
edition of the journal at no cost to authors. For the printed version free color figures are at
the editor's discretion. Only figures in which color is necessary for communicating information
are eligible for free printing. If authors wish to have other figures printed in color they are
requested to pay the cost of reproducing color figures in print.

Journal Cover Artwork. Along with their manuscript, authors are welcome to submit an
original photograph or other artwork that illustrates their research for possible use on the
cover of the issue in which the article appears. This artwork is submitted with the
understanding that it has not been published elsewhere, that the author has copyright, and
that the author grants Wiley-Periodicals permission to publish the photo as a cover image,
should it be chosen. Candidate images for journal covers may be submitted electronically as
TIF files.

3D-Figures.

JMOR accepts 3D-interactive models or figures that can be embedded in PDFs.
See http://onlinelibrary.wiley.com/doi/10.1002/jemt.20618/pdf for examples

and http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1097-

4687/homepage/Basic_ 3D PDFE_Adobe Acrobat 9 Pro.pdf for basic instructions. Authors
are responsible for 3D-image assembly. Each 3D-image should be submitted in an individual
PDF file, and for each 3D-image the author must also provide a normal figure in TIF format.
The TIF figure will appear in the print version and will also serve to activate the 3D-
functionality in the online version. Please indicate any 3D-figures in your cover letter during
the submission process to ensure appropriate handling.

Additional Guidelines for Manuscript Preparation

Text

Text files, including tables, appendices and literature citations, must be in Microsoft Word or
rtf format.

Figures/lllustrations

Software and format. The recommended format for all illustration files is TIFF or TIF. JPG
and JPEG format will not be accepted. EPS (with preview) is acceptable but not
recommended. Do not submit native application formats.

Resolution. Journal quality reproduction will require greyscale and color files at resolutions
yielding approximately 300 ppi. Bitmapped line art should be submitted at resolutions yielding
600-1200 ppi. These resolutions refer to the output size of the file; if you anticipate that your
images will be enlarged or reduced, resolutions should be adjusted accordingly.

File names. lllustration files should be given the 2- or 3-letter extension that identifies the file
format used (i.e., .tif, .eps).

Miscellaneous

The Editor and Publisher reserve the right to return to the author for revision manuscripts and
illustrations that are not in proper finished form.

Copyright Transfer Agreement (CTA)

If your paper is accepted, the author identified as the formal corresponding author for the
paper will receive an email prompting them to login into Author Services; where via the Wiley
Author Licensing Service (WALS) they will be able to complete the license agreement on
behalf of all authors on the paper.

For authors signing the copyright transfer agreement

If the OnlineOpen option is not selected the corresponding author will be presented with the
copyright transfer agreement (CTA) to sign. The terms and conditions of the CTA can be
previewed in the samples associated with the Copyright FAQs below:
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CTA Terms and Conditions http://authorservices.wiley.com/bauthor/fags copyright.asp

For authors choosing OnlineOpen

If the OnlineOpen option is selected the corresponding author will have a choice of the
following Creative Commons License Open Access Agreements (OAA):

Creative Commons Attribution License OAA

Creative Commons Attribution Non-Commercial License OAA

Creative Commons Attribution Non-Commercial -NoDerivs License OAA

To preview the terms and conditions of these open access agreements please visit the
Copyright FAQs hosted on Wiley Author
Services http://authorservices.wiley.com/bauthor/fags copyright.aspand

visit http://www.wileyopenaccess.com/details/content/12f25db4c87/Copyright--License.html.
If you select the OnlineOpen option and your research is funded by The Wellcome Trust and
members of the Research Councils UK (RCUK) you will be given the opportunity to publish
your article under a CC-BY license supporting you in complying with Wellcome Trust and
Research Councils UK requirements. For more information on this policy and the Journal’s
compliant self-archiving policy please visit: hitp://www.wiley.com/go/funderstatement.

Proofs.

A set of page and illustration proofs will be sent to the author via email from the publisher. All
corrections should be clearly marked.

Reprints.

Reprints may be purchased
at https://caesar.sheridan.com/reprints/redir.php?pub=10089&acro=jmor.

The Journal of Morphology provides free access to your article for 10 of your colleagues;
each author of a paper may nominate up to 10 colleagues. This feature is retrospective—
even articles already published offer this feature for free colleague access. Contact your
production editor after acceptance for detalils.

Supporting Information.

Authors are encouraged to submit supporting information that could aid readers in
understanding the authors' findings and where appropriate to ensure that the page limits are
met. Supporting information for articles published in the Journal of Morphology will be
available in the online version of the journal. This accompanying information may include (but
is not limited to) figures, tables, video clips, large sections of movies (QuickTime or mpeg),
data sets, program code, and electronic graphical files. Supporting information must be
submitted at the time of peer review, although the reviewers and editors may also suggest
that figures or table(s) be provided as supporting information during the review process.
Each piece of supporting information should be referenced within the text. Supporting
information should be numbered in order, but independently of figures in the main article, e.g.
S- Figure 1 would indicate a figure that follows Figure 1 in the main text. Please note that
supporting information is NOT edited by the publisher after final acceptance by the editors,
and is posted online in the format in which it is supplied.

Self-Archiving Policy. Authors of articles published in Wiley journals are permitted to self-
archive the submitted (preprint) version of the article at any time, and may self-archive the
accepted (peer-reviewed) version after an embargo period. Please visit our Self-Archiving
Policy page for details or refer to your Copyright Transfer Agreement.
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