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Abstract 
 

Sexual selection is a powerfull selective force that favours individuals with a reproductive 

advantage over their conspecifics. Darwin’s theory of sexual selection helped us understand how 

and why do animals with large weapons and/or ornaments have an advantage over mating 

opportunities (pre-copulatory sexual selection). It was only later on that it was found that sexual 

selection does not end with copulation. In the 1970’s, Parker noticed that, when females mate 

multiply, males may still compete after copulation through sperm competition. However, it is not 

only male competition after copulation the only responsible for the variance in fertilization success. 

Females are able to bias which male’s sperm will fertilize oocytes through cryptic female choice. 

Both sperm competition and cryptic female choice are the main drivers of post-copulatory sexual 

selection. Additionally, even after fertilization, selection continues with females or males that are 

caring for the offspring biasing investment towards offspring of one mate at the cost of the other, 

an extension of cryptic choice after mating. Half-siblings can also compete for resources due to 

their lower relatedness, contributing for the variance in the fitness of the males that sired the brood. 

Research has been conducted on the subject but our knowledge in sex-role reversed species, 

especially during male pregnancy as we find in the fish family Syngnathidae, is very limited. The 

mechanisms behind post-copulatory sexual selection during male pregnancy are basically 

unknown. 

Selection processes are affected by dynamic biotic and abiotic factors which, consequently, 

make selection a dynamic process as well. With the current scenario of climate change, many 

ecological processes such as species phenology, population dynamics, life-history and species 

distributions are suffering alterations. Although we have increasing knowledge on how climatic 

variables affect ecological processes, their effect on sexual selection is still scarce. Sexual 

selection requires immediate attention as it is responsible for diversification by producing 

elaborated characters, leading to variance in mating success and sometimes reproductive isolation 

which can ultimately lead to speciation. Climatic variation can affect local average temperatures, as 

well as their variation. Therefore the study of temporal and spatial variation of climatic variables 

and its effect on sexual selection is invaluable. The family Syngnathidae is also ideal to study the 

variation of selection in time and space. Most species within this family live in coastal habitats 

which are more prone to be affected by changes in air temperature since they are shallow. Other 

species have very wide latitudinal distributions, providing a natural temperature gradient to study 

its effect on sexual selection. 

Using species from the family Syngnathidae we found that considering time and space as a 

variable when studying sexual selection is essential. In Syngnathus abaster, where temperature 

affects the interaction between the sexes, sampling just at one given time during the breeding 
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season would fail to detect how important female size is in mating patterns (mainly relevant during 

the onset of the breeding season) and the reproductive asynchrony between large and small 

females. Female size, a trait selected by males in a variety of species in the family Syngnathidae, 

seems to be indirectly selected through other traits such as the striped pattern in S. abaster. This 

species was described as mildly sex-role reversed which would not concur with the extremely 

female biased operational sex ratio during the onset of the breeding season, which relaxes towards 

the end. Nerophis lumbriciformis, with a wide latitudinal distribution encompassing a wide range of 

temperatures, allowed us to find that sexual selection seems to be stronger at the distribution 

edges. Populations in the edges have increased coloration sexual dimorphism when compared to 

more central populations. In the south, higher temperatures hinder the production of oocytes and in 

the north lower temperatures restrict the duration of the breeding seasonaffecting mating patterns, 

breeding synchrony and mate monopolization.  

In Syngnathus typhle, we found that single mated males, besides receiving slightly more eggs 

from larger females, have no other advantage from mating with larger females since embryos from 

smaller females grow to the same size. This might stem from the fact that the oocytes from 

different sized females do not differ in size or protein content, thus explaining the previously 

described absence of male preference for larger females in the studied population. However, when 

males mate multiply, females that mate first have a small advantage as embryos have a chance of 

emerging from the pouch slightly larger (independently of the female’s length). Therefore, the 

sexual size dimorphism observed in this population might be mostly due to female-female 

competition over being the first to mate. Multiple mated males have half-sib broods which, 

interestingly, have embryos that need to spend more energy from their yolk to achieve the same 

size when compared to embryos with the same development time in single mated males, 

suggesting half-sib competition. 

The investment during pregnancy described in syngnathid males (protecting and nourishing the 

offspring), and the ability of aborting embryos from less preferred females, established the role of 

the male’s brood pouch as a post-copulatory selection arena. We found that males abort embryos 

during pregnancy, reducing the size variability within the brood.Consequently, the abortions are not 

random. More interestingly, as described in mammals, an analogue of the Bruce effect is present 

in the family Syngnathidae. S. abaster embryonic development is affected by the presence of a 

large unfamiliar female when the male is pregnant from a smaller female. In the presence of a 

large unfamiliar female, males give birth to smaller than expected juveniles and are more likely to 

abort embryos. To our knowledge this is the first time we find an analogue to the Bruce effect in a 

non-mammalian species. 

The previously described filial cannibalism in S. abaster is an interesting behaviour given the 

high and precise control over the investment males make during pregnancy. Although described in 

wild populations, this behaviour was never studied under controlled conditions. Here, we 
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determined that non-pregnant males, females, pregnant males and post-partum males have 

different feeding rates. Pregnant males and post-partum males eat less when compared with non-

pregnant males and females. This reflects directly on how they behave towards juveniles, with only 

females and non-pregnant males acting as cannibals. Even when presented with juveniles that are 

not their offspring, post-partum males do not cannibalize them. This changes when pregnant and 

post-partum males go through a period of starvation as they start behaving as cannibals. In the 

wild, females are very unlikely to eat their own offspring as they mate multiply and do not stay 

close to the male until birth. In fact, in the wild, we found that none of the females that had 

juveniles in their digestive tract had eaten a juvenile related to them. Non-pregnant males eat 

juveniles mostly if they have not been pregnant for some time (more than 4 days, at least), which is 

likely to make their own offspring large enough to grow over their gape size. However, we found 

some males in the wild with related offspring in their digestive tract. Nevertheless, in the wild, the 

frequency of cannibalism is low. 

To completely understand how sexual selection operates, different selection episodes from 

mating up to parturition and sometimes beyond need to be taken into account. Additionally, the fact 

that these episodes can vary across time and space requires a multi-dimensional approach. 

 

 

Key-words: pre-copulatory sexual selection; post-copulatory sexual selection; climate change; 

mate choice; female ornamentation; male cryptic choice; sibling rivalry; parental care; male 

pregnancy; cannibalism 
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Resumo 

 
A seleção sexual é uma força seletiva poderosa que favorece indivíduos com uma vantagem 

reprodutiva sobre os seus conspecíficos. A teoria de seleção sexual de Darwin ajudou-nos a 

perceber como e por que é que os animais com grandes armas e/ou ornamentos têm uma 

vantagem em oportunidades de acasalamento (seleção sexual pré-cópula). Só mais tarde se 

descobriu que a seleção sexual não termina com a cópula. Na década de 1970 Parker reparou 

que quando fêmeas acasalam com vários machos, os machos podem ainda competir depois da 

cópula através de competição espermática. Contudo, não é apenas a competição masculina após 

a cópula o único responsável pela variância no sucesso da fertilização. As fêmeas são capazes de 

influenciar que macho irá fertilizar os seus oócitos através de escolha críptica da fêmea. Tanto a 

competição espermática como a escolha críptica da fêmea são os principais responsáveis pela 

seleção sexual pós-cópula. Além disso, até após a fertilização a seleção continua com fêmeas e 

machos que cuidam da sua descendência influenciando o investimento na descendência de um 

parceiro em detrimento da de outro, uma extensão de escolha críptica após cópula. Meios-irmãos 

podem competir por recursos devido à sua diminuída relação de parentesco, contribuindo para a 

variância no fitness de machos que geraram a prole. Investigação tem sido desenvolvida no tópico 

mas o nosso conhecimento em espécies com papéis sexuais invertidos, especialmente durante 

gravidez masculina como encontramos na família de peixes Syngnathidae, é muito limitada. Os 

mecanismos por detrás da seleção sexual pós-cópula durante a gravidez masculina são 

praticamente desconhecidos. 

Os processos de seleção são afectados por processos bióticos e abióticos dinâmicos que, 

consequentemente, fazem da seleção também um processo dinâmico. Face ao cenário atual de 

mudanças climáticas, muitos processos ecológicos tais como fenologia das espécies, dinâmica de 

populações, história vital e distribuição de espécies estão a sofrer alterações. Apesar do aumento 

do conhecimento acerca de como variáveis ambientais afetam processos ecológicos, o seu efeito 

na seleção sexual é escasso. A seleção sexual requer atenção imediata uma vez que é 

responsável por diversificação ao produzir caracteres elaborados, levando a variância no sucesso 

de acasalamento e, por vezes, isolamento reprodutivo o que pode, em última instância, levar a 

especiação. A variação climática pode afetar temperaturas médias locais assim como a sua 

variação. Assim, o estudo de variação temporal e espacial de variáveis climáticas e o seu efeito na 

seleção sexual são de extrema relevância. A família Syngnathidae é também ideal para o estudo 

da variação da seleção no tempo e espaço. A maioria das espécies nesta família vive em habitats 

costeiros os quais são mais propícios a serem afetados por mudanças na temperatura do ar 

devido ao fato de serem pouco profundos. Outras espécies têm uma distribuição latitudinal muito 
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ampla providenciando um gradiente natural de temperatura para estudar o seu efeito na seleção 

sexual. 

Usando espécies da família Syngnathidae descobrimos que considerar tempo e espaço como 

variáveis quando se estuda a seleção sexual é essencial. Em Syngnathus abaster, onde a 

temperatura afeta a interação entre os sexos, amostrar apenas num dado momento durante a 

época reprodutiva não permitiria detetar a importância do tamanho das fêmeas nos padrões de 

acasalamento (principalmente relevante durante o início da época reprodutiva) e a assincronia 

reprodutiva entre fêmeas grandes e pequenas. O tamanho das fêmeas, um caracter selecionado 

pelos machos numa série de espécies na família Syngnathidae, parece ser indiretamente 

selecionado através de outros carateres tais como o padrão listado em S. abaster. Esta espécie 

foi descrita como medianamente sexualmente invertida o que não faria sentido tendo em conta o 

rácio sexual operacional feminino extremamente enviesado no início da época reprodutiva, o qual 

vai relaxando com a chegada do fim da época reprodutiva. Nerophis lumbriciformis, com uma 

distribuição latitudinal ampla que abrange um intervalo largo de temperaturas, permitiu-nos 

descobrir que a seleção sexual parece ser mais forte nos extremos da distribuição. As populações 

nos extremos têm maior dimorfismo sexual na coloração quando comparadas com populações 

mais centrais. No Sul, temperaturas mais elevadas dificultam a produção de oócitos e no Norte 

temperaturas mais baixas limitam a duração da época reprodutiva afetando padrões reprodutivos, 

sincronia de reprodução e monopolização de parceiro. 

Em Syngnathus typhle, descobrimos que machos que acasalam com apenas uma fêmea por 

evento reprodutivo, além de receberem ligeiramente mais ovos de fêmeas maiores, não têm mais 

nenhuma vantagem em acasalar com fêmeas maiores uma vez que os embriões de fêmeas mais 

pequenas crescem até terem o mesmo tamanho. Isto pode dever-se facto de os oócitos de 

fêmeas de tamanhos diferentes não diferem em tamanho ou conteúdo proteico o que explica a 

ausência atrás mencionada de preferência por parte do macho por fêmeas maiores na população 

estudada. No entanto, quando machos acasalam com mais do que uma fêmea por evento 

reprodutivo, as fêmeas que acasalam primeiro têm uma pequena vantagem pois os embriões têm 

maior probabilidade de sair do marsúpio ligeiramente maiores (independentemente do tamanho da 

fêmea). Assim, o dimorfismo sexual no tamanho observado nesta população pode ser 

maioritariamente devido a competição fêmea-fêmea por serem as primeiras a acasalar. Machos 

que acasalam com mais do que uma fêmea têm proles com meios-irmãos que, curiosamente, têm 

embriões que necessitam de gastar mais energia do vitelo para atingir o mesmo tamanho quando 

comparados com embriões com o mesmo tempo de desenvolvimento em machos que acasalam 

apenas com uma fêmea, o que sugere competição entre meios-irmãos. 

O investimento durante a gravidez descrito em machos singnatídios (proteger e nutrir a 

descendência), e a capacidade de abortar embriões de fêmeas menos preferidas, estabeleceu o 

papel do marsúpio do macho com uma arena de seleção pós-cópula. Descobrimos que machos 
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abortam embriões durante a gravidez reduzindo a variabilidade de tamanho da prole. 

Consequentemente, os abortos não são aleatórios. Ainda mais interessante, como descrito em 

mamíferos, um análogo do efeito de Bruce está presente na família Syngnathidae. O 

desenvolvimento embrionário de S. abaster é afetado pela presença de uma fêmea grande 

desconhecida quando o macho está grávido de uma fêmea mais pequena. Na presença de uma 

fêmea grande desconhecida os machos dão à luz juvenis mais pequenos do que o esperado e é 

mais provável abortarem embriões. Até onde se sabe esta é a primeira vez que se descobre um 

análogo do efeito de Bruce numa espécie não-mamífera. 

O canibalismo filial previamente descrito em S. abaster é um comportamento interessante dado 

o elevado e preciso controlo no investimento que os machos fazem durante a gravidez. Apesar de 

descrito em populações selvagens, este comportamento nunca foi estudado sob condições 

controladas. Aqui, determinámos que machos não-grávidos, fêmeas, machos grávidos e machos 

pós-parto têm ritmos de alimentação diferentes. Machos grávidos e machos pós-parto comem 

menos quando comparados com machos não-grávidos e fêmeas. Isto reflete diretamente em 

como se comportam em relação aos juvenis, apenas com fêmeas e machos não-grávidos agindo 

como canibais. Mesmo quando na presença de juvenis que não são parte da sua descendência, 

machos pós-parto não os canibalizam. Isto muda quando machos grávidos e pós-parto passam 

por um período de privação de alimento pois começam a comportar-se como canibais. No meio 

selvagem, é muito improvável que as fêmeas comam a sua descendência pois acasalam com 

vários machos e não permanecem perto do macho até ao nascimento. De facto, no meio 

selvagem, descobrimos que nenhuma fêmea que possuía juvenis no seu trato digestivo tinha 

comido um juvenil relacionado com ela. Machos não-grávidos comem juvenis principalmente se 

não tiverem estado grávidos há algum tempo (mais de quatro dias, pelo menos), o que é torna 

mais provável que a sua descendência cresça acima do tamanho da boca do macho. Contudo, 

descobrimos alguns machos no meio selvagem com descendência no trato digestivo. Ainda 

assim, no meio selvagem a frequência de canibalismo é baixa. 

Para compreender totalmente como a seleção sexual atua, diferentes episódios de seleção 

desde a cópula até ao nascimento e por vezes além têm de ser tidos em consideração. Além 

disso, o fato de estes episódios poderem variar ao longo do tempo e do espaço requer uma 

abordagem multi-dimensional. 

 

Palavras-chave: seleção sexual pré-copula; seleção sexual pós-copula;pre-copulatory sexual; 

alterações climáticas; escolha de parceiro; ornamentos femininos; escolha críptica masculine; 

rivalidade entre irmãos; cuidados parentais; gravidez masculine; canibalismo 
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1.1 Sexual selection – Before and beyond copulation 

In nature, we find animals with the most amazing and bizarre traits, such as the tail of the peacock. 

These extreme phenotypes puzzled biologists for many years. Animals displaying such traits (e.g. 

enormous tails compared to their body size in the widowbird) were surely more prone to be 

predated and the genes related to these characters would then be eliminated. It was not until 

Darwin’s theory of sexual selection (Darwin 1871) that we began to understand how such 

characters were favoured by selection. He noticed that individuals displaying exaggerated traits 

were usually bigger, stronger and were achieving copulations more often. These traits can be used 

as weapons when individuals of the same sex fight over mating opportunities (intra-sexual 

selection) or as ornaments when individuals use them to seduce mating partners of the opposite 

sex (inter-sexual selection) (Andersson and Simmons 2006). Sexual selection is thus an 

evolutionary process that favours genes that provide individuals with a reproductive advantage 

over their conspecifics. Initially thought to be more prevalent in males, sexual selection (both intra 

and inter-sexual) is now well known to act also on females (Clutton-Brock 2007, Clutton-Brock 

2009). Sexual selection on females is more obvious in sex-role reversed species (although it also 

happens in species with orthodox sex-role as in Amundsen and Forsgren (2001)), where females 

compete for mates and males are choosy. Nowadays, evidence is widespread across taxa 

showing that stronger and more ornamented individuals (of either sex) obtain more mating 

opportunities (Andersson and Simmons 2006, Clutton-Brock, Hodge et al. 2006, Clutton-Brock 

2007, Clutton-Brock 2009). 

Although revolutionary, Darwin’s theory of sexual selection failed to take into account selection 

processes that occur after copulation. Parker (1970) noticed that multiple mating by females 

(polyandry) leads to possible sperm competition between males to fertilize the female’s oocytes. 

Consequently, not all copulations result in fertilizations. After mating, a male still needs to 

guarantee fertilization of the female´s oocyte and the embryo needs to develop successfully and 

get to the adult age to reproduce. Therefore, to get a complete understanding of sexual selection, 

various selection episodes need to be taken into account both pre- and post-copulation. Pre- and 

post-copulation sexual selection (PSS) episodes can favour or disfavour one another, or even act 

on different traits (Evans and Garcia-Gonzalez 2016). 

PSS in the form of sperm competition has been described in mammals, birds, fish, reptiles, 

amphibians and invertebrates, and is found in species with both internal and external fertilization 

(Wigby and Chapman 2004). Sperm competition can occur both inter- (between ejaculates from 

different males) and intra-ejaculate (within the ejaculate of one male). Here I address only inter-

ejaculate sperm competition as this is the obvious extension of sexual selection post copulation. 

Inter-ejaculate sperm competition occurs when ejaculates from at least two males overlap in space 

and time and compete to fertilize oocytes from one (internal fertilization) or one or more females 
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(external fertilization). The selective pressure imposed by sperm competition has a huge impact in 

various male traits such as behaviour, physiology and morphology (Wigby and Chapman 2004). 

In many species, males reduce direct sperm competition with other males by preventing the 

females from re-mating. For instance, if mating is an unpleasant experience for the female, for 

example through a traumatizing insemination with the male penetrating the female’s body wall to 

transfer sperm directly into the body cavity, females can become more reluctant to re-mate 

(Hosken and Price 2009, Lange, Reinhardt et al. 2013). Also, seminal fluid proteins transferred to 

the female genital tract that pass to its circulatory system (Lung and Wolfner 1999) may reduce 

female willingness to re-mate (Scott 1986). Alternatively, males can guard the female they mated 

with, ensuring that no other male achieves copulation (Kureck, Neumann et al. 2011). However, 

these strategies are energetically costly (Komdeur 2001) and can result in wasted mating 

opportunities (Kokko and Jennions 2008). A form of passive mating guarding, mating plugs, can 

also hinder other males from access the female or delay re-mating by the female (Hirt, Ruch et al. 

2017). Mating plugs may consist of simple secretions transferred during copulation to actual genital 

parts from the male or its whole body being left behind (Uhl, Nessler et al. 2009).  

In the absence of failure of the previously mentioned strategies, direct sperm competition takes 

place. To gain advantage over their adversaries, males tend to invest in producing more sperm 

when sperm competition risk is higher (Rowe and Pruett-Jones 2011), or may instead mate for 

longer or more often to increase the total amount of sperm in the female genital tract (Bretman, 

Westmancoat et al. 2013, Rouse and Bretman 2016). Sperm quantity is usually associated with 

male condition (Kekäläinen, Soler et al. 2015) but is also common to see a positive correlation 

between sperm quantity and the intensity of sperm competition (P. Stockley, G. Gage et al. 1997). 

This intense competition for fertilizations also acts on sperm traits. Males capable of producing 

better sperm, i.e., longer, faster and with more longevity sperm (Levitan 2000, Hunter and Birkhead 

2002, Gage, Macfarlane et al. 2004, Snook 2005, Kekäläinen, Soler et al. 2015), are more likely to 

get fertilizations. Ultimately, males can remove the sperm from males that previous mated with a 

female (Price, Dyer et al. 1999, Wada, Takegaki et al. 2005) by transferring large amounts of 

sperm which flushes out sperm from previous males. Another strategy is to physically remove 

sperm from the female genital tract using the genital organ (Wigby and Chapman 2004). None of 

these strategies are mutually exclusive and can be acting simultaneous.  

Even with males fiercely competing both before and after copulation to ensure paternity, one would 

be wrong to think that females have a passive role in sperm competition (Eberhard 1996). Besides 

being capable of accepting or rejecting to mate with certain males, females can choose to reject 

the transferred sperm even if mating occurs (Córdoba-Aguilar 2006, Lüpold, Manier et al. 2010) 

which is described as cryptic female choice (CFC). In short, CFC occurs when a female having 

sperm from more than one male can bias the fertilization of her eggs toward one male at the 

expense of the other (Eberhard 1996). Female genital tract co-evolves with male genitalia and 
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sperm, and CFC is one plausible driver of such co-evolution. For instance, the shape of the female 

reproductive tract can bias the fertilization of its eggs towards longer sperm (Miller and Pitnick 

2002).  

Another driver of this coevolution is sexually antagonistic coevolution (SAC). SAC can be defined 

as two different fitness optimums for the two sexes regarding one trait. A common example of a 

trait under SAC is male genitalia that have a big cost to female during copulation (e.g. traumatizing 

copulation with damage to their genital tract) in order to increase male fitness (Yassin and 

Orgogozo 2013). In some cases, the female genital tract develops counter adaptations against 

those traumatizing copulations such as more connective tissue in the reproductive duct (Rönn, 

Katvala et al. 2007). 

Once a sperm cell is able to fertilize an oocyte, sperm competition is over but PSS is still 

operational. Polyandry elicits sperm competition and CFC. Besides, it improves brood genetic 

diversity and the likelihood of mating with a genetic compatible male, consequently increasing the 

chance of having better and viable developing embryos (Jennions and Petrie 2000). Mating with 

closely related individuals is known to have inbreeding costs due to genetic incompatibility so it can 

decrease the number of embryos that develop successfully (Tregenza and Wedell 2002). However, 

broods sired by multiple males can generate sibling competition due to the lower degree of 

relatedness between them (Morandini and Ferrer 2015, Caro, West et al. 2016). Offspring in better 

condition are likely to dominate over the others. One typical example comes from the sand tiger 

shark, where females often mate multiply, and the largest hatchling consumes their siblings in 

uterus (Chapman, Wintner et al. 2013, many broods are sired by more than one male). 

Cannibalism not only by siblings but also by the parents (filial cannibalism) can act as PSS by 

selectively eating embryos from less preferred females (Paczolt and Jones 2010, here males do 

not eat the embryos but instead seem to selective abort them during pregnancy) or embryos from 

females that are taking longer to develop (Klug and Lindström 2008). Infanticide by males can also 

arise to ensure that females enter in oestrus sooner. In some mammals, females can abort if a new 

dominant male arrives (The Bruce effect, Bruce 1959, Bruce 1960), thus avoiding wasting energy 

in producing offspring that would be killed by the new male. This is called the Bruce effect and has 

only been described in mammals, likely due to the very close relation between mother and 

offspring through the placenta, allowing for this swift termination of pregnancy. 

Although our knowledge has improved tremendously on sexual selection since Darwin, we know 

less about what happens when sex-roles are reversed (females compete and males are choosy) 

and especially when pregnancy occurs on the male´s body. Male pregnancy is unique to the fish 

family Syngnathidae (seahorses, pipefish and seadragons) and therefore is its main distinctive 

characteristic (Ahnesjö and Craig 2011). Many species in this family are also sex-role reversed 

(Vincent, Ahnesjo et al. 1992). Usually, males prefer larger, more ornamented and dominant 

females (Berglund and Rosenqvist 2000, Berglund and Rosenqvist 2001, Silva, Vieira et al. 2007, 
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Mattle and Wilson 2009). Males have a brood pouch with different degrees of complexity, 

depending on the species, ranging from a simple brooding surface exposed to the environment 

where the eggs adhere, to skin flaps that contact in the middle and are sealed once the male 

becomes pregnant, to the completely enclosed brood pouch found in seahorses (Wilson, Vincent 

et al. 2001). During mating, the female transfers the eggs to the male brood pouch or surface and 

fertilization occurs (Silva, Monteiro et al. 2006). From here onwards the male has complete 

responsibility for parental care (Ahnesjö and Craig 2011). During pregnancy, males provide their 

brood with protection (Monteiro, Almada et al. 2005), an osmoregulated environment inside the 

pouch (Partridge, Shardo et al. 2007, Ripley 2009), nutrition (Ripley 2006, Ripley and Foran 2008, 

Sagebakken, Ahnesjo et al. 2009, Kvarnemo, Mobley et al. 2011) and trans-generational immune 

priming (Roth, Klein et al. 2012). This is facilitated by the proliferation of new blood vessels in the 

brood pouch during pregnancy (Carcupino, Baldacci et al. 1997, Carcupino 2002, Ripley, Williams 

et al. 2010). The brood pouch can be, therefore, viewed as an analogous structure to the 

mammalian uterus (Stölting and Wilson 2007). Indeed, in the seahorse Hippocampus abdominalis, 

gene expression varies dramatically between pregnant and non-pregnant males, and across 

different stages of pregnancy, with some transcripts sharing homology with genes related with 

mammalian pregnancy (Whittington, Griffith et al. 2015). This extreme form of paternal care is 

costly (Paczolt and Jones 2015), but guarantees certainty of paternity as no other male is able to 

fertilize the eggs (Mobley, Small et al. 2011). Consequently, there is no sperm competition 

(Birkhead and Møller 1998). Yet, many species are polygamous (Mobley, Small et al. 2011), giving 

possibility for novel PSS mechanisms within the male’s brood pouch through cryptic male choice 

(CMC) and sibling rivalry in half-sib broods.  

The intimate relation between the father and the developing embryos give the male a chance to 

have a very precise control over its investment in reproduction. In many species of pipefish there 

are reports of some embryos being aborted (brood reduction) (Ahnesjo 1992, Paczolt and Jones 

2010, Sagebakken, Ahnesjo et al. 2011) and used as nursing eggs (Ripley 2006) for the remaining 

offspring but so far no conclusive evidence has supported this hypothesis. However, it was found 

that fathers can take nutrients from the embryos (Sagebakken, Ahnesjo et al. 2009). Additionally, a 

study by Paczolt and Jones (2010) demonstrated that males, in a polyandrous species, could abort 

embryos from less preferred females to save resources for future reproduction events.  

After emerging from the brood pouch, as completely independent individuals, juveniles can still be 

easily predated. Interestingly, there are reports of filial cannibalism in this family both in aquaria 

(Silva, Monteiro et al. 2006) and in the wild (Brown 1972, Teixeira and Musick 1995, Malavasi, 

Riccato et al. 2009). In other teleost fish, caring males are known to cannibalize offspring based on 

certainty of paternity, with broods having more cuckolded offspring being cannibalized more often 

(Mehlis, Bakker et al. 2010). This becomes more evident after the eggs hatch, since the father can 

detect its own offspring through olfactory cues (Neff 2003). However in the case of the family 
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Syngnathidae, after juveniles emerge from the pouch, the investment done by the male is 

complete, making filial cannibalism by the father less likely (Mehlis, Bakker et al. 2010).  

 

1.2 The dynamics of sexual selection across time and space 

 

Understanding the dynamics of selection in nature is key when addressing evolutionary and 

ecological questions. Climatic change has been shown to deeply affect ecological processes 

(Stenseth, Mysterud et al. 2002). Many abiotic and biotic factors (most of which vary across time 

and space) affect selection. Climate change leads to changes in species phenology across the 

globe (Visser and Both 2005), affects population dynamics (Stenseth, Mysterud et al. 2002, 

Walther, Post et al. 2002), life-history traits (Albon, Irvine et al. 2016), physiology (Bernardo and 

Spotila 2006) and changes in species distributions (Warren, Hill et al. 2001, Perry, Low et al. 

2005). Despite our knowledge on how climate variables affect ecological processes, the effect on 

sexual selection is still scarce (Candolin and Heuschele , Therry, Gyulavári et al. 2014). Sexual 

selection is a potent driver of diversification producing elaborate traits responsible for differential 

mating success that sometimes leads to reproductive isolation and speciation (Ritchie 2007) 

requires the deserved attention. 

Emlen and Oring (1977) stated that an individual of the limited sex has increased fitness when it 

mates with more individuals of the limiting sex. In turn, this monopolization of mates depends 

mainly on the distribution of key resources and availability of receptive mates. This monopolization 

of mates will determine the type of mating system and therefore will theoretically influence the 

strength of sexual selection (Avise, Jones et al. 2002). Climate has an impact on the abundance 

and distribution of resources which are likely to influence the distribution of available mates (Twiss, 

Thomas et al. 2007). With climate change disrupting phenology events around the globe (Visser 

and Both 2005) it is plausible to expect alterations in mating systems and the strength and 

direction of sexual selection. 

Increased rainfall increases the degree of polygyny in grey seals, intensifying the strength of 

sexual selection. This stems from the fact that grey seal females are more mobile in dry years 

making more difficult for males to monopolize them thus giving less dominant males opportunity to 

mate (Twiss, Thomas et al. 2007). In the collared flycatcher, choosing a high quality, ornamented 

male in wet, harsher years (Part and Qvarnstrom 1997) reduces female fitness with lower offspring 

survival (Robinson, Sander van Doorn et al. 2012). This is probably due to a trade-off between 

investment in ornamentation and provisioning to the offspring (Qvarnström 1997, Duckworth 2006). 

Moreover, female mate choice may change over time, with reversals in the direction of selection of 

one trait, or selection of other traits instead, changing mating patterns and maintaining genetic 

variation both for female choice and male ornamentation (Chaine and Lyon 2008). 
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Sexual selection is a dynamic and powerful selective force so it is surprising that the way it 

affects individual adaptations to rapidly changing environments remains unclear (Candolin and 

Heuschele , Therry, Gyulavári et al. 2014). Understanding how individuals respond to ecological 

changes both in short time scales (e.g. during a breeding season) or large time scales, as under 

global climate change scenarios, is key to enable us to predict how fast a population will react to 

such changes.   

Temporal variation in sexual selection has been explored, but mainly focusing on between-year 

variation (Siepielski, Dibattista et al. 2009). Within-season variation has received much less 

attention despite current research hinting on its ubiquity (Downhower, Blumer et al. 1987, Sullivan 

1987, Qvarnström, Pärt et al. 2000, Reichard, Smith et al. 2008). Seasonal variability in ecological 

variables is predictable and therefore can help to forecast the variation of mating patterns, and 

strength and direction of sexual selection. This is more relevant in species that mate many times 

during one breeding season, where a single sampling episode might bias our understanding on 

how sexual selection is operating (Wacker, Amundsen et al. 2014). 

Looking at a wide geographical scale can be useful to see the inherent variation of ecological 

variables, and to forecast the consequences of climate change on sexual selection. The 

comparison of central and marginal populations of species with a latitudinal distribution that 

encompasses different temperature regimes can be used as a time capsule to forecast 

evolutionary processes and understand how selection operates during range expansions. Marginal 

populations are usually smaller (Sagarin, Gaines et al. 2006, Yang, Dick et al. 2016) and, in such 

circumstances, sexual selection theoretically increases the risk of extinction due to higher risk of 

demographic stochasticity (Martínez-Ruiz and Knell 2017). Coastal species are ideal models to 

study sexual selection as their distributions are many times latitude-oriented (Sagarin, Gaines et al. 

2006), providing scientists with a natural temperature gradient.  

Species in the family Syngnathidae occupy coastal habitats such as seagrass beds, 

mangroves, corals reefs and estuaries that are usually shallow areas (Ahnesjö and Craig 2011) 

more prone to be affected by changes in air temperature (Anthony, Atwood et al. 2009). This 

makes these species especially suitable to study many ecological questions including the effect of 

climatic variation on sexual selection. Additionally, we also find species with a surprisingly wide 

distribution range across latitude giving the opportunity to compare central and edge populations 

exposed to different temperature regimes. This way one can investigate how plastic individuals are 

to the change in ecological variables in short time scales as well as to predict the evolutionary 

processes during range expansions in a climate change scenario.  

 

1.3 Objectives and structure of the thesis 
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This thesis is organized in five chapters. The current chapter, General Introduction, is a 

summary of the current knowledge on sexual selection and how it is bound to be affected by 

ecological variables. Chapter II, III and IV will be a journey through the different sexual selection 

episodes in species with male pregnancy, where pre- and post-copulatory sexual selection will be 

addressed.  

In Chapter II the dynamic nature of mating patterns and sexual selection will be assessed 

(Objective I). Since temperature is known to influence mate preferences and the interaction 

between the sexes (Silva, Vieira et al. 2007) as well as pregnancy duration (Silva, Monteiro et al. 

2006) ,which in turn influences the availability of mates, it has the potential to alter the strength of 

sexual selection across a breeding season (Article I). Syngnathus abaster was used as a model 

species. This species has more than one pregnancy per breeding season and inhabits coastal 

lagoons of brackish and fresh waters (Cakić, Lenhardt et al. 2002) from the Mediterranean and 

Black Sea northward to southern Biscay (Dawson 1986). Those habitats are more prone to 

temperature fluctuations for being shallow (Anthony, Atwood et al. 2009). The worm pipefish, 

Nerophis lumbriciformis, on the other hand, inhabits intertidal areas from Portugal up to Norway 

(Dawson 1986),  encompassing a one-dimensional distribution with a wide latitudinal range and 

narrow longitudinal range where different populations experience different temperature regimes. 

Moreover, they have easily quantifiable secondary sexual characters (Monteiro, Vieira et al. 2005, 

Monteiro, Silva et al. 2014) and the onset and duration of the breeding season as well as the 

operational sex ratio are tightly related with water temperature (Monteiro, Almada et al. 2001, 

Monteiro and Lyons 2012). This gives the opportunity to study sexual selection in different 

populations living at different temperature regimes  (Article II). 

 

I - Cunha M, Berglund A, Monteiro N (2015) The intrinsically dynamic nature of mating patterns 

and sexual selection. Environmental Biology of Fishes, 98(4): 1047-1058. 

II - Monteiro N, Cunha M, Ferreira L, Vieira N, Antunes A, Lyons D, Jones A (2016) Parabolic 

variation in sexual selection intensity across the range of a cold-water pipefish: implications for 

susceptibility to climate change. Global Change Biology, doi: 10.1111/gcb.13630  

 

Additionally, to understand how female ornamentation reflects individual quality (Objective 

II) the black stripes on the trunk of Syngnathus abaster females, either used as an ornament during 

courtship behaviour or to establish a hierarchy, were investigated (Article III). Although it is known 

that males prefer larger females, both in S. abaster and in other pipefish (Rosenqvist and Berglund 

2011), we lack knowledge on the information conveyed by other sexual ornaments such as the 

stripes, which, curiously are present in many species in the family Syngnathidae, specially in 

pipefish. Moreover, the same ornament can have different dimensions, such as size and colour, 

with each one conveying additional or redundant information. 
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III - Cunha M, Berglund A, Monteiro N (Submitted) Female ornaments signal own and offspring 

quality in a sex-role-reversed fish with extreme male parental care.  

 

In Chapter III, post-copulatory selection processes during male pregnancy will be 

investigated (Objective III). This is of major importance given the lack of knowledge on this field. 

Syngnathus typhle is known to provide their offspring with nutrients during pregnancy and males 

mate multiply; therefore this species was used to investigate potential half-sibling competition and 

cryptic male choice. In the studied population, male mate choice before copulation seems to be 

weak, at least regarding female length (Sundin, Rosenqvist et al. 2013), despite the huge sexual 

size dimorphism (Rispoli and Wilson 2007). Female length is a well established trait preferred by 

males in numerous pipefish species (Rosenqvist and Berglund 2011). In this scenario cryptic male 

choice, or female-female competition for access to mates may be in play to select for larger 

females (Article IV). The intimate relation between father and offspring in the family Syngnathidae 

gives the male refined control over the investment in reproduction. However, would a male invest 

less in current pregnancy at the sight of a sexier female? This would reveal an analogue to the 

Bruce effect, described for the first time outside mammals (Article V).  

 

IV - Cunha M, Berglund A, Mendes S, Monteiro N (in prep.) The Woman in red effect: Pregnant 

pipefish fathers neglect their brood at the arrival of a very sexy female. 

V - Cunha M, Bergund A, Rosenqvist N, Monteiro N (in prep.) Sexual size dimorphism in the 

absence of male mate choice in a sex-role reversed pipefish 

 

A possible way of post-copulatory selection being extended beyond birth is explored in 

Chapter IV (Objective IV). While collecting data for another experiment, it was interesting to find a 

S. abaster juvenile exiting the digestive tract of a female. This intriguing fact lead to a literature 

research on filial cannibalism on syngnathids where there was evidence for its occurrence (Brown 

1972, Teixeira and Musick 1995, Malavasi, Riccato et al. 2009) but no experimental work had been 

done to date. Given the high investment done by the male during pregnancy it is interesting to 

understand how both males and females react to the presence of juveniles (Article VI). 

 

VI - Cunha M, Berglund A, Alves T, Monteiro NM (2016) Reduced cannibalism during male 

pregnancy. Behaviour, 153(1): 91-106.(doi: 10.1163/1568539X-00003328).  

 

Chapter V reveals the main conclusions from this thesis and present future challenges. 
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2.1 Article I – The intrinsically dynamic nature of mating patterns and 
sexual selection 

 

Environmental Biology of Fishes (2015), 98: 1047. 
 

Mário Cunha1,2, Anders Berglund3 and Nuno Miguel Monteiro1,2,4 

1 CIBIO/InBIO, Centro de Investigação em Biodiversidade e Recursos Genéticos, Rua Padre Armando Quintas, 4485-661 Vairão, Portugal 
2 Faculdade de Ciências da Universidade do Porto,rua do Campo Alegre, 4169-007 Porto, Portugal 
3 Department of Ecology and Genetics/Animal Ecology, Uppsala University 
4 CEBIMED, Faculdade de Ciências da Saúde, Universidade Fernando Pessoa, Rua Carlos da Maia 296, 4200-150 Porto, Portugal 

 

Abstract 

 

Selection processes are influenced by both biotic and abiotic variables, most of which 

seasonally fluctuate. Therefore, selection may also vary temporally. Specifically, sexual selection, 

an integral component of natural selection, will inevitably exhibit temporal variation but the scale at 

which these changes occur are still not well understood. In this study, performed on a wild 

population of the sex-role reversed black striped pipefish Syngnathus abaster (Risso, 1827), we 

contrast variables such as male reproductive success, mating success, female investment, mate 

choice and operational sex ratio between two periods, either near the onset or end of the breeding 

season. Sexual selection is stronger early in the breeding season. Male reproductive and mating 

success are significantly affected by male size during the onset of the breeding season but not 

during the end. Moreover, we found that larger females reproduce mainly during the onset while 

smaller females had increased chances of reproducing towards the end. As our sampling was 

performed in two consecutive years, it could be argued that our results stem primarily from 

between-year variation. Nevertheless, variation in demographic parameters from the onset to the 

end of the breeding season is similar to that observed in past sampling events. Hence, we suggest 

that the change in mating patterns within the breeding season derives from seasonal fluctuations in 

several biotic (e.g. temperature) and abiotic variables (e.g. operational sex ratio), rendering the 

expression of selective forces, such as sexual selection, inherently dynamic. 

 

Keywords:  mating system; female investment; mate choice; reproduction; variation; selection. 
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Introduction 

 

Many evolutionary and ecological studies try to understand the underlying dynamics of selection 

processes (Siepielski et al. 2009) and its translation into adaptive evolutionary change. Selection is 

influenced by a wide array of biotic and abiotic variables, most of which fluctuate within even very 

short time frames, so the direction and strength of selection should vary temporally as well. For 

instance, mate monopolization by males may change over a breeding season if initially 

synchronous females vary in the amount of time needed for subsequent breeding events (Reichard 

et al. 2008). Such temporal variation in mating patterns may, in turn, modulate the intensity of 

sexual selection. Besides mate monopolization, many other biotic factors also prone to 

fluctuations, such as population density (Streatfeild et al. 2011), nest aggregation (Saraiva et al. 

2009) or mate quality and availability (Cratsley and Lewis 2005), and may play important roles in 

shaping mating patterns. Simultaneously, many abiotic variables acting within variable time scales, 

such as temperature, rainfall or photoperiod are also effective modulators of mating patterns 

(McAllan and Geiser 2006; Silva et al. 2007; Olsson et al. 2011; Robinson et al. 2012). Indeed, 

environmental variability was early expected to be a key factor in mating systems evolution and 

sexual selection (Emlen and Oring 1977). However, rather few studies explicitly address the 

variation in mating patterns either geographically (Mobley and Jones 2007; Mobley and Jones 

2009; Monteiro and Lyons 2012; Saraiva et al. 2012) or across time (Reichard et al. 2008; Milner et 

al. 2010; Olsson et al. 2011; Robinson et al. 2012). For instance, in the sunfish the rate of 

cuckoldry drastically changes across the breeding season, most likely due to differential mating 

opportunities for the cuckold males as mating activity is not constant across time (Neff and Clare 

2008). In the plainfin midshipman fish, where male-only care occurs, the rate of paternity increased 

as the breeding season progressed. Factors such as nest availability or competition for nests seem 

to explain this variation (Cogliati, Neff et al. 2013). Nest availability was shown to be an important 

factor in other species, as it is able to modulate the expression of sex roles over a breeding season 

(Forsgren et al. 2004). Also, in the case of the sex role reversed worm pipefish, the breeding 

season starts during cold-water periods and continues, depending on location, while temperatures 

increase more than 10 °C (Monteiro and Lyons 2012). However, only large individuals reproduce 

during the entire breeding season whereas smaller pipefish breed during the first few months when 

water temperatures are lower. Consequently, mate availability and the operational sex ratio change 

over the reproductive season, and consequently mating patterns and the intensity of sexual 

selection do too. So, understanding sexual selection requires us not only to explore variation 

between different populations but also the short-term temporal variation in selection regimes within 

a single population. 

We use the sex role reversed black striped pipefish Syngnathus abaster to test if mating 

patterns and sexual selection can indeed change even within the extent of the breeding season. In 
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this pipefish, the reproductive behavior of both males and females is affected by water temperature 

(Silva et al. 2007), changing the degree of intra- and intersexual interactions. For instance, 

temperatures mimicking those of the onset of the breeding season seem to increase the potential 

for female-female competition. As intra- and intersexual interactions are affected by water 

temperature, a variable that normally fluctuates during the extent of the breeding season, changes 

in sexual selection are to be expected. We already know that mating patterns are able to fluctuate 

seasonally (e.g., Silva et al. 2007, 2009). For instance, this pipefish performs yearly migrations to 

the estuaries where most males rapidly become pregnant right at the onset of the breeding 

season, when reproduction is predominantly size-assortative (Silva et al. 2008). Subsequently, as 

the breeding season progresses, several reproduction-related variables change (e.g., we find 

fewer pregnant males, and those that are pregnant have fewer eggs; Monteiro, Personal 

observation). Yet, even if these studies are highly suggestive of a progressive relaxation of 

selection processes throughout the breeding season, we need more direct and in depth evidence 

from natural populations to test the prediction that mating patterns are indeed inherently dynamic 

and vary significantly as the breeding season progresses, thus influencing the strength of sexual 

selection even within short time periods. Taking advantage of a new set of recently developed 

microsatellites (Diekmann et al. 2009), we genotyped a subsample of the sexually active pipefish 

population together with their progeny at the beginning and end of the breeding season. This will 

allow us to determine (1) the genetic mating system of the black striped pipefish, (2) how many 

females each captured male has mated with, (3) female investment and (4) if there is mate 

preference for size. Most importantly, we want to test whether all these factors are determined 

largely by fixed rules or deemed to change towards the end of the breeding season, directly in a 

wild population. 

 

Material and Methods 

 

Sample collection 

 

Male pipefish of the genus Syngnathus possess brood pouches (marsupium) located on the tail, 

where females deposit oocytes. Pregnancy lasts for approximately 21 days, depending on water 

temperature (Silva et al. 2006a). In the sampled population, sex roles are reversed, albeit mildly 

(Silva et al. 2006b), and females are larger and more competitive than males (Silva et al. 2006b; 

Silva et al. 2007, 2010).  

Samples were collected within the Aveiro estuarine lagoon, a brackish water habitat on the 

Portuguese west coast (40º39’56’’N, 8º40’6’’W), from a large water reservoir that fish can enter 

during high tides. We sampled the population shortly after the onset (May-June 2011) and towards 

the end of the breeding season (August 2010), using a small manually operated bottom trawl (3 
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mm mesh size). As we were sampling within a periodically enclosed area we wanted to avoid that 

fish caught at the onset would affect demographic parameters at the end of the breeding season, 

thus causing data dependence. Fish were therefore captured in two consecutive years. The 

advantage of this capture strategy is the avoidance of within-season data dependence but a 

possible disadvantage results from introducing between-year variation. To estimate such effects, 

we compared several demographic and reproductive variables within the same population (e.g., 

adult sex ratio, % pregnant males, egg numbers in pregnant males, male and female size as well 

as pregnant and non-pregnant male size) from the present (2010-2011) and past sampling events 

(data from 2005, 2007 and 2008). These past samples include data from 153 pipefish captured 

near the onset or end of the breeding season (seawater temperatures at the onset were comprised 

within the 23-25°C interval, while at the end they were comprised between the 21-22°C interval). In 

the current samples, 392 pipefish were caught (181 females and 211 males) near the end of the 

breeding season, while in the onset 110 individuals were sampled (61 females and 49 males). The 

difference in number of captured individuals was not due to changes in overall pipefish density but 

to a deliberate adjustment of sampling effort in 2011: our preliminary genetic analysis revealed that 

fewer pipefish sufficed to describe the genetic mating system and to analyze variation in the 

selected variables (e.g. male reproductive success). All captured animals were individually 

photographed (Olympus µ1030 digital camera) alongside a ruler, and subsequently measured 

using ImageJ software. Pipefish were carried to the lab in isothermic containers, over-anesthetized 

with clove oil (10 ppm) and immediately preserved in ethanol (96%) until DNA extraction. 

 

DNA extraction and PCR 

 

DNA was extracted from females, pregnant-males and developing embryos present in the 

male’s brood pouch using the Genomed JETquick tissue DNA spin kit.Samples were amplified for 

5 highly polymorphic microsatellite markers (Sabas3, Sabas5, Sabas7, Sabas8, and Sabas9; 

Diekmann et al. 2009). Detailed information regarding the PCR protocol can be found in Online 

Resource 1.  

 

Microsatellite analysis 

 

Allele sizes were determined on an ABI 3100 capillary sequencer (Applied Biosystems) using 

LIZ 75-450 as size standard (Applied Biosystems). The size of each fragment was then determined 

in Peak Scanner Software v1.0 (Applied Biosystems). Approximately 10% of the samples were 

genotyped twice and no genotyping errors were found. GenAlEx v6.5 (Peakall and Smouse 2012) 

was used to assess allele diversity, frequency, observed (H0) and expected (HE) heterozygosity, 

probability of identity (Pi) and probability of exclusion (PE) with one known parent. As we sampled 
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individuals in consecutive years but wanted to assure that we were indeed sampling the same 

population (using only parental genotypes) we calculated the FST and G’’st for all combined loci to 

test for population differentiation with GenoDive 2.0b23 (Meirmans and Van Tienderen 2004). 

Cervus 3.0 (Kalinowski et al. 2007) was used to check the frequency of null alleles for every locus. 

 

Parentage analysis and mating system 

 

To describe the genetic mating system of S. abaster, we genotyped (for all 5 loci) 61 females 

from the onset, 61 females from the end, 35 pregnant males from the onset and 37 from the end of 

the breeding season, together with subsamples of the pregnant male’s embryos (totaling 365 

embryos). All the individuals were randomly selected from the original sample.  From our pool of 72 

pregnant males, 50 males were randomly selected (25 in each period) for extended embryo 

genotyping (see below). Nevertheless, due to recurrent failure in embryo DNA extraction, 5 were 

ultimately excluded (3 in the onset and 2 in the end). Thus, we ended up performing extended 

embryo genotyping in 45 males. The remaining males (10 for the onset and 12 for the end of 

breeding season) were used with the sole intention of extending the probability of finding putative 

mothers from our pool of sampled females. In these males, fewer embryos were genotyped per 

male (comparing with the method described below), as these were primarily used to increase the 

probability of finding genotypes compatible with sampled females. Our embryo sampling method 

was planned based on previous knowledge on how females lay eggs in S. abaster. Females lay on 

average 17 oocytes in each successful mating event (Silva et al. 2006b), and embryos from distinct 

mothers tend to be clustered within the male’s brood pouch as also observed in other species of 

the same genus (Jones et al. 1999; Jones and Avise 2001). With this into account, we think that 

the selected method yields sufficiently accurate information on the number of eggs passed by 

different females to a pregnant male.For embryo genotyping, the pregnant male’s pouch was 

dissected. We genotyped a subsample of the embryos in the following way: for males carrying less 

than 20 embryos, the pouch was divided into two identical areas and 5 embryos were genotyped, 

two from one area and three from the other. We avoided selecting neighboring embryos, thus 

ensuring a good coverage within each area. In males carrying 20 to 39 embryos, we divided the 

pouch into three areas and genotyped 2 embryos from each area following the same criterion as 

above. When males had 39 to 50 embryos, the pouch was divided into 4 areas and 2 embryos per 

area were genotyped. Above 50 embryos, we used 5 areas with two embryos genotyped from 

each area. Even if individual females laid smaller egg batches than those reported by Silva et al. 

(2006b), we could detect up to three different mothers by genotyping at least 5 embryos from 

males with less than 20 embryos. Moreover, in males with a large number of embryos we were 

able to detect up to 5 distinct mothers by genotyping 10 embryos, a number well above the 
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maximum observed mean number of females per brooding male in natural populations of 

syngnathids (see Mobley et al. 2011b). 

After determining the paternal and embryonic genotype, we inferred the potential maternal 

genotype in order to contrast it with the pool of genotyped females (from which we also had 

information on size, an important variable in syngnathid reproduction; Berglund et al. 1986; 

Rosenqvist 1990; Silva et al. 2009). The detection of putative mothers from within our samples was 

performed with PARFEX v1.0 using the exclusion method with one mismatch allowed to check for 

mutations or human/PCR errors (Sekino and Kakehi 2012). As no errors were detected, only 

assignments with no mismatches were accepted. 

After identifying the putative mothers, we estimated the number of females that were not 

sampled (individual female genotypes inferred after male genotype subtraction) but contributed to 

each brood, using GERUDv2.0 (Jones 2005). We assessed the number of different females that 

laid oocytes within a single male (multi-maternity). We then divided the total number of eggs in the 

marsupium by the number of genotyped embryos, thus estimating female reproductive investment. 

We multiplied this value by the proportion of sampled embryos from a specific female to estimate 

clutch size, as female egg batches tend to be grouped within the marsupium. To exemplify, we 

genotyped 6 embryos in a male carrying 30 developing eggs, meaning that each sampled embryo 

represented 5 embryos [this value is well below the average female egg batch described by Silva 

et al. (2006b)]. Thus, if we found that 2 females were responsible for siring the brood, one with 4 

sampled embryos and the other with the remaining two, we would attribute a total number of 20 

embryos to the first female and 10 to the second. Our estimate of the number of oocytes laid by a 

female is sufficiently good to detect differences between the two sampled periods of the breeding 

season (our main goal). We furthermore calculated an estimate of the male’s mating success 

(number of distinct mates per male). We calculated male reproductive success (number of 

embryos) using all the sampled males, as we had information on the pregnant male size as well as 

the number of eggs in the marsupium. 

Finally, we estimated the operational sex ratio (OSR - proportion of ready to mate males to 

ready to mate individuals within the population; Emlen and Oring 1977) for the two sampling 

periods. We followed a standard procedure for pipefish, including all the sexually mature females 

and only the non-pregnant males in the OSR (Mobley and Jones 2007; Mobley and Jones 2009; 

Monteiro and Lyons 2012). We used all the females in our OSR calculations as even the smallest 

had a genotype compatible with a sampled male brood. As female reproduction depends primarily 

on the production of fertilizable oocytes, we looked also for the presence of mature oocytes (see 

Begovac and Wallace 1988) by dissecting 114 females (55 and 59 randomly selected females from 

the onset and end of the breeding season, respectively). This data can potentially help interpret the 

results emerging from the calculation of the OSR if it shows that female ovaries become depleted 

as the breeding season progresses. 
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Statistical analysis 

 

When analyzing the demographic variables from the present sampling and those from previous 

years (2005, 2007 and 2008), we used an analysis of contingency tables with simulation, ACTUS2 

(Estabrook et al. 2002). In order to detect if the mating pairs observed within each sampling period 

(onset and end of the breeding season) deviated from a random pairing strategy, we conducted a 

Monte Carlo simulation. We used all the captured males and females and calculated all the mating 

pair combinations, independently for each sampling period. Then, we randomly extracted the same 

number of pairs as those detected in our actual sampling (11 pairs for each period) from the pool of 

all available combinations within each period (onset = 2989 possible pairs; end = 38191 possible 

pairs) and registered how often females were larger than males (from a minimum of zero to a 

maximum of 11). This procedure was replicated 1000 times. Once we had our null distribution for 

each sampling period, we proceeded to locate our observed results and extract the corresponding 

p-value.  

In order to analyze differences between the registered adult sex ratios (ASR- proportion of 

males to all adults) and operational sex ratios (OSR), as well as differences to an even ASR or 

OSR (0.5), we used a 2-sample z-test. When comparing the size of individuals in both sampled 

breeding season periods (e.g., pregnant versus non-pregnant males, females or males), we used a 

Mann-Whitney test. We also conducted ANCOVAs (analysis of covariance) to look for differences 

between the sampled periods (onset and end of the breeding season) in male reproductive 

success (log-transformed data) and male mating success (both with male size used as covariate). 

As the ANCOVA models were selected after testing for the homogeneity of slopes assumption, we 

used a separate slopes ANCOVA model to look for differences in female investment within the two 

sampling periods (using male size as covariate). Finally, the relationship between female size and 

the number of oocytes counted in the ovaries, in each of the sampled periods, was assessed using 

Spearman Rank Order correlations. Statistical analyses were performed in STATISTICA v.12 

(StatSoft) and ACTUS2. All parametric analyses were performed after testing for normality and 

equality of variances. 

 

Results 

 

Between year variation 

 

Comparing the onset and end of the breeding season from different years, as we do here, 

introduces between-year variation that potentially confounds the intended comparison of distinct 

periods within the breeding season. However, the vast majority of demographic and reproductive 

variables measured did not vary between past (2005-2008) and present sampling events. 
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Specifically, using ACTUS2, we observed that neither the averages of female size (χ2=1.909, 

DF=7, P=0.56), male size (χ2= 2.484; DF=7; P=0.45), pregnant male size (χ2= 2.241; DF=7; 

P=0.55), non-pregnant male size (χ2= 3.746; DF=7; P=0.32), egg number in pregnant males (χ2= 

6.226; DF=7; P=0.09) or adult sex ratio (χ2= 5.984; DF=7; P=0.09) differed between years (2005, 

2007, 2008 and present sampling). The only observed difference was in the percentage of 

pregnant males (χ2= 9.692; DF=7; P=0.02), due to an even steeper drop in the percentage of 

pregnant males at the end of the 2007-breeding season. Given that demographic and reproductive 

variables were largely similar between the current and past sampling events (Online Resource 1), 

data presented from now on will address the most recent samples (unless explicitly stated) from 

which we also have individual genetic data. 

 

Summary statistics 

 

Adult sex ratio (ASR) did not differ from equality (0.5) in the two considered breeding season 

periods (2-sample z-test, two-sided: onset, P=0.451; end, P=0.287) and was not significantly 

different between sampled periods (P=0.1). The few non-pregnant males at the onset of the 

breeding season were smaller than the pregnant males (Mann Whitney: U=14, Npregnant=45, Nnon-

pregnant=4, P=0.005). During the end of the breeding season no such size difference was observed 

(Mann Whitney: U=5370, Npregnant=118, Nnon-pregnant=93, P=0.83). Female and male size did not 

differ in any period (Mann Whitney: Onset: U=1411, Nmales=49, Nfemales=61, P=0.72 and End: 

U=18891, Nmales=211, Nfemales=181, P=0.85). 

 

Microsatellite analysis 

 

Four of the five loci assayed showed a high degree of polymorphism in both sampled periods, 

with the exception of Sabas8 (Table 2.1). The probability of identity (Pi, which represents the 

likelihood of having identical genotypes in our samples) obtained for a 5 loci combination was very 

low (Pi Onset=8.3x10-10; Pi End=6.8x10-10). The probability of exclusion, with one parent known, (Pe, 

which represents the likelihood of making a correct assignment) was extremely high (Pe=0.99 for 

both periods). Null allele frequency was low for every locus regardless of the sampling period, with 

the highest frequency recorded for Sabas8 during the end of the breeding season (5.69 x 10-2). 

Moreover, we obtained a low Fst value (0.004) and a non-significant estimate of population 

differentiation (G''st=0.028; P=1). 
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Table 2.1Microsatellite loci assayed for Syngnathus abaster 
near the onset and end of the breeding season, respectively. Number of individuals sampled (n), number of alleles (A), expected (H(exp)) 

and observed heterozigozity (H(obs)) 
 

 
 

The genetic mating system 

 

On average, each male mated with 2.82 ±0.85 females (average ± SD). The genetic data also 

provided direct evidence for multiple mating by females. Egg clutches from sampled females were 

detected in different males twice during the onset of the breeding season. Additionally, females (as 

seen from genotype-inferred females) were able to deposit eggs in the same male more than once 

within the same pregnancy event.  

Near the onset of the breeding season, 9 captured females had a genotype compatible with 

embryos present in 11 different males, indicating that 2 of the females mated with distinct males. In 

7 out of the 11 detected pairs, females were larger than males (Figure 2.1).  

 

 

Figure 2.1 The relationship between Syngnathus abaster male and female size of the confirmed mating pairs 
obtained during our sampling at the onset and end of the breeding season. Dashed line separates mating pairs where females are 

larger than males (top) from those where males are larger than females (bottom). 
 
 

Taking into consideration size differences among all hypothetical pairs that could be formed if 

mating was purely random, we cannot exclude the possibility that the observed pairs were the 
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result of non-random mating (Monte Carlo simulation; P=0.134). At the end of the breeding 

season, we also detected 11 pairs but only in two instances were females larger than males 

(Figure 2.1). During the end of the breeding season, simulations showed that mating was non-

random (Monte Carlo simulation; P<0.05) with pairs formed mainly by males larger than females. 

Also, we estimated that 128 distinct females (60 at the onset and 68 at the end of the breeding 

season) contributed to the analyzed broods. 
 

Male reproductive and mating success 

 

For males captured at the onset of the breeding season, the reproductive success (number of 

embryos per pregnant male) was significantly higher (46 ± 15 embryos, N=45) than for those 

captured in the end (21 ± 8 embryos, N=118) (ANCOVA with male size used as covariate: 

F1,160=213.110, P=0; Figure 2.2-A). Male size affected reproductive success differently in each of 

the considered periods (ANCOVA with male size used as covariate: F1,160=69.608, P=0; see Figure 

2.2-B,C). The mating success (number of females mated with a particular male) between the two 

periods was not significantly different (ANCOVA with male size used as covariate: F1,42=0.233, 

P=0.631; Figure 2.3-A) but male size affected mating success differently in each of the considered 

periods (ANCOVA with male size used as covariate: F1,42=4.520, P=0.04; see Figure 2.3-B,C).  

 

 

Figure 2.2Syngnathus abaster male reproductive succes during the sampled periods of the breeding season a. 
The number of embryos, according to male size, registered in our sample is presented both for the onset a and end c of the breeding 

season. Bars depict standard errors. 
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Figure 2.3 Relationship between Syngnathus abaster male size and mating success a. 
The number of females, according to male size, registered in our sample is presented both for the onset b and end c of the breeding 

season. Bars depict standard errors. 
 

Female reproductive investment 

 

The average number of oocytes laid by each female in the genotyped brood pouches near the 

onset of the breeding season was 18.91 ±8.18 (N = 22), while during the end transferred oocytes 

dropped to 9.35 ±5.82 (N = 23), values that differed substantially between periods (separate slopes 

ANCOVA, with male size used as covariate: F1,41=11.291, P=0.002; Figure 2.4-A). 

 

Figure 2.4 Relationship between Syngnathus abaster male size and average female investment a. 
The average number of eggs per female, according to male size registered in our sample is presented both for the onset b and end c of 

the breeding season. Bars depict standard errors. 
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 Also, the slopes of the relationship between female investment and male size differed between 

periods (separate slopes ANCOVA with male size used as covariate model: F1,41=4.365, P=0.019; 

see Figure 2.4-B,C). 

 

Operational sex ratio (OSR) and oocytes in female ovaries 

 

OSR estimates differed from equality (0.5) in both periods (2-sample z-test, two-sided: onset 

P=0; end P=0.0001). Although the OSR was consistently female-biased throughout the breeding 

season (0.06 at the onset and 0.34 at the end), the onset OSR was significantly more female-

biased than OSR at the end (2-sample z-test, two-sided: P=0). Also, during the onset of the 

breeding season, larger females had more mature oocytes than smaller females (Spearman 

R=0.803, P=0; N=55). This relationship disappeared at the end (Spearman R=0.222, P=0.092; 

N=59), when larger females mostly presented spent gonads. 

 

Discussion 

 

The timing and frequency of sampling can decisively bias our understanding of the action of 

sexual selection especially if mating patterns present an inherently dynamic nature. Here, we 

specifically looked at two contrasting moments that although sampled in two distinct years, 

correspond to the onset and end of the breeding season: near the onset when we expected that 

most of the individuals were already able to reproduce and mating decisions would be probably 

more stringent; and the other close to the end, when at least a portion of the adult population would 

have had the opportunity to mate at least once. Unsurprisingly, several variables remained similar 

throughout the two sampling periods (and analogous to measurements from previous years), such 

as the ratio between adult males and females. This is suggestive that between-year variation, at 

least at the demographic level, is probably not the major factor affecting our results. Even 

considering that mating systems are potentially labile among populations experiencing distinct 

conditions (Emlen and Oring, 1977), we found that, within the same population, even if only two of 

our sampled females mated with more than one male during the onset of the breeding season, the 

genetic mating system is likely to be polygynandric during the extent of the breeding season. A 

polygynandric mating system is common to many Syngnathus species (Jones and Avise 1997; 

Jones et al. 1999), and was suggested to develop after the emergence of a closed brood pouch 

that allowed for copulations with different females (Monteiro et al. 2005). We detected not only that 

females perform multiple matings in different males but also that they are able to mate at least 

twice with the same male, in the wild, within a short time interval. The similarity with other species 

of the same genus extends also to the registered number of mates per pregnant male (Jones et al. 
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1999; Mobley and Jones 2007; Rispoli and Wilson 2007; Mobley and Jones 2009; Wilson 2009), a 

variable that also did not vary significantly between sampled periods.  

Even if the genetic mating system, adult sex ratio and male mating success remained stable 

throughout the breeding season, other variables drastically changed during the sampled periods. 

For instance, mating in the sampled pipefish population was previously suggested to be size 

assortative, based on egg diameter as an indirect method of inferring female size (Silva et al. 

2008). In this work, an analysis of the size dimorphism between the mating pairs did not allow for a 

confirmation of size-assortative mating. Nevertheless, we were able to show that, near the end of 

the breeding season, mating pairs were predominantly non size-assortative, with males 

consistently larger than females. This is a striking and apparently counter-intuitive observation as it 

is reasonable to accept that females benefit from mating with larger males (see Watanabe and 

Watanabe 2002; Berglund and Rosenqvist 1990), since size seems to be a key factor able to boost 

reproductive and mating success. Accordingly, we found that during the onset of the breeding 

season, when the reproductive success was higher, only the smaller males were not pregnant. 

Males would also benefit from mating with larger females, able to produce more and larger eggs 

(see Berglund et al. 1986; Braga Goncalves et al. 2011) that were found to correlate with higher 

embryo survivorship (Mobley et al. 2011a). Nevertheless, towards the end of the breeding season, 

males of all sizes were mating with the smaller females, even though larger females were still 

present. At least two reasons can account for this: (1) either male choice criteria changed, from an 

initial preference for larger mating partners to a subsequent inclination for smaller females or (2) 

larger females were not available for reproduction at the end of the breeding season. Though 

possible (see Chaine and Lyon's 2008), the first explanation seems less likely as choosing a larger 

partner is a widely adopted strategy in many taxa (Andersson and Simmons 2006), including 

syngnathids (Berglund et al. 1986; Rosenqvist 1990; Silva et al. 2009; Mattle and Wilson 2009). 

Reproductive exhaustion in larger females seems a more probable explanation as larger females 

had well-developed gonads right at the onset of the breeding season but these were largely spent 

at the end. In our view, larger females enjoy an advantage in mating earlier, with their offspring 

attaining larger sizes (birth date effect) and sexual maturity by the end of the breeding season, 

prior to the annual migration from the estuaries, thus enhancing their chance of survival (Naef-

Daenzer et al. 2001) and early reproduction (Sárria et al. 2011). By contrast, smaller females, 

which were either outcompeted by larger females or less preferred by males, might have their 

opportunities to breed concentrated towards the end of the breeding season, when larger females 

become progressively reproductively exhausted but males are still accepting oocytes. This pattern 

markedly contrasts with observations taken from a northern population of pipefish experiencing a 

shorter, temperature-constricted, breeding season (Berglund et al. 2006). Here, smaller females 

trade-off reproduction for growth.  
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As the resources channeled to reproduction are finite, it can be foreseen that when the 

extension of the breeding season surpasses the temporal interval comprehended between the 

onset of reproduction and the exhaustion of resources within a particular cohort, tangible changes 

in the mating patterns are deemed to occur. At least theoretically, these changes can happen even 

in the absence of significant environmental or demographic alterations (Post et al.  2001). As 

expected, given that in the studied population, independently from temperature or demographic 

changes, larger females seem to start reproducing early and stop reproduction towards the end of 

the breeding season (creating a window of opportunity for smaller females to breed), the observed 

reproductive asynchrony helps to justify the significant changes in reproductive variables such as 

male reproductive success and female investment in males (larger females produce more eggs).  

As the differential use of the full extension of the breeding season by distinct cohorts of adult 

females will impact the degree of intrasexual competition throughout time, it could be argued that 

the OSR would be a valuable tool able to correctly signal potential changes in sexual selection 

intensity across the breeding season. At the onset of the breeding season, the OSR was extremely 

female-biased as the vast majority of males were pregnant. The shortage of non-pregnant males 

probably increased the levels of female-female competition, driving sexual selection into high gear. 

Near the end of the breeding season, the OSR became less female-biased, as smaller females 

were now the prevalent reproducers. These females produce fewer eggs than larger females, and 

so a higher number of smaller females are needed to fill a male’s brood pouch, ultimately resulting 

in more available males near the end of the breeding season. Although less female-biased than in 

the beginning of the breeding season, the OSR calculated near the end is certainly overestimating 

the potential for female-female competition. If small females are also mainly passively waiting for 

the end of the breeding season to reproduce, then our estimates of the OSR at the beginning of 

the breeding season might be also slightly biased. These are not limitations of the method (see 

Monteiro et al. 2013 for a more detailed evaluation of the merits and shortcomings of the OSR 

when applied to episodes of asynchronous reproduction) but rather a bias imprinted by our initial 

limited understanding of the species’ mating dynamics. As we observed that males seem to be 

continuously able to reproduce, with no size class stopping reproduction altogether, we can 

assume that the reproductive output in the end of the breeding season is a positive extension of 

the male’s fitness. We can then postulate that a more intense competition for mates together with a 

higher intensity of sexual selection might indeed be present in the onset, progressively dimming, 

due to female reproductive asynchrony, as the breeding season approaches its end. 

Even though our sampling was performed in consecutive years, the similarity between 

demographic and abiotic variables suggests that between-year variations will hardly explain all the 

drastic shifts in selection processes that we initially theorized, and then confirmed. Although it is 

likely that the observed variation in mating patterns captures the inherent dynamics in selection 

derived from reproductive asynchrony throughout the breeding season, any variation occurring 
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between consecutive years also highlights the fact that time is indeed a key variable when 

describing selective processes. If we had only sampled near the end of the breeding season, we 

would not have detected the importance of female size in mating patterns, neither detected the 

observed reproductive asynchrony between large and smaller females. Likewise, a single sample 

near the onset of the breeding season would provide us with an extraordinarily female-biased 

OSR, difficult to reconcile with the observed mild sex-role reversal already described for this 

pipefish (Silva et al. 2010). We thus need to move on from taking a single snapshot when 

describing a populations’ mating system and invest in the depiction of seasonal dynamics to 

produce a better understanding of evolutionary processes. 
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Abstract 

 

While an understanding of evolutionary processes in shifting environments is vital in the context 

of rapid ecological change, one of the most potent selective forces, sexual selection, remains 

curiously unexplored. Variation in sexual selection across a species range, especially across a 

gradient of temperature regimes, has the potential to provide a window into the possible impacts of 

climate change on the evolution of mating patterns. Here, we investigated some of the links 

between temperature and indicators of sexual selection, using a cold-water pipefish as model. We 

found that populations differed with respect to body size, length of the breeding season, fecundity, 

and sexual dimorphism across a wide latitudinal gradient. We encountered two types of latitudinal 

patterns, either linear, when related to body size, or parabolic in shape when considering variables 

related to sexual selection intensity, such as sexual dimorphism and reproductive investment. Our 

results suggest that sexual selection intensity increases towards both edges of the distribution, and 

that the large differences in temperature likely play a significant role. Shorter breeding seasons in 

the north and reduced periods for gamete production in the south certainly have the potential to 

alter mating systems, breeding synchrony and mate monopolization rates. As latitude and water 

temperature are tightly coupled across the European coasts, the observed patterns in traits related 

to sexual selection can lead to predictions regarding how sexual selection should change in 

response to climate change. Based on data from extant populations, we can predict that, as the 

worm pipefish moves northward, a wave of decreasing selection intensity will likely replace the 

strong sexual selection at the northern range margin. In contrast, the southern populations will be 

followed by heightened sexual selection, which may exacerbate the problem of local extinction at 

this retreating boundary. 
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Introduction 

 

 While climate change has created an unprecedented global ecological crisis, it also 

provides unique opportunities for biologists. Climate change is directly affecting phenology and 

population dynamics, in plants and animals alike, across all studied marine, freshwater and 

terrestrial groups (Hughes 2000, Root, Price et al. 2003, Rajon and Plotkin 2013). We are now 

observing unprecedented rates of distribution shifts in many taxa (Perry, Low et al. 2005), 

rendering the study of adaptation at range margins a particularly suitable way of observing 

evolutionary change in action (Razgour, Juste et al. 2013). Studies on the effects of climate 

change targeting current latitudinal gradients are especially germane to species divergence and 

adaptation. By contrasting gradients of selection from central to peripheral populations, where 

temperature regimes differ, we have the opportunity to infer how selection operates during the 

range expansions and contractions precipitated by global warming.  

 Clearly, an understanding of evolutionary processes in shifting environments is vital in the 

context of rapid ecological change, but one of the most potent selective forces, sexual selection, 

remains curiously unexplored in this arena (Candolin and Heuschele 2008, Therry, Gyulavári et al. 

2014). Sexual selection is responsible for the evolution of often elaborate traits and preferences 

that promote differential mating success, in some cases leading to reproductive isolation and 

speciation (Ritchie 2007). Although empirical support remains scarce (Seddon, Botero et al. 2013), 

variation in sexual selection across a species range, especially across a gradient of temperature 

regimes, has the potential to provide a window into the possible impacts of climate change on the 

evolution of mating patterns (Cassel-Lundhagen, Tammaru et al. 2009, Kaluthota, Brinkman et al. 

2016). 

 The impacts of temperature on life history traits and physiological responses have been 

explored to some degree (Monteiro, Almada et al. 2001, West and Packer 2002, Monteiro, Almada 

et al. 2005, Silva, Vieira et al. 2007, Candolin and Heuschele 2008, Monteiro and Lyons 2012, 

Monteiro, Vieira et al. 2013), but we still lack a detailed understanding of the costs and benefits of 

sexually selected traits during adaptation to variable environments. Moreover, a sexually selected 

trait in one ecological setting could be lost as a target of mate choice in a different setting, either as 

a consequence of environmental change or geographical variation in environmental conditions. In 

such cases, mating preferences could shift to target either novel or existing traits that were not 

previously targets of sexual selection (Candolin and Heuschele 2008). Consistent with this idea, 

sexual selection has been shown to promote ecologically based divergence, as a consequence of 
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differential selection across distinct environments (e.g., Boughman 2001). To fully understand the 

role of sexual selection in evolutionary responses to climate change, we must consider the 

adaptive backdrop of temperature tolerance in nature (Barrett, Paccard et al. 2011), ideally with 

respect to the timing and strength of natural and sexual selection in spatially and temporally 

variable environments. Care must be taken to differentiate between the role of selective 

mechanisms versus other, non-adaptive responses to ecological variables, such as population 

density (Kokko and Rankin 2006), dispersal patterns (Proulx 2001), genetic variance (Rajon and 

Plotkin 2013), population dynamics (Proulx 2002), and other variables that are commonly 

influenced by environmental change.  

 The worm pipefish, Nerophis lumbriciformis, is an ideal model in which to address 

questions regarding the variation in sexual selection across an ecological temperature gradient. 

For instance, this pipefish inhabits a very wide geographic distribution (Dawson 1986), and latitude 

is intimately correlated with seawater temperature across this range. In addition, apart from a short 

larval period in near-coastal waters (Russell 1976), worm pipefish inhabit shallow areas in or 

immediately adjacent to the intertidal zone (Monteiro, Vieira et al. 2005, Monteiro, Berglund et al. 

2006). Worm pipefish populations, which are mainly distributed along the European Atlantic coast, 

occur in a narrow coastal corridor that occupies a wide range of latitudes (spanning more than 30º) 

and seawater temperatures. This ‘linear’ geographic distribution allows a comparison of core 

versus edge populations, with the edge populations occurring at the lowest and highest latitudes. 

Thus, edge populations occur in both the warmest and coolest waters within the worm pipefish 

range, while core populations occupy intermediate temperatures.  

 Worm pipefish are further interesting because they are sex-role reversed, with sexual 

selection acting more strongly on females than on males (Monteiro, Vieira et al. 2002), and 

sexually dimorphic, with easily quantifiable secondary sexual traits in the form of facial markings in 

females (Monteiro, Vieira et al. 2005, Monteiro, Silva et al. 2013). Female facial coloration, which 

reflects condition and reproductive potential, is particularly vivid during the breeding season 

(Monteiro, Carneiro et al. in Press). The worm pipefish reproduces seasonally and the onset of the 

breeding season is dependent on water temperature, indicating that temperature is likely an 

important variable related to the mating system (Lahaye 1971, Guyomarc'h 1972, Monteiro, 

Almada et al. 2001, Monteiro, Almada et al. 2005). Finally, unlike many of their pipefish and 

seahorse relatives, in which males have fully enclosed pouches (Herald 1959, Monteiro, Almada et 

al. 2005), worm pipefish males carry developing eggs, in a single layer, attached to their ventral 

surface with no outer cover. Consequently, developing embryos are exposed to the environment 

and easily accessible to the researcher interested in counting and measuring them. 

 Here, we study the reproductive dynamics of worm pipefish across its range with the aim of 

comparing populations within the core of the range to those located near the edge. We 

hypothesize that worm pipefish populations experiencing extreme temperatures, either hot or cold, 
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will experience reductions in the length of the breeding season, and these reductions will ultimately 

affect the strength of sexual selection. Unlike previous findings highlighting an inverse relationship 

between latitude and sexual selection (Monteiro and Lyons 2012, Fujimoto, Miyake et al. 2015), we 

expect a difference between populations near the core of the species range compared to those at 

the periphery. To address this hypothesis, we conducted monthly sampling surveys of field 

populations of worm pipefish located from Portugal to Scotland. We examined the proportion of 

pregnant males per sample to establish the length of the breeding season in each population. We 

also measured sexually selected traits in females as a proxy for sexual selection (Cardillo 2002, 

Clutton-Brock 2007, Clutton-Brock 2009, Gurkan and Taskavak 2012, Fujimoto, Miyake et al. 

2015). This analysis was supplemented with an examination of the spatial distribution of sexual 

size dimorphism (SSD), another variable that can serve as a sign of sexual selection (Szekely, 

Freckleton et al. 2004). Moreover, taking into account that distinct patterns of female oocyte 

investment could reflect alterations in sexual selection pressures, we analyzed egg dimensions 

and brood size across latitude.  

 

Materials and methods 

 

 National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation 1⁄4º Daily 

SST Analysis data were acquired from NOAA’s National Climatic Data Center 

(ftp://eclipse.ncdc.noaa.gov/pub/OI-daily-v2/NetCDF). AVHRR-only data were retrieved and daily 

files (from January 1st 2000 to March 24rd 2015), each containing daily SST values (sea surface 

temperature), were imported into R as georeferenced layers. We extracted values from 20ºN to 

70ºN, across the Atlantic coast and around the North Sea, thus fully encompassing the worm 

pipefish geographical distribution (Dawson 1986) (Fig. 2.5). Once stacked in chronological order, 

data were retrieved separately for each coastal pixels (defined according to Lima and Wethey 

(2012)) across all layers. As we were primarily interested in depicting large-scale latitudinal 

differences in SST, rather than rates of change per unit of area, we averaged values for each of 

the SST-sampled locations (N=622) while also retrieving the maximum and minimum temperatures 

recorded during the selected 15-year period. To determine the relationship between SST and 

latitude, a linear regression was estimated between the two variables. 

 Since female pipefish restrict gamete production to cold water periods preceding the onset 

of the breeding season (Lahaye 1971), a very simple prediction of the number of days potentially 

available for oocyte production was estimated. This prediction was based on various types of 

information. First, together with previous reports (Lahaye 1971), we observed in aquarium that 

females stop developing oocytes once temperature rises above ≈14ºC (which we used as tentative 

maximum temperature threshold). Second, we only observed reproduction in our focal populations 

once temperature rises above 7ºC, so we used this value as a tentative minimum temperature 
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threshold. Third, as will be shown below, worm pipefish reproduction stops around August, 

irrespectively of latitude. Hence, we estimated the number of days between January and August 

over which seawater temperatures remained within a 7-14ºC interval for each of our 622 

temperature-sampled locations.  

 Worm pipefish populations were sampled within the known distribution of this species 

(Dawson 1986), in Portugal (41º42’1’’N, 8º51’25’’W), Spain (43º34’14’’N, 6º37’56’’W), France 

(48º43’41’’N, 3º59’16’’W), Ireland (53º9’27’’N, 9º6’55’’W) and Scotland (57º30’52’’N, 1º47’4’’W). An 

additional sampling was later performed further north, in Norway (62º28’39’’N, 6º22’14’’E) as 

evidence based on satellite imagery and SST data suggested mid-Norway as a suitable thermal 

habitat for worm pipefish. In addition, we had received sporadic reports of worm pipefish in Norway 

(F. Oldeide and T. Vangsmo, personal communications). Thus, we wished to investigate whether 

or not a new worm pipefish population was already outside the known distribution, perhaps as a 

consequence of a northward movement of the species range in response to global warming.  

 We collected data from the sampled populations in Portugal, Ireland, France and Scotland 

by performing monthly samples for at least a full year in each population. Sampling was carried out 

by our team, with the exception of the French population, where we supplemented our data with 

observations from Guyomarc’h and Lahaye (Guyomarc'h 1970, Guyomarc.Jp 1971, Lahaye 1971, 

Guyomarc'h 1972). A distance-weighted least squares fitting was applied to the monthly 

percentage of pregnant males in these four populations, according to latitude. Linear regressions 

were calculated for the onset and end of the breeding season (month) as well as its extension (nº 

months) according to latitude. Since exactly pinpointing the onset or end of the breeding season is 

a challenging task (pregnancies observed in one particular month can derive from fertilizations 

from the previous month), we used two thresholds (30% and 50% of pregnant males) as indicators 

of the extent of the breeding season. We sampled the Spanish population only four times, and 

consequently did not include it in the graphical representation of male pregnancy by latitude. 

 Regardless of location, pipefish sampling was conducted during low spring tides, mostly 

during the day, with the exception of Scotland where tides occurred at night during part of the year. 

Pipefish were caught by hand, after inspection of the underside of boulders, as described 

previously (Monteiro, Vieira et al. 2005). Whenever possible, worm pipefish were photographed 

alongside a ruler for subsequent size measurements, within a small aquarium to decrease stress. 

Also, photographs of both sides of the head were taken to allow facial coloration quantification (see 

Monteiro, Vieira et al. 2005, Monteiro, Silva et al. 2013). For pregnant males, a photograph of the 

brooding surface, also alongside a ruler, was taken to allow for egg counting and measurements 

(see Monteiro and Lyons 2012). Pipefish were then returned to their original location and care was 

taken to maintain the substratum as much as possible according to its original layout. The average 

percentage of facial pigmentation was calculated in the following manner: the head area (tip of the 

snout to the operculum, not including the eye) was filled with a solid colour (Monteiro, Vieira et al. 
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2005), using the image manipulation software GIMP (www.gimp.org). The image of the head area 

alone was transferred to ImageJ and the number of pixels recorded. In parallel, the facial spots 

(within the head area described above) were also carefully delimited and filled with a solid colour, 

thus allowing for the determination of the number of pixels contained in all the coloration spots. We 

then proceeded to estimate the percentage of the head covered by facial coloration by dividing the 

number of pixels in the spots by the number of pixels in the head and multiplying by 100. We 

conducted this analysis independently for each side of the head and used the average of these two 

values to estimate the percentage of coloration for each individual. We also registered the total 

number of individual coloration spots in female facial area. 

 To examine differences in facial coloration (square root transformed data, to assure 

normality) between sexes and sampled locations (those where we had information both from within 

and outside the breeding season) we conducted a factorial ANOVA with three factors [location: 

Portugal, Spain, Ireland and Scotland; sex: male or female; breeding season: within or outside]. 

Although we could not confirm homoscedasticity (which was predictable as populations greatly 

vary in the range of coloration percentages), we continued with the analysis since there was no 

correlation between averages and standard deviations (Lindman 1974). We also performed a one-

way ANOVA to look for differences in the number of female coloration spots (Portugal, Spain, 

Ireland and Scotland) on fourth root transformed data to ensure normality and homoscedasticity. 

Linear regressions were calculated for latitude and male or female size, as well as sexual size 

dimorphism (population means). Polynomial regressions were calculated for latitude and egg size 

or coloration dimorphism. Lastly, a linear regression was calculated for male size and egg number 

(using population means). 

 

Results 

 

 We observed a strong linear correlation between latitude and average SST (Fig. 2.5a; Y=-

3.120X+89.987, R2=0.946, P<0.001) from the Atlantic coast of northern Africa to Norway (50º, 

ranging from 20-70ºN), a geographic expanse that fully engulfs the worm pipefish range. Within 

this area, taking into account predictions regarding time available for female oocyte production, 

females appear to suffer stronger constraints towards the extremes of the distribution. These 

constraints arise from warm temperatures in the south and cool temperatures in the north (Fig. 

2.5b).  



FCUP 63 
Temporal and spacial variation  

 ___________________________________________________________________________________________________________  

 

 

Figure 2.5 (a) The relationship between latitude and seawater temperature, from 20 to 70 °N. 
(b) Depiction of the sampled sites (Nr: Norway; Sc: Scotland; Ir: Ireland; Fr: France; Sp: Spain; Pt: Portugal) and a representation of a 
time available for female gamete production, based on temperature (range 7-14 °C). Shadowed area represents the geographic 

distribution of the worm pipefish, according to Dawson (1986).  
 

Females seem to be less constrained around the center of the worm pipefish distribution, 

particularly on the Irish coast, which is warmed by the Gulf Stream. The North Sea coastline, 

where this species is less common or even absent in places (Dawson 1986), seems generally less 

favorable for worm pipefish reproduction, probably due to low seawater temperatures. Our 

projections of time available for female oocyte production were mostly concordant with the known 

worm pipefish distribution but surprisingly showed a theoretically suitable area for reproduction 

(Fig. 2.5b) well above the northern range limit established more than two decades ago (Dawson 

1986). Previous sightings, together with our own sampling, confirmed the presence of reproducing 

worm pipefish at low densities in Norway, suggesting that this species is experiencing a range 

expansion toward the North Pole.  

 Data from the four populations with at least a year’s worth of monthly observations on male 

pregnancy status (i.e., Portugal, France, Ireland and Scotland) highlighted that the highest monthly 

percentage of pregnant males (above 90%) occurred only on the most peripheral populations (Fig. 

2.6). The proportion of males pregnant during any particular sampling period tended to be much 

lower near the center of distribution (France or Ireland), where non-pregnant males were present 

even at the peak of the breeding season. Using the presence of pregnant males as a proxy for the 

length of the breeding season results in a negative relationship between breeding season length 

and latitude (Fig. 2.6b, left panel; R2
(30%)=0.903, P<0.05; R2

(50%)=0.952, P<0.05; identical slopes 

and Y-intercepts). This pattern is driven by longer periods of reproduction towards the southern 
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end of the worm pipefish distribution. The onset of the breeding season showed the opposite 

pattern and was positively correlated with latitude (R2
(30%)=0.996, P<0.005; R2

(50%)=0.903, P<0.05; 

identical slopes and Y-intercepts), a pattern driven mainly by an earlier onset of reproduction in 

southern populations (Fig. 2.6b, central panel). Interestingly, the end of the breeding season 

seemed to be largely independent of latitude (Fig. 2.6b, right panel; R2
(30%)=0.024, P=0.846; 

R2
(50%)=0.752, P=0.132), occurring around August in all sampled locations. A similar pattern was 

observed in sticklebacks and has been attributed to both photoperiod and water temperature (Borg 

1982). 

 

Figure 2.6 (a) Distance-weighted least squares plot of monthly percentage of pregnant males throughout latitude 
based on data from Scotland, Ireland, France and Portugal (lateral bar graphs). (b) Representation of relationship between the extent, 

onset and end of the breeding season (based on either 30 or 50% pregnant males) and latitude (in the same four populations). 
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Our size measurements from five populations (N=2391 pipefish, range=166-1005) showed 

that both male and female average size linearly increased with latitude (Males: Y=0.089X+7.373, 

R2=0.903, P<0.05; Females: Y=0.071X+8.518, R2=0.820, P<0.05) and the rate of increase did not 

differ between the sexes (slopes: P=0.506). However, size dimorphism was inversely correlated 

with latitude (Y=-0.018X+1.145, R2=0.927, P<0.01), such that size dimorphism was greatest in the 

most southerly populations (Fig. 2.7a). 

 

Figure 2.7 Relationship between latitude and sexual size dimorphism 
(a), sexual coloration dimorphism (b) and egg size (c). Error bars depict standard errors and dashed lines indicate linear (a) or quadratic 

regressions (b and c). 
 

 Our analysis of differences in facial coloration between the sexes showed that male facial 

coloration changed very little during the year (see also Monteiro, Carneiro et al. in Press), whereas 

female facial coloration significantly expanded during the breeding season (significant interaction 

between sex and the breeding season, see Table 2.2). Interestingly, Portugal and Scotland, the 

two populations nearest to the distributional extremes, showed similarly high levels of female facial 

coloration. All other populations, however, differed from one another. In particular, Spain showed 

intermediate levels of coloration and the central population of Ireland displayed the lowest amount 

of female facial coloration (Student Newman Keuls post-hoc test).  

 

Table 2.2ANOVA results on the percentage of facial coloration, in males and females 
either within or outside the breeding season (BSeason) in four pipefish populations (Portugal, Spain, Ireland, and Scotland) distributed 

along the worm pipefish distribution 

 

reproduction toward the southern end of the worm
pipefish distribution. The onset of the breeding season
showed the opposite pattern and was positively corre-
lated with latitude (R2

(30%) = 0.996, P < 0.005;
R2

(50%) = 0.903, P < 0.05; identical slopes and Y-inter-
cepts), a pattern driven mainly by an earlier onset of
reproduction in southern populations (Fig. 2b, central
panel). Interestingly, the end of the breeding season
seemed to be largely independent of latitude (Fig. 2b,
right panel; R2

(30%) = 0.024, P = 0.846; R2
(50%) = 0.752,

P = 0.132), occurring around August in all sampled
locations. A similar pattern was observed in stickle-
backs and has been attributed to both photoperiod and
water temperature (Borg, 1982).
Our size measurements from five populations

(n = 2391 pipefish, range = 166–1005) showed that
both male and female average size linearly increased
with latitude (males: Y = 0.089X+7.373, R2 = 0.903,
P < 0.05; females: Y = 0.071X+8.518, R2 = 0.820,
P < 0.05) and the rate of increase did not differ
between the sexes (slopes: P = 0.506). However, size
dimorphism was inversely correlated with latitude
(Y = !0.018X+1.145, R2 = 0.927, P < 0.01), such that
size dimorphism was greatest in the most southerly
populations (Fig. 3a).
Our analysis of differences in facial coloration

between the sexes showed that male facial coloration
changed very little during the year (see also Monteiro
et al., in press), whereas female facial coloration signifi-
cantly expanded during the breeding season (signifi-
cant interaction between sex and the breeding season,
see Table 1). Interestingly, Portugal and Scotland, the
two populations nearest to the distributional extremes,
showed similarly high levels of female facial coloration.
All other populations, however, differed from one
another. In particular, Spain showed intermediate
levels of coloration and the central population of

Ireland displayed the lowest amount of female facial
coloration (Student–Newman–Keuls post hoc test).
As male coloration, unlike that of females, remained

constant throughout latitude, dimorphism in coloration
within the breeding season followed a parabolic-like
distribution similar to the latitudinal distribution of
female coloration, with higher values toward the
extremes (Fig. 3b). A similar pattern was observed for
egg size (Fig. 3c), with the highest values in popula-
tions close to distributional extremes (Portugal and
Scotland) and smaller egg sizes in the middle of distri-
bution.
Interestingly, the average number of eggs carried by

pregnant males in each sampled population (n = 375
males, range = 35–128 males per population) showed a
pattern that more closely followed that of the latitudi-
nal variation in male size (population average male size
and average egg number, Pearson correlation:
R = 0.893, P < 0.05). This result was predictable
because the size of a male’s ventral brooding area corre-
lates with body size (Monteiro & Lyons, 2012). Conse-
quently, larger males can brood more eggs.
Our analysis of the number of spots in female col-

oration (one-way ANOVA, n = 222 female pipefish)
showed significant differences between locations [F
(4,217) = 17.545, P < 0.001], with females from Scotland
displaying a significantly higher number of spots com-
pared with females from all the other populations (see
Fig. 4). The remaining populations (France, Spain, and
Portugal) did not differ in the number of female facial
coloration spots (Student–Newman–Keuls post hoc
test).

Discussion

Here, we investigated some of the possible links
between temperature regimes and indicators of sexual

(a) (b) (c)

Fig. 3 Relationship between latitude and sexual size dimorphism (a), sexual coloration dimorphism (b) and egg size (c). Error bars

depict standard errors, and dashed lines indicate linear (a) or quadratic regressions (b and c). [Color figure can be viewed at wileyonli-

nelibrary.com]

© 2017 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13630
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 As male coloration, unlike that of females, remained constant throughout latitude, 

dimorphism in coloration within the breeding season followed a parabolic-like distribution similar to 

the latitudinal distribution of female coloration, with higher values towards the extremes (Fig. 2.7b). 

A similar pattern was observed for egg size (Fig. 2.7c), with the highest values in populations close 

to distributional extremes (Portugal and Scotland) and smaller egg sizes in the middle of 

distribution.  

 Interestingly, the average number of eggs carried by pregnant males in each sampled 

population (N=375 males, range=35-128 males per population) showed a pattern that more closely 

followed that of the latitudinal variation in male size (population average male size and average 

egg number, Pearson correlation: R=0.893, P<0.05). This result was predictable because the size 

of a male’s ventral brooding area correlates with body size (Monteiro and Lyons 2012). 

Consequently, larger males can brood more eggs. 

 Our analysis of the number of spots in female coloration (one-way ANOVA, N= 222 female 

pipefish) showed significant differences between locations [F(4,217)=17.545, P<0.001], with females 

from Scotland displaying a significantly higher number of spots compared with females from all the 

other populations (see Fig. 2.8). The remaining populations (France, Spain and Portugal) did not 

differ in the number of female facial coloration spots (Student Newman Keuls post hoc test).  

 

Figure 2.8 The sum of individual facial coloration spots on both sides of the head from females sampled 
in Scotland, Ireland, France, Spain, and Portugal (Scottish females display significantly more spots than any other sampled population). 

Lateral photographs depict common female phenotypes from the sampled populations. *0.001. 
 

Discussion 

 

 Here, we investigated some of the possible links between temperature regimes and 

indicators of sexual selection, using a cold water, sex-role reversed pipefish as model. We found 

that pipefish populations differed with respect to mean body size, length of the breeding season, 

average fecundity, and sexual dimorphism across a latitudinal gradient from Portugal to Scotland. 
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The pattern of sexual dimorphism in coloration was particularly striking, as worm pipefish were 

most dimorphic at the ends of the species range, a pattern that could be interpreted as a result of 

stronger sexual selection at range margins, although other factors also could play a role.  

 The most likely environmental cause of the observed differences among worm pipefish 

populations is seawater temperature. Throughout its range, the worm pipefish occupies similar 

intertidal habitats, which vary latitudinally primarily with respect to temperature. The worm pipefish 

is particularly suited to this kind of study, because its range occupies a substantial thermal 

gradient, ranging from the warm waters of southern Europe to the cooler waters in the north. 

Moreover, since this temperature range is sufficiently wide to encompass projected increases in 

seawater temperatures for the next century (e.g., Meehl, Washington et al. 2006), we may be 

equipped to formulate hypotheses regarding potential impacts of climate change in worm pipefish. 

For instance, we can conjecture that populations inhabiting areas near the center of the present 

distribution will gradually become more similar to populations further south, either as a 

consequence of adaptation, phenotypic plasticity or gene flow from these southern sources. 

Simultaneously, populations near the northern limit of the distribution will progressively experience 

conditions similar to those observed today towards the center of distribution, while new 

opportunities for a continued poleward expansion become available. The poleward distributional 

shifts observed today in many species (Perry, Low et al. 2005, Kortsch, Primicerio et al. 2015), 

including worm pipefish, provides an unprecedented opportunity to study a strong selective agent, 

in real time, directly in nature. Our study provides critical baseline data that will be important to test 

hypotheses regarding range shifts and phenotypic responses to changing climates in a pipefish.  

 With respect to worm pipefish morphology and reproductive ecology, we encountered two 

types of latitudinal patterns, which were either linear or parabolic in shape. For instance, in terms of 

body size variation, we found a pattern consistent with Bergmann’s Rule (Blanckenhorn, Stillwell et 

al. 2006, Wilson 2009, Teplitsky and Millien 2014), which states that animals tend to be larger in 

colder climates and, thus, at higher latitudes. We found this pattern in both sexes, as male and 

female worm pipefish were larger in northern populations. As discussed previously (Angilletta, 

Steury et al. 2004, Wilson 2009), this linear trend in body size could be a result of natural selection 

favoring larger body sizes in colder climates as a way of enhancing fecundity in each reproductive 

episode. Although the slopes of male and female body size did not differ, geographic variation in 

size dimorphism among populations was significant and conformed to Rensch’s Rule 

(Blanckenhorn, Stillwell et al. 2006), which predicts that sexual size dimorphism decreases with 

increasing body size when the female is the larger sex (and the reverse when males are the larger 

sex). In our case, we document a female-biased sexual size dimorphism in worm pipefish, and 

show that this dimorphism decreases as body size increases.  

 Either natural selection, sexual selection or both (Fairbairn and Preziosi 1994, Kraushaar 

and Blanckenhorn 2002, Fairbairn 2005, Tamate and Maekawa 2006) could contribute to the 
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patterns in body size variation we observe in worm pipefish. With respect to natural selection, the 

optimal body sizes of the sexes, as determined by environmental factors, may change differently 

with latitude in a way that results in less sexual dimorphism in the north. For instance, the cooler 

temperatures in the north may select for larger males because (i) larger males are able to 

accommodate more eggs within each pregnancy and (ii) the number of breeding episodes is 

reduced due to shorter breeding seasons and longer pregnancies. Consistent with this argument, 

we observed that pregnancy duration increases from 28 to 42 days when temperatures are 

lowered from 14-15 to 12ºC. In contrast, females may gain more from being substantially larger 

than males in the south compared to the north. Because the southern breeding season is much 

longer and involves a faster turnover of pregnancies, females in the south may be selected to 

produce enough oocytes, during the narrow low temperature window located at the onset of the 

breeding season (Lahaye 1971), to be transferred to many males during several months. Larger 

females are capable of producing more oocytes (Monteiro, Vieira et al. 2013), so we hypothesize 

that this constraint could contribute to an increase in female-biased dimorphism in southern 

populations. As we move northwards, fecundity selection on females can be expected to decrease 

(shorter breeding seasons and longer male pregnancies require smaller batches of primary 

oocytes produced at the onset of the breeding season) while increasing pressure on male body 

size (brooding area), thus leveling selection intensity on body size in both sexes and, 

consequently, reducing size dimorphism.  

 Curiously, most of the variables directly related to sexual selection intensity did not show a 

linear response to latitude, instead displaying a parabolic-like response. For instance, the 

permissible time interval for female oocyte production in terms of temperature was larger in the 

middle of the distribution and shortened towards both extremes, due to excessively high or low 

temperatures. A shorter time for gamete production could potentially translate into an increase in 

sexual selection intensity, as more synchronous reproduction by females likely results in stronger 

competition, especially as more males become pregnant and competition for the remaining non-

pregnant males intensifies (females produce more oocytes than a male can carry in one 

pregnancy; Monteiro, Vieira et al. 2002). Our monthly observations of the percentage of pregnant 

males support this interpretation, as the highest percentages occur near the distributional extremes 

in the north and south. Given that the worm pipefish is sex-role reversed (Monteiro, Vieira et al. 

2002), with females developing conspicuous facial markings during the breeding season (Monteiro, 

Vieira et al. 2005, Monteiro, Silva et al. 2013), we can use dimorphism in facial markings as a 

crude proxy for sexual selection intensity. We found that female coloration is especially developed 

near the range margins, again suggesting that sexual selection is strongest in peripheral 

populations. Moreover, if the expression of secondary sexual traits is an honest indicator of female 

reproductive potential (Clutton-Brock 2009), then the most colorful females should also invest most 

heavily into reproduction. In the worm pipefish, female coloration correlates with gonadosomatic 
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index, egg size and mating success (Monteiro, Carneiro et al. in Press). Again, we observed that, 

at least at the population level, female investment in egg size, a trait linked with juvenile size in 

several pipefish species (Berglund, Rosenqvist et al. 1986, Braga Goncalves, Ahnesjö et al. 2011, 

Mobley, Kvarnemo et al. 2011, Monteiro, Carneiro et al. in Press), is also greater near the edges of 

the distribution. 

 Since sexual selection can simultaneously act on different traits and may often promote 

divergence, our results show a surprising similarity between temperature extremes, despite the 

huge latitudinal gap between marginal populations. Kaluthota, Brinkman et al. (2016) recently 

described a similar convergence in sexual selection pressure in house wrens, across an even 

larger latitudinal interval. In this case, the convergence in song patterns occurred between 

populations inhabiting high latitudes in the Northern and Southern Hemispheres, where 

temperature regimes where not asymmetrical. Here, we also show a high degree of convergence, 

but between populations inhabiting very distinct temperature regimes. 

 Ideally, these patterns in traits related to sexual selection would lead to predictions 

regarding how sexual selection should change in response to changing temperature regimes. 

However, these observations do more to illustrate how little we know about the ecological factors 

shaping sexual selection and call for additional research along this avenue. For example, our 

results make it clear that meaningful predictions of responses to temperature extremes will depend 

on a long list of biological and ecological traits in the species of interest (Estrada, Meireles et al. 

2015). In the case of the worm pipefish, our results suggest that sexual selection intensity 

increases towards both edges of the distribution, and that the large differences in temperature 

likely play a role. As other studies show that climatic variation influences the intensity of sexual 

selection (Moller and Szep 2005, Twiss, Thomas et al. 2007), a reasonable step is to hypothesize 

that a latitudinal gradient, such as the one observed here involving seawater temperature, may 

translate into a gradient in sexual selection intensity. Shorter breeding seasons (in the north) and 

reduced periods for gamete production (in the south) certainly have the potential to alter mating 

systems, breeding synchrony and mate monopolization rates. In worm pipefish, this effect seems 

to result in an increase in the intensity of sexual selection, but the outcome could be different in 

other species, depending on the details of their reproductive ecologies and physiological 

responses to temperature.  

 One interesting pattern in our study, which remains difficult to interpret, is that patterns of 

facial coloration in females differed between northern and southern populations. Although 

populations near range margins show an increased expression of female facial coloration and 

greater sexual dimorphism in facial coloration compared to central populations, the precise 

patterns differed between the north and south. While southern females typically show intricate 

patterns formed by spots that become increasingly connected to one another during the breeding 

season, the northern populations are typified by a higher number of isolated spots (see Fig. 2.8). 
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The role of these differing spot patterns in female competition and male choice remains an open 

question. 

 Ultimately, our results carry significance for predicting the future of worm pipefish 

populations. Worm pipefish are certainly not immune to the current poleward shift affecting 

countless cold-water marine species. Worm pipefish will almost certainly eventually reach the 

poles, or at least the northernmost areas with suitable rocky intertidal habitats. As the worm 

pipefish moves northward, a wave of decreasing sexual selection intensity will likely replace the 

strong sexual selection at the northern range margin. In contrast, the southern populations will be 

followed by heightened sexual selection, which may exacerbate the problem of local extinction at 

this retreating boundary. While the exact effects of these changes are difficult to predict, we can be 

certain that they will alter mating systems, effective population sizes, and phenotypic distributions 

in local populations of worm pipefish responding to climate change. Overall, our results strongly 

suggest that mechanisms of sexual selection are an understudied but important factor in the 

response of species to rapid, human-induced climate change. 
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Abstract 

 

Even though female ornaments have been described in many taxa, the full spectrum of 

information conveyed by such traits together with the potential male fitness benefits are far from 

fully understood. Here, we used a sex-role reversed species, the black-striped pipefish, 

Syngnathus abaster, where females are the ornamented sex and intensively compete for mates 

who present an extreme form of paternal care (male pregnancy). We investigated what information 

is conveyed by female traits and if males are using it during mate choice. We further assessed 

which traits would reflect offspring quality at birth. We found that although body length generally 

portraits information on female reproductive potential (gonadosomatic index and oocyte diameter), 

it does so indirectly. Different aspects of the female traits, such as stripe width and trunk broadness 

were found to be better direct indicators. When size is kept constant, males prefer females with 

wider stripes. Moreover, stripe colouration was found to reflect offspring quality as darker-striped 

females produced larger newborns. Our observations suggest that in a species with exclusive 

paternal care, independently from the male’s direct investment in reproduction, female contribution 

decisively impacts male fitness. Thus, at least in sex-role-reversed species such as the black 

striped pipefish, female ornaments can be selected in an analogous way to those of males in 

species with conventional sex roles (i.e. by mate choice).  

 

Keywords: secondary sexual traits - multiple ornaments - offspring quality – fitness - sexual 

selection  
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Introduction 

 

In species with conventional sex roles, sexual selection often leads to the evolution of exuberant 

ornamentation in males, mainly through mate choice and/or male-male competition (Andersson 

and Simmons 2006, Hunt, Breuker et al. 2009). Ornaments, however, are not exclusive to males 

and can be found, whilst in varying degrees, also in females. Far from uncommon, more elaborate 

female ornaments have been described in many taxa, from mammals (Preston, Stevenson et al. 

2005), to birds(Amundsen 2000, Hanssen, Folstad et al. 2006), fish(Amundsen and Forsgren 

2001, Berglund and Rosenqvist 2009, Tudor and Morris 2009), lizards (Olsson 1993, Weiss 2006) 

and insects (Tigreros, Mowery et al. 2014). Expectedly, female ornamentation can be especially 

pronounced when sex-roles are reversed and females are the most competitive sex (Weiss 2006, 

Cornwallis and Birkhead 2007, Berglund and Rosenqvist 2009). Given that energy allocation 

patterns to reproduction typically differ between the two sexes, starting from the production of 

energetically asymmetrical gametes, the exact information conveyed by female ornamentation is 

still a relevant question in evolutionary biology (Clutton-Brock 2007). For females to produce and 

maintain exuberant ornaments, the amount of energy invested in reproduction may ultimately be 

reduced, entailing losses in terms of fitness or, alternatively, resulting in dishonest signaling 

(Chenoweth, Doughty et al. 2006). The resource allocation conflict depends on whether the value 

of the information transmitted by sexual traits outweighs the fecundity costs of their display 

(Fitzpatrick, Berglund et al. 1995, Chenoweth, Doughty et al. 2006). For instance, if the trait is 

found to be positively correlated with fecundity, such as body length (Ahnesjö and Craig 2011, 

Braga Goncalves, Ahnesjö et al. 2011), it may pay to allocate energy into growth.  

There is increasing evidence that female ornaments are used for male mate choice (Sargent, 

Gross et al. 1986, Amundsen and Forsgren 2001, Tigreros, Mowery et al. 2014) as well as female-

female competition (Rosenqvist 1990, Morales, Gordo et al. 2014). Specifically, colouration has 

proven to be a good indicator of female quality in many taxa. Plumage colouration in blue tits 

honestly signals female quality (Doutrelant, Grégoire et al. 2012), and wing colouration is also 

selected by male butterflies as it directly indicates female egg load (Tigreros, Mowery et al. 2014). 

Even in a fish species with conventional sex-roles (where females are usually the choosier sex) 

males prefer females with a more colorful abdomen (Amundsen and Forsgren 2001). Interestingly, 

besides conveying information on fecundity, female ornaments can also signal offspring quality. In 

some birds (Remes and Matysiokova 2013), fish (Kekäläinen, Huuskonen et al. 2010) and lizards 

(Weiss, Kennedy et al. 2009), female colouration was found to reflect offspring quality, an expected 

result as the energy reserves present in eggs, which will largely influence embryo development, 

are provided by females alone. However, there are species where only paternal care is provided, 

from fish (Blumer 1979), birds (Cockburn 2006), amphibians (Lehtinen, Green et al. 2014) or even 

insects (Smith 1980, Tallamy 2001). In these cases, the relation between female ornamentation 
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and offspring quality may not be clear.  

The family Syngnathidae (pipefishes, seahorses and seadragons) represents a very special 

example where males have an investment that clearly surpasses that of fish with conventional 

paternal care (usually restricted to egg aeration and nest defense) due to the unique phenomena 

of male pregnancy (Wilson, Vincent et al. 2001). Males possess a brooding structure (with distinct 

degrees of complexity, depending on the species) where eggs are incubated until hatching 

(Carcupino 2002, Monteiro, Almada et al. 2005). Besides providing protection and osmoregulation 

(Monteiro, Almada et al. 2005), males are thought to also provide nutrients to the developing 

embryos (Berglund, Rosenqvist et al. 1986, Ripley 2006, Ripley and Foran 2008). Females provide 

no parental care after egg transfer and, in a handful of sex-role reversed-species, they are also the 

most competitive sex (Berglund and Rosenqvist 2000, Berglund and Rosenqvist 2001, Mattle and 

Wilson 2009). In these sex-role-reversed species, traits relevant for mate choice or intrasexual 

competition are often more developed in females (Rosenqvist and Berglund 2011), and males are 

known to prefer larger females or those with more exaggerated ornamentation (Berglund and 

Rosenqvist 2001). For instance, body length was found to be positively related with fecundity 

(Braga Goncalves, Ahnesjö et al. 2011, Cunha, Berglund et al. 2014) and selected by males 

(Rosenqvist and Berglund 2011). Recently, the striped pattern of the Gulf pipefish was also found 

to be selected by males; size was found to be under selection but indirectly through the striped 

pattern (Flanagan, Johnson et al. 2014). Thus, pre-mating selection by males seems to be based 

on female sexual traits. However, evidence regarding the quality of information conveyed by 

different female traits is still scarce.  

In this study, using the sex-role-reversed black-striped pipefish, Syngnathus abaster, we aim to 

assess what different, complementary or redundant information on female quality is conveyed by 

different sexual traits. In this sexually dimorphic pipefish, where females are larger and more 

competitive (Silva, Monteiro et al. 2006, Silva, Vieira et al. 2010), males tend to prefer larger 

mating partners(Silva, Vieira et al. 2007) which produce larger eggs (Silva, Vieira et al. 2008). 

However, no close attention has been devoted to the potential additional information on female 

quality conveyed by other traits (e.g. striped pattern, coloration) suggested to be under sexual 

selection (Rosenqvist and Berglund 2011). We hypothesize that different female traits, beyond 

size, convey additional layers of information on female quality to males. In sex-role-reversed 

pipefish, female ornamentation is likely to be selected  prior to mating in an analogous way to that 

of males in species with conventional sex-roles. Moreover, species where parental care is 

exclusively paternal, we expect males to mate with highly ornamented females in order to increase 

fitness, by producing higher quality juveniles.  

  



78 FCUP  
 Temporal and spacial variation 
 ___________________________________________________________________________________________________________  

 

 

Material and Methods 

 

Sample collection and location 

 

Black striped pipefish, Syngnathus abaster, were captured in Aveiro estuarine lagoon 

(40º39’56’’N, 8º40’6’’W), during the breeding season, from a population previously described as 

sex-role reversed, where females are larger and more competitive than males (Silva, Monteiro et 

al. 2006). We sampled a total of 112 pipefish (87 females and 25 males), which were transported 

to the laboratory in isothermal containers and then separated by sex. Animals were acclimated to 

laboratory conditions for at least 5 days until they were used in our experiments. All the groups 

mentioned from here on were established by randomly selecting individuals from our total sample. 

Individuals were released in the same place of capture after the experiment. 

 

Female quality and sexual traits 

 

As the pigments in chromatophores are known to disperse after death (Svensson, Forsgren et 

al. 2005), we opted to over-anesthetize (euthanise) 44 females in a seawater and clove oil bath (10 

ppm) before colouration measurements. Males were not measured, as they do not possess such 

marked stripes as those present in females. Moreover, male trunk depth is not likely to provide any 

relevant information for male reproductive potential, as the marsupium is located in the tail (Wilson, 

Vincent et al. 2001) and pipefish testis are extremely small (Carcupino, Baldacci et al. 1999). Each 

female was photographed (n=44), under controlled light conditions (2 x 0.7 W LED warm light), 

with a Nikon P510 [shutter speed (1/2 sec), ISO speed rating (200), focal distance (9.8 mm) and 

aperture (f/ 7.3); distance between the lens and the object kept constant]. The photograph included 

a ruler and a neutral grey mask (GENESIS) together with the focal individual. Image calibration 

was performed using Adobe Photoshop Lightroom 4 with the white balance selector using the 

neutral grey mask as reference. All females were measured for body length, trunk length, trunk 

depth (trunk broadness = trunk length / trunk depth) and stripe width and luminance (Figure 2.9a). 

Body length was measured from the tip of the snout to the tip of the tail, not including the caudal fin 

(standard length). Trunk length was considered as the distance from the end of the operculum to 

the genital papilla. Trunk width was measured in the middle of the trunk, between the 7 and 8th 

stripes, as females were wider in this segment. Females were then dissected in order to inspect 

the ovaries, which were photographed under a stereomicroscope (Olympus SZX2-ILLT coupled to 

an Olympus SC30 digital camera). The diameter of three to ten mature oocytes per female (for 

details see Begovac and Wallace 1988) were also measured. All morphometric measurements 

were performed using ImageJ (v. 1.46r). Afterwards, eviscerated females and their ovaries were 
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weighted to the nearest milligram to calculate the gonadosomatic index (GSI, gonad weight * 100 / 

body weight). 

 

Figure 2.9a) A black stiped pipefish female and an exemple of the morphometric measurements conducted 
 (1 – body length; 2 – trunk length; 3 – trunk height; 4 – stripe width; the area used to measure luminance of the striped pattern is shown 

together with the output graph). b) The results of a path analysis showing the relationship of diferente female characters and female 
reproductive potential and quality (solid arrows represente significant partial regressions and dashed lines represente non-significant 

relationships between variables. The significant partial regressions are labeled with its partial regressions coeficiente (b’) and the 
corresponding p-value). 

 
 

We measured stripe luminance (a photometric measure of the luminous intensity reflected from 

a surface per unit of area) in females. Lower luminance values correspond to darker surfaces, 

which in our case indicate darker stripes. A cropped image of the trunk (where the stripes are 

present; Figure 2.9a) was loaded into MatLab v. R2013a. The RGB image was then converted to 

grey scale, eliminating the hue and saturation information while retaining the luminance. While 

photographs were taken on a dry surface, some moist areas remained in the fish even after the 

excess of water was removed using absorbent paper, thus producing reflections. We discounted 

those areas by eliminating all the pixels with luminance values higher than 95. Also, since 

luminance should be measured in approximately flat surfaces, we disregarded the values from 

areas that were clearly not parallel to the camera lens (i.e., towards both edges of the trunk, where 

shadow areas attained values smaller than 23; see Figure 2.9a). All images were calibrated with 

the use of the neutral grey mask meaning that luminance values were directly comparable between 

pipefish.  
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Mate choice experiment 

 

In order to address which female ornaments are selected by males (pre-mating selection), we 

performed a simple mate choice experiment.  Here, males (n=11) were given two equally sized 

females (n=22) to choose from. The size is known to be selected by males in S. abaster (Silva, 

Vieira et al. 2007), but our aim is to understand what males choose when size is kept constant. 

Females varied in stripe width, trunk broadness and luminance (measured as previously 

described). The focal male was able to see both females, while the females did not have visual 

communication between them but could see the focal male. Male behaviour was filmed at dawn, 

when pipefish are more active, using a D-LinK DCS 942L camera. Animals were placed into the 

tank the day before, to allow sufficient time for adaptation, and the movie was downloaded from the 

camera and posteriorly analyzed in the following day. The time spent by a male on each side of the 

tank, in front of one of the two females, was registered during one hour. The female that captured 

the majority of the male’s attention (time spent in front of the female’s compartment) was 

considered to be the preferred female. 

 

Benefits from mating with an ornamented female 

 

To investigate if a male potentially benefits from mating with a female of a certain phenotype 

(e.g. larger, darker or with wider stripes), we settled 15 aquaria, each containing one male and one 

female. The male size was purposely kept similar but females naturally differed in size, coloration, 

trunk broadness and stripe width. Water was continuously filtered (mechanical, biological and 

chemical filtration) and kept at a constant temperature of 21±1 ºC, and the light regime was 

13L:11D. Aquaria were environmentally enriched with artificial seagrass to mimic natural conditions 

and reduce stress. Pipefish were fed ad libitum twice a day with fresh Artemia nauplii. After mating, 

the pair remained together until juveniles hatched from the brood pouch. Female quality was 

assessed based on juvenile length after emergence from the brood pouch. Once parturition ended, 

juveniles were collected to determine juvenile length.  

Used females were anaesthetized prior to the beginning of the experiment, using a seawater 

and clove oil bath (1 ppm), and photographs were taken following the protocol described above. To 

ensure that this mild anesthesia effectively dispersed chromatophore pigments, we used a 

separate group of females (n=7) to compare luminance measurements in females first 

anaesthetized with clove oil at 1ppm, allowed to recover, and later sacrificed with 10 ppm. 
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Ethical note 

 

According to the Portuguese Law, as i) the sampled species has no special protection status 

(Least concern, according to IUCN or the National red list), ii) sampling was conducted for scientific 

purposes and iii) sampling was conducted in private property whose owners have specific 

permissions for animal capture, no specific permit was required.  

N.M. has been certified as able to perform animal manipulation and experimentation. 

 

Statistical analysis 

 

To assess how female traits relate to oocyte size and GSI, we performed a path analysis using 

a maximum-likelihood procedure in SPSS AMOS v.21, where standardized partial regression 

coefficients were estimated. This allows for the determination of the relationship between an 

independent and a dependent variable, while accounting for the influence of other independent 

variables present in the model. All the measured variables in our study (female length, trunk 

broadness, stripe luminance and stripe width) had a significant regression coefficient with our 

dependent variables (GSI and oocyte diameter). Consequently all variables were included in our 

model. 

In order to investigate which female trait (stripe width, trunk broadness or luminance) was being 

chosen by males, we performed an analysis of contingency tables with 10000 simulations, using 

ACTUS2 (Estabrook, Almada et al. 2002). 

To assess how different traits (female length, trunk broadness, stripe width and luminance) 

predict juvenile size at birth, a path analysis using a maximum-likelihood procedurewas computed 

(details on the method are described above). To ensure that anesthesia dispersed chromatophore 

pigments in the same way as when the animal is dead, Wilcoxon signed-rank test were performed. 

These statistical tests were conducted, after checking assumptions, in IBM SPSS Statistics 23 and 

ACTUS2.  

 

Results 

 

Female quality conveyed by different sexual traits 

 

Our path analysis model resulted in a χ2 of 1.49, leading to a p-value of 0.48, implying that we 

cannot reject the hypothesis of a perfect fit. Moreover, the root mean squared error of 

approximation was lower than 0.001, as expected in an excellent fit. Overall, our model explained 

88% of the variance on our focal variables (GSI and oocyte diameter), suggesting an accurate 

model (Figure 2.9b). Female reproductive quality, portrayed by GSI (0.21 ± 0.12) and egg diameter 
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(1.15 ± 0.32 mm), was found to be significantly correlated (partial correlation) with trunk broadness 

(0.16 ± 0.03), stripe luminance (68.64 ± 6.36) and stripe width (0.12 ± 0.02 cm), but not directly 

with body length (9.62 ± 0.92 cm; see Figure 2.9b).  

 

Which characters do males access during pre-mating selection, in the absence of size 

variation? 

 

The contingency table simulation performed in ACTUS2 showed that male mate choice in S. 

abaster, when size is kept constant between females, is dependent on female striped width, with 

males preferring females with wider stripes (χ2=8.919, df=3, p=0.02). Luminance and trunk 

broadness did not seem to be selected by males (χ2=1.639, df=3, p>0.05; χ2=0.182, df=3, p>0.05 

respectively). Females don’t differ in size within each tank (paired t-test, df=20, t=-0,11, p>0,05). 

Does a male benefit from mating with a highly ornamented female? 

 

The path analysis showed that juvenile length at birth (16.39 ± 1.01 mm) was significantly 

correlated (partial correlation) with stripe luminance (64.94 ± 4.68) (Figure 2.10). Female size (9.79 

± 1.52 cm), trunk broadness (0.16 ± 0.01 mm) and luminance (64.94 ± 4.68) were not significantly 

correlated with juvenile length, at least directly. 

 

Figure 2.10 The results of a path analysis showing the relationship of diferente female characters and juvenile size 
(solid arrows represent significant partial regressions and dashed lines represent non-significant relationships between variables. The 

significant partial regressions are labelled with its partial regressions coefficient (b’) ad the corresponding p-value). 
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 Our model had a χ2 of 0.947 leading to a p-value of 0.33, implying that we cannot reject the 

hypothesis of a perfect fit. The root mean squared error of approximation was lower than 0.001, as 

expected in an excellent fit. This model was able to explain 61% of the variance on juvenile length 

at birth (Figure 2.10). Luminance was not significantly different (Wilcoxon signed-rank test, Z = -

0.94, p = 0.35) between sacrificed (62.99 ± 3.99, mean ± SD) and anesthetized females (61.71 ± 

2.39). 

 

Discussion 

 

We found that black striped pipefish females are able to potentially signal their quality to males 

simultaneously through a variety of traits, such as trunk broadness, stripe width and luminance, 

that although often correlated with body length, have a far more flexible nature able to honestly 

translate reproductive potential within very short time frames. Wider stripes on females seem to be 

positively selected by males (pre-mating selection) as they seem to be a good indication of female 

oocyte size. Although luminance was not selected by males during our mate choice experiment, 

our results also show that stripe luminance reflects juvenile size at birth, with darker females 

originating broods with larger juveniles.   

These results are in general accordance with previous findings on syngnathids showing that 

different sexual traits, namely those related with stripe/coloration patterns, can indeed signal the 

female ability to produce more and larger eggs (Rosenqvist and Berglund 2011). Striped patterns 

are common in syngnathids, especially so within the genus Syngnathus (e.g S. abaster, S. floridae, 

S. typhle or S. scovelli), and one may thus hypothesize that the display of these traits, dependent 

on body condition, has a common function ultimately associated with the advertisement of 

reproductive potential. For instance, trunk broadness in S. typhle is correlated with the lipid content 

in oocytes (Goncalves, Mobley et al. 2010). Nevertheless, to guaranty honesty, the display of these 

traits should theoretically be costly and we now know that pipefish stripes do imply costs as they 

have at least the potential to decrease crypsis (Bernet, Rosenqvist et al. 1998) and their display is 

able to elicit antagonistic intrasexual interactions (Berglund and Rosenqvist 2009). Probably due to 

these reasons, the striped pattern commonly observed in pipefish is only maximized during 

courtship and mating or in competitive situations, mostly by females in sex-role-reversed species 

such as S. abaster(Silva, Vieira et al. 2010). Pipefish striped patterns have a dual function, 

simultaneously important in mate choice and intrasexual competition. For instance, in S. abaster, 

females display their stripes to other females when establishing an hierarchy early in the breeding 

season (Silva, Vieira et al. 2007).  

Recently, Flanagan, Johnson et al. (2014) showed, in S. scovelli, that selection acts on the 

females’ striped pattern during pre-mating, when males select females based on the number and 
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size of their stripes. While selecting based on stripe characteristics (e.g. number), males were also 

indirectly selecting for size (Flanagan, Johnson et al. 2014). We found a very similar scenario, 

where pre-mating selection by males acts (when controlling for female size) on female stripe width. 

Oocyte size seems to be a good explanation for this preference, as wider stripes indicate larger 

oocytes known to be more nutritious (Goncalves, Mobley et al. 2010). Size is certainly another trait 

selected by syngnathid males (Berglund, Rosenqvist et al. 1986, Mattle and Wilson 2009, Paczolt 

and Jones 2010, Rose, Paczolt et al. 2013), including in S. abaster (Silva, Vieira et al. 2007), as it 

is usually positively relates with female fecundity (Braga Goncalves, Ahnesjö et al. 2011). 

However, as we verified in S. abaster, size can at times be only indirectly related with female 

quality, both through stripe width and trunk broadness. This means that although size portraits 

relevant information on female potential quality and fecundity, subtler and more dynamic layers of 

information can be conveyed by the striped pattern and trunk broadness. For instance, as females 

are not able to shrink, size can at times convey less reliable information on the female potential 

quality, especially when female ovaries are depleted or when female condition is poor. 

Interestingly, Cunha, Berglund et al. (2014) observed that males, who consistently reproduced with 

larger females, mated with smaller females towards the end of the breeding season, when large 

female gonads were largely spent. Colouration is much more prone to indicate female condition, 

given its plasticity (Milinski and Bakker 1990, Kudo and Karino 2012).  

Males accrue more direct benefits from mating with more ornamented females, as larger 

juveniles are produced, thus extending male fitness. For instance, S. typhle when allowed to 

choose the mating partner (the choice was not based on size), produced newborn juveniles that 

were better at escaping predators, and juvenile length at birth was correlated with female length 

(Sandvik, Rosenqvist et al. 2000). In S. abaster,we observed that similarly sized males mating with 

darker striped females gave birth to larger juveniles. Here, it was not size, but a secondary sexual 

character (color) that directly helped predict juvenile size at birth. Size at birth is especially 

important in S. abaster as larger juveniles are known to more readily adopt a vertical distribution 

closer to the substrate, making them less exposed to predation (Sárria, Santos et al. 2011), and 

these larger juveniles can grow even more before the migration from the estuaries, thus increasing 

the prospects of survival. Larger juveniles are also less prone to be cannibalized by other 

individuals or even their fathers immediately after birth (Cunha, Berglund et al. 2016).  

The fact that female ornamentation reflects offspring quality in species where females only 

invest in egg production is not a novelty (Weiss, Kennedy et al. 2009, Kekäläinen, Huuskonen et 

al. 2010, Remes and Matysiokova 2013), however this link has not been established, to the best of 

our knowledge, in species where only paternal care is provided after fertilization and beyond. 

Independently from the potential paternal effects in the developing brood (Berglund, Rosenqvist et 

al. 1986, Ripley and Foran 2008, Kvarnemo, Mobley et al. 2011), female reproductive investment, 

honestly signaled by ornamentation, is a key factor to offspring fitness, either directly (e.g., good 
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quality oocytes) or indirectly (e.g. acting as a catalyst for male investment). 

In summary, during mate choice, males can potentially extract distinct layers of information on 

female quality by assessing different traits. Choosing a female with wider stripes accrues direct 

fitness benefits to males, ensuring that they will receive good quality oocytes. Also, even in species 

where only paternal care is provided, female contribution to offspring fitness is still crucially 

important. We argue that, following the results of this study and those of Flanagan, Johnson et al. 

(2014), we can understand how important it is to look at a diversity of ornaments when studying 

sexual selection (pre- and post-mating). Moreover, studies on sexual selection using 

syngnathidsrarely look at juveniles (e.g., Sandvik, Rosenqvist et al. 2000), in our opinion, a more 

reliable indication of fitness when compared to the commonly used embryo assessments 

performed mid-pregnancy. Links between mate choice, ornaments and juvenile phenotype can 

help us to better understand how different sexual traits are selected and maintained within the 

family. In this sex-role reversed species (adequately named black-striped pipefish), as in other 

species with similar reproductive strategies (paternal care only), female ornamentation is likely to 

be selected in an analogous way to that of males in species with conventional sex-roles (mate 

choice), providing immediate information on reproductive potential as well as information on the 

quality of the descendants.  
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3 WITHIN THE MALE’S BROOD POUCH 
 

 

Article IV– Mario Cunha, Anders Berglund, Nuno Monteiro (In prep.) “Sexual size dimorphism in 
the absence of male mate choice in a sex-role reversed pipefish”. 

 
Article V – Mario Cunha, Anders Berglund, Nuno Monteiro (In prep.) “The Woman in red effect: 

Pregnant pipefish males neglect their brood in the presence of a very sexy female.” 
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3.1 Article IV – Sexual size dimorphism in the absence of male mate 
choice in a sex-role reversed pipefish 

In prep. 

 

Mário Cunha1,2, Anders Berglund 3, Nídia Sampaio1, Gunilla Rosenqvist 5,6 & Nuno Monteiro1,2,4 
1 CIBIO/InBIO, Centro de Investigação em Biodiversidade e Recursos Genéticos, Rua Padre Armando Quintas, 4485-661 Vairão, Portugal 
2 Faculdade de Ciências da Universidade do Porto, rua do Campo Alegre, 4169-007 Porto, Portugal 
3 Department of Animal Ecology, Evolutionary Biology Centre (EBC), Uppsala University, Norbyvägen 14, 752 36, Uppsala, Sweden  
4 CEBIMED, Faculdade de Ciências da Saúde, Universidade Fernando Pessoa, Rua Carlos da Maia 296, 4200-150 Porto, Portugal 
5 Centre for Biodiversity Dynamics Department of Biology, Norwegian University of Science and Technology, 7491 Trondheim, Norway  
6 EBC, Uppsala University, Campus Gotland, SE-621 67 Visby, Sweden 

 

Introduction 

Following Darwin’s description of sexual selection (Darwin, 1871) researchers mainly focused on 

pre-copulatory selection processes such as female choice and male competition which affect their 

mating success (Andersson & Simmons, 2006, Eberhard, 2009). It was not until the 1970’s that it 

was pointed out that sexual selection continue after mating (Parker 1970). For instance, when 

females mate multiply, males may continue to compete for access to the female’s oocytes through 

sperm competition. In the last decades, researchers found that not only sperm competition but also 

female cryptic choice play an important role in post-copulatory selection (Eberhard, 1996, Eberhard 

& Cordero, 1995). Therefore, to understand how selection is working as a whole, we need to take 

into account selection processes taking place before and after mating. This is of extreme relevance 

since these selection processes can act antagonistically or concordantly (Evans & Garcia-

Gonzalez, 2016).  

While pre-copulatory selection is based on traits that give an advantage in competition for mates or 

attracting the mating partners, post-copulatory selection acts on traits that enhance fitness beyond 

copulation (Wigby & Chapman, 2004). Body size is a good example of a trait that confers 

advantage in pre-copulatory selection, both through mate choice or intra-sexual competition 

(Andersson & Simmons, 2006). Larger individuals, in good body condition, are more often chosen 

by their partners (Basolo, 2004, Deb et al., 2012) and have an advantage in deterring their 

adversaries (Serrano-Meneses et al., 2007). If larger individuals of one sex have a systematically 

reproductive advantage over their adversaries, this will eventually lead to sexual size dimorphism. 

A trait is not restricted to be selected only during pre-copulatory selection and can also be selected 

for or against after copulation (Hosken et al., 2008). However if different traits are involved and a 

trade-off is in place, preferential investment in either pre- or post-copulatory selection depends on 

which episode of selection provides the individual with higher fitness benefits (Lüpold et al., 2014).  
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Although knowledge on the mechanisms and relation of pre- and post-copulatory selection has 

widened in the recent years (Evans & Garcia-Gonzalez, 2016), information derives mainly from 

taxa with female pregnancy.  

The fish family Syngnathidae has a unique form of paternal care in the animal kingdom: male 

pregnancy. Thus, this family provides a unique opportunity to study post-copulatory female 

competition and cryptic male choice, two areas where our knowledge is still feeble. Females 

transfer the eggs to the male’s brood pouch or incubating surface where the embryos develop. In 

many species, males prefer to mate with larger, dominant and more ornamented females and mate 

multiply (Mobley et al., 2011b, Rosenqvist & Berglund, 2011). During pregnancy, males provide 

protection, osmoregulation and trans-generational immune priming to the developing embryos 

(Carcupino, 2002, Monteiro et al., 2005, Partridge et al., 2007, Ripley, 2009, Roth et al., 2012). The 

brood pouch also functions as a “placenta-like” structure where nutrients are transferred between 

the developing embryos and the father (Kvarnemo et al., 2011, Ripley & Foran, 2008, Sagebakken 

et al., 2009). This transfer of nutrients together with the multiple mating in many species in this 

family (Mobley et al., 2011b) has the potential to give rise to post-copulatory selection. Indeed, 

post-copulatory selection has been recently described in the Gulf pipefish, where males invest less 

in embryos from less preferred females to potentially save resources for future reproductive events 

(Paczolt &  Jones, 2010). Additionally, there is also the possibility for female-female competition 

within the male’s brood pouch, for instance, in the form of sibling rivalry, as suggested by Ahnesjö 

(1996). 

The broad-nosed pipefish, Syngnathus typhle, has a distribution ranging from the Mediterranean 

up to the Baltic Sea, thus experiencing a wide range of temperature regimes (Rispoli & Wilson, 

2007) which are known to differentially influence male and female reproductive potential (Ahnesjö, 

1995). Multiple mating by males increases with latitude as well as sexual size dimorphism (Rispoli 

& Wilson, 2007), both of which suggest stronger sexual selection in higher latitudes (Avise et al., 

2002). As a general pattern in fish, larger females usually are more fertile having larger and more 

eggs and S. typhle females are not an exception with larger females having larger eggs containing 

more protein (Goncalves et al., 2010). This can possibly explain, at least partially, the male 

preference for larger females in S. typhle (Berglund, 1994, Berglund et al., 1986, Berglund et al., 

2005). Although male preference for larger females is a well-documented fact for a population on 

the west coast of Sweden, there is a population situated at the same latitude, but on the east 

coast, where males do not seem to discriminate females based on size during pre-copulatory 

selection (Sundin et al., 2013).  

Since female size is a trait selected by males in S. typhle, as well as in other species of pipefish 

(Rosenqvist & Berglund, 2011), it is curious why this particular population (Baltic Sea population 

used in this study), where sexual selection was expected to act strongly on females due to the 

predicted higher rates of multiple mating (Avise et al., 2002, Rispoli & Wilson, 2007), males do not 
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choose females based on size (Sundin et al., 2013). However, competition between females can 

be the main driver of sexual selection since in situations where the sex ratio is female-biased, 

females tend to have increased encounter rates, although this only happens in low densities 

(Aronsen et al., 2013). In other pipefish, Syngnathus scovelli, where selection was quantified both 

pre- and post-copulation, it was found that sexual selection is mainly driven by variance in female 

mating success and therefore during pre-copulation (Flanagan et al., 2014, Rose et al., 2013). 

Alternatively, given the refined paternal care in S. typhle and a polygynandrous mating system, the 

main source of variation in female reproductive success may be shifted to post-copulatory 

processes, either through male cryptic choice or half-sibling rivalry. 

Here we hypothesize that males in our study population do not discriminate female based on size 

due to reduced variation in female quality. We investigated how female length, interpreted as a 

proxy of female quality, is related to oocyte size and protein content. To understand if female intra-

sexual competition is one of the main drivers of pre-copulatory sexual selection in this population, 

we evaluated whether mating order had any meaningful repercussion in female fitness 

(assessment based on embryo growth). However, given the short time normally elapsed between 

mating with different females, we hypothesize that mating order should not interfere with female 

fitness as described for the population in the Swedish west coast (Mobley et al., 2011a). 

Additionally, we wanted to understand if, in the absence of male mate choice, female size is under 

positive post-copulatory selection. We predict that embryos grow faster when in full-sib broods due 

to the lack of half-sibling rivalry and potential differential nutrient allocation done by the male. 

Moreover, males mated with two females of distinct sizes (one small, one large) are predicted to 

have lower relative embryo survivability when compared to males mated with either small or large 

females alone.  

 

Material and methods 

 

Sampling and handling 

 

The experiment was conducted at Ar Field Station on Gotland, Sweden, between May and July 

2015. Individuals from the species S. typhle were caught with a beam trawler in eelgrass meadows 

in central Baltic Sea by the coast of Gotland (57°44’20’’ N, 18°57’40’’ E). Fish were transported to 

the field station in isothermal containers with aerators. Once in the field station, fish were 

transferred to holding tanks (650 L) and separated by sex. The tanks had flow-through water from 

the Baltic Sea. Temperature, salinity and photoperiod followed natural conditions, with natural light 

being supplemented with artificial light bulbs. Fish were fed three times a day with live Artemia sp. 

at different development stages together with live and frozen Mysis sp. All the tanks were 

environmentally enriched with artificial eelgrass to ensure that all fish had access to refugee. 
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Female size and oocyte quality 

 

To establish how female length and weight relates to oocyte size and protein content, 17 females 

were sampled. These females were caught before the onset of the breeding season and their 

gonads continued maturation in the laboratory, thus ensuring that the oocytes measured were 

mature and the first batch of that year. We started by over-anesthetizing females in a solution 

containing MS222. Females were eviscerated and the gonads removed. The eviscerated body was 

incubated for 72 h at 70 °C to obtain dry weights. The gonads and all the oocytes were 

photographed under a stereomicroscope that allowed for oocyte measuring and counting. The 

oocytes were immediately frozen at -20 °C. Frozen eggs were separated at -20°C and individually 

homogenized in ice-cold 50 µl of SEID buffer (0.1% sodium deoxycholate, 150 mM sucrose, 10 

mM EDTA, 50 mM imidazole, pH 7.3) using a Precellys24 bead homogenizer (Bertin, Montigny-le-

Bretonneux, France) at 6800 RPM for 2x10s. The homogenate was centrifuged at 17000xg for 5 

min at 4°C and the supernatant processed according to the instructions of the ExperionTM Pro260 

Analysis Kit (Bio-Rad, Hercules CA) using the included reagents. Processed samples were loaded 

onto protein chips and analyzed using a Bio-Rad ExperionTM automated electrophoresis system 

and accompanying software (v3.20). 

 

Mating experiment 

 

The mating experiment started from the moment we found the first pregnant male in the wild 

(frequent visits to the sampling site were made in order to assess the onset of the breeding 

season). Mating took place on smaller barrels (200L) with the same conditions described for the 

holding tanks. Experimental trials were divided in 4 treatments: 1) Single males were mated with 

small (SS; single + small) or 2) large females (SL; single + large) (full-sib broods); Multi mated 

males (MM, half-sib broods) were mated with two females. 3) First with a smaller female followed 

by a large female and 4) in the opposite order. Size classes were established based on previous 

length measurements of females from this population (14.1 ± 0.72 cm, average ± 1/2 Standard 

deviation) (data supplied by J. Sundin). Accordingly, small females were smaller than 13.4 cm and 

large females were longer than 14.8 cm. All individuals (males and females) were measured before 

the experiment.  

Single mated males were allowed to mate and after the first eggs were transferred (approximately 

every hour each tank was checked for mating events for a period of 16 h each day) the female had 

24 h to transfer more eggs at which point she was removed. In the multi-mated treatment, the first 

female was allowed to fill the male’s pouch to approximately half. The female was then removed 

and a second, different-sized female was added and allowed to fill up the other half of the male’s 

pouch within the following 24h. When the second female did not mate within 24h (very rare, 3 



100 FCUP  
 Within the male’s brood pouch 
 ___________________________________________________________________________________________________________  

 

occasions), the male was used as a single mated male. We did this to avoid large differences in 

incubation time between the two females. After each male got pregnant (either from one or two 

females) it was transferred to a holding tank together with all the males that got pregnant that day 

(650 L tanks). Immediately after the females mated we removed them from the tank, over-

anaesthetized and dissected them as described above. The eviscerated body of each female was 

incubated for 72 h at 70 °C to obtain dry weights.  

We kept pregnant males in the holding tanks during 300 °C/day of pregnancy. Within this period, 

the embryos are still inside the eggs so their position in the pouch does not change. Keeping a 

clear border between the eggs of the 1st and 2nd female, because embryos hatch inside the pouch 

and are able move. This way the parentage analysis process is made easier (supplementary 

material for details). Simultaneously, it is already possible to measure embryo length, the 

remaining yolk and there is enough DNA to perform parentage analysis. We over-anaesthetized 

(MS222 solution) males and under a stereomicroscope we carefully dissected the eggs and 

removed the embryos. We counted the number of embryos within the male’s pouch and recorded 

their relative position. Embryos with development abnormalities or eggs that were not developing 

were counted as abortions. We calculated embryo relative survival for each brood by dividing the 

number of normally developed embryos by the total (normal developing embryos plus abortions). 

Approximately 52% of the embryos from each brood were photographed with a digital microscope 

(Dino-lite AM7013NT) alongside a ruler for further measurements (embryo length and yolk area), 

and preserved in 96 % ethanol.  

To ensure data independence when comparing embryo length between small and large females 

within the MM group (since embryos are brooded within the same male’s brood pouch), we did the 

following: average embryo length of the second female transferring the eggs (small or large) was 

subtracted to the average embryo length of the first female (small or large). Comparing the result of 

this simple operation between the group where the small female was the first (S1) and the group 

where the large female was the first (L1) showed whether order of female size influenced embryo 

average length in a multi-mating scenario. For instance, if embryos from the first female are on 

average larger than the embryos of the second female, the result will be positive, irrespectively of if 

a large or a small female mated first (suggesting the importance of mating order). If female size is 

the most important factor, the value will be positive when large females mate first and negative 

when small females mate first. Therefore if female size is the responsible factor, the calculated 

averages will be different from each other, one positive and one negative. On the other hand if 

mating order is the key factor, both groups will have positive values. If the positive averages values 

are different from zero, we have detected a mating order effect. 
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Results 

 

Female size and oocyte quality 

 

Female length (14.91±1.22cm, N=17) was correlated with the number of oocytes (94.29±50.91 

oocytes, N=17) (R2=0.55, N=17, p=0.02). However, both oocyte area (0.08±0.01cm2, N=17) and 

protein content (12,64±3,83 mg/ml, N=17) were not correlated with female length (R2=0.46, N=17, 

p=0.06; R2=0.2, N=17, p=0.43, respectively). Female dry body weight (0.17 ± 0.041 g, N=17) 

follows the same pattern as female length, positively correlating with number of oocytes (R2=0.69, 

N=17, p<0.01). An absence of correlation between female dry body weight with oocyte area and 

protein content was also found (R2 = 0.29, N=17, p=0.26; R2 = 0.27, N=17, p=0.29, respectively).  

Protein content of oocytes was also not correlated with its area (R2=-0.02, N=17, p=0.93). 

 

Mating experiment 

 

Male length did not differ between groups (SS, 14.84 ± 1.05 cm, N=14; LS, 14.56 ± 0.86 cm, N=10; 

MM, 14.83 ± 0.86 cm, N=20; ANOVA, F(2,41)=0.34, p=0.72). Female length and dry body weight 

differed as predicted, i.e., all the small females (from the different groups) were similar between 

them (female length, 13.45 ± 0.87 cm, N=34; female body dry weight, 0.13 ± 0.02 g, N=34) and all 

large females were also similar between them (female length, 16,54 ± 0.68 cm, N=30; female body 

dry weight, 0.25 ± 0.04 g, N=34). Small females were significantly smaller and lighter than large 

females (ANOVA, F(5,58)=50.35, p<0.001, Post hoc NK test; ANOVA, F(5,58)=53.43, p<0.001, Post 

hoc NK test, respectively). 

 

Figure 3.1 Comparison of embryo relative survival between SS, SL and MM groups. 
The black boxes represent the standard error and the bars depict the standard deviation. 
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Relative embryo survival was not different between groups (SS, 0.87 ± 0.12; LS, 0.94 ± 0.07; MM, 

0.95 ± 0.04, Kruskal-Wallis ANOVA, H(2, N=44)=2.44, p=0.29) (Figure 3.1). 

When comparing the relationship between relative embryo survival and number of embryos in the 

brood pouch, SS and LS had similar positive slopes and intercepts (F(1,20)=0.03, p=0.86; 

F(1,21)=0.13, p=0.72, respectively). A common correlation was calculated for single-mated males, 

which showed a positive significant relation (single-mated, R2=0.29, p<0.01). Multi-mated males 

did not show the same correlation (multi-mated, R2=0.06, p=0.29) (Figure 3.2).  

 

 

Figure 3.2 Linear regression lines representing the relationship between the number of embryos and embryo relative survival. 
The dashed line with empty dots represents single mated males while the sold line with filled dots represent multi-mated males. 

 

Figure 3.3 Comparison of embryo length between SS, SL and MM groups. 
The black boxes represent the standard error and the bars depict the standard deviation. 
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When comparing embryo length between SS (6.02 ± 0.63 mm, N=14), LS (5.79 ± 0.57 mm, N=10) 

and MM (6.12 ± 0.69 mm, N=20) no significant differences were found (ANOVA, F(2,41)=0.91, 

p=0.41) (Figure 3.3). The remaining yolk in the embryos was also similar between groups (SS, 

2.89 ± 0.87 mm2, N=14; LS 2.89 ± 0.7 mm2, N=10; MM, 2.88 ± 0.58 mm2, N=20, ANOVA, 

F(2,41)=0.01, p=0.99). However, there was a significant difference in the amount of embryos that 

males carried during pregnancy (SS, 34.5 ± 20.39 embryos; LS, 57.2 ± 23.76 embryos; MM, 75.55 

± 15.25 embryos, Kruskal-Wallis ANOVA, H(2, N=44)=20.26, p<0.001). Post hoc multiple comparisons 

revealed that the only difference was between the MM group and SS.  

Comparing the average embryo length difference between S1 (small female mated first; 0.28 ± 

0.28 mm, N=10) and L1 (large female mated first; 0.29 ± 0.25 mm, N=10) revealed no significant 

differences (ANOVA, F(1.18)=0.01, p=0.97). However, the difference was positive in both groups 

hinting on the importance of mating order, and indeed those differences were different from zero in 

both S1 and L1 groups (one-sample T-test, 0.28 ± 0.28 mm, t=3,11, p<0.01, N=10; one-sample T-

test, 0.29 ± 0.25 mm, t=3,65, p<0.01, N=10). Therefore, it is not female size but order that has an 

effect on embryo average length in multi-mated males. 

There is a significant positive correlation between embryo length and yolk size in both SS and SL 

groups (R2=0.47, p=0.03, N=10; R2=0.28, p<0.05, N=14, respectively), showing that larger 

embryos still have more energy reserves to continue growing. The slopes and intercepts were 

similar between LL and SL groups (F(1,20)=0.06, p=0.81; F(1,21)=0.4, p=0.5, respectively). On the 

other hand, large and small females fail to show the same correlation between embryo length and 

yolk size in the MM group (R2=0.0, p=0.98, N=20; R2=0.09, p=0.19, N=20, respectively), with 

energy reserves not being higher in larger embryos. 

 

Discussion 

 

According to our prediction, we found that female length is not a good indicator of female quality in 

the studied population since it does not reflect oocyte size or protein content. The same pattern is 

true for female body dry weight. This can partially explain the absence of male preference for large 

females in this population (Swedish East coast, Baltic sea) (Sundin et al., 2013). These patterns 

are distinct from those observed in the Swedish west coast, where larger females produce larger 

eggs (Braga Goncalves et al., 2011), with more protein (Ripley, 2006), and are preferred by males 

(Berglund, 1994, Berglund & Rosenqvist, 2001, Berglund et al., 1986). Thus, males do not seem to 

get any benefit from mating with larger over smaller females in our studied population as they 

receive eggs with the same size, and embryos grow to the same length and have the same 

amount of yolk.  
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Without male mate choice for larger females, selection for larger females to maintain the observed 

sexual size dimorphism (Rispoli & Wilson, 2007) can either occur due to post-copulatory processes 

or due to female-female competition for mating opportunities. If embryos from large females have a 

competitive advantage over embryos from small females, one would expect embryo relative 

survival to be lower in multi-mated males. However, relative embryo survival is similar between all 

experimental groups (SS, SL and MM). On the other hand, a study by Sagebakken et al. (2011), in 

S. typhle from the Swedish west coast population, found that multi-mated males had broods with 

higher relative embryo survival when compared to single-mated males. Although we have not 

found such differences, we detected that small broods do not seem to do as well as larger broods 

(but only among the single-mated males, full-sib broods). This pattern is opposite to that described 

by Sagebakken et al. (2011) where very high density (e.g. competition for nutrients) is pointed out 

as being the main reason for lower survival in larger broods (full-sib broods). In this species, the 

father provides nutrients to the embryos during development. If, with increasing brood size, the 

investment by the father (nutrient transfer) is not proportional, one would expect sibling competition 

for nutrients, in agreement with Sagebakken et al. (2011). We know that a enormous 

transformation takes place in the male’s brood pouch once pregnancy is established. Males keep 

the environment inside the pouch with the correct osmolality (Partridge et al., 2007, Ripley, 2009) 

and a new network of capillaries develops to facilitate nutrient transfer between parent and 

offspring (Carcupino et al., 1997, Carcupino et al., 2002, Ripley et al., 2010). This is a huge 

investment done by the male, partially confirmed by the fact that pregnant males grow less 

compared to non-pregnant males (Paczolt & Jones, 2015). Considering this, one would also expect 

a male with a very small brood would benefit from a complete abortion of the current pregnancy. 

During our experiment, three males that were initially carrying very few eggs were empty and ready 

to mate again when we finished the experiment, approximately halfway through pregnancy. This 

anecdotal observation has equivalents in other species, such as S. abaster or Nerophis 

lumbriciformis (personal observation). Males that do not completely abort their brood can reabsorb 

eggs (Sagebakken et al., 2009) to gain resources for a better reproductive event in the future 

(Paczolt &  Jones, 2010). Nevertheless, we found a hint for sibling rivalry, as previously suggested 

by Ahnesjö (1996). Embryos in half-sib broods seem to be spending more energy to achieve the 

same size when compared full-sib broods. Larger embryos from single mated males also have 

larger yolks. This might seem counter-intuitive as larger embryos should have less yolk as they 

have grown faster, but here we looked at embryos from different females that started out with a 

different amount of yolk from the mother’s egg. Surprisingly, in multi-mated males, the same is not 

true as there is no relationship between embryo length and remaining yolk. In short, embryos of the 

same size in single and multi-mated males, at the same point in time, have different energy 

reserves left to keep growing. However, these results are not a definitive proof of sibling rivalry. For 

instance, they can stem from a density effect in MM with embryos growing less effectively in 
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oxygen deficient environment (Goncalves et al., 2015). Female length is unlikely to be selected for 

during post-copulatory processes in this S. typhle population. Still, broods containing half-siblings 

have increased genetic diversity which is one major advantage from multiple mating and is likely to 

increase survival probability of juveniles (Jennions & Petrie, 2000).  

Sexual size dimorphism is more likely to be at least partially result of female-female competition for 

access to mates. Another important selective force giving rise to this sexual size dimorphism can 

be fecundity selection at higher latitudes (lower water temperatures) (Wilson, 2009). We found that 

the female that transferred eggs first in multi-mated males, irrespectively of their size (large or 

small), has larger embryos half way through pregnancy. In our experiment, both large and small 

females were given the chance of mating first. However, in the wild, larger females probably have 

a competitive advantage over smaller females to mate first. The competitive advantage over 

smaller females to mate first was observed in other syngnathid species (Silva et al., 2010) and 

other S. typhle populations (Bernet et al., 1998). Opposing our prediction this difference in embryo 

length is present even if the largest interval between the first and second female is less than 24 

hours.  

Here we show that males have no reason to be choosy regarding female size in this distinctive S. 

typhle population since female quality does not vary according to size. This was seen both in the 

females’ oocytes as well as in the respective embryos. The potential advantage of mating with a 

larger female is receiving more eggs. With small brood sizes having lowered embryo relative 

survival, mating multiply is an even safer bet ensuring that the male has a large enough brood to 

be successful (two females easily provide the male with enough eggs). Although our data is unable 

to unequivocally demonstrate sibling rivalry, one can assume that female length does not provide 

any advantage in post-copulatory selection. Interestingly, sexual size dimorphism (females being 

the larger sex) can still be maintained in the absence of mate choice. 

 

Supplementary material 

 

DNA extraction and PCR 

 

DNA was extracted from females, pregnant-males and developing embryos present in the male’s 

brood pouch using the Genomed JETquick tissue DNA spin kit. Samples were amplified for 2 

highly polymorphic microsatellite markers (typh04 and typh18, Jones et al. 1999). For both 

microsatellites, reaction tubes (10 µl) contained 5 µl MasterMix (Alphagene), 1 µl H2O, 0.8 µM 

primer, 0.8 mM fluorescently labeled tail. PCR setup started with an initial denaturation of 94 °C for 

15 min, followed by 30 cycles with 94 °C for 30 s, 58 °C annealing for 30 s with 72 °C extension for 

30 s. Then we ran 10 cycles with 94 °C for 30 s denaturation, 53°C annealing for 30 s and 72 °C 



106 FCUP  
 Within the male’s brood pouch 
 ___________________________________________________________________________________________________________  

 

for 30 s for the fluorescent tail. Final extension for was 72 °C for 15min min. All PCRs were 

conducted in a BIO-RAD MyCyclerTM Thermal Cycler (Applied Biosystems).  

 

Parentage analysis 

 

Allele sizes were determined on an ABI 3100 capillary sequencer (Applied Biosystems) using LIZ 

75–450 as size standard (Applied Biosystems). The size of each fragment was then determined in 

Peak Scanner Software v1.0 (Applied Biosystems).   

During our mating experiment males that got pregnant in the same day were transferred to the 

same holding tank until they reached 300 °C/day of pregnancy. This way we have limited the 

number of females that are the possible mother of those broods. Males were not kept in separate 

aquaria due to the lack of space. Before being dissected we collected a small amount of tissue 

from the over-anesthesized females and preserved it in 96% ethanol for parentage analysis. 

Females received a code with the number of the male they mated with and the holding tank that 

male was transferred to. The experiment lasted 10 days, resulting in 10 holding tanks. With this 

procedure we ended up with small groups of fish where we have access to all possible parents of 

the broods making the need for many microsatellite markers unnecessary (Jones et al. 2010). The 

tank with the higher number males had 7, with 10 possible mothers, therefore four single mated 

males and three multi-mated. In this holding tank, the one with more possible combinations of 

parent offpspring we have a high probability of exclusion Pe=0.99, which represent the likelihood of 

making a correct assignment. Additionally for this particular holding tank our probability of identity 

was very low, Pi=1,2 × 10-4, representing the likelihood of randomly selecting two individuals with 

the same genotype. Meaning that the remaining holding thanks have even better probabilities of 

exclusion and identity. Although we have genotyped approximately 31% (single and multi-mated 

males) of all photographed embryos we have done the following: 1) we started by genotyping 4 

embryos from each brood, 2 from each extreme of the pouch, top and bottom, to maximize our 

possibilities of separating single mated males from multi-mated males. Females lay the eggs in 

clusters, and since we have multi-mated males filled up to approximately 50% by the first female, 

genotyping two embryos from the bottom and two from the top it is a good way of sorting single 

mated from multi-mated males. Since we known how many single and multi-mated males are in 

each holding tank after this first assessment we could decide in which males further embryo 

genotyping was necessary. During this first analysis we were able to identify all the multi-mated 

males, and consequently the single mated ones across all holding tanks. Broods from single mated 

males remained with only 4 embryos genotyped, enough to the assign that brood to the 

corresponding female. 2) Multi-mated broods were further analysed, with 38,4% of the 

photographed embryos being genotyped. The first female filled up each male to approximately 

50%, therefore the border between the eggs of the two females was roughly known, with our 
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genotyping effort being more concentrated in that area. When the border was found, it was clear 

that from that area up or down the rest of the eggs belonged to another female.  

Due to the low number of possible mothers in each holding tank the maternity assignment was 

done visually, using the exclusion method (Jones et al. 2010). 
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3.2 Article V – The woman in red effect: Pregnant pipefish fathers 
nelglect their brood in the arrival of a very sexy female 
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Main text 

 

Biologists were first baffled by the description of female mice (Mus musculus) blocking pregnancies 

when exposed to unfamiliar males (Bruce 1959, Bruce 1960). This phenomenon, the Bruce effect, 

has since been observed in a wide variety of mammals (e.g. meadow voles (Clulow and Langford 

1971), collared lemmings (Mallory and Brooks 1980), lions (Packer and Pusey 1983), horses 

(Berger 1983) and geladas (Roberts, Lu et al. 2012)), both in the laboratory and in nature. As life 

history theory predicts that investment in reproduction should mirror expected fitness benefits, a 

commonly accepted adaptive explanation to these apparently spontaneous abortions is that 

females whose current offspring are susceptible to infanticide can minimize losses by terminating 

pregnancies at the arrival of a new male (Roberts, Lu et al. 2012).  

The Bruce effect has so far only been described in placental mammals, a fact probably owed to the 

intimate relation between the pregnant mother and her embryos. There is, however, another taxon 

with similarly complex interactions between one of the progenitors and the developing brood, 

where we can look for an analogue to the Bruce effect and its adaptive significance. In the fish 

family Syngnathidae (seahorses, pipefish and seadragons) a very sophisticated form of pregnancy 

also occurs, but taking place in the male’s body (Wilson, Vincent et al. 2001). During mating, the 

female transfers eggs to the male’s incubating surface or pouch, where eggs are fertilized, 

ensuring full certainty of paternity (McCoy, Jones et al. 2001). During development, the brood 

pouch not only provides the embryos with protection (Monteiro, Almada et al. 2005) and 

osmoregulation (Ripley 2009), but it also allows for the exchange of nutrients between parent and 

offspring (Ripley and Foran 2008, Sagebakken, Ahnesjo et al. 2009, Kvarnemo, Mobley et al. 

2011) as well as trans-generational immune priming (Roth, Klein et al. 2012). The syngnathid 

brood pouch can thus be viewed as a structure analogous to the mammalian uterus (Stölting and 

Wilson 2007). This intimate relation between father and offspring sets the stage for post-copulatory 

selection to operate. Indeed, fitness trade-offs between consecutive broods with increased rates of 
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offspring abortion in pregnancies from small females led authors to suggest that a strategy of male 

cryptic choice is present in the sexually dimorphic Gulf pipefish, Syngnathus scovelli (Paczolt and 

Jones 2010). 

Here, we used the black-striped pipefish, Syngnathus abaster, to look for a Bruce effect analogue, 

testing whether males are able to terminate pregnancies after exposure to unfamiliar females. 

Unlike mammals exhibiting the Bruce effect, infanticide should not be the main driver of an 

eventual pregnancy block in syngnathids. Although cannibalism on newborns is recurrent (Cunha, 

Berglund et al. 2016), it is not solely done by dominant females. Thus, we hypothesised that a 

pregnancy block, should it exist, would likely result from higher fitness gains to the male from future 

as compared to current reproduction. In this species males can receive eggs from one to four 

females per pregnancy (Cunha, Berglund et al. 2014), and are known to prefer larger females 

(Silva, Vieira et al. 2007).  

We devised a simple experiment containing four distinct groups (Fig. 3.4). In the first, the focal 

male was allowed to mate with one above-average sized female (i.e., good quality female).  

 

Figure 3.4 Representation of the “Woman in Red” experimental setup on the left and the respective results on the right. 
On the experimental setup (left side) the different colours for the female symbol represent an above-average female (green), new 

unfamiliar above-average female (yellow) and very large female (purple). After the first female transferred the eggs to the male they 
were kept together for 5 days. The dashed line (left side) represents the divider used to hinder physical contact (inserted after 5 days), 
but allowing for visual and chemical cues (blue drop and blue eye). The same colour code applies to the right side; with the inner circle 
colour representing the first female and outer colour represent the second female. Group 3 is smaller than all other (group 3 vs all other 

groups; t(26)=4.237, P<0.001).Group 1 and 4 have the same female before and after the divider was inserted. Bars depict standard 
deviations. 

 

The pair then remained together in the aquarium for 5 days, a period of time after which no 

additional oocytes are accepted as the male’s marsupium becomes fully closed. Then the same 

female was separated from the male by a transparent divider, allowing chemical and visual 

communication, until the end of the pregnancy. In the second group, the experimental design 
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remained identical with the exception that an unfamiliar female, similar in size to the initial female, 

was introduced as a replacement. In the third group, again during the pair separation process, we 

instead introduced an unfamiliar but very large female (larger than the first). Finally, in the fourth 

group, we paired the male with a very large female right from the beginning and kept that same 

female also after the separation process (more details in supplementary information). Upon 

parturition, juveniles were collected and photographed for length measurements. We did not 

assess potential brood reductions at this stage as the male’s marsupium is largely opaque and we 

did not want to interfere with ongoing pregnancies. 

We did not record a single full pregnancy block as all males gave birth to living offspring. This 

absence of a Bruce effect (complete abortion of the brood) could be attributed either to its absence 

in this species or to the fact that the stimuli (an unfamiliar female) was introduced too late to elicit a 

full pregnancy block. Nevertheless, newborns sired by males that received eggs from one female 

and then were exposed to a very large female (group 3) were significantly smaller than all other 

newborns (Fig. 3.4). Curiously, a study by Gale et al. 2013 showed that house mouse females, 

when exposed to a novel male late in pregnancy, invested less in their offspring. Mouse pups 

weighed the same at birth as those from females that were not exposed to novel males, but they 

grew less during lactation. Even though a clear pregnancy block did not occur in these female 

mice, they still reduced their resource allocation to offspring following exposure to unfamiliar males. 

In S. abaster, as in other syngnathids with a brood pouch, embryos go through two main stages 

within the marsupium: initially, embryos are confined within the eggs; and subsequently, after 

hatching but still inside the male’s brood pouch, they gain more space and a facilitated contact with 

the father (aiding any nutrient transfer between the father and the embryos). Only at the end of 

development do offspring abandon the male’s brood pouch as fully autonomous individuals.  

Our results show that the reduced size at birth is not due to a lower female investment as group 2, 

with unfamiliar but similar sized females, produced offspring of the expected size. The most likely 

explanation is that pregnant male pipefish reduced the allocation of resources to the brood when 

subsequently presented with superior quality female. As a modest homage to the recently departed 

actor and director Gene Wilder, we termed the observed negative impact on embryo development 

as the “Woman in Red” effect. Much like in the 1984 movie with the same title, the male disregards 

his current status for the prospect of mating with a sexier female. Kvarnemo et al. (2011) showed 

that male pipefish provide nutrients to embryos, and our results suggest that males are also 

capable of adjusting the level of provisioning. With a better future perspective for reproduction (the 

metaphorical women in red), it might be beneficial for males to invest less in current reproduction 

(Wasser and Barash 1983, Paczolt and Jones 2010).  

In a side experiment, where pregnancies were interrupted for visual inspection, we observed that a 

brooding male exposed to an unfamiliar very large female was more likely to abort embryos than 

males not in contact with an unfamiliar female (72.7% vs. 30% of males with abortions, 
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respectively; for additional details, see the supplementary information). Hence, the Women in Red 

effect might indeed be comparable to the Bruce effect, aside from the obviously switched gender 

roles.  

In the wild, S. abaster males are known to have a high rate of multi-maternity (with an average of 3 

contributing females (Cunha, Berglund et al. 2014)), thus naturally producing a heterogeneous 

brood in terms of embryo size. We collected pregnant males from the field to assess embryo size 

heterogeneity, and also tried to determine if brood reductions occur. Since embryos grew linearly 

during development (Fig. 3.5), we expected brood heterogeneity to remain rather constant from 

early to late pregnancy stages. 

 

Figure 3.5 Estimation of embryonic development in S. abaster. 
The representation of early and late stages is shown in the graph, and pictures illustrate how embryos look either in early stage (still with 

yolk sac) and late stage on the top. 
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 We selected males in early pregnancy (embryos within the egg, 2-7 mm in length) or late 

pregnancy (embryos hatched from the egg but still within the brood pouch, 11-16 mm in length). 

First, pregnancies suffered a significant brood reduction (≈17%) from early to later stages, like 

observed in other pipefish species (Ahnesjo 1992, Paczolt and Jones 2010, Sagebakken, Ahnesjo 

et al. 2011). However, the coefficient of variation (CV) of embryo size (capturing brood size 

heterogeneity) of the late pregnancy stage was considerably lower than that from the early stage 

(Fig. 3.6). Given the observed brood reduction, we hypothesize that the detected decrease in 

heterogeneity should result not only from male resource supplementation but also from a non-

random embryo culling process. We simulated distinct types of brood reductions (see 

supplementary information) using individual embryo measurements from the broods of wild males 

in the initial pregnancy stage. A random embryo culling process could not explain the observed 

reduction in CV, which largely remained constant (Fig. 3.7). Nevertheless, when selectively culling 

either the smallest or the largest embryos, our simulations showed a reduction in CV, although still 

far from levels recorded in late stage pregnant males. The largest reduction in CV, but still higher 

than that measured in late stage pregnancies, was obtained when simultaneously removing the 

largest as well as the smallest embryos. Interestingly, only the CV recorded for the embryos 

resulting from the women in red effect (group 3), where male investment was lowered, showed 

values consistent with those predicted by our simulations of non-random embryo abortions. Thus, 

apart from when males become less willing to invest in the current brood (group 3), we can 

observe a type of stabilizing selection within the marsupium. The other groups (1, 2 and 4) 

displayed a lowered CV, especially group 4 that was similar to that recorded in field-captured 

males at late pregnancy stages (Fig. 3.7).  

 

Figure 3.6 Results of the different coefficients of variation during early and late pregnancy stages . 
Early stage CV is higher than late stage CV (unpaired t test: t(25)=4.586, P<0.001), and bars depict standard deviations. 
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Figure 3.7 Graphical representation of culling simulations and its relation with the coefficient of variation. 
Vertial dashed line in all graphs represents the average brood reduction found in wild captured males, and horizontal lines the CV for 

early and late stages of pregnancy. The simulations show the relationship between the number of culled embryos and its effect on CV in 
different scenarios (from left to right, Random culling – purple, Culling large embryos – red, Culling small embryos – green, Culling small 
and large embryos – blue). The graph to the right show how the CV calculated for the groups in the “Woman in Red” experiment fit the 

simulations (noticed the change in scale on the y-axis). Colours for the “Woman in Red” groups represent an above-average female 
(green), new unfamiliar above-average female (yellow) and very large female (purple), the inner circle colour representing the first 

female and outer colour represent the second female. Bars depict standard deviations. 
 
 

We conclude that: 1) brood reductions seem to be an integral part of a normal pregnancy, at least 

in the black-striped pipefish; 2) taking into consideration the marked reduction in brood 

heterogeneity towards the late stages of pregnancy, embryo culling does not seem to be a random 

process but probably derives from selective abortions; 3) together with brood reductions, direct 

male investment is required to further reduce brood heterogeneity.  

In the black-striped pipefish, infanticide avoidance is unlikely the main driver behind the Bruce-like 

effect demonstrated here. Quite the reverse, males may just be willing to allow a meaningful 

reduction of their own brood. Males less willing to invest in ongoing pregnancies show more 

heterogeneous broods of smaller offspring, while displaying a higher rate of abortions triggered by 

the sight of a very large female. Since, in pipefish, resources derived from nurse eggs or aborted 

embryos are captured by the father, instead of directly distributed among developing embryos 

(Sagebakken, Ahnesjo et al. 2009), males stricken by a sexier female not only seem to be saving 

energy reserves for a more auspicious future reproductive event but they are also seizing 

resources from a less desired developing brood. 

We show, for the first-time outside placental mammals, the occurrence of a Bruce-like effect in a 

taxon with male pregnancy. Pipefish males have a very refined control over the investment in their 

progeny, potentially allowing an effect from the presence of an unfamiliar mate on offspring 

provisioning. Indeed, we show that prospects of superior future matings cause males to reduce 

current investment. This Bruce effect analogue with switched gender roles is likely to occur also in 
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other syngnathids. Syngnathid male pregnancy hence continues to show striking similarities with 

that of mammals as the brood pouch emerges as a privileged arena to selection and conflict. 

 

Supplementary information 

 

Material and Methods 

 

Animal collection and handling 

 

Current pipefish sampling took place at the beginning of the breeding season (May), in the Aveiro 

estuarine lagoon (40°39′56′′N, 8°40′6′′W). The fish were transported to the laboratory in isothermal 

containers. Once in the laboratory, fish were separated by sex and placed in 10 L aquaria (a 

maximum of 10 adults were kept per aquarium to avoid overcrowding). The aquaria were enriched 

with artificial seagrass to mimic natural conditions and provide shelter, reducing stress. The water 

was kept at a constant temperature of 21 °C and a light regime of 13L:11D. We provided food 

twice a day, with freshly hatched Artemia nauplii. All the fish were acclimated to the laboratory 

conditions for at least 5 days until any experiment was performed. This ensured that all the fish 

were eating normally and showed no evident signs of stress.  

During this study we used data from a total of 435 pipefish (298 females and 137 males), of which 

information from 284 individuals (241 females and 43 males) derived from previous samplings 

(here used to establish female size distribution in the wild and egg numbers in pregnant males). 

With pipefish derived from our current sampling events, we performed two laboratory experiments 

using 108 pipefish (57 females and 51 males). Both males and females were photographed before 

the onset of any experiment to obtain length measurements. In the first experiment, we aimed to 

assess how the sight of an unfamiliar female affects embryo development. We used a total of 76 

individuals (46 females and 30 males), divided by four experimental groups. The second 

experiment, using 32 pipefish (11 females and 21 males), was performed to investigate if the 

presence of an unfamiliar and very large female increased the occurrence of embryo abortions. For 

our field study, we also sampled 83 males to verify if pregnancies in the wild regularly involve 

brood reductions and how does developmental heterogeneity progresses through pregnancy. 

 

Laboratory experiments 

 

Experiment 1: does the sight of an unfamiliar female affect embryo length at birth? 

 

In all four experimental groups a non-pregnant male was first paired with a female in a 10 L 

aquarium (temperature and light regimes were the same as in the acclimation period). After 
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mating, the female remained in contact with the male for the next 5 days. This was done for two 

main reasons: 1) to increase egg transference since, in S. abaster, females tend to transfer eggs in 

batches, and 2) for the brood pouch to be fully sealed given that males can receive eggs for 

several days. At this point, a transparent divider was installed to separate the male from the female 

in two equally sized compartments (preventing physical contact, but allowing visual and chemical 

communication; see Fig. 3.4).  

The first female the male mated with in groups 1, 2 and 3 was already above-average in size for 

the studied population, but males from group 4 had access to even larger females. We used 

above-average females (Figure S3) to ensure that males did not invest less in current reproduction 

because they were mating with less preferred females, as hypothesised for other pipefish (Paczolt 

and Jones 2010).  

 

Figure 3.8 Histogram of the size distribution of S. abaster in the studied population with the representation of population average, 
above-average females and very large females used in the experiments. 

Bars depict standard deviation. 
 

In group 1 (N=6), each male was mated with a female who was maintained in the aquarium, even 

after the separation, up to parturition (Fig. 3.4). In group 2 (N=8), the first female was substituted 

for an unfamiliar but equally sized female upon the introduction of the transparent divider, at day 5. 
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In group 3 (Woman in Red; N=8), the first female was replaced by an unfamiliar but very large 

female (see Fig. 3.4), known to be preferred by black-striped pipefish males (Silva, Vieira et al. 

2007). Group 4 was set to examine some of the direct benefits gained by males when mating with 

a “sexier”, very large female. Thus, the setup for group 4 (N=8) was similar to that of group 1, with 

the exception that we used a very large female from the beginning. Once juveniles emerged from 

the pouch, the duration of pregnancy was registered. Juveniles were then gently collected with a 

hand net and momentarily placed in a shallow aquarium, where they were counted and 

photographed for length measurements conducted in ImageJ v. 1.6. Since offspring are generally 

very active, we selected photographs where most of the individuals (varying from 20-100%) were 

well focused, thus allowing more precise measurements.  

We performed a one-way ANOVA with all the different groups of females used in our experiments 

1 and 2 to verify if the very large females truly differed in size from the above-average sized 

females. One-way ANOVAs were also conducted to test for group effects on the number of 

offspring emerging from the pouch, offspring size, coefficient of variation of the brood’s offspring 

length. Homogeneity of variances was assessed with Levene’s test and normality with Shapiro-

Wilk test for all parametric tests. Offspring number data was log transformed to achieve data 

normality. Due to lack of normality, a Kruskal-Wallis ANOVA was used when analysing the extent 

of pregnancy. Planned contrasts were performed to compare specific a priori hypothesis (e.g., do 

very large females lay more eggs and give rise to larger offspring when compared with above-

average females? Is an unfamiliar female of the same size able to influence offspring size? Is a 

very large unfamiliar female able to impact offspring size, compared with all other treatments?). 

Linear regressions were computed to test whether male size correlated with either the number of 

offspring and the length of the juveniles at birth (deviation from linearity was assessed with Run’s 

test). Statistical analyses were conducted in Statistica v13. 

 

Experiment 2: does the presence of an unfamiliar female increase the occurrence of aborted 

embryos in pregnant males? 

 

Since, during our first experiment, we did not look inside the opaque marsupium to avoid impacting 

ongoing pregnancies, a second experiment, using 32 pipefish (11 females and 21 males), was 

performed to investigate if temporary exposure to unfamiliar very large females increased embryo 

abortions. Pipefish used in this experiment were all captured in a single sampling event, in the 

same location described above, so as to avoid hypothetical differences due to temporal variation. 

Transportation, acclimation and maintenance were performed as previously described. Males at 

the beginning of pregnancy were selected by visual inspection of the brood pouches. During the 

first stages of pregnancy, the brood pouch is yellowish, as the eggs still present large amounts of 

yolk and embryonic pigmentation is not yet developed. Two groups were established during seven 
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days: 1) 10 males were allowed to continue their pregnancy without contact with any female and 2) 

the remaining 11 males were paired with a very large female. At the end of seven days, males 

were over-anesthetized using a solution of tricaine methanesulfonate (MS-222) and brood pouches 

dissected. We counted the number of males with aborted embryos in each of the two groups. 

Embryo development failure is particularly obvious during the first half of the pregnancy, with eggs 

containing aborted embryos becoming whitish and opaque(Scobell and MacKenzie 2011). To 

verify the association between broods with aborted embryos and the presence of a very large 

female, we used a of contingency tables χ2 test. To assess if males with aborted embryos differed 

in size from those without abortions, we conducted an unpaired t-test. 

 

Field study 

 

Are wild males able to modulate reproductive investment? 

 

An additional set of pregnant male pipefish (N=43) was sampled near the onset of the breeding 

season. The transportation was done as described above. Upon arrival to the laboratory, all males 

were over-anesthetized using a solution of MS-222, and subsequently photographed (LUMIX 

DMC-TZ6) alongside a ruler for further measurements. Formaldehyde at 10% was used to fixate 

and preserve the individuals. Eggs or embryos, depending on developmental stage, were removed 

from the pouch, counted, and photographed under an Olympus SZX16 stereomicroscope. Length 

measurements were done in ImageJ v1.6. Pregnancy duration was estimated after contrasting our 

photographs of the embryos with ontogeny data available in Silva, Monteiro et al. (2006) and 

Sommer, Whittington et al. (2012). With this data, we were able to estimate embryo growth rate 

within the male’s pouch (Fig. 3.5). We then selected two clearly non-overlapping developmental 

stages, either near the onset or end of pregnancy, to assess 1) the potential occurrence of brood 

reductions in the wild and 2) to look for hypothetical adjustments in the variance in embryo length 

during pregnancy. Specifically, we selected males either in the early (embryos still developing 

within the egg; ≈ 2-7 mm) or late pregnancy stages (embryos already hatched from the egg, but 

still within the male’s brood pouch; ≈ 11-16 mm). Since embryo size naturally increases during 

ontogenetic development (Fig. 3.5), we opted to use the coefficient of variation (standard deviation 

in the brood divided by the mean; CV) in order to compare developmental heterogeneity between 

early and late pregnancy stages. We extended the calculation of the CV to the experimental 

groups from our first experiment (effect of an unfamiliar female on hatched offspring length). 

Given that closely related pipefish have been shown able to abort embryos under controlled 

breeding experiments (Ahnesjo 1992, Paczolt and Jones 2010, Sagebakken, Ahnesjo et al. 2011), 

we wanted to know if brood reductions do naturally occur in the wild. Pooling data from our current 

samples and previous data from the same population (N=83; 64 early and 19 late), we conducted a 
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one-way ANCOVA (two levels: early vs late pregnancy stages), on the number of developing 

embryos (embryo numbers were square-root transformed for normality). The low number of males 

in late pregnancy stages is due to the fact that sampling occurred early in the breeding season. 

Male size was used as covariate as it was found to be positively correlated with egg number 

(Y=12.03X-51.62; R2=0.479; P<0.001). This was expected, as larger males have larger brood 

pouches able to receive fuller broods.  

From our current sampling (involving individual embryo photographs under a stereomicroscope), 

we narrowed down a group where good quality embryo images allowed for precise length 

measurements (Nearly=12 males, with 20-48% of the brood measured; Nlate=15, with 39-50% of 

the brood measured). The forced reduction in early pregnancy stage males stemmed primarily 

from the exclusion of males with a low number of embryos measured (less than 20%) due to the 

technical challenges imposed by the embryo extraction process and correct positioning for image 

analysis. During the first stages of development, eggs (and embryos inside) are extremely fragile. 

Formaldehyde fixation eases egg separation and removal from the brood pouch, but forces the 

extraction of the delicate embryos from the now opaque eggs. Also, since developing embryos are 

curled around the yolk, we recurrently needed to separate the yolk in order to obtain photographs 

were the embryo body was horizontally positioned (allowing length measurements under a narrow 

depth of field). Embryo growth patterns were analysed through a Pearson Product Moment 

correlation. Heterogeneity in embryo size (CV) from early and late stage pregnant males was 

analysed trough an unpaired t test. 

In order to verify if brood reductions alone were able to impact developmental heterogeneity, from 

the onset to the end of pregnancies, we devised a simple simulation-based approach. Using the 

early pregnancy stage males, we simulated, in R, 100000 broods for each male, consisting of a 

replication, with replacement, of the actually measured embryos up to a total of 55 embryos. This 

brood size was selected as it depicts the average number of carried eggs of our sampled males 

(average= 54.37, SD= 18.87) and lays well within the brood size for the onset of the breeding 

season in the sampled population (46±15; see (Cunha, Berglund et al. 2014)). We then calculated 

the CV (and confidence intervals, CI) of each of the simulated broods and extracted the average 

value. After retrieving the CV and CI of the full brood, we initiated the process of sequential embryo 

culling, using four distinct approaches: 1) random culling, 2) culling of the smallest embryos, 3) 

culling of the largest embryos, 4) simultaneous culling of the largest and smallest embryos. After 

each embryo culled, CVs and Cis were re-computed for each of the 100000 simulated broods. This 

way, we were able to verify the potential impact of random or non-random brood reductions in 

offspring heterogeneity (CV). 
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Analysis 

 

Laboratory experiments 

 

Experiment 1: does the sight of an unfamiliar female affect embryo length at birth? 

 

All our females selected for experiments 1 and 2 females were above-average in size (the 

probability of a male finding a female larger than one of our above-average females is less than 

13%, dropping to less than 3% when referring to the very large females; see Fig. 3.8). Female 

groups used in our two experiments (group 1: 9.053±0.342 cm, N=6; group 2 1st females: 9.525±0.540 

cm, N=9; group 2 2nd females: 9.742±0.755 cm, N=9; group 3 1st females: 9.304±0.555 cm, N=7; group 3 

2nd females: 10.971±0.357, N=7; group 4: 11.792±0.900 cm, N=8; experiment 2 females: 

10.731±0.304, N=11) differed in body length (ANOVA, F(6, 50)=23.220, p<0.001). A Scheffe’s post-

hoc test revealed that the groups containing above-average female groups were similar but smaller 

than those formed by very large females (which were similar). 

When addressing the number of offspring emerging from the marsupium at the end of pregnancy, 

our planned comparison highlighted that very large females (group 4: 31.125±13.021) produced 

more offspring (t(14)=29.223, P<0.001) than above-average females (group 1: 23.167±9.600 

offspring). The extent of pregnancy was not similar between all our studied groups (Kruskal-Wallis 

ANOVA: H(3,30)=7.936, P<0.05), but significant differences were only observed between group 4 

and group 3. All other groups were similar meaning that differences in other measured variables 

should not, in principle, be attributed to male-dependent truncations in embryonic development 

time (group 1: 19.667±1.211 days, N=6; group 2: 19.778±1,093, N=9; group 3: 19.143±0.691, N=7; 

group 4: 20.500±0.534, N=8).  

Offspring size at birth was significantly different between groups (one-way ANOVA; F(3,26)=8.722, 

P<0.001; group 1: 1.609±0.099 cm, N=6; group 2: 1.636±0.067, N=9; group 3: 1.493±0.107, N=7; 

group 4: 1.729±0.088 cm, N=8). Our planned comparisons showed that while offspring size did not 

vary with the introduction of an unfamiliar female of the same size (group 1 vs group 2; t(13)=-

0.576, P=0.570), a larger mother translated into larger offspring (group 1 vs group 4; t(13)=2.485, 

P<0.05). Interestingly, we observed that the introduction of a very large female after pregnancy 

started was responsible for the production of the smallest offspring (group 3 vs all other groups; 

t(26)=4.237, P<0.001; Fig. 3.4). Finally, male size was found to be unrelated both with offspring 

length at birth (R2=0.051, P=0.228, N=30) and number of offspring emerging from the pouch 

(R2=0.035, P=0.323, N=30).  

 

Experiment 2: does the presence of an unfamiliar female increase the occurrence of aborted 

embryos in pregnant males? 
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When assessing if recently pregnant males were more prone to show aborted embryos when 

exposed to a very large female (N=11) as opposed to being lonely (N=10), we found a difference 

between the two groups. The proportion of males with aborted embryos was indeed higher when 

with an unfamiliar large female (isolated: 30%; large female: 72.727%;  χ2=3.834, DF=1, P<0.05), 

with males exposed to a very large female having a 2.57x higher risk of showing aborted embryos. 

Males with or without aborted embryos (with abortions: 9.193±1.589 cm; without abortions: 

9.076±1.2344) were similar in size (unpaired t-test, t(19)=-0.186, P=0.85).  

 

Field study  

 

Are wild males able to modulate reproductive investment? 

 

There have been several reports of brood reductions occurring in pipefish (Ahnesjo 1992, Paczolt 

and Jones 2010, Sagebakken, Ahnesjo et al. 2011) especially under laboratory settings. Thus, it 

seems reasonable to hypothesise that brood reductions are an important part of the pregnancy 

process, potentially providing resources either to the male and/or to the developing embryos 

(Ripley and Foran 2008, Sagebakken, Ahnesjo et al. 2009, Paczolt and Jones 2010, Kvarnemo, 

Mobley et al. 2011). If brood reductions do occur in the wild, the number of offspring abandoning 

the marsupium will be lower than the original number of fertilized eggs. As we are unable to 

measure, especially under natural conditions, both the number of fertilized eggs and the number of 

newborn offspring, we opted for an indirect way of detecting brood reductions. Using male size as 

a co-variate, we conducted an ANCOVA to determine differences in embryo numbers in males 

either in the onset or late stages of pregnancy (the additional homogeneity of slopes assumption 

was met). We found a significant reduction in embryo numbers as pregnancy progressed 

(ANCOVA: F(1,80)=7.231, P<0.01). From the initial stages of pregnancy to the end, males 

experienced an approximate 17% reduction of the brood (least square means: onset=52.652 

embryos; end=43.857). 

From our wild pregnant male sample, we analysed embryo length from broods of males either in 

early or late stages of pregnancy. Embryo growth patterns were found to be approximately linear 

(Product Moment correlation: N=30, R2=0.989, P<0.001; Fig. 3.5). Thus, we hypothesised that 

brood heterogeneity should remain rather constant from beginning to end of pregnancy, unless 

some unknown mechanism impacted development patterns. Curiously, we detected that 

heterogeneity in embryo size (CVearly=9.842±3.587%, CVlate=4.733±2.160%) was significantly 

reduced to less than half towards the end of pregnancy (unpaired t test: t(25)=4.586, P<0.001; see 

Fig. 3.6). To try to understand the huge drop in embryo size heterogeneity, taking into 

consideration the apparently normal occurrence of brood reductions, we simulated a series of 
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random and non-random embryo culling processes to see if they were able to singly justify CV 

reduction. Our simulations of sequential brood reductions, based on actual embryos measured in 

wild males at the onset of the pregnancy, showed that a random brood reduction is unable to 

explain the observed decrease in CV (Fig. 3.6 and 3.8). When randomly culling embryos, the CV 

remained constant up to the point were only very few embryos remained (thus extremely far from 

the projected 17% brood reduction observed in the wild). Nevertheless, if the embryo culling 

process is not random, operating either on the smallest or larger embryos, the CV dropped much 

faster (as expected, as we were eroding the embryo size distribution at one of its tails). The fastest 

way to decrease CV was, expectedly, to simultaneously cull small and large embryos, although the 

reduction was not markedly greater. We then superimposed our data from experiment one (woman 

in red experiment), namely that of the CV calculated for each of our 4 groups, into our CV 

simulations, at the projected 17% brood reduction (≈45.5 embryos in the 55 embryo broods). 

Curiously, only group 3 (woman in red treatment) fitted perfectly on top of the non-random culled 

broods (Fig. 3.7). Group 1 and 2 (both dealing with the presence of one or two above-average 

pipefish females) presented final CVs lower than those projected by the simulation (group 1: 

5.731%; group 2: 5.555%), but still higher than those actually recorded in wild males at later stages 

of pregnancy (4.733%). Only group 4 (very large females; 4.567%) showed a similar value to the 

one recorded in the wild. As brood reductions only partially explain CV reduction, we assume that 

other factors (e.g. male resource allocation to developing broods and/or aborted sibs used by 

developing embryos) should contribute to the final low offspring size variability. We should stress 

that our laboratorial experiments involved reproduction with only one female, while males in the 

wild typically mate with an average of 3 females (Cunha, Berglund et al. 2014). This means that 

our recorded CVs from experiment 1 are probably lower than those from multi-mated males, as 

more contributing females have the potential to create a more heterogeneous brood. Nevertheless, 

the stratification of the CV values from experiment 1 is clear and shows: 1) that broods from larger 

females give rise to more homogenous broods, and 2) that males (or some processes occurring in 

the male’s marsupium such as distribution of resources derived from aborted embryos) contribute 

to brood reduction in conjunction with embryo culling. Even if aborted embryos are used as an 

additional resource supply to developing embryos, our results show that the role of the male role is 

still crucial. We derive this conclusion from the results of experiments 1 and 2. When males are 

exposed to very large females (the woman in red effect), abortions are more likely to occur and 

offspring are significantly smaller and heterogeneous. If aborted eggs were globally distributed 

throughout the marsupium as ready-to-use resources, the large number of embryo abortions 

should have maximized growth and homogeneity. Thus, it seems that, as observed in another 

pipefish species (Ripley 2006), Syngnathus typhle, resources from aborted embryos or nurse eggs 

need to be initially captured by the pregnant male, which then chooses either to reinvest on the 

brood or build up reserves for future reproductive events, hopefully with the ‘woman in red’. 
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4 FILIAL CANNIBALISM 
 

Article VI– Mario Cunha, Anders Berglund, Nuno Monteiro (2016). "Reduced cannibalism during 

male pregnancy." Behaviour 153(1): 91-106. 
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4.1 Article VI – Reduced cannibalism during male pregnancy 

 

Behaviour (2016) 153(1): 91-106. 
 
 

Mário Cunha1,2, Anders Berglund 3, Tiago Alves1& Nuno Monteiro1,2,4 
1 CIBIO/InBIO, Centro de Investigação em Biodiversidade e Recursos Genéticos, Rua Padre Armando Quintas, 4485-661 Vairão, Portugal 
2 Faculdade de Ciências da Universidade do Porto, rua do Campo Alegre, 4169-007 Porto, Portugal 
3Department of Animal Ecology, Evolutionary Biology Centre (EBC), Uppsala University, Norbyvägen 14, 752 36, Uppsala, Sweden  
4 CEBIMED, Faculdade de Ciências da Saúde, Universidade Fernando Pessoa, Rua Carlos da Maia 296, 4200-150 Porto, Portugal 

 

Summary 

 

Cannibalism provides energetic benefits but is also potentially costly, especially when directed 

towards kin. Since fitness costs increase with time and energy invested in offspring, cannibalism 

should be infrequent when parental investment is high. Thus, filial cannibalism in male 

syngnathids, a group known for the occurrence of male pregnancy, should be rare. Using the 

pipefish Syngnathus abaster, we aimed to investigate whether cannibalism does occur in both 

sexes and how it is affected by reproductive and nutritional states. Although rare, we witnessed 

cannibalism both in the wild and in the laboratory. Unlike non-pregnant males and females, 

pregnant and post-partum males largely refrained from cannibalizing juveniles. Reproducing males 

decreased their feeding activity, thus rendering cannibalism, towards kin or non-kin, less likely to 

occur. However, if not continuously fed, all pipefish adopted a cannibal strategy, revealing that sex 

and life history stages influenced the ratio between the benefits and costs of cannibalism. 

 

Keywords: Mating status; male pregnancy; kin recognition; parental investment; cannibalism  

 

Introduction 

 

Cannibalism, the act of at least partly eating a conspecific, was initially described as a bizarre 

behaviour exhibited solely within a restricted group of species (Eibl-Eibelsfelt, 1961) but is now 

known to be widespread throughout the animal kingdom (Fox, 1975; Polis, 1981). Even though 

cannibals can get direct benefits through energy gains (Mayntz & Toft, 2006; Simpson et al., 2006; 

Mehlis et al., 2009) and reduced intraspecific competition (Elgar & Crespi, 1992), cannibalism may 

also incur costs if the behaviour is directed towards own offspring. Yet, such filial cannibalism can 

also be viewed as potentially adaptive if immediate fitness costs (e.g., eating offspring to recover 

body condition; Lourdais et al., 2005; Mehlis et al., 2009) are counterbalanced by the enhanced 

survival of the remaining offspring or by better future reproductive events (FitzGerald, 1992; 
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Manica, 2002). Fittingly, the expression of cannibalistic behaviors is expected to occur when the 

benefits outweigh the costs (Pfennig, 1997; Rudolf et al., 2010). 

In teleost fish, cannibalism is detected in a growing number of taxa and some of the most likely 

factors associated cannibalistic behaviours, as thoroughly reviewed by Smith & Reay (1991), are 

nutritional state, genetic relatedness or size disparity. Cannibalistic behaviours are not rare in 

species with parental care (Smith & Reay, 1991) but in these cases one might expect that the 

caring fish (usually the male; Blumer, 1979, 1982) would be able to preferentially avoid filial 

cannibalism. In fact, kin discrimination (Mehlis et al., 2010; Parsons et al., 2013), as well as 

behavioral changes upon offspring emergence, has been both described as ways of reducing the 

probability of eating own offspring (Elwood, 1994). Moreover filial cannibalism, when directed 

towards kin individuals, is expected to be more common in the sex that invests less in 

reproduction, usually males who produce the less expensive gametes (Manica, 2002). Obviously, 

parental care can further increase the asymmetry in the initial investment (e.g., gametes) or go in 

the opposite direction if only paternal care is provided. 

Fish of the family Syngnathidae (seahorses, seadragons and pipefish) are known for one of the 

most extreme forms of paternal care, male pregnancy (Wilson et al., 2001). Males possess a 

brooding structure (with distinct degrees of complexity, depending on the species) where the eggs 

are incubated until hatching (Wilson et al., 2001; Carcupino, 2002; Monteiro et al., 2005). Males 

invest significant amounts of energy in the developing brood (Berglund et al., 1986) by providing 

nutrients to the embryos (Ripley & Foran, 2008). Besides nutrition, this specialized brooding 

structure provides the embryos with protection, aeration and osmoregulation (Monteiro et al., 2005; 

Ripley, 2006; Partridge et al., 2007; Ripley, 2009). Despite the evidence for paternal nutrient 

uptake from the embryos (Sagebakken et al., 2009), the direct ingestion of developing embryos by 

conspecifics has, as far as we know, never been observed, and it seems mechanically impossible 

to be performed by the father. Nevertheless, it has been suggested that males are able to 

selectively abort embryos from less preferred females (Paczolt & Jones, 2010). This observation 

suggests that syngnathids have an unparalleled degree of control over all stages of reproduction, 

encompassing both pre- and post-copulatory processes. In theory, at this early stage of embryo 

development when the male has not yet invested a lot of energy in the brood, taking up nutrients 

from the embryos and/or aborting them can be beneficial (Manica, 2002). The energy obtained 

from the embryos can be used to invest both in current and future reproductive episodes. However, 

we might expect that, given the high parental investment and control over embryonic development, 

the likely fitness-depressing occurrence of filial cannibalism after juvenile emergence should be 

absent or, at most, sporadic. Since intercohort post-hatching cannibalism is not rare in some 

aquarium-reared syngnathids (Silva et al., 2006) and has been described in wild pipefish 

populations (Brown, 1972; Teixeira & Musick, 1995; Malavasi et al., 2009), we hypothesize that it 
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should be exerted specifically towards non-kin. Mechanisms allowing for kin recognition may be 

likely given the tight relationship between fathers and developing embryos.  

To verify if cannibalism is primarily targeted towards non-kin, we used the black striped pipefish S. 

abaster, a species with male pregnancy and investment that greatly surpasses that of species with 

more orthodox male parental care (e.g., protection, aeration, removal of dead embryos). Here, 

since males closely interact with developing embryos through the brooding structure and 

immediately contact with the emerging juveniles at the end of each pregnancy, we expect fathers 

to avoid cannibalizing their own young, thus avoiding a direct depression of their fitness. On the 

other hand, we expect cannibalism by non-related individuals (pipefish other than the parents) to 

occur, as they will readily obtain energetic gains while decreasing the fitness of competitors. To 

this extent, we measured cannibalistic behaviours of adult males and females towards newborn 

juveniles. In males, we discriminated between non-pregnant individuals (potential cannibals), post-

pregnant males (which we hypothesize to avoid cannibalistic behaviours entirely) and males still 

undergoing a pregnancy event. If cannibalism is depressed before giving birth, pregnant males 

should be observed refraining from cannibalizing non-kin. On the other hand, if kin recognition 

causes an avoidance of filial cannibalism, we would both expect pregnant males to cannibalize 

newborns and post-pregnant males to preferentially cannibalize offspring other than their own. 

 

Material and Methods 

 

In order to describe the patterns of cannibalistic behaviours in species with high parental 

investment, we selected the black striped pipefish, Synganthus abaster, as we had already 

observed the occurrence of cannibalistic episodes in aquaria (Silva et al., 2006). In this pipefish, as 

in all other species belonging to the genus Syngnathus, males possess a brood pouch 

(marsupium) located on the tail where females deposit eggs (Monteiro et al., 2005; Silva et al., 

2006). Embryonic and larval development occurs within the marsupium and fully developed 

juveniles measuring approximately 1.5 cm emerge after 21-32 d, depending on water temperatures 

(Silva et al., 2006).  

We caught fish in the Aveiro estuarine lagoon (40º39’56’’N, 8º40’6’’W), during the breeding season 

(July and August) in a large water reservoir. We used a manually operated bottom trawl (3 mm 

mesh size) with a modified basis allowing it to glide above the substratum (mostly sand, mud and 

patches of seagrass). We used the trawl 10 times for approximately 15 m. The tank bottom did not 

seem affected by trawling, as seagrass did not detach after trawling. We rarely had any by catch 

apart from the invasive mosquito fish, Gambusia affinis. Before releasing the bycatch all 

individuals, including S. abaster juveniles, were visually inspected and no mortality or injury was 

observed. Our target individuals were then transported to the laboratory in isothermal containers 

with aeration, where they were separated by sex and, for males, by pregnancy status. Isothermal 



FCUP 133 
Filial cannibalism  

 ___________________________________________________________________________________________________________  

 

containers, together with a short transportation time (1 h 30 min), ensured that animals were not 

subjected to thermal stress. Since the transportation time was short, no food was provided. A 

maximum of 20 individuals was transported in each tank (30 l) and all arrived in the lab without any 

mortality, apparently in good condition.  

In this experiment, 96 adult individuals were used, including 24 pregnant males, 24 non-pregnant 

males, 24 males that had just given birth (post-partum males) and 24 females. As juveniles were 

required for the experiments, pregnant males were isolated in small 4 l aquaria until giving birth. 

Animals were moved between adjacent tanks using a small hand net. The isolation period was 

reduced to the minimum as pregnant males were only isolated when it was clear that juveniles 

were ready to emerge from the brood pouch. By the time the juveniles were out of the brooding 

pouch, the male was moved to a separate 4 l aquarium.  

Animals were acclimated to the laboratory conditions for at least 5 d until they were used in any 

experiment. The animals were kept in a closed system with mechanical, biological and chemical 

filtrating system. Light regime was 13L:11D and water temperature set to 21 ºC. A maximum of 10 

adults were kept in a 10 l aquarium to avoid overcrowding. All aquaria were environmentally 

enriched with artificial seagrass to mimic natural conditions; this reduces stress as it is used as 

refuges by the fish. We fed fish twice a day with fresh Artemia nauplii ad libitum. Experiments were 

always conducted between 09.00 am and 17:00 pm after a feeding event. Therefore starvation was 

not affecting our results (with the exception of Experiment 3, see below). Experiments took place in 

10 l aquaria, with only the front pane being transparent to allow for behavioural observations. This 

way, visual contact with other pipefish in nearby aquaria was avoided. Before transfer to the 

experimental aquaria, we photographed every fish alongside a ruler, in a small plastic box with 

water, for length measurements. To reduce stress levels potentially caused by handling, the fish 

were allowed to rest for at least 15 min before the onset of an experimental trial. At this point, 10 

juveniles (full-sibs) were presented to the focal pipefish (this experimental design aims to detect 

differences among discrete pipefish groups rather than mimicking natural conditions where juvenile 

density is probably much lower). At the end of each trial the water of the aquarium was replaced to 

eliminate potential offspring cues. Each set of juveniles was used only once and within 96 h after 

leaving the father’s marsupium. The interactions between adults and juveniles were registered for 

30 min. During the experiment we recorded how many juveniles the focal adult ate. A juvenile was 

considered eaten if it was fully swallowed by the adult and not ejected. At the end of the 

experiments, after a maximum of 21 d in the lab, all pipefish were released back into the estuarine 

lagoon in seemingly in good conditions (during the experiments there was no adult mortality) 

together with juveniles. Our experimental procedures are unlikely to have affected pipefish survival. 

Juveniles that were injured by adult pipefish during the experiments (N = 8) were over anesthetized 

with clove oil bath in a 2 l container at 10 ppm for 3 min, in order to terminate any potential 

suffering. In total, 62 juveniles died from adult predation, a number comparable to the average 
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brood (mean ± SD; 40.67 ± 10.10 embryos) of a black striped pipefish male (Silva et al., 2006). It is 

important to state that each individual was used in the experiments only once. The only exception 

being post-partum males from experiment 2 being used in experiment 4 (for details see below).  

 

Experiment 1 - Feeding rate 

 

To verify if any hypothetical difference in cannibalistic behaviours between tested classes would 

relate to the feeding activity of the pipefish, we measured the feeding rate. We randomly selected 

individuals corresponding to the four groups, pregnant males (N = 5), non-pregnant males (N = 7), 

post-partum males (N = 6) and females (N = 6). Each animal was placed alone in a 10 l aquarium 

and live Artemia nauplii were introduced after 15 min (56.45 ± 11.67 nauplii / l). The number of 

eaten nauplii was visually recorded, starting from the first attack, for a period 2 min. After the trial, 

the fish were allowed to continue feeding. 

 

Experiment 2 –Occurrence of cannibalistic behaviour according to sex and reproductive status 

 

We tested whether there were any differences in cannibalistic behaviour between pregnant males 

(N = 13), non-pregnant males (N = 10), post-partum males (N = 10) and females (N = 12). 

Following the procedure described above, every adult pipefish was individually observed together 

with unrelated juveniles. In the case of females we cannot rule out that some of the females might 

be the mothers of some of the juveniles, as juveniles were derived from pregnant males captured 

in the wild, and no kinship analysis was performed. However, we believe that this is either unlikely 

(work conducted on the same population showed that retrieving a putative mother from the vicinity 

of a captured male was a rare event; Cunha et al., 2014) or unimportant, as results will later show. 

 

Experiment 3 - Hunger and cannibalism 

 

In order to verify if hunger had any effect on how adults reacted to the presence of juveniles (non-

kin), we stopped feeding fish for 4 d prior to the experiments. This was only done after verifying 

that fish did not suffer a considerable weight loss after 4 d of starvation. For this purpose, a group 

of individuals (N = 8) was weighed before and after the starvation period. This was performed to 

verify if the animals were losing condition to a point that they would not attack due to energy 

depletion. We verified that weight loss after food restriction was minor (8% on average). Hunger 

effect on cannibalism was tested in the same four groups: pregnant males (N= 6), non-pregnant 

males (N = 7), post-partum males (N = 6) and females (N = 6). It is worth mentioning that 2 other 

post-partum males were tested but with their own offspring, however this data won’t be used in 
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further analysis (only as a descriptive statistics). Before releasing the animals that underwent a 

starvation period, they spent a week feeding normally. 

 

Experiment 4 - Kin discrimination and cannibalism 

 

In the case of post-partum males, juveniles were reunited with their father within the first 24 h after 

birth (from now on stated as day 0). These individuals were the post-partum males from 

Experiment 2. To test whether males were able to discriminate between their own offspring and 

those from other males, the same males were also exposed to non-kin juveniles. We also tested if 

males would change their behaviour across multiple days. Thus, post-partum males were 

repeatedly exposed to juveniles at day 0, 2 and 4. All trials with kin and non-kin juveniles were 

performed separately, meaning that a male would be in the presence of 10 kin juveniles and then 

10 non-kin, or vice-versa (to avoid an order effect). Water from the aquarium was replaced at the 

end of each treatment to avoid the hypothetical effect of lingering offspring cues. 

 

Cannibalism assessment in the wild 

 

To investigate if cannibalism occurs in the wild, we profited from a pipefish sampling performed in 

another study (Cunha et al., 2014) which required whole body samples but not the digestive tract 

(sampling and transport was performed as described above). In summary, fish used in the present 

study were caught in August 2012 during a single sampling event that took place during the 

afternoon. These animals had been over-anesthetized with clove oil (10 ppm) and were dissected 

to look for juveniles and food content within the digestive tract. Here, we used a total of 113 

individuals divided into three groups:pregnant males (N = 35), non-pregnant males (N = 31) and 

females (N = 47). The post-partum males group was not assessed, as we had no way of 

objectively knowing how recently the males had given birth. If conspecifics were found in the 

digestive tract of an adult pipefish, the juvenile and adult tissue sample was collected for DNA 

extraction and genotyping. This way we could infer a hypothetical parental relationship between 

individuals. Although this procedure involved the sacrifice of several pipefish, we are confident that 

we did not affect the Aveiro’s estuarine population (see Cunha et al., 2014).  

 

Microsatellite and parentage analysis  

 

DNA was extracted from both adults and juveniles using the Genomed JETquick tissue DNA spin 

kit. Samples were amplified for 5 highly polymorphic microsatellite markers (Sabas3, Sabas5, 
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Sabas7, Sabas8 and Sabas9; (Diekmann et al., 2009) Reaction tubes (10 µl) contained 

approximately 5 µl MasterMix (Alphagene), 1 µl H2O, 0.8 µM primer and 0.8 mM fluorescently 

labeled tail.  

The PCR parameters used were: initial denaturation at 95 ºC for 10 min followed by 20 cycles of 95 

°C denaturation for 30 s, annealing at 74 °C for 30 s, with touchdown to reduce unspecific 

amplifications (0.5 ºC decrease for each repeat) and 72 °C extension for 30 s. Then we ran 15 

cycles with 95 ºC for 30 s, 64 ºC annealing for 30 s and 72 ºC for 30 s. Another set of 15 cycles 

followed, with a different annealing temperature of 53 °C due to the fluorescent tail. The final 

extension was performed at 72 °C for 90 min. All PCRs were conducted in a BIO-RAD MyCyclerTM 

Thermal Cycler (Applied Biosystems). Allele sizes were determined on an ABI 3100 capillary 

sequencer (Applied Biosystems) using LIZ 75-450 as a size standard (Applied Biosystems). The 

size of each fragment was then determined in Peak Scanner Software v1.0 (Applied Biosystems). 

Parentage analysis was performed using PARFEX v1.0 the exclusion method with one mismatch 

allowed to check for mutations or human/PCR errors (Sekino & Kakehi, 2012). As no errors were 

detected only assignments with no mismatches were accepted. We used GenAlEx v6.5 (Peakall & 

Smouse, 2012) to calculate the probability of exclusion with neither parent known (PE). 

 

Statistical analysis 

 

Statistical analyses were performed in STATISTICA v.11 (StatSoft). All parametric analyses were 

performed after testing for homogeneity of variances. If assumptions were not met after data 

transformation, appropriate non-parametric tests were applied. In experiment 1, designed to test if 

cannibalistic behaviours differed between four groups (females, non-pregnant males, pregnant 

males and post-partum males), an analysis of covariance (ANCOVA) was performed using the 

number of cannibalized juveniles as the dependent variable and adult length as covariate. The 

same statistical procedure was applied in experiments 3 and 4 to test for differences between the 

same groups, either in the expression of cannibalistic behaviors after food deprivation or in feeding 

rate, respectively. Additionally, to compare the number of wild pipefish, belonging to one of three 

different groups (females, non-pregnant males and pregnant males) with or without ingested 

juveniles, a Freeman-Halton extension of Fisher's exact test was applied. 

 

Results 

 

Experiment 1 - Feeding rate 

 

Groups differed significantly in feeding rate (ANCOVA: F3,19= 32.92, p < 0.001, length used as 

covariate; Figure 4.1). After post hoc comparisons (SNK), we detected that non-pregnant males 
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(64.14 ± 13.56 nauplii, N = 7) and females (72.00 ± 13.16 nauplii, N = 6) had similar feeding rates, 

and these were significantly higher than in the group formed by pregnant males (22.00 ± 11.18 

nauplii, N = 5) and post-partum males (11.00 ± 11.73 nauplii, N = 6). 

 

Figure 4.1 Average number of Artemia nauplii consumed within 2 min according to sex and male mating status in S.abaster 
(PM, pregnant males; PPM, post-pregnant males; NPM, non-pregnant males; F, females). Error bars depict standard errors and an 

asterisk indicates groups that are smililar. 
 

Experiment 2 - Cannibalistic behaviour according to sex and male mating status 

 

There was a significant difference between groups in the number of juveniles eaten (ANCOVA: 

F3,40= 4.18, p< 0.05, total length used as covariate; Figure 4.2). Post hoc comparisons (Student 

Newman-Keuls; SNK) indicate that although non-pregnant males (1.80 ± 2.35 eaten juveniles, N = 

10) and females (1.58 ± 2.02 juveniles, N = 12) were not significantly different, they both ate more 

juveniles than pregnant-males (N = 13) and post-partum males (N = 10), where no juveniles were 

cannibalized.  
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Figure 4.2 Cannibalism according to sex and male mating status in S. abaster 
(PM, pregnant males; PPM, post-pregnant males; NPM, non-pregnant males; F, females). Error bars depict standard errors and an 

asterisk indicates groups that are smililar. 
 

Experiment 3 - Hunger and cannibalism 

 

After not being fed for 4 d, all experimental groups included cannibals: non-pregnant males (1 ± 

1.15 juveniles, N = 7), females (1 ± 1.26 juveniles, N = 6), pregnant males (1 ± 1.21 juvenile, N = 

6) and post-partum males (1 ± 1.78 juveniles, N = 6), with no significant differences between the 

groups (ANCOVA: F3,20= 0.082; p = 0.99, length used as covariate). Additionally, the two post-

partum males tested were observed cannibalizing their own offspring, eating 2 and 1 larvae 

respectively. 

 

Experiment 4 - Kin discrimination and cannibalism 

 

During the experimental trials, we were unable to record any occasion were a post-partum male 

cannibalized a juvenile, either kin or non-kin, from day 0 to day 4. Thus, no statistical test was 

conducted. Nevertheless, we once observed a male that, while giving birth, ate one of his own 

juveniles (from our stock of pregnant males). Although this event occurred outside our 

experimental trials, we acknowledge that, albeit infrequently, fathers can indeed prey on their 

young. 
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Cannibalism assessment in the wild 

 

No difference was found in the number of cannibals between groups (females = 3 out of 47, non-

pregnant males = 2 out of 32, pregnant males = 2 out of 34; Freeman-Halton extension of Fisher's 

exact test, p = 0.99). Likewise, groups did not differ with respect to the presence of food items 

occurring in the digestive tract (females = 35 out of 47, non-pregnant males = 25 out of 32, 

pregnant males = 25 out of 34; Freeman-Halton extension of Fisher's exact test, p = 0.81). We 

were not able to reconstruct the genotype for all 5 markers of all the juveniles recovered from the 

adult’s digestive tract, most likely due to low DNA quality. Nevertheless, even in the case where 

only 3 microsatellites were successfully amplified, the probability of exclusion was still high (pe = 

0.92), and even higher with 4 or 5 markers (pe= 0.99).  In all of the identified cases of cannibalism, 

we found that 2 non-pregnant males ate juveniles likely to be their own. One of the non-pregnant 

males had 2 juveniles in the stomach, but only one was identified as its offspring. All the other 

individuals (including females and pregnant males) ate juveniles other than their own. The 

juveniles found in the digestive tract, ranging from 0.83 to 1.58 cm, were less than a week old 

(according to the juvenile growth rate presented in Silva et al. 2006). 

 

Discussion 

 

Here we show that filial cannibalism is present even in taxa with high parental investment such as 

syngnathids. Nonetheless, the levels of cannibalistic behaviours were not uniform and depended 

on variables such as mating status or food availability. Both sexes were observed preying on 

juveniles, but females and non-pregnant males much more so than pregnant or post-partum males. 

Our experiments demonstrate that individuals not directly involved in ongoing or recent 

reproductive events, females and non-pregnant males, cannibalized newly born pipefish. Females 

do not guard or establish bonds with the male they mated with and therefore the risk of eating their 

own offspring at birth is extremely low. Non-pregnant males have the same low risk of eating their 

own offspring as juveniles rapidly grow and escape predation given adult gape size limitations. So, 

cannibalizing juveniles is likely to get energetic benefits with no fitness costs both for females and 

non-pregnant males.  

Contrastingly, pregnant and post partum males (with one exception) did not eat juveniles. The fact 

that pregnant males were not observed cannibalizing juveniles was unexpected if we take into 

consideration that these males face a very low risk of eating their own offspring as the current 

offspring are protected in the marsupium and a former batch would have either dispersed or grown, 

becoming unsuitable for consumption. Also, pregnant males seem to engage neither in eating 

potential competitor’s offspring nor in enhancing its own condition. In fact, pregnant males were 

much more inactive and feeding rates were diminished compared to non-pregnant males. Scobell 
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& MacKenzie (2011) discussed how pregnancy in syngnathids comes with extensive changes in 

hormonal levels, some of which able to potentially lower activity and depress feeding rates. These 

changes should be starting near the onset of pregnancy in S. abaster, as males that recently 

became pregnant (5 d in some cases) were already refraining from cannibalizing juveniles. 

Reduced activity and lowered feeding rates could explain the absence of cannibalism in pregnant 

males. However, reproductively active individuals commonly require more energy and are usually 

more limited regarding nutrients (Harshman & Zera, 2007), a fact that can potentially increase the 

motivation for cannibalism whose frequency was previously shown to be associated with food 

limitation (Kvarnemo & Svensson et al., 1998). Male syngnathids may have different routes of 

obtaining nutrients or decrease the cost of ongoing pregnancies. In Syngnathus typhle,males are 

able to take up nutrients from the embryos during pregnancy (Sagebakken et al., 2009), and in 

Syngnathus scovelli males selectively abort embryos from less preferred females (Paczolt & 

Jones, 2010). Although we are not sure if S. abaster males are able to do the same, it is 

reasonable to hypothesize a similar scenario given that pregnancy-related strucutures are well 

conserved within the genus. This could at least partially explain why pregnant males are less prone 

to cannibalize juveniles and also feed less. Even if this seems to conflict with female interest, one 

should have in mind that males are reducing the chances of being predated, reducing the risk of 

losing the entire brood, by not foraging as much.  

Post-partum males also refrained from eating offspring. These males too have lower activity levels 

and reduced feeding rates, both factors contributing to the avoidance of eating own offspring. 

Partial brood cannibalism usually occurs at very early stages of embryo development, when there 

is more energy in the yolk and no huge investment in parental care has yet been made (Manica, 

2002). Our results seem to agree with this prediction since inter-cohort post-hatching filial 

cannibalism was not detected. If post-partum males were able to directly recognize their own 

offspring, we would expect them to cannibalize unrelated juveniles, which was not the case. 

Hence, direct kin recognition seems less likely to operate in this species, even if our experiments 

are not completely conclusive in this respect. Kin avoidance can however occur through other 

mechanisms that do not necessarily imply kin recognition (Penn & Frommen, 2010), such as 

spatial or temporal associations (behavioral changes) with the presence of kin or non-kin juveniles 

(Elwood, 1994). Post-partum males seem to do so by changing their behavior towards juveniles, 

avoiding their consumption.  

Our field sampling provided evidence that cannibalism seems infrequent in our sampled population 

(although common in other pipefish populations, see Malavasi et al., 2009) and no differences 

between pipefish groups was found. Our observations also help reinforce the notion that kin 

recognition is absent since we were able to record males in the wild ingesting their own offspring. 

Likewise, we were able to establish that, when food limitation was enforced even just for a few 

days, all pipefish groups, including pregnant and post-partum males, cannibalized juveniles. These 
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observations, back up the notion that low prey availability is usually associated with higher 

frequencies of cannibalism (Kvarnemo et al., 1998; Vinyoles et al., 1999), either suggesting that kin 

recognition is indeed absent or is rapidly overridden by stressors, such as hunger. 

In conclusion, we found that individuals not directly involved in a recent reproductive event are 

indeed prone to cannibalize juveniles, presumably as these are unlikely to be their own. However, 

these behaviors are depressed from the onset of pregnancy up to after parturition, a time interval 

that allows juveniles to grow and escape predation given the gape size limitation of their fathers. 

Hence, males having given birth avoid consuming any small juveniles, including their own 

offspring, whether they can recognize kin or not. In this case we also found that, under natural 

conditions, males do occasionally eat their own offspring, perhaps because the opportunity to do 

so is high and kin recognition may be absent. Hence, sex, life history stages and social 

environment do alter the balance between the benefits and costs of acting as a cannibal.  
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When addressing the topic of sexual selection, it is fundamental to consider climatic variables as 

factors prone to affect its strength and direction. Temperature, for instance, is known to influence 

developmental time of embryos (Milner, Detto et al. 2010), the distribution and abundance of 

resources, the availability of mates (Twiss, Thomas et al. 2007) and potential reproductive rate of 

individuals (Ahnesjö 1995), which in turn will impact sexual selection.  

In Syngnathus abaster, temperature, a variable that affects both how males and females interact 

(Silva, Vieira et al. 2007) as well as the extension of pregnancy (Silva, Monteiro et al. 2006), is 

known to heavily vary during the breeding season. Accordingly, our results show that the strength 

of sexual selection also varies during the breeding season (Cunha, Berglund et al. 2015). We 

found that, during the onset of the breeding season, mating seems to be greatly monopolized by 

the larger females. Males prefer larger females (Silva, Vieira et al. 2007) which in turn seem to 

have an advantage over smaller females by mating first. Early reproduction ensures that offspring 

have an extended time to grow up to the end of the season, thus potentially increasing survival 

during migration from the estuaries. These juveniles might even be able to reproduce in their first 

year, increasing females’ fitness even further. In a Syngnathus typhle population from the west 

coast of Sweden, small females during their first year as adults exchange growth for reproduction 

so that they have better mating opportunities during the next breeding season (Berglund, 

Rosenqvist et al. 2006). This probably stems from the very short temperature-truncated breeding 

season characteristic of high latitudes, where mating later means few resources for the newborns. 

Inversely, smaller S. abaster females still have a chance to mate towards the end of the breeding 

season due to the fact that larger females expended all their resources and are out of the mating 

pool. Juveniles born from late mating attempts by small females are prone to still be small before 

migration. Additionally, males might not have the same body condition and invest less in mating 

from less preferred females towards the end of the breeding season (Paczolt and Jones 2010). 

With extremely female biased OSR during the onset of the breeding season, which relaxes 

towards the end, together with all the other mating patterns variations occurring (mentioned 

above), sampling this population during the extension of breeding season ensured that we were 

able to capture the dynamic nature of sexual selection (Article I). 

Environmental variables such as temperature also change across space and are thus bound to 

impact the strength of sexual selection. Interestingly, however, two populations of S. typhle at the 

same latitude, sharing similar temperature regimes, have very distinct mating patterns. Thus, 

temperature alone cannot be accounted for the variation in sexual selection intensity. In the west 

coast of Sweden, S. typhle males have a strong preference for larger females (Berglund, 

Rosenqvist et al. 1986), like in so many other syngnathids (Rosenqvist and Berglund 2011). 

Nonetheless, in the east coast, males do not prefer larger over smaller females (Sundin, 

Rosenqvist et al. 2013) (a question addressed in Article V) even though there is a large sexual 

size dimorphism (Rispoli and Wilson 2007). This could be due to resource availability, such as 
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seagrass biomass (Mobley and Jones 2009), demographic factors (Mobley and Jones 2007) or 

other abiotic variables such as salinity (known to be lower in the Baltic Sea).  

Nerophis lumbriciformis has a wide latitudinal distribution throughout a natural temperature 

gradient. We used this gradient to assess how temperature affects sexual selection but also as a 

way to forecast how climate change can potentially impact sexual selection. This is relevant given 

the role of sexual selection in promoting diversification and sometimes leading to speciation 

(Ritchie 2007). In the southern limit of the distribution, higher temperatures contract the extension 

of oocyte production periods while in the northern limit, lower temperatures restrict the duration of 

the breeding season. Both temperature regimes affect mating patterns, breeding synchrony and 

mate availability. This translates into the observed stronger sexual selection in the extremes of the 

distribution where we also find higher sexual dimorphism, in size and coloration. With the 

forecasted climatic scenarios, if the distribution continues to shift northwards, it is likely that we will 

observe local extinctions in the southern distribution limit (Article II). We conclude that, when 

addressing questions regarding sexual selection, one has to keep in mind that this is a highly 

dynamic process, depending on environmental and demographic variables. Therefore, we cannot 

look at mating patterns, in a species or even in a population, as immutable, but rather as 

experiencing constant variation. 

It seems important to stress that we should also study selection outside mate choice and 

competition. Sexual selection does not end with copulation, and can sometimes act during 

fertilization or beyond. Given the precise control over the investment during pregnancy in 

syngnathids, there is great potential for post-copulatory sexual selection. Indeed, it was found that 

males seem to preferentially abort embryos from less attractive females as a result of fitness trade-

offs between consecutive broods (Paczolt and Jones 2010). However, we found something that 

goes beyond reproductive economics: an analogue of the Bruce effect, described so far only in 

placental mammals. S. abaster males that got pregnant and were subsequently presented with an 

unfamiliar extremely sexy female invest less in the current brood so embryos are born significantly 

smaller than expected. Pregnant males presented with large females were also more likely to have 

aborted embryos. Although the abortion of embryos during pregnancy was previously described 

(Ahnesjo 1992, Ahnesjö 1996), until now we had no evidence if those abortions were random. Our 

findings demonstrate that abortions are far from random and occur in a way that the variance in 

size within each brood is greatly reduced, although the precise mechanism behind this 

phenomenon remains unclear (Article IV).  

Since many syngnathid species mate multiply (Mobley, Small et al. 2011), another important 

process that can take place within the male’s brood pouch is sibling rivalry, a potential form of 

female-female competition occurring post-copulation. In our Baltic Sea sampled population, 

although S. typhle males do not seem to favour larger mating partners, female size can still be 

under selection, either through female-female competition occurring prior to mating. Alternatively, 
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female-female competition can be hypothesised to have primarily shifted to the period after 

copulation (e.g. sibling rivalry). In another pipefish, Syngnathus scovelli, the variance in female 

fitness comes mostly from mating success, with size being only indirectly selected through their 

striped patterns (Rose, Paczolt et al. 2013, Flanagan, Johnson et al. 2014). The striped pattern is 

common to many pipefish, including S. abaster, where we also found that males select wider 

stripes when females have similar sizes. Moreover, the luminance and width of the stripes indicate 

female quality that is further reflected in offspring size (Article III). In S. typhle, our data indicates 

possible sibling rivalry since half-sib broods seem to require more energy from the yolk to attain the 

same size compared to full-sib broods, but our data is not sufficiently strong to fully confirm this 

hypothesis. Female-female competition occurring pre-copulation can be the main driver leading to 

sexual size dimorphism, as females that mate first (when males mate multiply) have an advantage 

since their embryos are larger. Female size is not relevant in this particular population (East coast 

of Sweden) since large and small females produce equally sized eggs that contain comparable 

amounts of protein. This pattern is reversed in another population of S. typhle (West coast of 

Sweden) (Ripley 2006). Our findings explain, at least partially, the absence of male mate choice for 

female size in the population from the East coast of Sweden (Article V). 

After birth, syngnathid juveniles are exposed to predation by other organisms as well as by their 

conspecifics. Reports of filial cannibalism in some species, including S. abaster, can be found in 

the literature (Brown 1972, Teixeira and Musick 1995, Malavasi, Riccato et al. 2009) but we 

performed the first empirical study on this subject (Article VI). Individuals not involved in recent 

reproductive episodes (females and non-pregnant males) actively predate on juveniles, probably 

because it is very unlikely that those are their own. This behaviour is depressed from the onset of 

pregnancy until after parturition, allowing small juveniles to grow over the gape size of their fathers. 

This way, juveniles are protected, at least from the father, even after birth. Although we have not 

found evidence for kin recognition, the low activity levels during pregnancy and after giving birth 

(males feed much less) probably contribute to the avoidance of filial cannibalism (Article VI). 

A multi-dimensional approach encompassing both time and space, together with the need to 

address different episodes of selection across different life-history stages, is key to understand 

selection processes. Studies that only look at a specific moment in space or time (or a specific life 

history stage) are immensely valuable but we should be aware of their limitations. Future work 

should combine measures of pre- and post-copulatory selection across environmental gradients 

able to provide a better understanding of the dynamics of sexual selection.  
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