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RESUMO  
 
 A variabilidade espacial e temporal do suprimento larval pode influenciar 

fortemente as taxas de recrutamento em populações de invertebrados marinhos 

do entre marés, e, assim, determinar os padrões de abundância e distribuição de 

adultos. No entanto, o comportamento de larvas antes do assentamento, e a sua 

condição fisiológica, podem também desempenhar um papel importante. Há vários 

fatores que influenciam a qualidade fisiológica de uma larva, sendo um deles o 

efeito materno, ou seja, a forma como os recursos são manipulados pelas mães para 

produzir sua prole, especialmente como afeta a fecundidade. Outro fator 

importante é o estado trófico do ambiente onde estágios iniciais se desenvolvem 

em estágios finais pré-competentes. No entanto, pouco se sabe sobre a relação 

entre esses dois processos e se a variabilidade natural das condições da costa 

realmente provoca uma pior qualidade no desempenho juvenil e nas taxas de 

recrutamento. Neste estudo nós analisamos se os processos que afetam a 

qualidade embrionária e larval são independentes ou interativas, e também se as 

condições ambientais ao longo de uma costa subtropical pode mediar tendências 

de qualidade de larvas à mesoescala e também determinar padrões de distribuição 

de invertebrados sésseis do entre marés. Usamos a craca Chthamalus bisinuatus 

como modelo biológico, e experimentos de laboratório e de campo foram 

realizados para explorar a relação de diversas variáveis ambientais nos padrões de 

distribuição destes cirripédios. Testamos também se as oscilações naturais na 

disponibilidade de alimento determinam padrões espaciais e temporais da 

qualidade da larva produzida e os efeitos da disponibilidade de alimento para as 

mães e para os seus descendentes na qualidade do estágio larval final deste 

organismo. Os resultados obtidos nessa tese apontam para a importância da 

disponibilidade de alimento na coluna d'água em determinar padrões de 

abundância e tamanho dos organismos adultos, bem como a relação com o grau de 

exposição à ação de ondas na manutenção de populações adultas. Concluímos 

também que mudanças sazonais na produtividade primária tem um efeito na 

fecundidade e qualidade da larva produzida ao longo do ano por esses cirripédios. 

Finalmente pudemos demonstrar que pequenas alterações na quantidade de 

alimento fornecida à mães e larvas de Chthamalus são suficiente para provocar 



plasticidade de alguns tratos larvais importantes para os processos e sucesso do 

recrutamento destes organismos.  

Palavras-chave: efeitos maternos, efeitos latentes, Chthamalus bisinuatus, 
alimentação, qualidade larval. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



ABSTRACT 
 

Spatial and temporal variability of larval supply can strongly influence the 

recruitment rates in populations of marine intertidal invertebrates, and thus 

determine the abundance and distribution patterns of adults. However, the 

behavior of larvae prior to settlement, and its physiological condition, may also 

play an important role. There are several factors that influence the physiological 

quality of a larva, one of them being maternal effects, that is, the way resources are 

allocated by mothers to produce their offspring, especially the way it affects 

fecundity. Another important factor is the trophic state of the environment where 

early stages develop into competent pre-final stages. However, little is known 

about the relationship between these two processes and if the natural variability of 

coastal conditions actually causes poorer quality in young performance and 

recruitment rates. In this study we analyzed the processes affecting embryonic and 

larval quality and if they are independent or interactive, and also if the 

environmental conditions along a subtropical coast can mediate trends in quality 

larvae to mesoscale and also determine sessile intertidal invertebrates distribution 

patterns. We used the barnacle Chthamalus bisinuatus as a biological model, and 

laboratory and field experiments were conducted to explore the relationship of 

various environmental variables in the patterns of distribution of these barnacles. 

We tested also if natural fluctuations in food availability determine spatial and 

temporal patterns of larvae quality produced and the effects of food availability for 

mothers and their descendants in the quality of the final larval stage of this 

organisms. The results obtained in this thesis point to the importance of the food 

availability in the water column in determining patterns of abundance and size of 

adult organisms, and the relationship with the degree of exposure to wave action 

in the maintenance of adult populations. We also conclude that seasonal changes in 

primary productivity has an effect on fecundity and quality of the larvae produced 

throughout the year by those barnacles. Finally we were able to demonstrate that 

small changes in the amount of food provided to mothers and larvae Chthamalus 

are enough to cause plasticity of some important larval traits which impacts the 

processes and success of recruitment in these organisms. 

Keywords: maternal effects, latent effects, Chthamalus bisinuatus, food availability, 

larval quality.  
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GENERAL INTRODUCTION 
 

In marine ecology, one of the leading themes of research is how benthic 

populations and communities are controlled and how they respond to biological 

and physical factors. Majority of intertidal marine populations are generally 

composed by organisms presenting complex life cycles, which include one or more 

pelagic larval phases (Wilbur 1980; Roughgarden et al. 1988; Pechenik et al. 1998). 

These populations are considered as demographically open, i.e, there is an 

interchange among discrete populations via larval dispersal. (Roughgarden et al. 

1985). In this scenario, reproduction, larval development history and recruitment, 

that is, the successful settlement from the plankton and survival to adulthood of 

new individuals into a local population becomes greatly important, as these 

processes are linked through an organisms life cycle and will be responsible for 

that population replenishment (Young 1987; Underwood and Fairweather 1989).  

During the last years the idea that metamorphosis of recently settled larvae 

into the benthic environment is not a new beginning for that individual has grown 

considerably, as many authors demonstrated how different life stages of an 

organism are linked through different mechanisms (Diss et al. 1996; Reznick et al. 

1996; Pechenik et al. 1998; Pechenik 2006). Considering the benthic adult life 

stage, environmental conditions experienced can alter the reproductive output of 

the organism (Ramirez Llodra 2002). The amount of energy available will directly 

influence the number and quality of the offspring produced, which in turn, could 

benefit or jeopardize the later recruitment of populations. The quality of recently 

spawned larvae depends on the amount of energy and essential nutrients that 

mothers can provide to offspring. This capacity, in turn, is limited by 

environmental resources available in adult benthic habitats, and may vary 
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according to strategies of maternal resource manipulation. This latter process 

relies on sensorial perception skills of mothers to surrounding environmental 

variables signaling the trophic quality of near shore waters (an assessment of 

resource supply to offspring, Marshall and Uller 2007), or benthic risk cues 

indicating physical stress or predator presence (an assessment of the odds for 

future reproductive output) (Gagliano and McCormick 2009; Coslovsky and 

Richner 2011). This information would then underlie contrasting reproductive 

responses of mothers, either by preferentially allocating resources for their own 

and producing low quality offspring, or by transferring large portions of energetic 

reserves to offspring at the expense of maternal reduced performance (Bernardo 

1996; Marshall and Uller 2007).  

For species producing lecithotrophic larvae, i.e. propagules that do not 

depend on external food resources, but exclusively on endogenous energy 

resources, it is common for larvae to settle close to their parental population 

(Knowlton and Jackson 1993). In this case, the environment experienced by 

parental populations can be an indicator of conditions under which their progeny 

will develop, and so, mothers can adjust investment per propagule and maximize 

the combined fitness of their own and their offspring’s  (Qian and Chia 1991; 

Marshall and Uller 2007). On the other hand, when larvae enrolls a planktotrophic 

development, i.e., its survival depends on external food items, the maternal 

environment will probably not be the same experienced by larvae, because larvae 

with this type of development commonly remains longer in the water column and 

are thus subjected to greater dispersion potential (Levin 2006). In this case, any 

cues perceived by maternal populations may not be interpreted as the conditions 

their progeny will experience. Under this scenario, mothers can distribute 
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resources to their offspring unevenly, producing larvae of variable quality even 

within the same batch, which would ensure survival of at least a small fraction of 

their larvae (a bet-hedging strategy; Marshall et al. 2008). 

Once in the water column, larvae are submitted to different physical 

conditions and biological interactions which can modify its survival until 

settlement. The so called pre-settlement processes (Pineda et al. 2009) include 

larval yield, larval traits and behavior, such as the amount of larvae available for 

settlement in the near shore habitat (larval supply), their energetic composition to 

develop competence (larval quality), to explore benthic habitat and to 

metamorphose successfully. While in the plankton, larval pools may be 

substantially reduced by predation (Bailey and Houde 1989; Leggett and Deblois 

1994) and by dietary deficiency, affecting  larval supply. Also, they may be lost by 

dispersal, as near shore currents (Cowen and Sponaugle 2009) and other 

oceanographic processes (Largier 2003; Gawarkiewicz et al. 2007) can drift larvae 

away from appropriate benthic habitat adult populations (Levin 2006). Temporal 

and spatial variations on larval supply can strongly influence recruitment patterns 

and thus determine adult abundance and distribution (Hughes et al. 2000; Jonsson 

et al. 2004). Not only that, studies have demonstrated that selective larval behavior 

upon contact with settlement surfaces may also determine recruitment patterns 

(Jenkins 2005). Field and laboratory evidence suggests that those factors 

influencing larval supply might also influence the physiological quality of larvae, 

consequently affecting the individual performance during its juvenile and adult 

phases (Jarrett and Pechenik 1997; Miron et al. 1999).  

Different factors can influence larval quality, like the length of the pelagic 

phase (Pechenik et al. 1998), exposure to pollutants (Pechenik et al. 2001), food 
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availability and quality (Toupoint et al. 2012; Pechenik and Tyrell 2015) and 

temperature (Fukazawa et al. 2005). From this it becomes clear that spatial and 

temporal variability on oceanographic conditions might directly influence on larval 

quality, or indirectly, considering that distinct adult populations can show 

phenotypic variability in response to environmental conditions which they are 

submitted to and thus modify the quality of the offspring produced (Bertness et al. 

1991; Jenkins et al. 2001; Brind’Amour et al. 2002).  

Determinants of larval quality, either over embryogenesis and dictated by 

maternal allocation, or over larval development and mainly controlled by pelagic 

food resources, will affect not only larval yield to benthic populations, but also the 

odds for per capita settlement success and later benthic performance (Bertram 

and Strathmann 1998; Emlet and Sadro 2006; Ezeakacha 2015). For instance, 

increased temperature can accelerate larval development (Anil and Kurian 1996; 

Anil et al. 2001), which reduces the time spent in the plankton and, in turn, 

decreases predation and dispersion risk (O’Connor et al. 2007). At the same time, 

elevated temperatures enhance the metabolism of larvae (Brockington and Clarke 

2001), making the encounter of adequate food supply a crucial factor for their 

survival. Also, food limitation during the larval planktonic stage is known to 

strongly and negatively affect the juvenile development of some benthic 

invertebrates, as demonstrated by Emlet and Sadro (2006).  

After developing in the plankton and gathering energy, larvae become 

competent and are able to settle, returning to the benthic habitat. At this life stage, 

organisms are submitted to post-settlement processes, which can lead to early 

juvenile mortality. In fact, early juvenile mortality of benthic organisms is 

extremely high and can produce critical implications on population parameters 
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(Gosselin and Qian 1997). Sources of early juvenile mortality can be either biotic, 

like predation (Fernandez et al. 1993), competition for space (Denley and 

Underwood 1979) or food (Gosselin and Chia 1994) and the amount of energetic 

reserves left after metamorphosis, or abiotic, being desiccation and thermal stress 

(Jenewein and Gosselin 2013) the most studied sources of juvenile mortality on a 

variety of intertidal organisms. It become clear that, due to high mortality rates of 

early juveniles, settlement and recruitment are not necessarily linearly related, as 

observed by Pineda and colleagues (2006). The former authors have shown a 

favorable recruitment window for benthic intertidal organisms which, if missed by 

larvae, could result in low survival to adult phase, altering the population 

dynamics. Thus, the recruitment window, which can be the result of combined 

effects of both biotic and abiotic factors, impacts the larval and early juvenile 

phases of organisms, stressing the importance of identifying key processes that 

occur before and after the larvae settles and its consequences to population 

dynamics. 

Due to the aggregated distribution of phytoplankton and the dynamics of 

near shore circulation, both larvae and maternal populations of filter feeding 

invertebrates are subjected to great fluctuations of both the quality and the 

quantity of pelagic food resources. Whatever is the pelagic environment, parents 

need to build up energy reserves and allocate them for both their own metabolic 

needs and reproduction. In turn, larvae need to store energetic resources and 

essential elements ensuring their development and metamorphosis to the juvenile 

benthic stage. Through maternal effects, the conditions experienced by maternal 

populations will have an effect on the offspring produced (Freuchet et al. 2015) 

and can be carried-over until later ontogenetic stages (Solemdal 1997; Vigliola and 
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Meekan 2002; Raventos and Macpherson 2005; Gagliano and McCormick 2007; 

Plaistow and Benton 2009). 

Understanding the importance of maternal population experience and the 

natural dynamics of the environment where intertidal animals inhabit has to their 

reproductive and larval traits is crucial for predicting and better explaining how 

intertidal populations will respond to stochastic environmental fluctuations. 

Exploring the possible relation between different life cycle phases becomes greatly 

important for better understanding how these populations maintain itself through 

time and space.  

 In this study we proposed three different approaches (chapters) to 

elucidate some of these questions. We used the chthamalid barnacle Chthamalus 

bisinuatus (Pilsbry 1916), a very common species along the Brazilian coastline, as a 

model species to better understand (i) how environmental factors can influence 

demographic and reproductive parameters in natural populations of this barnacle, 

(ii) how food availability affect both the quantity and quality of barnacle larval 

production and (iii) how maternal allocation and pelagic food supply affect 

important key components of barnacle early recruitment.   

The biological model and study region 
 

The barnacle Chthamalus bisinuatus is present in dense aggregations on the 

upper intertidal zone of rocky shores along the Brazilian coast. These filter feeding 

animals reproduce through crossed fertilization - although some cases of self-

fertilization have been reported for this genus (Barnes and Crisp 1956; Anderson 

1994) - and the fertilized eggs are carried in the mantle cavity until the first larval 

stage, the nauplii, is fully developed. Once in the plankton, nauplii feed and moult 
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into 6 different stages until they metamorphose into the late larval phase, the 

cyprid, a non-feeding stage. Thus, the energy accumulated until the cyprid phase 

will directly influence the exploration capacity to find an adequate settlement 

surface, and to metamorphose successfully into the first juvenile stage (for 

exemple Thiyagarajan et al. 2002b; Thiyagarajan et al. 2002a; Jarrett 2003; 

Tremblay et al. 2007) . Chthamalus bisinuatus presents a spawning behavior that 

likely favors larval retention near the coast (Bueno et al. 2010; Kasten and Flores 

2013), and therefore the maternal environment during immersion may accurately 

cue the trophic pelagic status that larvae will face when released. For this matter, 

this species is a good biological model for scientific work aiming a better 

understating of ways in which local oceanographic conditions modulate 

reproductive strategies, including reproductive effort in terms of overall output 

and larval quality. As a species distributed over a generally nutrient-poor coastline, 

trophic inputs through embryogenesis and early larval stages are likely to endure 

through benthic stages as carry-over effects still not fully understood.  

Because these cirripedes are widely distributed along the South American 

coast, being present from the Uruguayan coast until the Northeast of Brazil (Dando 

and Southward 1980; Young 1993), these invertebrates face different local 

oceanographic regimes within a general oligotrophic regime. However, urban 

development had significantly altered this situation. In the Southern coast of São 

Paulo State, the Baixada Santista is a large urban cluster encompassing the cities of 

Praia Grande, São Vicente, Santos and Guarujá with over 1.5 million inhabitants, 

and the adjacent estuarine system and coastal ocean are heavily polluted and 

nutrient-enriched by large loads industrial sewage from the pole of Cubatão and 

domestic urban discharge (Braga et al. 2000; Aguiar and Braga 2007). On the 
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contrary, the north coast of the State, including the counties of São Sebastião, 

Ilhabela, Caraguatatuba and Ubatuba is a much less impacted area, with much 

lower primary production and dissolved organic matter contents (Gaeta et al. 

1999; Gianesella et al. 1999). Natural enrichment of the water column at less 

disturbed coastlines depend on very restricted upwelling mostly during summer 

(Guenther et al. 2008) or the  passage of cold fronts, chiefly during winter (Ciotti et 

al. 2010), owing to remote meteorological forcing. At present, it is virtually 

unknown how corridors of nutrient-enriched water and episodic vertical mixing 

contribute to population stability through bottom-up effects on adult reproductive 

output and larval connectivity. 

The existing studies regarding chthamalid barnacles along the Brazilian 

coast have focused on larval recruitment (Dube et al. 1981; Tanaka and Duarte 

1998; Nery et al. 2008; Skinner and Coutinho 2010; de Guimaraens et al. 2011; 

Mazzuco et al. 2015; Barbosa et al. 2016), spawning rhythms (Bueno et al. 2010; 

Kasten and Flores 2013), zonation patterns (Masi and Zalmon 2008) a check list of 

shallow water species (Farrapeira 2010), a note on the first observation of a new 

species (Oliveira 1940) and maternal effects on larval quality (Freuchet et al. 

2015). So far, no attempts have been undertaken to examine effects of 

environmental drivers that may determine the distribution and reproductive 

potential of natural populations. The present study is a first step to fulfill this gap.  

Main objectives 
 

In this work, we aimed to better understand how different environmental 

factors act on different phases of the life cycle of Chthamalus bisinuatus and how 

their effects can be translated into larval quality, recruitment patterns and other 
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benthic population parameters. First (Chapter 1) we used satellite images and in 

situ quantification of several parameters to evaluate relationships between key 

environmental variables and population features indicating reproductive potential 

along nearly 600 km of coastline, including the states of São Paulo and Rio de 

Janeiro. This part of the thesis is mostly a descriptive study, with no hypothesis 

testing. Results should be regarded as a first glance of mechanisms that might 

determine the distribution and maintenance of chthamalid barnacle populations 

along a subtropical coast. Relationships were tested through standard correlation 

and regression techniques and attempted the identification of environmental 

variables associated to C. bisinuatus population traits. Our findings supports the 

critical role of pelagic food supply to sustain dense population of this filter feeding 

invertebrate in the intertidal zone along the subtropical coast surveyed.  

Second (Chapter 2), we addressed the possible influence of natural 

variation of food availability for parental populations of C. bisinuatus over some 

reproductive aspects and consequences in larval traits. With a large scale field 

sampling covering different chthamalid populations under different trophic 

regimes we expected to understand how the environment where adults inhabit 

might affect their fecundity and nauplii quality along the coastline of São Paulo 

state. The hypothesis tested was that seasonal differences in natural food 

availability for parental populations could interfere on larval quality through 

maternal effects and that, depending on the amount of food available, mothers 

could adopt different reproductive strategies. Using satellite images we could 

detect both seasonal and spatial differences in chlorophyll-a and particulate 

organic carbon content in the water column along the sampled coastline. Also, we 

observed a seasonal shift between fecundity and larval quality, being more larvae 
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produced during summer months, but with lower quality then the larvae produced 

during winter months, which in turn were produced in a lower number. Although 

it is known that this chthamalid barnacle reproduces year round, this was the first 

observation of higher quality nauplii being produced out of the main reproductive 

season, which could lead to a discrete recruitment pulse offseason.    

Finally (Chapter 3), we focused on sources of variation in cyprid quality, as 

this final stage does not feed and depends on the amount of energy gathered 

during oogenesis and larval development to reach competence, search for an 

adequate substratum and settle. As shown previously, cyprid quality can be 

influenced by both the maternal and pelagic environment, so we manipulated in a 

factorial design the food supply to adults and larvae of the barnacle Chthamalus 

bisinuatus and measured (i) naupliar development rate, and both (ii) the total yield 

and (iii) the quality of late stage larvae. We aimed to test how much of the cyprids 

final quality is dictated by maternal effects and by larval experiences in the 

plankton. The hypothesis tested was that cyprid final quality is influenced by 

either maternal or pelagic effects a combined effect of both. Food supply and 

temperature were the factors manipulated to create different environmental 

conditions for both mothers and larvae. Depending on the kind of interaction 

displayed between this two effects, energy allocation strategies could vary 

drastically, so this study provided better understanding of the reproductive 

ecology of these animals. Our results showed substantial plasticity on maternal 

allocation and larval development. Adults fed with a restrained diet released two 

times more larvae than adults given a high food supply, compatible to an 

anticipatory maternal effect (AME). In spite of equal mortality rates up to the 

cyprid stage, such surplus larval production rendered sub standard development 
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rate under low pelagic food supply. Regardless of pelagic allocation, this AME 

strategy also rendered lower cyprid size. When fed a non-restrained diet, mothers 

producing larger cyprids may increase survival of recruits; a strategy compatible 

to a bet-hedging maternal effect. 
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CHAPTER 01 - Biological and environmental factors linked to 
demography and reproductive effort of chthamalid barnacles along 
the southeastern coast of Brazil. 

 

 Introduction 
 

Chthamalid barnacles are sessile marine crustaceans spread worldwide, 

with more than 20 species recognized from temperate to subtropical regions 

(Dando and Southward 1980; Southward and Newman 2003; Pitombo and Burton 

2007). These animals inhabit mainly the higher intertidal zone of rocky shores, and 

are thus subjected to stressful conditions of desiccation, temperature, wave action 

and food supply, owing to the reduced immersion time they experience (Lewis 

1964; Newell 1970; Anderson 1994; Helmuth and Hofmann 2001). Barnacles 

undergo a complex life cycle, depending on several factors, like favorable larval 

transport and suitable pelagic food supply for benthic population replenishment 

(Pineda et al. 2009). Biological factors play important roles on the survival and 

reproductive cycles of these animals. Interactions like predation, competition for 

space and food and facilitation are known for altering the distribution and 

maintenance of chthamalid barnacles. For these reasons, understanding which 

factors might regulate the distribution and reproduction output of chthamalid 

barnacles may help to better understand the dynamics of these populations.  

Different factors act on the distribution of chthamalid barnacles at different 

ontogenetic phases. Processes occurring before settlement such as cyprid supply, 

substrate selection and attachment behavior are key factors determining 

settlement and  early recruitment rates (Minchinton and Scheibling 1991; Jenkins 

2005; López and Coutinho 2008; Pineda et al. 2010). After metamorphosing to the 
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juvenile phase, survival and growth until a reproductive size can also largely 

impact the maintenance of these populations (Connell 1985; Raimondi 1990; 

Gosselin and Qian 1996; Tanaka and Duarte 1998). Important post-settlement 

processes affecting population density and size structure may include, competition 

and facilitation (Foster 1987; O’Riordan et al. 2010).  

When competing for space with other barnacles, chthamalids seem to be 

more adapted to desiccation, thermal stress and food limitation, allowing 

colonization of the upper shore, differently from balanid barnacles which cannot 

stand such harsh conditions (Connell 1961a; Foster 1971a; Foster 1971b). Also, 

foraging strategy apparently benefits smaller chthamalid barnacles provides, since 

predators on rocky shores tend to pray mainly on balanids rather than chthamalid 

barnacles (Connell 1961b; Gosselin and Chia 1996). Predation on balanid 

barnacles can also produce an indirect positive interaction for chthamalids, as the 

removal of these other barnacles decrease competition (Dungan 1986; Benedetti-

Cecchi 2000; Arrontes et al. 2004; Harley 2006; Zabin and Altieri 2007). 

Environmental gradients along shores can also modify the observed 

distribution patterns of these barnacles at larger scales, by either acting on their 

survival or on their reproduction. Wave action is one of such factors, and its effects 

may operate in different ways. First, as barnacles are sessile filter feeders, their 

amount of food intake will be closely related to the degree of wave action. 

Increased wave-action might imply on higher delivery of food particles which can 

result in a positive effect by enhancing growth rate and survival in adult 

individuals (Southward and Crisp 1956; Lewis 1964; Wethey 1983; Bertness et al. 

1991). Second, wave action mitigates thermal stress and reduces desiccation risk 

by wetting individuals through both water splash and spray (Helmuth et al. 2006). 
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Third, enhanced wave action also promotes higher concentrations of near shore 

larval supply, which can enhance the settlement rate on wave exposed sites 

(Minchinton and Scheibling 1991). Under high settlement conditions, bare space is 

rapidly occupied, leaving little space for growth. In such circumstances, barnacle 

tend to form hummocks, turning that habitat unstable, as this formations are more 

vulnerable to dislodgment due to wave action (Bertness et al. 1998).  

Food supply also plays an important role for the maintenance of barnacle 

populations. Dense aggregations were observed when food availability was high 

(Hines 1978; Menge et al. 1997), and larval release rate can be correlated with 

food supply (Kasten and Flores 2013), suggesting that both growth rate and 

reproductive output of chthamalid barnacles may frequently be food-limited. 

Temperature can also affect the distribution and density of these barnacles, both at 

a large geographical, setting species range limits (Orton 1920; Hutchins 1947), or 

very locally, causing mass mortality during heat wave events (Garrabou et al. 

2009). Also, temperature can influence directly on the physiological constraints for 

barnacles reproduction, altering the number and quality of larvae spawned by 

chthamalids (Freuchet et al. 2015). 

O'Riordan and colleagues (2010) reviewed the main factors influencing the 

distribution of chthamalid barnacles, but most of the available information at that 

time was related to temperate species from Europe and North America. The 

authors presented data showing that different processes act on chthamalid 

distribution patterns at different spatial scales. At a micro scale, local factors are 

more important for chthamalid distribution and biological interactions between 

facilitation, competition, predation, larval supply and abiotic variables are the main 

contributors of such distribution. At a regional scale climatic and abiotic factors 
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remain as the main influence on chthamalid distribution and, for global scales, the 

distribution is controlled by tectonic processes, ocean level alteration, 

oceanographic and climatic processes that happened at a geological time scale 

(O’Riordan et al. 2010). Information on tropical or subtropical species is relatively 

scarce and at your knowledge limited to  Guiler 1955; Southward and Newman 

2003; Pitt et al. 2010; Shahdadi and Sari 2010). Sutherland (1990) pointed out that 

most barnacle populations from temperate regions are controlled by density-

dependent events, while barnacle populations from tropical region would be 

controlled by settlement variations, with no relation to density-dependent 

processes. These trends arise mostly from factors acting at a small scale, and so far 

no general trend has been proposed to better understand large scale distribution 

and maintenance of barnacles at tropical regions. In this study we show for the 

first time at large scale which environmental factors are linked to demographic 

and reproductive traits of Chthamalus populations along a subtropical coast in 

Southeastern Brazil. 

Through satellite images and in situ measurements, we used multiple 

regression techniques to test relationships among key environmental variables 

and parameters describing the demography and reproductive potential of 

Chthamalus bisinuatus populations in a wide transition zone, from subtropical to 

tropical characteristics (e.g. (Floeter and Soares-Gomes 1999; Benkendorfer and 

Soares-Gomes 2009) of the Southwestern Atlantic. This more exploratory 

approach will allow context-based hypothesis testing in future experimental 

studies.   
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 Methodology 
 

Brazilian coast are characterized by two Chthamalid species: Chthamalus 

bisinuatus (Pilsbry 1916) and Chthamalus proteus (Dando and Southward 1980) 

being the first a South-Atlantic endemic species, present from the Uruguayan coast 

until Piauí State in Brazil and the second is an introduced species, present from 

Florianópolis State in Brazil until the Florida State in the United States (Dando and 

Southward 1980; Young 1993). Field sampling from Búzios, Rio de Janeiro State 

(22º 31' 37" S; 41º 56' 42" W) until Guarujá, São Paulo State (23º 59' 35" S; 46º 15' 

23" W) was performed during period of the main reproductive 2014 season of 

chthamalid barnacles in the region (Figure 1). In total, 36 rocky shores along more 

than 600 km of coast line were sampled for chthamalid cover, percentage of 

individuals with developed eggs and individual size. The sampling of all sites were 

realized from September to December 2014 during the main reproductive season 

of this barnacles. 
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Figure 1. Map of the study region within the Southeastern coast of Brazil, indicating the 
location of sampled sites. Open circles indicate the sites included in multiple regression 
analyses. 1- Tartaruga; 2- Forno; 3- Caravelas; 4- Conchas-Perô; 5- Forte; 6- Prainha; 7- 
Anjos; 8- Ponta da Cabeça; 9- Saquarema; 10- Ponta Negra; 11- Itaipu; 12- Piratininga; 13- 
Praia Vermelha (RJ); 14- Arpoador; 15- Joatinga; 16- Pouso; 17- Ponta Rombuda; 18- 
Prumirim; 19- Vermelha do Centro (SP); 20- Tamanduá Island; 21- Martim de Sá; 22- 
Ilhabela Ferry; 23- Feiticeira; 24- Ponta Sul; 25- Guaecá; 26- Paúba; 27- Camburi; 28- 
Juquehy; 29- São Lourenço; 30- Monte Pascoal; 31- Bertioga Channel; 32- Iporanga; 33- 
Ponta do Vigia; 34- Éden, 35- Ponta do Santo Amaro; 36- Ponta do Gaiuba. 

   

A shore stretch of 50-200 m was sampled at each site. Independent 

variables barnacle cover and average individual size were estimated from digital 

images (Nikon Coolpix® AW110; images processed using ImageJ software, 

Schneider et al. 2012) of 20cm x 20cm. 10 quadrats were haphazardly placed over 

the cirripede zone a few to several meters apart. Cover was estimated by 

overlapping grids over images and counting intersections (1 to 100) lying over 

living barnacles. Ten random individuals within each quadrat were also selected 

for estimates of average barnacle size. In order to avoid biased size estimates, 

individual barnacles were spotted along random gridlines and one out of three 

individuals was measured (maximum opercular length, ± 0.1 mm). Reproductive 
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effort was recorded in situ by examining macroscopically the development stage of 

gonads in three barnacle groups of 50 random individuals (within an area of ca. 5 

m2), evenly spaced as to cover the full sampled stretch (making a total of 150 

records per site). Brooding individuals were considered those bearing bright 

orange ovaries, compatible to stages 2 and 3, as described in O’Riordan et al. 

(1995).  No distinction between Chthamalus species were attempted, as the 

objective of this study was to explore possible factors acting on the density and 

reproductive output of chthamalid barnacles in general. Most of the sampled sites 

were exposed to fully marine nearshore conditions, but a few sites 

(9,10,11,12,13,15,21,27,29 and 31) were relatively close to small river mouths and 

thus prone to wider variation of salinity. In Brazil, Chthamalus proteus populations 

are normally present on estuarine sites (Farrapeira 2008; Farrapeira 2010; Klôh et 

al. 2013), therefore, the results presented in this study should largely reflect 

dynamics of Chthamalus bisinuatus populations, but there might be some influence 

of processes affecting C. proteus, more locally.  

The predictive variables measured in situ were the shore slope and the 

midshore height of the rocky shore (a proxy of insolation level and wave exposure 

respectively, e.g. Lewis 1964, Connell 1972). Five replicate measurements of these 

two variables were taken at regular intervals, covering the full sampled shore 

stretch. Slope was calculated from clinometer readings (± 5°). Midshore height, 

from the upper limit of red algal turfs to the upper limit of the main chthamalid 

zone, was estimated by adapting the bottle and tube method (Hawkins and Jones 

1992), with bottle replaced by a second ruler as described in Flores et al. (2015).  

Remote estimation of environmental variables - Another set of predictive 

variables was obtained using images from Google Earth®. All sampling sites were 
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plotted on images of the Southeastern coast of Brazil and the distances from each 

sampling site to the closest sandy beach (a measure of sedimentation potential), 

river (a proxy of the influence of freshwater) and large urban areas (> 20 thousand 

inhabitants, a measure of potential human impact through water pollution) were 

recorded. Those images were also used to measure the extension of rocky 

shorelines where sampling sites were located, as a metric of habitat extension, 

which in turn, can be interpreted as a proxy of habitats stability. We assume that 

shorter habitats are prone to suffer from higher impacts from the surrounding 

conditions, like sand depositions for example. As these habitats are smaller, any 

change on the surrounding environment can promote changes over the entire 

population of such site. On more extent habitat, this changes can be diluted, as the 

larger size of such site reduces the impact over the populations established there. 

Also, the habitat extension can be seen as the potential for local recruitment, as 

larger rocky shores provides more space for settlement.   

Data for environmental predictive variables were also obtained from 

satellite images. We used coincident global monthly Level-3 binned data products 

from September 2013 to December 2014 provided by the NASA Ocean Biology 

Processing Group (http://oceancolor.gsfc.nasa.gov), namely, sea surface 

temperature (SST), particulate organic carbon (POC), and chlorophyll-a (CHL) 

average concentrations. POC and CHL data are different proxies of food availability 

for barnacles. While POC provides data of biological detrital particles (Stramski et 

al. 2007), CHL provides data on the biomass of photosynthetic phytoplankton 

(Lorenzen 1966). Data were downloaded from the Moderate Resolution Imaging 

Spectroradiometer (MODIS) aboard the Aqua platform. The MODIS data were 

downloaded for the bin size about 4.6 km x 4.6 km. Then, MODIS data were 

http://oceancolor.gsfc.nasa.gov/
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analyzed using the R software (R Core Team, 2014) with the packages ncdf4 

(Pierce, 2015), raster (Hijmans, 2015) and rgdal (Bivand et al., 2015). 

Statistical analyses: We conducted multiple regression analyses to 

investigate probable relationships among each of the three response variables 

(barnacle density, percentage of individuals with developed eggs and average 

individual size) to a set of predictive variables. Before testing regression models, 

we checked collinearity among predictive variables. For that, a Pearson’s 

correlation matrix was created in which all nine variables were correlated against 

each other. Significant correlation coefficients higher than 0.7 were consider 

evidence of strong collinearity. Collinear variables were then eliminated before 

further analyses, following the propositions of Dormann et al (2013). Then, the 

assumptions necessary to run multiple regression analyses (normality and 

homoscedasticity) were tested, and data were log transformed to meet these 

premises when needed.  

Because we aimed a more exploratory assessment of possible processes 

ruling population dynamics and reproductive potential at random sites across a 

coastline, a linear backward stepwise multiple regression technique was chosen to 

obtain correlational evidence. Provided a significant p value (< 0.05), we retained 

the model rendering the highest statistical F value.  

Results 
 

 After extracting data from satellite images, it was possible to obtain 

complete sets of CHL, POC and SST data for 21 locations (open circles in Fig. 1), 

used for further analyses. Before multiple regression analyses were performed, the 
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coefficient of variation (CV) of all response and predictive variables were checked. 

Table 1 provides the values obtained.  

Table 1. Overall average and coefficient of variation (CV) estimates for independent and 
predictive variables across sampling sites (n = 21) used in multiple regression analyses. 
Units of variables are shown following its name. 

      
 Response Variables  Mean Min/Max CV(%) 

    Individuals carrying 41.3 4.6 / 86.6 66.8 
developed eggs (%) 

   Cover (%) 39.5 5.1 / 69 52.0 

Average size 0.25 0.17 / 0.4 22.2 

(opercular length) (cm) 
    

Predictive Variables 
   Slope (degrees) 18.8 3 / 28 31.3 

Height (m) 1.0 0.54 / 2.0 30.9 
Distance to large urban areas 
(m) 30.8 6.2 / 64.9 57.4 

Distance to beach (m) 2.3 31.6 / 1850 24.4 

Distance to river (m) 3.4 54 / 46000 25.7 
Habitat extension (m) 3.2 55 / 18350 21.0 

CHL (mg/m³) 0.5 0.9 / 12.0 57.7 
SST (°C) 22.0 17.4 / 24.8 8.0 

POC (mg/m³) 2.7 
254.3 / 
1481.2 8.0 

     

Among the response variables, the percentage of individuals carrying 

developed eggs and cover were the one varying the most, 66.8% and 52% 

respectively. Distance to harbor and CHL were the predictive variables with the 

highest CV values, 57% for both. Midshore height was the third most variable 

factor from the nine analyzed, showing a CV of 30%. The parameters varying the 

most along the sampled coastline were also those that mattered the most in 

regression analyses, as it is shown ahead.  
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Relationships between response variables – Results of correlation tests 

between barnacle variables, sampled across all the 36 sites examined, are 

summarized in table 2. 

 

 

Table 2. Correlation coefficients between barnacle demographic and reproductive 
variables (r values), using data obtained for all 36 sites sampled. Significant correlations 
are highlighted in bold (p < 0.05).  

        

 
Individuals carrying  Cover (%) Average size 

  developed eggs (%)   
(opercular 

length) 

Individuals carrying x 0.159 0.480 
developed eggs (%) 

   Cover (%) 
 

x 0.659 

Average size 
  

x 

(opercular length)       

    
    The percentage of individuals carrying developed eggs, here interpreted as 

a proxy of reproductive effort, was positively correlated with the average size of 

barnacles, indicating that size variation lies on a range affecting the relative 

proportion of the breeding population. Barnacle cover is also correlated positively 

with the average size of individuals, i.e. dense populations are constituted by larger 

animals. 

Multiple regression analyses - Data of some variables needed to be log-

transformed to meet homoscedasticity, and pairwise correlation analyses between 

predictive variables evidenced cases of collinearity, as indicated in Table 3. 
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Table 3. Pairwise correlation coefficients between predictive variables. Values in bold are 
statically significant (p < 0.05) and indicated cases in which variables should be removed 
from further analyses.* indicates values that were log transformed.CHL= chlorophyll-a, 
SST= sea surface temperature, POC= particulate organic carbon. 

                    

  Slope 
Midshore 

Height 

Distance 
to large 
urban 
areas* 

Distance 
to 

beach* 
Distance 
to river* 

Habitat 
extension* CHL* SST POC* 

Slope X 0.360 -0.453 0.214 0.337 0.39 0.053 
-

0.235 0.148 

Height 
 

x -0.067 0.047 -0.079 0.294 0.304 
-

0.052 0.372 
Distance to 
large urban 
areas* 

  
x 0.043 -0.567 -0.103 -0.201 0.591 -0.1 

Distance to 
beach* 

   
x 0.197 0.704 -0.02 

-
0.217 -0.116 

Distance to 
river* 

    
x 0.304 0.053 

-
0.635 -0.023 

Habitat 
extension*  

     
x 0.029 

-
0.393 0.104 

CHL* 
      

x 
-

0.337 0.866 
SST 

       
x -0.234 

POC*                  x 

          The predictive variables kept in the final model were (i) rocky shore slope, 

(ii) midshore height, (iii) distance from large urban areas, (iv) SST, log transformed 

(v) distance from the closest beach,(vi) river, (vii) habitat extension and (viii) CHL. 

It was decided to maintain CHL and not POC, because CHL is a usual and most 

specific proxy for the concentration of phytoplankton (Falkowski et al. 1985; 

Stramski et al. 2007), which is a known as a main food source for filter feeding 

animals, such as the chthamalid barnacles (Wisley 1960; Helm et al. 2004).  

Stepwise multiple regression analysis could not identify any models 

explaining the spatial variation of reproductive effort in the sampled barnacle 

populations, as estimated by the percentage of brooding individuals (Table 4). 
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Differently, 42% of the spatial variability of barnacle cover was explained by a 

model retaining majority of dependent variables, except midshore height, distance 

to river and habitat extension (Table 4). Of those variables, distance from large 

urban areas and CHL concentration were statistically significant and rendered 

highest absolute β-coefficients. While a negative relationship in the former case 

indicates that sites closer large urban areas present higher chthamalid barnacle 

cover, the positive relationship in the latter case indicates that sites adjacent to 

coastal waters with higher CHL tend to host denser barnacle populations. β-

coefficients and p-values indicate a higher relevance of distance to large urban 

areas, compared to CHL. Regression analyses also indicated factors affecting 

average barnacle size. In this case, a model retaining all but three parameters 

(slope, distance to beach, and SST), explained 38% of the whole variance (Table 4). 

As for barnacle cover, CHL was statistically significant, positively correlated to 

barnacle size. Midshore height (a proxy for wave exposure) was also significant, 

but in this case negatively correlated to barnacle size, i.e. barnacles tend to be 

smaller in more exposed shores. For this response variable, β-coefficients and p-

values suggest that CHL is a more important variable affecting barnacle size than 

wave exposure and/or heat stress. 
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Table 4. Backward stepwise multiple regression results for the response variables: 
animals carrying eggs, animal cover and average size. Missing values indicate those 
variables which were removed from the final model for each response variable. Data 
obtained for 21 sites sampled.   

                  

 

Individuals carrying 
eggs (%) 

 
Cover (%) 

 
Average size 

Independent 
Variables 

β- 
coefficient p-value 

 
β- coefficient p-value 

 

β- 
coefficient p-value 

Slope -0.119 0.729 
 

-0.347 0.103 
 

- - 
Midshore 
Height 

-0.047 0.881 

 

- - 

 

-0.448 0.039 

Distance to 
large urban 
areas 

0.287 0.466 

 

-0.750 0.007 

 

-0.457 0.055 

Distance to 
beach 

-0341 0.379 

 
0.354 0.07 

 
- - 

Distance to 
river 

0.333 0.381 

 
- - 

 

-0.270 0.260 

Habitat 
extension 

0.285 0.523 

 
- - 

 

0.341 0.106 

CHL 0.108 0.719 

 

0.431 0.03 

 

0.540 0.011 

SST -0.209 0.623   0.247 0.306   - - 

 

 F(8,12) = 
0.444 

p <  
0.872  

 

R2 =  0.416   
F(5,15)=3.860 

p = 
0.018 

 

R2 =  0.382  
F(5,15)= 
3.478 

p = 
0.027 

Discussion 
 

Barnacles have long been used as a biological model for understanding 

coastal ecological processes. The sessile adult form and complex life cycle makes 

them a good predictor of benthic-pelagic relationships. Among all barnacles, 

populations of the Chthamalus genus are particularly interesting, due to its world-

wide distribution and the fact that these organisms inhabit the highest part of the 

intertidal, been able to survive and reproduce under harsh environmental 

conditions. For this matter it becomes important to better understand some key 

aspects of its population biology, including reproductive and demographic traits 

and its relationship with coastal oceanographic conditions. This study presents for 
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the first time in a subtropical coast exploratory data concerning environmental 

factors linked to demographic and reproductive traits of chthamalid barnacles. The 

population traits considered here, i.e, adults average size, cover percentage and 

individuals carrying developed eggs, were correlated among themselves, with food 

supply and wave exposure or heat stress as the main environmental variables 

explaining the demographic traits of chthamalid barnacles in the Southeastern 

coast of Brazil. 

Coastal waters in upwelling regions are often very productive, and 

characterized by high densities of phytoplanktonic cells (Dugdale 1972; 

Kokkinakis and Wheeler 1987). Compared to non-upwelling rocky coasts, this 

additional supply of pelagic resources may sustain larger secondary production of 

intertidal filter-feeding invertebrates, including barnacles and mussels, and thus 

profoundly alter general community dynamics in this ecosystem (Gaines et al. 

2003; Phillips 2005; Leslie et al. 2005). Among all sites studied here, the few 

located around Arraial do Cabo, RJ, a well-known upwelling area in the region, 

contributed for the mesoscale spatial heterogeneity of CHL estimates, which 

rendered a recognizable signature in barnacle populations. Also, Guanabara and 

Sepetiba bays at RJ and Santos bay at SP, can enhance primary productivity by 

discharge of nutrients that leads to the growth of phytoplankton cells, which might 

also contribute for variations of CHL along the coast (Takanohashi et al. 2014). Not 

only the previously mentioned bays are a source of nutrient due to its estuarine 

conditions, these sites present large urban pollution discharge which can act as an 

unnatural source of nutrient for primary producers (Kjerfve et al. 1997; 

Schmiegelow et al. 2008; Giordano et al. 2013; Takanohashi et al. 2014). As 

suspected, we found positive relation of average size and CHL throughout our 
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survey, demonstrating the impact of food supply for barnacle growth and 

maintenance.  

Barnacles that inhabit regions with higher temperatures tend to present 

higher metabolic rates, which results in higher feeding activities to fulfill the 

energetic requirements (Anderson 1994). Also, elevated food availability provides 

elevated energetic reserves, as the energy dispended for feeding is reduced, as 

organisms spend less energy searching for it (Navarro and Thompson 1996). 

Temperature data obtained for this study showed little variation, which allows the 

assumption that this is a stable factor across the sampled region and, therefore, 

barnacles should be subjected to similar thermal stress. Under such scenario, it is 

plausible to assume that these chthamalid barnacles, which are exposed to 

elevated temperatures at the study region, can accumulate more energy at sites 

with higher food concentration and allocate more energy for growth, resulting in 

larger individual size. Furthermore, although this was not tested directly in our 

survey, it is generally known that larger animals tend to produce more eggs 

(Burrows et al. 1992; Leslie 2005). Thus, we could expect to observe a higher 

reproductive output at sites with higher phytoplankton concentrations, 

characterizing such places as "hotspots" for chthamalid barnacle reproduction. In 

our survey adult size was the most important variable affecting overall 

reproductive output, since this was the only variable significantly correlated to the 

percentage of animals carrying developed eggs. Positive relationships between 

adult size and reproductive effort has already been demonstrated for some 

chthamalid species from temperate regions (Burrows et al. 1992), and our results 

suggests the same pattern at the sub-tropical region studied.  
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In open marine systems, such as barnacle populations, density-dependent 

processes are known for regulating the stability of adult populations (Hixon et al. 

2002). At one side, great densities might enhance overall fitness of adults by 

different mechanisms, such as dilution of predation, increased availability of 

partners, collective environmental modifications that reduces physical stress and 

others (Stephens et al. 1999). These so called "Allee effects" have already been 

detected in barnacle populations (Wethey 1984; Bertness et al. 1998; Leslie 2005). 

But at the other side, negative effects on overall fitness can also arise from higher 

densities, because it increases competition for resources, decreases energy 

assimilation and growth potential (Wu 1980; Bruno et al. 2003). With this in mind, 

one could expect to observe more breeding individuals at higher densities through 

"Allee effects", but this was not the case, as no correlation between these two 

variables could be observed in our survey. It seems that brooding is mostly driven 

by stochastic variation affected by parameters not quantified in this study. Also, it 

could be expected to observe smaller animals at higher densities, as a consequence 

of lower growth potential due to competition for space. Again, this was not the 

case, as we observed a strong, positive correlation between barnacle cover 

percentage and average size.  Unlike other species, chthamalid barnacles along the 

surveyed Brazilian coast can reach larger sizes on population that have higher 

densities, an opposite pattern of what has already been described for other 

barnacles (Wu 1980; Leslie 2005). This trend could be explained by the fact that 

higher densities could alter the surrounding environment of these populations to 

better survival conditions (Bertness et al. 1998), enhancing growth potential until 

a threshold size, and thus, maintaining a stable dense population of larger 

individuals.    
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Barnacles average size was not explained only by cover percentage. CHL 

concentration and midshore height (= wave exposure) explained part of all 

variance in size. The negative relationship between average size and wave action 

indicates that at more wave-swept sites, chthamalid barnacles tend to be smaller. 

Midshore height is a proxy of exposure because fouling assemblages spread 

vertically as additional spray and splash allow them to stand at places where they 

would otherwise desiccate. At such conditions, one could expect to observe larger 

barnacles, as the elevated water flux at these sites would deliver greater food 

supply for filter-feeders (Sanford et al. 1994; Leonard et al. 1998). But this was not 

the case of our results. One possible interpretation of our results is that lower 

average size is a consequence of higher recruitment rates at exposed sites 

(Bustamante and Branch 1996; Pfaff et al. 2011), leading to habitat saturation, 

increased competition for space, and stunted growth to a certain size (López and 

González 2003). Although SST was stable along the sampling sites, leading us to 

assume that all barnacle populations were under the influence of similar 

temperature conditions, we could not measure the potential effect of air 

temperature on such populations, neither the potential heat stress that chthamalid 

on different rocky shore heights are submitted to.   

Barnacle cover was explained by two environmental factors: CHL 

concentration and the distance from large urban areas. Both factors are related to 

the same biological information, food supply. Large urban areas considered in this 

study (presenting over 20 thousand inhabitants) are sites of great eutrophication 

due to pollution discharge in near shore waters, as in other places around the 

world (Kjerfve et al. 1997; Bonetti et al. 2000; Braga et al. 2000; Moser et al. 2004; 

Giordano 2008), where primary productivity is very high, leading to very high 
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phytoplankton standing stocks. Nevertheless, we did not observe a strong 

relationship between distance from large urban areas and CHL or POC content, 

indicating that these food sources are not abundant in such sites. Although we did 

not measure it, dissolved organic and inorganic matter could be responsible for the 

observed relation between barnacle cover and distance from large urban areas. 

Past studies have demonstrated the role of dissolved matter on marine 

invertebrate nutrition (Wotton 1988; Wendt and Johnson 2006). The relationship 

between cover percentage and CHL concentrations was positive, indicating that 

the more densely populated sites are those with higher phytoplankton 

concentrations. CHL concentrations has long been used as a proxy of 

phytoplankton concentrations, a known food source for filter feeding animals 

(Barnes 1972; Menge et al. 1997; Sanford and Menge 2001). Regarding the 

distance from large urban areas, the relationship observed was negative, indicating 

that chthamalid populations further away from these urban areas, and 

consequently further from high food concentrations, are least dense. So food 

supply not only benefits barnacle growth but also its establishment at the rocky 

shore. Knowing the importance of food supply for both larval supply (Pechenik et 

al. 2002; Toupoint et al. 2012) and recruitment success (Phillips 2004; Cole et al. 

2011; Griffith et al. 2011), our hypothesis is that higher food concentrations, for 

both larvae and benthic juveniles, enhances the settlement and recruitment 

success in this group of barnacles, leading to higher densities at site with higher 

food supply, a trend already observed for other barnacles (Sanford et al. 1994).    

Although many aspects of chthamalid barnacle populations biology has 

already been studied, most of the data published so far concerns species from 

temperate regions, and little is known about the regional distribution and 
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maintenance of tropical species. Here we present for the first time evidence of the 

role of food availability for density and growth of chthamalid barnacles. Our 

results indicates a possible "bottom-up" control (Menge et al. 1997; Menge et al. 

2002; Leslie et al. 2005a) of these populations, with primary producers influencing 

the abundance and performance of filter feeding animals, such as these barnacles. 

However, it should be stressed that the evidenced presented here is strictly 

correlational. Experimental work should follow to more properly and specifically 

test the mechanisms proposed here. 
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CHAPTER 02 - Seasonal patterns of larval production and quality in 
subtropical barnacle populations along a coastal trophic gradient 

 

Introduction 
 

Barnacles are present in a vast geographical range, inhabiting intertidal 

zones of rocky shores from subtropical to temperate regions, often in dense 

aggregations (Southward and Newman 2003; Pitombo and Burton 2007). These 

sessile organisms are hermaphrodite, reproducing through crossed internal 

fertilization, although self-fertilization can be observed in some species (Barnes 

and Crisp 1956; Anderson 1994). Its larval development involves 6 naupliar 

instars, which feed and swim in the water column, and a final cyprid instar, which 

do not feed and is responsible for the settlement on a substrate and 

metamorphosis to the juvenile phase. Barnacles from warm-water regions can 

produce several broods per year, having often a reproductive peak during the 

warmer months of the year and reduced egg production during the colder months 

(Barnes 1989; Anderson 1994). Environmental variables as temperature, 

photoperiod, salinity, wave exposure and food supply are known factors acting 

directly on the reproductive cycle of these organisms (Patel and Crisp 1960; 

Barnes and Barnes 1965; Hines 1978; Page 1984; Burrows et al. 1992; O’Riordan 

et al. 1995). 

Intertidal rocky shores and adjacent coastal oceans are very dynamic 

habitats, and environmental conditions for both adult barnacles and their pelagic 

larvae often range from optimal to life-threatening in a few days (Garrabou et al. 

2001; Navarrete et al. 2005; Harley 2008; Garrabou et al. 2009). The stability and 

persistence of barnacle populations may depend on reproductive tactics based on 
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responses to environmental conditions, signaling for instance the trophic status 

(Starr et al. 1991; Leslie et al. 2005b) of the water column and the odds for optimal 

physiological functioning and benthic survival (Torres et al. 2016). When facing 

temporally variable conditions, breeding individuals might change their 

reproductive strategy in order to optimize their fitness, i.e. to maximize future 

reproductive output, which might directly influence fecundity (Beckerman et al. 

2006) and larval quality (Sinervo 1990; Marshall and Keough 2004).     

Both reproductive aspects, fecundity and larval quality, depend on the 

amount of energetic resources the maternal population can provide to its progeny. 

This capacity, in turn, is limited by environmental resources available to mothers, 

their perception of changing environmental conditions and capacity to obtain, 

assimilate and transfer  energetic resources to either their own or their offspring 

survival (Bernardo 1996; Marshall and Uller 2007). There are different strategies 

that maternal populations may follow as to maximize their fitness. In uncertain 

environments, mothers might invest less energy in their offspring and maintain 

their own fitness, a selfish strategy, or alternatively produce larvae with variable 

quality, and thus ensure that at least some of their offspring will have high chances 

of survival; a "bet-hedging" strategy (Bertram and Strathmann 1998; Marshall et 

al. 2008). Also, maternal populations might be able to predict the larval 

environment conditions through biotic and abiotic cues and invest proportional 

energy for their descendants (Fox et al. 1997; Allen et al. 2008). Considering that 

nearshore oceanographic conditions, and thus food supply, are often very 

heterogeneous, sessile organisms, like barnacles, would greatly benefit from 

energetic storage for reproduction, growth and other metabolic functions in 

moments of scarcity.    
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Much work on life-history tactics and reproductive strategies has been 

carried out on temperate barnacles, which typically follow very regular breeding 

cycles, but little is known on the reproductive ecology of tropical species, such as 

Chthamalus bisinuatus (Pilsbry, 1916). In tropical and subtropical regions, 

environmental variables which usually play a determinant role on the timing of 

reproductive activity, such as photoperiod and temperature (Mcclintock and 

Stephen 1990; Desai et al. 2006; Yan et al. 2006) might be overridden by other 

more stochastic variables. Seasonal range of daylight hours or average 

temperature is much narrower towards the tropics and other variables may 

become more important, such as rainfall or salinity changes (Barnes and Barnes 

1968; Barnes 1989). In tropical habitats, temperature may restrain physiological 

activity and oligotrophic conditions may impose severe feeding limitations during 

the warmer season. The barnacle C. bisinuatus may undergo seasonal reproduction 

with maximum breeding effort during the warmer season, from early summer to 

early autumn (Barbosa et al. 2016), but more unpredictable timing may emerge, 

possibly owing to resource limitation, with larval release following pulses of 

phytoplankton primary production, or exceedingly high thermal stress (Kasten and 

Flores 2013). Because barnacles are filter-feeding organisms, the maternal 

environment, during immersion periods, may signal the trophic status for both 

adults and larvae, as their food resources (i.e. phytoplankton and particulate 

organic matter) may largely overlap. However, C. bisinuatus is presently 

distributed over a wide geographical distribution, from northeastern Brazilian to 

Uruguay (Dando and Southward 1980; Young 1993), making it difficult to predict 

the prevailing environmental conditions that shaped the selection of reproductive 

traits in this species. The southeastern coast of Brazil, where this study was 
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undertaken, is located in a broad transition zone (Ciotti et al. 2010) between the 

more tropical conditions found at the northern coast of Rio de Janeiro up north, 

and the warm temperate environment found at Rio Grande do Sul to Uruguay. 

Along the coastline of São Paulo State, there are also clear-cut differences of the 

nearshore trophic status. In the Santos region, coastal waters present high 

concentrations of nutrients and organic dissolved matter, a consequence of the 

heavily polluted estuarine complex owing to effluents from the industrial pole of 

Cubatão and dense urban clusters, which are considered as eutrophic (Braga et al. 

2000; Aguiar and Braga 2007). In contrast, the coastal ocean along the northern 

coast of São Paulo State, including the cities of São Sebastião, Caraguatatuba and 

Ubatuba, is characterized by low primary productivity and dissolved organic 

matter concentration, ranging from meso to oligotrophic (Gaeta et al. 1999; 

Gianesella et al. 1999). Therefore, different reproductive strategies could be 

hypothesized for C. bisinuatus populations along the geographical gradient 

between these two extremes.  

 In this study, we assessed the spatial structure and respective seasonal 

consistency, of the pelagic trophic state adjacent to different rocky shores within 

the spatial gradient describe above, and sampled a subset of these localities for a 

concurrent   examination of key barnacle reproductive parameters. We were 

interested to (i) verify whether proxies of pelagic food supply are spatially 

consistent and assess their seasonal variation, (ii) compare the relevance of 

seasonal and ecologically relevant spatial scales in the determination of barnacle 

reproductive patterns, and (iii) test whether reproduction responses are aligned to 

the spatial and temporal variation of trophic resources or, alternatively, parental 
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populations manipulate embryonic provisioning potentially dampening 

environmental effects.  

Methodology 
 

Remote sensing analyses, field sampling and laboratory procedures aimed 

the assessment of the coastal trophic conditions and the quantification of 

reproductive output for a set of locations during two different periods; the warm 

and main breeding season (summer-early autumn 2013) and the non-breeding 

cool season (winter 2014).   

Characterization of the pelagic trophic status at sampling sites  

To investigate spatial-temporal variations of food availability for adult 

populations along the possible trophic gradient specified above, 8 different sites 

where chthamalid barnacles were known to be common, and spanning a coastline 

ca. 150 km encompassing a potential gradient of nearshore trophic enrichment, 

were chosen for analysis. The sites were: Éden (23°59'15''S; 46°11'06'' W), São 

Louenço (23°48'02''S; 45°59'42''W), Barra do Sahy (23°46'27''S; 45°42'09''W), 

Calhetas (23°49'54''S; 45°31'18''W), Martim de Sá (23°37'39''S; 45°22'26''W), 

Fortaleza (23°31'51''S; 45°09'37''W), Matarazzo (23°25'54''S; 45°03' 50''W) and 

Cambury (23°22'14''S; 44°47'16''W; Fig. 1). 
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Figure 1. Sampling sites selected for this study. Ed: Éden; Sl: São Lourenço; Bs: Barra do 

Sahy; Ca: Calhetas; Ms: Martim de Sá; Fo: Fortalezza; Ma: Matarazzo; Cm: Cambury. The 

trophic status of the water column was assessed for all sites. Star symbols indicate sites 

where barnacle populations were sampled. 

  

Chlorophyll-a (CHL) and particulate organic carbon (POC) concentrations 

were used as proxy of food availability. For that, remote sensing data for surface 

chlorophyll-a (Hu et al. 2012) and particulate organic carbon (Stramski et al. 2007) 

concentrations were acquired for the MODIS-Aqua sensor (NASA 2014). While POC 

is a proxy for the plankton assemblage carbon content, CHL is a light-harvesting 

pigment present only in primary producers. Level-3 mapped images of 4 km 

resolution aggregated by seasons for the summer 2013 and winter 2014, were 

processed with the R packages ncdf4 (Pierce 2015), raster (Hijmans 2015) and 

rgdal (Bivand et al. 2015) for data extraction, using a buffer of 9 km around each 

site. The replicates for seasonal values in the analysis were an integration of the 

available daily measurements performed by satellites. Weekly averages for two 
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consecutive months over the breeding (February and March 2013) and the non-

breeding (July and August 2014) were used for analyses. During these periods 

there were no missing data due to clouding or any other atmospheric conditions 

precluding the acquisition of satellite images.   

Field sampling and laboratory routine 

Among the eight sampling sites examined above, we selected four of them 

(São Lourenço, Calhetas, Martim de Sá and Cambury; Fig. 1) for  ield barnacle 

sampling in an attempt to cover the expected gradient of CHL and POC (see 

results).  wo replicate separated approximatel  b  50m of    15 rock chips 

containing Chthamalus bisinuatus adults, at each of three dates within the breeding 

(January 25th-30th, February 26th - March 6th and March 14th - 28th in 2013), 

and non-breeding seasons (July 4th-21st, August 31st- September 11th and 

September 14th- October 6th in 2014), were collected at these four sites. Rock 

chips were photographed (Sony DSC W380) for the estimation of barnacle cover 

area using the ImageJ software (Schneider et al. 2012), and then randomly 

allocated in aquaria in laboratory rooms held at 25°C. In order to stimulate larval 

release, experimental populations were first kept dry for 24 h and then 

permanently submerged in pre-filtered (25 µm) seawater for another 24 h. This 

procedure was repeated until a spawning event was observed. Fecundity  was 

calculated by dividing the total number of nauplii released by the adult cover area 

(nauplii.cm-2). Larval quality was inferred as the time nauplli endured without 

exogenous food supply. For that, we randomly separated 300 recently spawned 

nauplii from each experimental population (= rock chip) and maintained them 

separately in individual 2 ml wells of cell culture plates (Corning™ Costar™) filled 
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with pre-filtered seawater (25µm). Wells were inspected daily to check for new 

deaths. 

Statistical analyses 

Two-wa  anal ses of variance, in which ‘site’ and ‘season’ were considered 

fixed factors, were run to test for spatial patterns, and their consistency between 

the breeding and non-breeding season, for both the trophic status of the water 

column (CHL and POC) and the reproductive parameters of barnacle populations 

(survival of food-deprived larvae, and fecundity). The SNK procedure was 

undertaken for pair-wise comparisons when applicable. In all cases analyses were 

balanced. POC and CHL were ln-transformed to meet homoscedasticity. No 

transformations corrected heteroscedasticity for the data of nauplii survival. We 

ran the original model anyway for this variable, using raw data, since the 

interpretation of results based on a balanced design and large sample size (n = 300 

in this particular case) is not affected by variance heterogeneity (Underwood 

1997).  

Pearson correlations were also tested for larval quality (survival) and (i) 

pelagic conditions (CHL and POC), for a first appraisal on how the parental 

population allocate resources to their offspring across a larger spatial scale; and 

(ii) fecundity, as an initial test of a possible trade-off between offspring number 

and their quality.    
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Results 
 

Sampling sites and pelagic trophic status 

After extracting data from satelite images for the eight sites, it was possible 

to observe seasonal and spatial differences (Table 1) for proxies of food 

availability, CHL and POC, adjacent to shorelines 

.  

Table 1. Summary results of the ANOVA model used to compare chlorophyll-a (CHL) and 

particulate organic carbon content (POC) in the water column adjacent to different sites, 

and during different seasons (breeding vs. non-breeding). Statistical significance is 

highlighted in bold. SV: source of variation; df: degrees of freedom; MS: mean squares; C: 

Cochran’s statistic.  

            CHL   POC 

  df MS F p   df MS F p 

          Site 7 1.23 12.2 <0.001 
 

7 0.37 4.71 <0.001 

Season 1 13.21 130.62 <0.001 
 

1 19.56 248.77 <0.001 
Site*Season 7 0.13 1.25 0.285 

 
7 0.05 0.59 0.761 

Error 90 0.1 
   

80 0.08 
  

          
Ln (X) transformed; C = 0.1745 (ns) 

 

Ln (X) transformed; C = 
0.1747 (ns) 

                    

           
Two main trends could be identified in these analyses. First, concentrations 

of CHL and POC were much higher during the non-breeding season (winter), 

compared to the breeding season (late summer - autumn). Second, the gradient 

observed when sites are arranged from the southwestern to the northeastern end 

of the sampled shoreline (Fig. 2) follows expectations, with average CHL and POC 

tending to decrease in this direction.  
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Figure 2. Spatial contrasts of chlorophyll-a and particulate organic carbon concentrations 

along the São Paulo State coast, during the barnacle breeding and non-breeding seasons. 

Vertical bars represent standard errors. Within-seasons, estimates at sites sharing no 

letters are significantly different (p < 0.05). ns = not significant. Site abbreviations as in 

Fig. 1. 

 

Also, site ranks were rather consistent between seasons, as indicated by a 

non-significant interaction of the term ‘site’ X ‘season’ for both parameters ( able 

1). This is especially true for CHL in which, despite of a great difference between 

sampling periods, São Lourenço e Martim de Sá exhibited higher concentrations of 

CHL compared to the northernmost sites Fortaleza, Matarazzo and Cambury. 

Differences between seasons were even larger for POC, with sites varying in a very 
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narrow range during the main breeding season (between 150 and 250 mg.m-3), 

with no apparent spatial structure (Fig. 2). Averages for winter were over the 

double (c.a. 475 mg.m-3) and among-site differences become substantial, 

resembling the pattern found for CHL. For instance, São Lourenço differed from 

Matarazzo and Cambury, and Martim de Sá differed from Fortaleza. Therefore, 

oceanographic processes setting contrasts on CHL and POC at the spatial scale 

examined are likely the same or very similar.         

Reproductive variables: larval quality and larval production  

For both sampling periods, food-deprived larvae originated from different 

maternal populations presented different survival times (Table 2, Fig. 3).  

Table 2. Summary results of the ANOVA model used to compare fecundity (as larval 

release) and larval survival (in days) in the water column adjacent to different sites, and 

during different seasons (breeding vs. non-breeding). Statistical significance is highlighted 

in bold. SV: source of variation; df: degrees of freedom; MS: mean squares; C: Cochran’s 

statistic. 

            Fecundity   Larval survival 

  df MS F p   df MS F p 

          Site 3 337 1.59 0.217 
 

3 243.8 37.01 <0.001 

Season 1 1422 6.73 0.016 
 

1 1832.3 279.26 <0.001 
Site*Season 3 191 0.9 0.455 

 
3 125.1 19.07 <0.001 

Error 24 211 
   

392 6.6 
  

          
Raw data; C = 0.3717 (ns) 

 

Raw data; C = 0.2471 (p < 
0.01) 
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Figure 3. Spatial contrasts of barnacle reproductive parameters, larval quality (as 

survival, in days) and larval production (as larval release per unit cover) among sampled 

sites, during the breeding and non-breeding seasons. Vertical bars represent standard 

errors. Within-seasons, estimates at sites sharing no letters are significantly different (p < 

0.05). ns = not significant. Site abbreviations as in Fig. 1. 

 
Average larval survival was lower during the breeding season (4.53 d) 

compared to the non-breeding season (6.28 d; Table 2), and, closely resembling the 

environmental variables CHL and POC, spatial differences were very narrow in the 

warmer breeding season compared to winter, when a more clear spatial structure 

was observed. More specifically, during the breeding season, larvae released from 
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Martim de Sá populations survived slightly longer than those produced from 

barnacles of the remaining sites, while site-specific survival was observed during 

the non-breeding season, with a steady increase from São Lourenço to Cambury 

populations (Fig, 3). 

Fecundity, as the number of larvae spawned per cm² of living barnacle 

cover, differed significantly between sampling periods (Table 2), with a much 

higher number of larvae produced during the main breeding season (21.1 

nauplii.cm-2), compared to winter (7.9 nauplii.cm-2). However, exceedingly high 

variation of larval output among rock chips taken at each site and at different times 

within each period precluded the observation of eventual spatial trends. In spite of 

up to 4 to 5 fold differences of larval production estimates among sites during the 

breeding and non-breeding seasons, respectively, spatial contrasts were not 

significant (Table 2, Fig. 3).  

Interpretations of temporal differences of larval production are 

straightforward, since they are aligned to a breeding pattern already documented 

(Barbosa et al. 2016), and lack of any detected spatial trends leads no justification 

for further procedures attempting the identification of possible underlying 

processes. For larval quality, however, we used both spatial and temporal 

variability to test correlations of nauplii survival and the trophic environment 

experienced by the paternal populations (CHL and POC), and larval overall 

production, as this could shed some light on eventual maternal effects. These 

correlations are showed in figure 4.  



71 

 

 

Figure 4. Correlations between larval quality (as survival, in days) and (i) proxies of food 

supply to parental barnacle populations (chlorophyll-a and particulate organic matter 

concentrations), and (ii) overall larval production (as fecundity). White and gray symbols 

stand for observations obtained in summer and winter. Whiskers represent standard 

errors for both correlated variables in each case. 

 

When accounting for both spatial (150 km) and temporal (5-7 months) 

variability, larval survival was positively correlated to POC, suggesting a positive 

effect through food supply to parental populations (Fig. 4). A similar trend was 

observed for CHL, but the correlation was not significant. In specific, populations at 

the oligotrophic site Cambury produced exceptionally high-quality larvae during 

winter. If this observations is removed from analysis, the correlation coefficient 

increased to 0.812 and the value decreases to significance (p = 0.01). A marginal p-

value (0.06) indicates a negative correlation between larval quality and larval 

production (as larvae released per unit area). 
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        Discussion 
 

In this study we aimed to detect spatial and temporal patterns of 

environmental proxies of food availability, and assess whether the trophic state of 

the coastal ocean correlates with larval production and larval quality in the 

tropical barnacle Chthamalus bisinuatus. Temporal variation was shown to be 

more relevant than spatial variation in the determination of both the trophic state 

of the water column and the barnacle larval parameters examined. Apart from the 

quantity of larvae produced, which was higher during the warmer season, as 

predicted, and lacked any spatial structure, proxies of food supply to barnacle 

parental populations (CHL indicating phytoplankton biomass, and POC indicating 

organic particulate matter) and larval quality presented much higher values during 

the winter, out of the main breeding season for this barnacle species, when spatial 

structures become emerged or intensified. Therefore, resources are scarcer when 

barnacle reproduction is more intense. Seasonal differences of overall larval 

release (this study) and gonad production (Barbosa et al. 2016) thus provide 

independent evidence for a relatively fixed breeding season likely modulated by 

seasonal changes of air temperature and / or photoperiod (Barnes 1989; Anderson 

1994). 

 Because larval food resources may be scant in warm tropical oligotrophic 

pelagic systems (Metzler et al. 1997; Longhurst 1998) causing high mortality, and 

taking into account that poor larval nutrition may endure and impact negatively 

young juvenile stages (Hentschel and Emlet 2000; Torres et al. 2016), it is possible 

that the strength of recruit cohorts would not reflect reproductive effort over the 

year. Residual reproduction during the non-breeding season, from May to 
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November (Barbosa et al. 2016), may conceivably contribute disproportionately 

more to the ingress of recruits reaching maturity. 

The importance of out-of-season cohorts apparently starts at 

embryogenesis. Our results suggest that mothers do not generally manipulate 

resource allocation during the cooler months, in contrast to reproductive 

responses upon heat stress typical of summer months, when mothers anticipate 

their fitness by transferring surplus resources to larvae (Freuchet et al. 2015). 

Instead, favorable nearshore trophic conditions for adults in winter likely translate 

directly to the production of higher quality larvae, capable to withstand food 

privation over the first few days. In turn, these larvae may also encounter a more 

benign trophic environment while in the plankton, since the diets of adults and 

larvae overlap to a large extent, likely resulting in lower planktonic mortality and 

improved early benthic performance. Lower thermal stress on the rocky intertidal 

may also contribute to out-of-season cohort strength. Results also indicate that 

offspring released during the main season will not, on average, receive additional 

maternal resources, compatible to an anticipatory maternal effect (Marshall and 

Uller 2007; Crean and Marshall 2009) potentially matching the quality observed 

during the non-breeding period. Larvae produced during the summer will be 

therefore more numerous but their quality will be lower.  

The study region is under the influence of the Brazilian Current, which 

changes its strength of influence seasonally, bringing warm oligotrophic waters 

closer to the coast during the summer months (Silva Jr et al. 1996; Longhurst 

1998). Although some primary productivity enhancement might be expected 

during this season due to the (localized and usually brief) South Atlantic Coastal 

Waters (SACW) upwelling events (Guenther et al. 2008), this condition do not 
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seem to be constant, as demonstrated by Ciotti and colleagues (2010). In fact, 

passing cold fronts during the cooler season (remote wind forcing) may be 

responsible for extensive vertical mixing which will, in turn, enhance primary 

production on the study area, as our data supports.  

In spite of the clearly consistent spatial structure of CHL and POC observed 

for the sampled region, spatial patterns explained less of the variation found on the 

barnacles reproduction. Within seasons, the spatial structure of fecundity could 

not be assessed in this study. It is possible that other sources of environmental 

variation not measured here, such as tidal amplitude cycles or stochastic physical 

oscillations could blur such spatial pattern, but there was a clear spatial structure 

of larval quality. Larval survival increased from summer-early autumn to winter, 

aligned to POC and CHL. But shore ranks of larval quality do not exactly match 

ranks of POC / CHL, as can be noticed in the results from Cambury site, for 

example. During the winter, larvae produced by parental population in this site 

survived the longest, but the trophic input there was one of the lowest. Also, the 

less variable environmental conditions during summer may dampen effects and 

result in a less structured spatial pattern of reproductive parameters. Spatial 

contrasts would matter the most out of the main breeding season, when larval 

quality also showed larger variation across sites. 

 When spatial and temporal variation was put together to test for 

correlations there is some evidence that quality and quantity of released larvae 

tend to be inversely related. Also, larval quality is generally correlated to better 

trophic conditions. But there is important within-season scatter on our results, 

perhaps due to methodological limitations (satellite imagery based on a spatial 

resolution that is too coarse) or natural food supply oscillations. It is possible that 



75 

 

larval quality respond to some threshold levels, that is, below some critical low 

level of pelagic resources larvae cannot get any worse, or, the opposite above some 

food supply quality cannot further increase (Thompson and Harrison 1992). 

Further studies need to be performed in order to demonstrate such trade-off 

between number and quality of nauplii produced by these barnacles, but we here 

could expose how larval quality varies with season with a close relation to the 

amount of food available for parental populations. Such relationship might 

promote effects on recruitment success and timing, thus having an impact on 

chthamalid populations at tropical shores.            
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CHAPTER 03 - Maternal and pelagic resource allocation shape 

plastic larval responses affecting recruitment in a tropical barnacle 

 

Introduction 
 

Many marine invertebrates undergo a complex life cycle, involving one or 

more free-living larval phases which metamorphose to a benthic juvenile phase 

(Wilbur 1980; Roughgarden et al. 1988). These larvae may be either 

lecithotrophic, maintaining themselves through consumption of the yolk, or 

planktotrophic, feeding on phytoplankton and other particles (Vance 1973; 

Strathmann 1985). They can spend from minutes to months in the plankton before 

reaching competency and metamorphosing to the benthic juvenile stage (Pechenik 

1990). Benthic populations may be often recruitment-limited, (Roughgarden et al. 

1988; Raimondi 1990; Bertness et al. 1992) with both larval supply and quality of 

the competent larvae playing major roles in the recruitment process (Gaines et al. 

1985; Gaines and Roughgarden 1985; Jarrett and Pechenik 1997; Shima and 

Findlay 2002; Jarrett 2003). Mechanisms affecting larval supply have been 

extensively examined (Gaines et al. 1985; Raimondi 1990; Bingham 1992; Bertness 

et al. 1992; Caley et al. 1996; Todd 1998; Dixon et al. 1999; Hughes et al. 2000; 

Jonsson et al. 2004 and many more), but processes determining larval quality and 

its effects on the performance of early benthic juvenile stages are much less 

understood (Jarrett and Pechenik 1997; Marshall et al. 2003; Jarrett 2003; Phillips 

2006). While larval supply to nearshore waters, adjacent to benthic populations 

has been often considered the key parameter controlling recruitment, some 

studies had indicated that even slight variations in larval quality can affect 
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different components of recruitment such as development rate (Fenaux et al. 1994; 

Poorbagher et al. 2010), survivorship (Pepin and Myers 1991; Letcher et al. 1996; 

Voss et al. 2006) and performance of early benthic stages (Jarrett and Pechenik 

1997; Pechenik et al. 1998; Phillips 2002; Thiyagarajan et al. 2002; Thiyagarajan et 

al. 2003; Jarrett 2003; Pechenik 2006; Pechenik and Tyrell 2015).  

Larval quality may result from a combination of effects taking place during 

embryogenesis, which depend on maternal metabolism, and effects occurring 

during larval development in the plankton. Planktonic factors affecting larval 

quality include negative effects of prolonged pelagic development and delayed 

metamorphosis (Pechenik et al. 1998), exposure to pollutants (Pechenik et al. 

2001) and changes of environmental conditions (Pfeiffer-Hoyt and Mcmanus 2005; 

Phillips 2006; Shima and Swearer 2009). Yet, the most important pelagic variable 

controlling larval quality, and also limiting settlement rate and early recruitment 

success, is apparently food supply (Olson and Olson 1989; Pechenik et al. 1996; 

Toupoint et al. 2012; Pechenik and Tyrell 2015).  

While food limitation may be relieved in more productive environments, 

particularly when offspring production is timed with seasonal blooms of primary 

production (Cushing 1990, Starr et al. 1991), oligotrophic conditions, which 

usually prevail in tropical marine systems, may impose a severe bottleneck for 

populations of coastal meroplanktonic invertebrates (Olson and Olson 1989; 

Fenaux et al. 1994). In such restrictive trophic conditions, one might expect higher 

plasticity in larval traits, with variable quality of settling larvae and early recruits 

(Boidron-Metairon 1988; Basch and Pearse 1995; Botello and Krug 2006; Toupoint 

et al. 2012). Maternal resource allocation is known to largely determine fitness in 

lecithotrophic larvae (Reznick and Yang 1993; Reznick et al. 1996) and some 
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studies have already indicated that maternal inputs may also affect performance of 

an array of other larvae generally regarded as planktotrophic (Bernardo 1996; 

Berkeley et al. 2004; Gagliano and McCormick 2007). Feeding conditions of 

parents frequently correlate to offspring nourishment (Diss et al. 1996; 

Poorbagher et al. 2010), but maternal manipulation may occur, with 

disproportionate resource redirection to either parental provision (Bertram and 

Strathmann 1998) or to the supply of energetic reserves to embryos (e.g. Fox et al. 

1997; Allen et al. 2008).  hose opposite strategies have been referred to as ‘selfish’ 

or ‘anticipator ’ (Marshall and Uller 2007); the latter making reference to early 

enhancement of maternal fitness through increased survival and reproductive 

chances of their offspring.  

The interplay between maternal and pelagic allocation may potentially 

produce extensive morphological, physiological and behavioral larval plasticity. 

However, key larval traits determining recruitment components (as in Pineda 

1994) are not equally prone to environmentally-driven change. In one extreme 

there are fixed traits, such as the number of larval stages of several crustaceans 

(Anger 2001) and in the other end extremely variable traits, which respond to 

multiple environmental factors, such as within-clutch production of both 

dispersive and non-dispersive larval forms of sea slugs (Krug 2001). For most 

traits, however, phenotypes vary within intermediate limits, either distributed 

over a continuous range or constituting canalized discrete states. Examples of the 

former include pelagic larval duration and growth rates of larval fish (Searcy and 

Sponaugle 2000; Bay et al. 2006), or swimming speed of crab zoeae (Miller and 

Morgan 2013), while dual settling preferences of polychaete larvae, with sibling 

individuals either choosing or avoiding surfaces treated with conspecific cues 
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(Toonen and Pawlik 2001), illustrate a case of the latter. We conceive here possible 

outcomes of joint effects of maternal and pelagic inputs on the variation of 

‘planktotrophic’ larval traits which translate to recruitment components (Fig. 1).  

 

Figure 1. Conceptual joint effects of maternal (M) and pelagic (P) resource allocation on 
plastic larval traits of marine invertebrates, as predicted by factorial manipulative 
experiments. A: Low plasticity of larval traits responding only to pelagic effects, as 
expected for a strict planktotrophic larval development; B: Intermediate plasticity through 
canalization, with a marked conserved state over most of the environmental change, and 
an alternative less frequent state led by extreme conditions, in this particular case a poor 
phenotype owing to the interactive effects of low maternal and pelagic allocation; C: High 
plasticity through additive and independent effects of maternal and pelagic resources, 
likely shaping continuous trait variation over the whole range of environmental 
conditions. In this illustration, the magnitude of both effects is the same. Black, gray and 
white circles indicate average estimates of experimental treatments leading to high, 
intermediate and low larval quality, respectively. Areas below hypothetical normal curves 
represent relative frequencies of larval phenot pes. ‘+’ and  ‘-‘ signs indicate high and low 
resource supply. 

 

In a first scenario, we advanced the strict planktotrophic condition, in which 

trait performance is solely dependent on pelagic resource allocation (Fig. 1A). In a 

second case, maternal allocation is added, thus increasing potential for plasticity, 
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and interacts with pelagic allocation (Fig. 1B). Such a mechanism may underlie, for 

instance, shifts in trait states, from a widely observed standard condition to an 

alternative, less common state, under exceptionally favorable or unfavorable 

conditions. In this figure we depict a discrete low-quality phenotype resulting from 

the interaction of poor maternal and pelagic conditions. Very plastic traits would 

be the result of additive maternal and pelagic allocation (Fig. 1C) which, rather 

than aligned in discrete states, would be continuously distributed over their 

variation range.  

In this study, we examined the regulation of recruitment components in the 

acorn barnacle C. bisinuatus (Pilsbry 1916), based on laboratory manipulations of 

the food supply provided to both parental populations (embryo allocation prone to 

eventual maternal effects) and their larvae (pelagic allocation). This chthamalid 

barnacle is the dominant species found on the high intertidal of rocky shores from 

the Brazilian northeast coast to Uruguay (Dando and Southward 1980; Young 

1993). It is a filter feeding organism with a complex life cycle, which includes six 

naupliar planktotrophic stages and a final lecithotrophic stage, the cyprid. 

Endogenous reproductive rhythms in this species promote larval retention near 

the coast (Bueno et al. 2010; Kasten and Flores 2013), which was further 

supported by a field study in which specific daily patterns of larval release were 

correlated to settlement at a very local scale (Barbosa et al. 2016). Therefore, the 

maternal environment may reliably cue the trophic conditions that larvae may 

experience in the field and shape eventual strategies of maternal resource 

manipulation. All these characteristics make C. bisinuatus an adequate biological 

model to address the main questions of this study. We measured the median 

development time for cyprids (MDT, a proxy for development rate), the percentage 
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of larvae reaching the cyprid stage (or cyprid yield, CY, a proxy for larval supply), 

and the cyprid size (CS, a proxy for early benthic performance) as a means to (i) 

understand how these recruitment components might be affected by maternal and 

larval resource limitation, (ii) identify fixed and plastic larval traits and (iii) 

advance ways in which plasticity may favour recruitment success.  

Methodology 
 

 Experimental design - To investigate maternal and larval nutrition effects 

on Chthamalus bisinuatus larval traits, we conducted an experiment involving two 

factors: adult and larval food supply, both with two levels, high (HF) and low food 

(LF) concentration. In the laboratory, two different trials were performed during 

two different seasons: late summer and winter, so the temperatures set inside the 

rooms were selected to maintain the natural average temperature during these 

seasons; 26°C and 21°C respectively. Rock chips with dense barnacle cover 

(average 50%) were collected from Calhetas beach (23° 49' 54'' S; 45° 31' 18'' W), 

São Paulo State, Brazil, on July 16th 2014 for the winter temperature trial (low 

temperature from now on), and on March 20th 2015 for the late summer 

temperature trial (high temperature from now on). Chips (40 approximately, with 

an average barnacle opercular size of 2.26 mm ± 0.7mm) were obtained over a 

rocky coastline of 100 m to include substantial environmental variation. Adult 

experimental populations and larvae were given either a high (3 X 10³ cells/ml) or 

a low (1 X 10³ cells/ml) food supply, consisting of an even mixture of three 

microalgal species; two flagellates (Tetraselmis sp. and Isocrysis sp.) and a diatom 

(Thalassiosira sp.). Such concentrations were selected based on real phytoplankton 
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concentration data sampled in the São Sebastião channel, close to the site where 

adult barnacles were collected.   

After collection, experimental adult populations (rock chips) were assigned 

a feeding regime of low or high and kept in this food regime for at least 20 d 

(acclimation period). Barnacles were retained in 2 tanks (54 x 40 x 20 cm) and 

were given the microalgal mixture twice a day, for a period of one hour each time. 

Over the acclimation period, C. bisinuatus captive populations were submitted to 

two high tides during the day, by immersion in pre-filtered sea water (3 µm) for 1 

h when barnacles were fed, in an attempt to reproduce the semidiurnal tidal 

regime in the area. After the acclimation period, nauplii released by experimental 

populations were sampled. For that, all water from the tanks was first filtered 

through a 100 µm mesh, and retain larvae, when present, were transferred with 

the  aid of a glass pipette to pre-filtered 500 ml glass beakers at a density of 0.5 

nauplii/ml. A total of 12 beakers were prepared (n = 3 for each of the four 

treatment combinations, i.e, adult and larvae HF, adult and larvae LF, adult HF and 

larvae LF, adult LF and larvae HF), and their position over bench space ensured 

spatial interspersion replicate beakers, thus avoiding the influence of any 

environmental gradients in the laboratory. Every other day, nauplii were fed the 

microalgal mixture at the tested concentrations and 90% of the water of the 

beakers was changed. After 10 d, which was the time needed for chthamalid 

nauplii to start metamorphosing into cyprids, cultures were checked every other 

day for cyprid presence and, once observed, they were counted, extracted using a 

glass pipette and preserved in separate vials. Inspection of beakers ended when no 

new cyprids were observed, which corresponded to day 31 and day 20 d for low 

and high temperatures trials, respectively.   
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Response variables - Three different larval parameters were separately 

quantified for each replicate beaker in each treatment combination. Cyprid yield 

(CY) was estimated as the percentage of nauplii that successfully developed to the 

cyprid stage. Median development time (MDT) was measured as the time (in days) 

by which 50% of all cyprids were obtained. Cyprid size (CS) was measured as the 

lateral carapace area (µm2). Linear cyprid metrics were not adequate because of 

substantial variation in carapace shape. Measurements were obtained from 

magnified images (63x) using the software ImageJ (Schneider et al. 2012). 

In order to compare the plasticity of CS in experimental treatments with 

natural variability, we measured cyprids sampled in nature from a different 

research project. Briefly,  samples were sampled along the São Sebastião Channel, 

from January 21st to March 28th 2013, at three sites adjacent to the shoreline: Praia 

do Segredo (23°49'44.06"S; 45°25'21.06"W), Saco Grande (23°49'55.23"S; 

45°25'43.57"W) and Itassucê (23°49'56.77"S; 45°26'33.42"W). Three replicate 

samples, tens of meters apart, were obtained twice a week at each site, using 150-

µm mesh nets. Cyprids were sorted and stored in a vertical freezer (-20°C) until 

measurements.          

Statistical analyses - All 3 response variables were analyzed using separate 

ANOVAs for the trial held at low temperature. In this case, maternal (high vs. low) 

and larval (high vs. low) food supply were considered fixed factors. CY and MDT 

were analyzed using 2 way ANOVAs with a sample size of 3 (i.e. the number of 

replicate beakers). For CS, the unit of replication was the individual cyprid, and 

therefore we included a random factor in the anal sis, ‘beaker’, nested within the 

interaction term. We ensured a balanced design by considering sample size as the 

minimum number of cyprids found in a beaker. Exceeding cyprids from remaining 
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beakers were randomly removed from analyses. In all cases, the variances of data 

were homogeneous (Cochran's C-test, p > 0.05). The SNK procedure was used for 

post-hoc comparisons when needed.  

For the trial held at high temperature, no cyprids were obtained for 

treatments in which larvae were given the low food supply. We thus used 

Student's-t tests to compare results within this trial and between equivalent 

experimental treatment combinations of the two trials. When necessary, data were 

log transformed to meet homoscedacity.  

Results 
 

Low temperature trial  

Each larval trait responded differently to manipulations of maternal and 

larval food supply when the experiment was held at low temperature (21°C; Table 

1).  

Table 1. Summary results of two-way ANOVAs comparing the response of larval traits to 
maternal and larval food supply in the low temperature trial (21oC).  

    
 

  
 

  
    Cyprid yield 

Median Development 
rate 

Cyprid size 

 
df F p 

 
F p 

 
F p 

                    
Maternal food 
supply: M 

1 0.39 0.549 

 

45.56 0.001 

 

8.93 0.017 

Larval food supply: 
L 

1 12.49 0.007 

 

45.56 0.001 

 

9.16 0.016 

M x L 1 0.33 0.582 
 

45.56 0.001 
 

0.26 0.622 
Beaker (M X L) - - - 

 
- - 

 
1.51 0.167 

Residual 8 
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At this trial, cyprid yield (CY) was only influenced by the amount of food 

larvae were offered during their development (Table 1), with no effects of 

maternal provision. CY nearly doubled from overall treatments of low to high 

larval food supply (13.3% to 26.8%). Contrasts were maintained within maternal 

food conditions, with CY in better provisioned larvae around 2.4 and 1.7-fold 

higher in the low and the high maternal food supply treatments, respectively (Fig. 

2A).  
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Figure 2. Response of larval traits to the combined effects of maternal (= embryonic) and 
pelagic (= larval) resource supply for trials undertaken at different temperatures (21°C 
versus 26°C). No data are presented for low larval food supply treatments in the 26°C trial 
because no larvae reached the cyprid stage. For the 21°C trial, different letters indicate 
statistical differences between levels of larval supply, within treatments of maternal 
supply. For the 26°C trial, scripts over bars indicate statistical significance of comparisons 
with the homologous treatments in the 21°C trial. ** p < 0.01; * p < 0.05; ns: not significant. 
CY: cyprid yield; MDT median development time for the cyprid stage; CS: cyprid size. 

 

Mean development time (MDT) was influenced by the interaction between 

maternal and larval food supply (Table 1). The time necessary for 50% of all 

cyprids to be observed was markedly constant, around 18 to 19 days for all 

treatment combinations, except when both mothers and larvae were fed a low food 
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concentration. Under these later conditions MDT was much longer (27.7 days; Fig. 

2B).  

AS for MDT, both maternal and pelagic allocation played a role in the 

determination of cyprid size (CS). In this case, however, effects were additive, with 

independent control of resource allocation to mothers and larvae, as evidenced by 

the lack of significance of the interaction term (Table 1). Higher food supply 

allowed enhanced growth, with maternal and larval effects exerting quite similar 

effects (c.a. 13% to 14% size increase). Cyprid size was thus prone to extensive 

plasticity, from the smallest size observed when both mothers and larvae were 

supplied with low food rations to the largest size observed when food supply was 

the higher at those two stages (Fig. 2C). 

High temperature trial 

Under high temperature conditions (26°C), nauplii succeeded to 

metamorphose to the cyprid stage only when they were given a high food supply 

(Fig. 3A); no cyprids were observed under low larval food supply, irrespective of 

maternal resource allocation. Therefore, further comparisons are restricted to 

treatments in which larval food supply was high. 

Maternal food allocation played no apparent role for the much fewer 

surviving larvae in the high temperature trial. CY was very low, not surpassing 3% 

regardless of whether or not maternal populations were poorly or well-fed (t = 

0.707, p= 0.518; Fig. 2A). This further supports no carry-over effects from 

embryonic allocation on larval survival. MDT was also very consistent, varying 

only from an average of 14.7 to 15.3 days (t = 0.286, p > 0.05; Fig. 2B). This result 

reinforces the notion that the time for larval development is a very consistent 
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variable for a given temperature. Differences between cyprid sizes were also very 

slight and not significant (t = 0.455, p = 0.655; Fig. 2C).   

Comparisons between temperature trials  

Comparisons between the two temperature trials were restricted to 

equivalent treatment combinations (high larval resource allocation). CY was 

heavily depressed in the high temperature trial, for both maternal food conditions 

(low: t = 4.38; p = 0.011; high: t = 13.02; p < 0.01; Fig. 2A). MDT was also influenced 

by temperature, with a substantial and significant decrease in warmer conditions 

for both low (t = 3.35; p < 0.05) and high (t = 4.24; p < 0.05) maternal provision, i.e. 

a faster development rate as expected (Fig. 2B). CS was unaffected by temperature 

(low: t = 0.594; high: t = 0.79,    p > 0.05 for the two cases, Fig. 2C). 

Plasticity in cyprid size – a comparison between wild and captive individuals 

Our results show that laboratory manipulations of food supply for both 

breeding barnacle populations and their larvae are capable to produce the full 

range of cyprid size variation that may be encountered in the São Sebastião 

Channel (Fig. 3). This result strengthens the argument for strong additive and 

independent effects of resource provisioning for mothers (a carry-over effect up, at 

least, to the cyprid stage) and pelagic larvae. 
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Figure 3. Size frequency distribution of Chthamalus spp cyprid stages collected in the field, 
and ± 1 SE size ranges of cyprids obtained from the different experimental treatments 
manipulating maternal (M) and larval (L) allocation. (1) M - L -, 21°C; (2) M + L -, 21°C; (3) 
M - L +, 21°C; (4) M - L +, 26°C; (5) M + L +, 26°C; (6) M + L +, 21°C. 

 

  Discussion 
 

This study highlights the notion that so-called ‘planktotrophic’ larvae ma  

actually largely rely on energetic resources allocated during embryogenesis 

throughout their pelagic existence, and that trophic resources at different 

ontogenetic stages interact in complex and specific ways, generating substantial 

plasticity of larval traits, which directly affect different recruitment components. 
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The three traits examined in this contribution, i.e. cyprid yield (= larval survival), 

median development time (= larval development rate) and cyprid size (which is 

known to correlate to the quality of settling individuals) covered the range of 

mechanisms we conceived for the control of larval traits by joint effects of 

maternal and larval resource allocation (Fig. 1).  

As fully planktotrophic larvae, survival to the cyprid stage was found to be 

solely dependent on pelagic resources to larvae, which in nature would translate to 

no effects on the larval supply to adult populations. Carry-over effects from 

maternal resource allocation through embryogenesis was however quite 

important in the control of development rate and size of larvae at the settling 

stage. Our results corroborate that the pace of larval development is a very robust 

trait, remaining relatively unaltered by substantial environmental change, except 

for temperature. Even so, development rate responds linearly and positively to 

temperature change (Scheltema and Williams 1982; Anil et al. 2001), so that 

meaningful change from expected values can suggest an alternative development 

pathway. Here we show that persistence of inadequate trophic conditions through 

embryogenesis and larval pelagic duration does not translate to a gradual change 

of temperature-specific development rate, but to an alternative discrete state, 

leading to low quality larvae (as showed in the analyses of cyprid size). Therefore, 

development rate may assume discrete states through interactive effects of 

maternal and larval food supply. Finally, additive effects were clear in the 

determination of cyprid size, which very probably correlates to early benthic 

performance of juvenile stages (Pechenik et al. 1998; Moran and Emlet 2001). 

Interestingly, the magnitude of independent effects of maternal and pelagic inputs 

was virtually the same. In other words, cyprid size could be predicted by the 
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overall trophic budget, no matter if this was balanced or not over embryogenesis 

and larval development. Also, it is noteworthy the fact that rather simple 

manipulations of food supply in the lab, with only two levels of main factors, was 

sufficient to replicate the full range of plasticity observed in the field. Further 

laboratory trials are pending to verify how far can trophic resources push cyprid 

size under simultaneous provision of adequate concentration and quality of 

phytoplankton cells.                              

Past studies have already demonstrated how larval food supply is an 

important factor influencing both larval survival and, consequently, recruitment 

success (Thorson 1950; Olson and Olson 1989; Pfeiffer-Hoyt and Mcmanus 2005). 

Considering the patchy distribution of phytoplankton in the water column, larvae 

face high probabilities of failing to encounter enough food for their development, 

enhancing mortality due to a high sensitivity to starvation (Barnes and Barnes 

1959; Lang and Marcy 1982) and, thus, failing to metamorphose into late larval 

stages which are responsible for settlement. In addition, increased temperature 

elevates the metabolic rate of crustacean larvae (Anger and Dawris 1981; Anil et al. 

2001) and, when these organisms fail to encounter minimum levels of food at such 

temperatures, mortality rate can become even higher. Nauplii reared under lower 

temperatures (21°C) succeeded to metamorphose into cyprid in a much higher 

percentage than the nauplii reared under higher temperatures (26°C). Also, when 

kept under 21°C, those nauplii fed a higher food concentration metamorphosed to 

cyprid in higher numbers than those reared with low food supply, regardless the 

amount of food the maternal population which produced them were fed. Such 

findings stress the impact of larval experience on the larval supply outcome. A low 
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recruitment success may be related to the conditions larvae develop within and 

how that environment impact survival rate. 

Survival rate is also related to the amount of time larvae spend in the 

plankton and the predation risk they undergo while in development. Median 

development time (MDT), was influenced by temperature and the interaction of 

both maternal and larval food supply. It is well established that increases in 

temperature are positively related to barnacles larval development (Palmer and 

Strathmann 1981; Anil and Kurian 1996; Pfeiffer-Hoyt and Mcmanus 2005), 

probably because under higher temperatures, larval feeding capacity is enhanced 

(Scheltema and Williams 1982; Bolton and Havenhand 2005). Our results 

demonstrate the same pattern. In a first analysis comparing MDT of larvae reared 

under 21°C and 26°C, it was clear that under lower temperatures larvae developed 

significantly slower than those reared under 26°C. Even though a shorter 

development time means lower predation risk (Thorson 1950), and therefore, 

lower risk of mortality, one could expect to observe more cyprids from higher 

temperature treatments. But that was not the case, our results showed that 

mortality might be caused by elevated temperatures, so a shorter time in the 

plankton does not guarantee higher larval survival and thus, higher larval supply. 

When larvae were reared under lower temperatures, both maternal and 

larval supply had an impact on MDT. Under lower temperatures, nauplii present an 

almost fixed MDT (around 18 days), considering that at least mothers or larvae 

face high food concentrations at some point. But, when poorly fed mothers 

produced larvae that also developed under poor food concentrations, nauplii 

delayed their MDT to approximately 27 days. It seems plausible to assume that 

poorly fed mothers invest less energy to nauplii, which can overcome such 
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deficiency when facing high food availability; if not, such deficiency cannot be 

surpassed and nauplii develops in a slower rate. Mothers experiencing high food 

concentrations seem to invest enough energy to nauplii that, even under low food 

supply, can develop at a constant rate. Although larval nutrition seems to have a 

greater impact on the MDT of C. bisinuatus nauplii, maternal nutrition still impacts 

this trait through a carry-over effect, that can only be perceived in low food 

conditions for both adults and larvae. 

 Cyprid size (CS), a proxy of larval quality, was influenced by both maternal 

and larval nutrition, but not the interaction of these factors, neither by 

temperature. When mothers and larvae were reared with high food levels, larger 

cyprids were produced, while the smallest cyprids observed were a product of 

mother and nauplii fed a low food supply, regardless of the temperature under 

which they were reared. Such results indicate a possible additive effect resulted 

from the maternal and larval feeding experience. Well fed mothers seem to have 

the capacity to produce larger larvae that, in the case of encountering high food 

concentrations as well, will grow to bigger sizes. Although the initial larval size was 

not measured in this study, one can observe that cyprids which originated from 

well fed mothers always reached bigger sizes then those produced by poorly fed 

mothers. The size the cyprid can reach depended also on the feeding experience of 

nauplii before metamorphosis. Also, the size reached by cyprids reared in the 

laboratory are among the sizes observed in cyprids sampled from the natural 

environment, indicating that the natural variation observed might be a response to 

both maternal and pelagic effects regarding food concentration.  

São Sebastião Channel, site where C. bisinuatus  populations were sampled 

from, is known to be a oligotrophic region, with some increases of phytoplankton 
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concentrations during upwelling events in the summer or due to vertical mixing 

events when cold fronts are present in the winter (Ciotti et al. 2010), so food 

availability for both maternal populations and larvae are low during most part of 

the year. When living under such conditions, C. bisinuatus seem to have developed 

a reproductive strategy that guarantees its own fitness or the recently spawned 

larvae fitness, depending on the level of stress faced (Freuchet et al. 2015). The 

effects of nutritional stress faced by mothers and nauplii can be carried over until 

the late larval stage, as seen in this study, and might have direct implications for 

recruitment success. Time spent in the plankton and cyprid quality are 

components of recruitment that are influenced by the maternal and larval 

experience, while larval supply depends mostly on larval experience in the 

plankton; so the probabilities of a successful recruitment for this tropical barnacle 

are affected by conditions experienced long before the settlement phase. Once 

more our study agrees with other authors realizing that a successful recruitment 

starts long before the late larval phase; adult benthic phase environmental 

conditions will influence future larval generations and, consequently the 

maintenance of those populations. 
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GENERAL CONCLUSIONS 
 

The role of environmental and biological factors acting on sessile marine 

organisms life cycle has been studied by several authors and in this thesis we 

demonstrated the great impact that food supply enrolls on different stages of 

chthamalid barnacles life cycle. Through three different approaches, we were able 

to state that variations on food supply can guide patterns of abundance of this 

organisms, modify reproductive traits during different seasons and also influence 

the quality of larvae, being them recently spawned or late larval stages. 

Much of what is known regarding factors influencing chthamalid barnacles 

distribution are based on temperate species, from both Europe and North America. 

Abiotic factors such as desiccation, temperature and wave exposure and also biotic 

factors like reproduction, settlement behavior and recruitment have been stressed 

as main agents affecting chthamalid populations. With this on mind, we conducted 

an exploratory work attempting to link which environmental factors could be 

more important to these barnacles distribution along a large extension of the 

subtropical coast of Southeast region in Brazil. Our results point to the importance 

of chlorophyll-a, a proxy of phytoplankton biomass, thus a source of food supply 

for filter feeding animals, wave exposure and distance from large urban areas for 

both the abundance and size of chthamalid barnacles. 

In marine ecology, when nutrients and/or primary producers concentration 

have an impact on higher level populations its common to use the term "bottom-

up" control (Carpenter 1988; Persson et al. 1995) and this processes seems to be 

part of what controls chthamalid barnacles distribution along the surveyed shore 

line. We observed that denser populations and larger animals were correlated to 
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sites with higher chlorophyll-a concentrations. Higher concentration of 

phytoplankton in the water column results in more food for filter feeding animals 

like chthamalid barnacles, thus they can gather more energy for growth and 

reproduction. Also, higher food supply in the plankton might benefit larvae feeding 

while developing and this could result in higher recruitment rates, as larvae will 

settle and metamorphose into the juvenile with a higher energetic reserve.  

Interestingly, we also observed a negative correlation between barnacle 

abundance and distance to large urban areas, indicating that denser populations 

are located closer to these sites. The large urban areas selected for this study have 

more than 20.000 inhabitants, which results in great water pollution due to 

sewage discharge on near shore waters. Higher levels of sewage discharge results 

in eutrophication of the water column, which in turn, can elevate primary 

producers growth. But our results did not show any correlation between distance 

to large urban areas and chlorophyll-a, as expected by the former rational. This 

raises the question if phytoplankton is the main food source for this filter feeding 

animals. Sewage discharge is another source of organic and inorganic matter in the 

near shore waters, and it can be found dissolved or not in the water column. A few 

studies have shown that marine invertebrates are able to assimilate dissolved 

organic matter (Wotton 1988; Wendt and Johnson 2006) and this might explain 

the correlation mentioned above, although we could not measure dissolved 

organic matter in this study.  

But not only food supply showed influence on chthamalid traits. Wave 

exposure was negatively correlated to barnacle average size, indicating that 

populations on more wave-swept sites are formed by smaller animals. This could 

be a consequence of higher dislodgment of larger animals by wave action on higher 
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midshore sites, being the populations there present constituted by younger 

animals, and thus, smaller. Also, wave-swept sites are prone to receive more larvae 

due to the higher water action on them, so one could expect to observe a higher 

number of small organisms on such sites. But this was not the case, our results 

show a positive correlation between barnacles average size and abundance, 

indicating that denser populations are composed by larger animals. This follows an 

opposite pattern from what has already been observed for other species. Bertness 

(1989) for example observed that high recruitment of Semibalanus balanoides 

leads to high mortality rate due to density-dependent processes, provoking the 

death of a large part of juveniles before they reproduce and resulting in smaller 

individuals in dense populations. To explain the observed correlation, we 

hypothesize that denser populations could alter the local surrounding 

environment of adults, beneficiating the growth potential, as demonstrated by 

Bertness and colleagues (Bertness et al. 1998).  

Along the Brazilian coast is possible to observe a gradient of phytoplankton 

biomass from north to south, wherein the southern most regions present higher 

average values of chlorophyll-a concentrations. This concentrations changes 

throughout the year, and at our study region summer is the season with the lowest 

chlorophyll-a values and winter the season with the highest values (Ciotti et al. 

2010). Being present from the Uruguayan coast until the northeast coast of Brazil, 

chthamalid barnacles experiences such contrasting conditions and, thus, we 

hypothesized if such changes in food supply could promote changes in fecundity 

and larval quality through maternal effects. Much is known about maternal 

energetic provisioning to lecithotrophic larvae because of the logic necessity of 

endogenous energy for survival until metamorphosis. In our study we were able to 
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show that there is also differential maternal provisioning to planktotrophic larvae 

related to food supply for maternal populations.  

First (chapter 2), we detected seasonal differences in fecundity and recently 

spawned larvae quality of chthamalid barnacles. Although no clear north-south 

pattern of chlorophyll-a and particulate organic carbon could be observed during 

the summer months, during the winter months such pattern arose and 

concentrations of both food supply proxies were higher during this last season. It 

is interesting to see that chthamalid barnacles produced more larvae during 

summer months, period when food supply for both mothers and larvae is low 

compared to winter months, when barnacles produced less larvae. But the larvae 

produced during summer had lower quality then those produced during the 

winter, indicating a possible trade-off between number and quality of larvae 

regarding food supply. The higher quality larvae produced in lower numbers 

during the winter could result in a recruitment rate proportionally higher than the 

recruitment rates during the summer, as the larvae spawned during winter have a 

higher survival potential and will probably encounter greater amounts of food 

supply during this season, enhancing its survival rates and energy assimilation for 

reaching competence.  

Furthermore, we are able to demonstrate that food availability for both 

maternal populations and larvae have an impact on cyprids traits reared under 

different temperatures (chapter 3). Time spent in the plankton depends on the 

amount of energy nauplii gather during its development and also temperature, 

being the development of crustaceans larvae faster under higher temperatures. 

Larvae reared under higher temperatures developed faster than those reared 

under lower temperatures in our study. In a scenario where temperature is high, 
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during the summer for example, larvae encountering higher amounts of food, 

which can occasionally happen at our region (Guenther et al. 2008), could 

developed into the cyprid stage much faster than under other conditions, possibly 

promoting a self recruitment pattern. Nevertheless, under lower temperatures, 

cyprids originated from well fed mother and nauplii were obtained faster than 

those originated by poorly fed mothers and nauplii. Also, cyprids final size was also 

influenced by maternal and nauplii feeding history, but no interaction between this 

two factors could be observed in our survey. The amount of nauplii surviving until 

metamorphose to cyprid depends mostly on the temperature they are reared and 

the amount of food provided to them, being the maternal food supply not 

important for this trait. Such plasticity observed on cyprids traits could have an 

adaptive value, as such variation on this late larval stage can promote higher 

survival rates for the future early juvenile. One could expect to observe higher 

plasticity related to food supply on tropical/subtropical regions, as these areas 

normally present mesotrophic or even oligotrophic conditions in the water column 

at large scales. Mothers that are able to perceive higher food concentrations could 

be able to assimilate and allocate more energy for its progeny, elevating their 

quality. On the other hand, when food availability is poor, maternal population 

might not be able to allocate enough energy for its progeny, as it might use 

whatever is available for its own maintenance, resulting in lower quality larvae, 

and thus, higher plasticity can arise from differences in food supply. 

Working with chthamalid barnacles as a biological model provided us better 

understanding of how local oceanographic conditions impact different life phases 

of sessile benthic invertebrates. As presented in this thesis, the experience animals 

experience in one life phase can alter the following one, which makes it crucial to 
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better understand what are the main factors of influence for this animals 

reproductive strategies. Our results stresses the importance of food supply for 

filter feeding animals in subtropical conditions and further studies should be 

conducted to test weather phytoplankton is indeed the main food source for this 

animals on oligotrophic region like the one in this study. Effort should be made 

regarding other possible factors that could explain variation on reproductive 

potential of chthamalid barnacles along a subtropical coast.  
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