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Abstract 
  
 

 

 
 

The biology and ecology of many commercially important species are not subject to study 

before these species begin to be exploited. The knowledge of stock structure and degree of 

mixing among populations is important for the rational management of marine resources, 

especially when dealing with commercially important marine fish species. The forkbeard, 

Phycis phycis, is a benthopelagic fish with a wide distribution in the southern Northeast Atlantic 

and is one of the most important gadiform species commercially exploited in Portuguese waters. 

However, no information on the species biology for Portuguese coast exists, the stock structure 

along its distribution area is unknown and its exploration unregulated. Thus, this thesis aims to 

gather new and important biological information on the species and elucidate the stock structure 

of forkbeard in the southern Northeast Atlantic. In relation to biology, the age and growth study 

described in this thesis suggests that forkbeard is a relatively slow growing, long-lived species, 

that does not show sexual dimorphism in growth. Fishing mortality estimates for this species is 

representative of a low/moderate exploitation pattern. The reproductive strategy study indicates 

that forkbeard is a group-synchronous, batch spawner species with a determinate fecundity. In 

Portuguese waters, spawning season occurs from September to early January and the length at 

first maturity was estimated as 35.9 cm and 28.5 cm TL for females and males, respectively. 

Stock structure of forkbeard along its distribution area was investigated using otolith shape 

analysis, body geometric morphometrics and genetic analysis. The morphological techniques 

suggest the existence of at least three phenotypic stocks in the southern Northeast Atlantic 

(mainland Portugal, Azores and Madeira), and the genetic analysis suggests the existence of two 

genotypic stocks, between the southern Northeast Atlantic and the Mediterranean. 

 

 

Keywords: Forkbeard; age and growth; reproduction; genetic analysis; stock structure. 
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Resumo 
  
 

 

 

 
A biologia e ecologia de muitas espécies comercialmente importantes não são alvo de 

estudo antes do início da sua exploração e os gestores reconhecem que existem poucas opções 

face a este facto, a não ser instituir medidas de gestão a curto prazo. Para além disso, o 

conhecimento da estrutura dos mananciais de pesca e o grau de mistura entre populações de 

peixes é importante para uma gestão racional dos recursos marinhos, especialmente quando se 

trata de espécies comercialmente importantes. 

A abrótea-da-costa, Phycis phycis, é uma espécie bentopelágica, que se distribui pelo 

Atlântico Nordeste, desde o Golfo da Biscaia até Marrocos, Cabo Verde, Madeira e Açores, 

ocorrendo também no Mediterrâneo. Esta espécie vive em fundos rochosos ou areno-vasosos 

junto de rochas, a profundidades acima dos 650 m, sendo um predador activo durante o período 

nocturno. A abrótea é uma das espécies de gadiformes mais exploradas em Portugal, onde os 

desembarques chegam a atingir as 800 t por ano, representando um valor total de primeira venda 

na ordem dos 2.5 milhões de euros. Apesar da sua importância comercial, a biologia desta 

espécie na costa Portuguesa e a estrutura do seu manancial são ainda desconhecidos, não 

havendo uma exploração regulada da sua pescaria. Assim, e para tentar dar resposta a esta falta 

de informação, esta tese tem como objectivos principais: (1) recolher informação nova e 

importante sobre a biologia da espécie e (2) analisar a estrutura do seu manancial no Atlântico 

Nordeste. 

A presente tese está organizada em duas partes, correspondentes a cada um dos objectivos 

principais, e dividida em sete capítulos. As duas partes desta tese são precedidas de um capítulo 

de introdução geral, onde é feita uma contextualização de todas as temáticas abordadas e é feito 

um levantamento do estado da arte desta espécie, havendo, no final, um capítulo de discussão 

global, que integra todos os resultados apresentados. A primeira parte da tese contempla 2 

capítulos, um dedicado ao estudo da idade, crescimento e mortalidade, e outro ao estudo da 

estratégia reprodutiva da espécie. Na segunda parte da tese, são abordadas várias temáticas para 

ajudar na definição da estrutura do manancial da espécie, nomeadamente, a análise da forma do 

otólito, morfometria geométrica do corpo e análise da variação genética. Apesar desta divisão, 

as várias temáticas não são estanques, de tal modo que a informação obtida em cada uma delas 

acaba por ser relevante para a resposta aos dois objectivos estabelecidos.  
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O Capítulo 2 (Parte I) dedicou-se ao estudo da idade, do crescimento e da mortalidade da 

abrótea. Neste estudo, os incrementos de crescimento foram contados em otólitos seccionados, e 

a idade atribuída foi validada através da análise do incremento marginal e do tipo de bordo do 

otólito. Às chaves de comprimentos-idade obtidas foi aplicado o modelo de crescimento de von 

Bertalanffy para cálculo dos parâmetros de crescimento da espécie. A mortalidade total (Z) foi 

estimada usando o método da curva de captura e a mortalidade natural (M) foi obtida usando 4 

métodos diferentes: método de Pauly, método de Ralston, método de Gunderson e o método 

baseado na longevidade. A mortalidade por pesca (F) correspondeu à diferença entre Z e M. Os 

resultados obtidos sugerem que a abrótea é uma espécie longeva, de crescimento lento, e sem 

dimorfismo sexual no crescimento. A espécie está completamente recrutada à pesca aos 5 anos 

de idade, e as estimativas da mortalidade por pesca são representativas de um padrão de 

exploração baixo a moderado. 

No Capítulo 3 (Parte I) foi abordada a estratégia reprodutiva da abrótea. Para a sua 

caracterização, foram analisados vários parâmetros como o ciclo sexual, a época de postura, o 

comprimento à primeira maturação e o tipo de fecundidade. Foi ainda estimada a fecundidade 

da espécie, e identificadas fêmeas que, sendo adultas, não se reproduzem nessa época de 

postura. De acordo com este estudo, concluiu-se que a abrótea é uma espécie com fecundidade 

determinada, que apresenta um desenvolvimento ovocitário grupo-síncrono e que faz a postura 

por várias emissões ao longo da época de desova. Em águas Portuguesas, os parâmetros 

reprodutivos determinados foram os seguintes: a época de postura ocorre entre Setembro e 

Janeiro; o comprimento à primeira maturação estimado foi de 35.9 cm e 28.5 cm TL para 

fêmeas e machos, respectivamente; a fecundidade anual relativa foi calculada em 1833±857 

ovócitos por grama de peso eviscerado; e as fêmeas adultas não reprodutoras atingiram os 36%. 

Para o estudo da estrutura do manancial da espécie (Parte II) foi usada uma abordagem 

holística, envolvendo a aplicação de várias metodologias. 

No Capítulo 4 (Parte II), a forma do otólito foi usada para verificar a existência de 

diferenças entre peixes de Portugal continental, Açores e Madeira, através da análise elíptica de 

Fourier. Esta metodologia mostrou a existência de diferenças na forma do otólito entre todas as 

áreas geográficas analisadas (para além de diferenças entre sexos), com uma percentagem de 

correcta classificação de 94% para as fêmeas e 88% para os machos. 

No Capítulo 5 (Parte II), a morfometria geométrica do corpo, com recurso a marcação de 

marcos anatómicos ao longo do corpo do peixe, foi usada para tentar dar resposta à mesma 

questão do capítulo anterior. Esta metodologia também indicou diferenças entre as três áreas 

geográficas analisadas, com uma percentagem de correcta classificação na ordem dos 78%. 

No Capítulo 6 (Parte II) abordou-se a análise da variação genética desta espécie ao longo 

da sua área de distribuição. A fim de se cobrir toda a área de distribuição da espécie, às amostras 

do Atlântico Nordeste (Portugal continental, Açores e Madeira) foram adicionadas amostras de 



 

vii 

3 áreas do Mediterrâneo – Espanha, Itália e Croácia. Para esta análise, usou-se o marcador 

mitocondrial citocromo b. Os resultados indicaram uma baixa variação genética entre os 

indivíduos das diversas áreas geográficas. No entanto, a existência de haplótipos únicos do 

Nordeste Atlântico e do Mediterrâneo sugerem que o fluxo genético recente, durante a fase 

larvar entre estas duas regiões, deve ser limitado. De facto, as características oceanográficas e 

topográficas do Atlântico geram mecanismos de retenção de larvas, e a grande distância entre os 

Açores, a Madeira e plataforma continental da Europa pode também constituir uma barreira à 

dispersão larval desta espécie. 

Todos os resultados recolhidos nesta tese contribuíram para o aumento do conhecimento 

da biologia e da estrutura do manancial da abrótea. Com base nestes resultados, pode concluir-

se que a abrótea apresenta, pelo menos, 3 mananciais fenotípicos no Atlântico Nordeste, 

correspondendo a Portugal continental, Açores e Madeira, e 2 mananciais genotípicos entre o 

Atlântico Nordeste e o Mediterrâneo. Deste modo, qualquer diminuição em algum destes 

mananciais pode não ser compensado pela migração de indivíduos de outros, pelo menos a uma 

velocidade suficientemente rápida para garantir a sustentabilidade deste recurso. A abordagem 

de gestão mais precaucionária a adoptar deve ser a de considerar as diferentes populações de 

abrótea do Atlântico Nordeste e do Mediterrâneo como mananciais distintos. Uma falha em 

reconhecer esta estrutura pode levar a acções de gestão erradas e à sobreexploração do recurso. 

No futuro, deverão ser desenvolvidos mais estudos genéticos, usando um marcador molecular 

nuclear mais sensível, como por exemplo os microssatélites, ou marcadores adaptativos como 

os genes candidatos, a fim de comprovar esta hipótese ou identificar outros mananciais na área 

de distribuição geográfica da espécie. 

 

 

Palavras-chave: Abrótea-da-costa; idade e crescimento; reprodução; análise genética; estrutura 

do manancial. 
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1.1 General Introduction 

 

1.1.1 Fisheries science 

Fisheries science was recognized as a scientific discipline since the late 1850s, when the 

Norwegian government hired scientists to find out why catches of the Atlantic cod fluctuated 

year after year (Smith, 1994). Soon, fisheries scientists were also working in other countries and 

were increasingly concerned that fluctuations in fish abundance could be driven by fishing. 

Many countries had interests in the same fisheries and, after World War II, there was a strong 

international cooperation between fisheries scientists (Jennings et al., 2001). 

Commercial fisheries are not static systems: they develop, some collapse, some fishermen 

get rich and others go bankrupt. When a potentially fishable resource is discovered, fishermen 

start to explore its potential to the maximum, following a period of rapid growth of effort 

attracted by the initial success of fishermen. Next, the fishery reaches full development, where 

catches are near or perhaps a little above a long-term sustainable level. The rapid development 

results in declining rates of fishing success as the stock is reduced and more fishermen compete 

for the remaining fish until either some limit on fishing pressure is established through 

management, or success rates become too low to attract more pressure. Then, the fishery often 

enters an overexploitation stage, which is followed by a collapse. If the collapse is not too 

catastrophic, there is often a period of declining fishing pressure when the fishermen’s profits 

reduce and they find it no longer worthwhile to pursue the stock. The stock may or may not 

recover on its own during this period (Hilborn and Walters, 1992). 

Overfishing of near shore and easily accessible stocks has resulted in negative effects on 

coastal marine ecosystems, such as: destruction and fragmentation of habitats critical to small 

and juvenile fishes; local and even some global extinctions of species; and reductions in top 

predators and consequent increases in preys, leading, in some cases, to trophic cascades 

(Pitcher, 2005). However, many of the negative ecosystem effects of overfishing only become 

apparent years or decades later (Villasante et al., 2012). Overfishing occurs when fish are 

caught at too young ages such that the individuals achieve only a small percentage of their 
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potential growth, or when the spawning stock is reduced to such a level that the numbers of 

juvenile fish are not able to replenish the population (Beamish et al., 2006). As such, the effects 

of overfishing have been more evident for many long-lived, late-reproducing predatory fish 

species at higher trophic levels, which may serve critical functions in marine ecosystems 

(Christensen et al., 2003). The depletion of traditional fish stocks on continental shelves and the 

development of new technologies have spurred an expansion of fisheries towards the deep-sea 

in search of new fishing grounds and commercial opportunities (Norse et al., 2012). This 

development also represents a fisheries expansion to beyond the EEZ (200 nautical miles zone), 

where governance arrangements and the prospects for monitoring compliance are less well 

developed (Worm and VanderZwaag, 2007). 

To avoid the unemployment and social costs from fishermen become bankrupt, 

governments may subsidise fishermen to continue exploiting the depleted stock. The concerns 

about fish stock collapse, the uncertainty that underlies fisheries assessment and the recognition 

that management strategies affect not only the fish stocks, but also the fishermen and associated 

communities, and the marine environment, has led to the expansion of fisheries sciences 

(Jennings et al., 2001). Due to these concerns, many international fisheries organizations have 

emerged in order to respond to governments. In the North Atlantic, five international 

organizations are responsible for the management and conservation of fisheries resources: the 

International Council for the Exploration of the Sea (ICES), the Northeast Atlantic Fisheries 

Commission (NEAFC), the Northwest Atlantic Fisheries Organization (NAFO), the Western 

Central Atlantic Fishery Commission (WECAFC), and the Fishery Committee for the Eastern 

Central Atlantic (CECAF) (Fig. 1.1). In Europe, ICES, established in 1902, set up a number of 

international programmes to examine the effects of fishing and currently develops science and 

advice to support the sustainable use of the North Atlantic Ocean. NEAFC was founded in 1980 

and maintains controls over fishing and fishing-related acts in international waters of the 

Northeast Atlantic Ocean. The Mediterranean Sea is managed by General Fisheries Commission 

for the Mediterranean (GFCM), which was established in 1949, and whose objectives are to 

promote the development, conservation, management and best utilization of living marine 

resources in the Mediterranean, Black Sea and connecting waters. In particular, Portugal is 

managed by two organizations: mainland and the Azores are managed by ICES, and Madeira by 

CECAF. The Portuguese continental slope is included in ICES subarea IXa and Azores in 

subarea Xa (Fig. 1.2). 
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Fig. 1.1 Map of regions of action of international organizations responsible for the management and 
conservation of fisheries resources in the North Atlantic (adapted from Aboim (2005)). 
 

 

Modern fisheries science emerged through the effort of ICES to understand factors that 

caused fluctuations in important coastal fisheries (Smed and Ramster, 2002). A major research 

goal early on ICES was to establish relationships among fish distributions, behaviour, and 

environmental factors (Nakken, 2002). At the beginning of the 20th century, ICES scientists 

discovered that fish became accessible to fisheries according to population renewal structured 

over large but distinct geographic regions (Hjort, 1914). After World War I, scientists and 

fishermen found out that more and larger fish could be caught at sea due to the forced period of 

non-fishing that led to the general improve of most exploited populations. The idea of control 

measures and management of fish resources could then be developed (Jennings et al., 2001). 

In the last 70 years, fisheries have expanded faster than ever. Currently, marine fisheries 

yield around 80 million tonnes per year, corresponding to 55% of global fish production (FAO, 

2012). Catches have increased due to growing human population demands for more food and 

because improved technology has simplified the capture, processing, distribution, and sale. 

Greater fishing power and increased competition between fishermen, vessel and nations has led 

to the economic collapse of some fisheries that had prospered for centuries. The resultant 
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reductions in marine fish production, income and employment led to governments’ intervention 

to regulate fisheries (Jennings et al., 2001). 

Nowadays, fisheries are considered to be much more than fish catch. Fishermen are an 

important component of the dynamic system called fishery, and stock assessment must take into 

account how fishermen will respond, and also make predictions about things important to 

fishermen such as catch per unit effort (CPUE). Fisheries are considered in crisis when income 

to fishermen drops below some acceptable level, and predictions about how CPUE (and 

therefore fishermen's income) will change are more important than predicting changes in total 

catch (Hilborn and Walters, 1992). 

 

 

 
Fig. 1.2 Map of ICES statistical areas and NEAFC regulatory areas in the Northeast Atlantic Ocean 
(adapted from Vieira et al. (2009)). 

 

 

 

1.1.2 Stock identification, assessment and management 

Stock identification is a central theme in fisheries science. The stock concept arose due to 

the need to define discrete groups of fish so that their dynamics could be audited against the 

effects of fishing (Cadrin and Secor, 2009). Early use of the term was made by Dahl (1909), 

who defined stock as the source of fish. After the first stock definition, many others have arisen. 

Russell (1931) defined a stock as the exploitable portion of a population. Then, other definitions 

were suggested based on an ecological (e.g. Cushing, 1968), genetic (e.g. Larkin, 1972), or even 

practical (Ricker, 1975) perspectives. Ihssen et al. (1981) defined a stock as an intraspecific 



Chapter 1 
 

7 

group of randomly mating individuals with temporal or spatial integrity, and Hilborn and 

Walters (1992) stated that a stock is an arbitrary collection of populations of fish that is large 

enough to be essentially self-reproducing (abundance changes are not dominated by migration), 

with members of the collection showing similar patterns of growth, migration, and dispersal. 

More recently, FAO defined a stock as a subset of a species with similar growth and mortality 

parameters within a given geographical area and with negligible interbreeding with other stocks 

of the same species in adjacent areas (Maguire et al., 2006). Although there are many definitions 

of stock, the most commonly accepted is that of Ihssen et al. (1981) (Abaunza, 2008). In fact, 

the concept of stock runs parallel to the development of the concept of population, more often 

used by theoretical ecologists, with the exception that stock normally refers to components of a 

species that is commercially exploited by fishing activities (Shaklee and Currens, 2003). 

Stock identification involves the recognition of self-sustaining components within a 

natural population. It is a prerequisite for the tasks of stock assessment and fisheries 

management because most applied population models assume such self-sustaining 

characteristics: that the group of individuals has homogeneous vital rates (e.g. growth, maturity, 

and mortality) and a closed life cycle, in which young fishes in the group are produced by 

previous generations within the same group (Cadrin et al., 2005a). Also, stocks cannot be 

assessed unless they are circumscribed, that is, their boundaries defined in relation to other units 

of the same species (Waldman, 2005a). Stocks have certain features that render them 

fundamental to management: (1) they occupy their own space, including spawning grounds that 

are geographically or temporally unique; (2) they experience their own natural demographic 

influences, such as mortality suffered from a particular suite of predators; (3) their isolation 

allows adaptations of morphological and genetic characteristics to particular environmental 

circumstances; and (4) their abundances and life history characteristics respond to their own sets 

of unnatural influences, such as fisheries and contamination of their habitats (Waldman, 2005a). 

Stocks can be defined by genotypic and phenotypic methods. A “genotypic” stock 

consists of randomly interbreeding members of a space whose genetic integrity persists whether 

they remain spatially and/or temporally isolated as a group. In contrast, “phenotypic” stocks are 

defined as intraspecific groups that differ in the expression of certain characters owing to 

environmental or genetic effects. Despite the improvement in genetic techniques, the 

identification of “phenotypic” stocks is very useful and has value, particularly when the 

characters used to distinguish stocks are the same parameters used in fish stock assessment 

(Hare, 2005). 

Fish stock assessment is the science of estimating certain key population dynamics 

parameters to better manage a stock. If the rates of growth, natural mortality, reproduction, and 

fishing mortality can be estimated, their effects may be combined in order to evaluate the effects 

of changes in the fishing mortality rate (Waldman, 2005a). Stock assessment involves the use of 
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various statistical and mathematical calculations to make quantitative predictions about the 

responses of fish populations to alternative management choices. The fundamental purpose of 

fisheries management is to ensure sustainable production over time from fish stocks, preferably 

through regulatory and enhancement actions that promote economic and social well-being of the 

fishermen and industries that use the production. To achieve this purpose, management 

authorities must design, justify (politically), and administer (enforce) a collection of restraints 

on fishing activity. In some systems, the management authority is also empowered to restrain 

various other economic actors who might impact the ecological basis for fish production (e.g. 

water polluters), and to engage in activities to improve the basis for production (e.g. habitat 

improvement and hatcheries) (Hilborn and Walters, 1992). Stock assessment should also 

involve making predictions about the time trends expected in response to policy change and 

about how policies should be structured in order to deal with the unpredictable changes that will 

inevitably occur. Recognizing that fishermen are the political centre of most fisheries and that 

returns to fishermen (in money) are the key measure of management success, one simply cannot 

ignore processing and marketing (Hilborn and Walters, 1992). 

Governments have instituted policy frameworks to prevent overfishing of fish stocks. 

These include stipulation of thresholds related to overfishing rate and abundance level, and 

capture target levels that relate not only to the maximum sustainable yield (MSY) but also to 

uncertainty and risk of future stock depletion. Furthermore, in overfished stocks, policies 

require fishing control that enables timely recovery of biomass (Secor, 2014). Practically all 

management activities, from fishing restraints to habitat improvement, are done as a range of 

decisions rather than as yes or no decisions. Management authorities must make very difficult 

and quantitative choices about how much development of fishing to encourage or permit, what 

specific limits to place on catches (times of fishing, sizes of fish, total landings, locations of 

fishing), how much financial resources to spend on enforcement of regulations versus 

enhancement of production, and so forth. The stock assessment should provide estimates of the 

nature of the trade-off, but the choice should be made on social and economic grounds (Hilborn 

and Walters, 1992). 

In conclusion, stock structure, the basis for effective fisheries assessment and 

management, depends on: (1) the identification of the stock; (2) evaluation of the stock unit 

area, the geographic boundaries associated with the seasonal movements and habitats of those 

stocks; and (3) long-term stability of the stock and its boundaries (Begg et al., 1999). Because 

stock structure and delimitation are uncertain, the reliability of stock assessment, and therefore 

the effectiveness of fisheries management, is severely limited for many fisheries resources 

(Cadrin et al., 2005a). 
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1.1.3 A holistic approach for stock identification 

The most successful way of focusing on the problem of defining the limits of stocks is the 

application of a holistic approach (Begg and Waldman, 1999), thus involving a broad spectrum 

of complementary techniques. In this way, the fullest possible picture can be obtained in 

response to the ecological, evolutive and operational requirements that the definition of stock 

may involve. To carry out a complete stock identification study, the sampling should include the 

entire distribution area of the species (Abaunza et al., 2008b) and, preferably, should be 

obtained from the spawning areas during the spawning time (Begg, 2005). In this way, sampling 

takes place when mixing between putative stocks is minimal due to a mechanism existent in 

marine fishes called natal homing, in which fish return to their birthplace to reproduce. This is 

learned early in their lives by larvae and juveniles that sense and memorize environmental 

stimuli, distinctive for their site of natal origin (Secor, 2005). 

Approaches to stock identification range from simple studies of distribution and 

abundance to those based on genetics and life history. Characters used to identify fish stocks 

can be divided into three groups: those that are purely genetic, those that are purely 

environmental, and those that may reflect both genetic and environmental variation (Swain et 

al., 2005). Here, some techniques commonly used for stock identification in fisheries science 

will be briefly described: life history parameters; natural markers, such as morphological 

analysis, environmental signals and genetic analysis; and applied markers. 

 

1.1.3.1 Life history parameters 

Life history parameters are the consequence of life history strategies to which fish stocks 

have evolved, that reflect the underlying dynamics of a fish stock, and include intrinsic vital 

population parameters such as: (1) distribution and abundance; (2) age and growth; (3) 

mortality; (3) reproduction, spawning and maturity; and (4) recruitment (Begg, 2005). Estimates 

of these parameters are thought to be representative of individual fish within a putative stock, 

and can be used to distinguish among fish stocks because these parameters are phenotypic 

expressions of the interaction between genotypic and environmental influences. As a result, 

differences in life history parameters between fish groups are assumed to be evidence that 

populations of fish are geographically and/or reproductively isolated, and therefore are discrete 

stocks units for management purposes (Ihssen et al., 1981). 

The knowledge of the parameters mentioned above are also crucial for fish stock 

assessment since these parameters will indicate the longevity of the species and its productivity, 

and the age structure carries information about the combined effects of fishing and natural 

mortality. Information about the longevity of a species can provide useful guidelines on the 

potential for large unsustainable yields. Fish that live a long time normally provide very large 
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captures at the beginning of a fishery because of fishing down of the older age classes (Hilborn 

and Walters, 1992). 

 

1.1.3.1.1 Distribution and abundance 

Distribution and abundance data are, when available, the first point of reference for 

identifying fish stocks. This parameter provides important information that enables delineation 

of geographic regions that may be representative of a certain stock. Information on fisheries 

landings and CPUE, routinely collected, can be used to estimate relative indices of abundance 

that may assist the recognition and delimitation of stock boundaries (Pawson and Jennings, 

1996). 

 

1.1.3.1.2 Age and growth 

Age and growth is the most frequently used life history parameter to identify putative fish 

stocks. Strong geographic differences in age or size composition (if not reflective of fishing gear 

differences and other factors when capturing specimens) suggest independence of recruitment 

and other biological or fishery factors as a basis for assuming discrete stocks (Begg and 

Waldman, 1999). Age- and size-based parameters are strongly influenced by environmental 

factors, and differentiating the effects of these factors from exploitation is inherently difficult. 

Differential sex-specific growth is a common characteristic among fish stocks that needs to be 

accounted for in any interstock comparison (Begg, 2005). The knowledge of the age of 

individual members of fish populations greatly improves analysis of temporal variation in its 

structure and abundance. The age structure of the population can be described and the rates of 

key processes (such as recruitment and mortality) can be quantified, which is particularly 

important when considering the dynamics of exploited populations and managing fisheries 

resources. Age-structured population analyses are therefore incorporated in the classical fish 

assessment models (the mathematical tools that worldwide form the preferred basis of scientific 

management advice on fishery resources) (Panfili et al., 2002). 

Over the years, the recognised importance of age determination has made it an 

increasingly active field in fisheries science (Panfili et al., 2002). Fish age interpretation and 

determination, performed in calcified structures, is not a simple matter. Calcified structures have 

the potential to grow throughout the fish life and act as a permanent record of that growth, and 

the periodic structural patterns found in those structures (growth increments) are related to 

variations in growth rate induced by both environmental (biotic and abiotic) and endogenous 

factors such as ontogenic events (Bagenal, 1974). Fish calcified structures have different origins 

and properties. Therefore, in order to appreciate the potential uses and limitations of these 

structures for sclerochronological studies, it is important to understand the nature and formation 
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of increments within different calcified structures. The calcified structures used in age and 

growth studies are: (1) otoliths; (2) scales; and (3) skeleton (Panfili et al., 2002). 

Otoliths are located in the inner ear and have auditory and balance functions. In teleost 

fish, three pairs of otoliths exist (presented in order of decreasing size): sagitta, lapillus and 

asteriscus. These structures are formed from the crystallisation of the aragonite form of calcium 

carbonate onto an organic matrix template composed largely by a protein, otolin. Otoliths 

exhibit a range of incremental structures that are formed regularly over time periods, and these 

increments are analysed to estimate age (Wright et al., 2002). Otoliths have important features, 

such as lack of mineral resorption (the mineral deposited in otoliths is not used again, even in 

periods of starvation) and their continuous growth throughout the lifetime of the fish (Bergstad, 

1995), which make them suitable for fish age estimation.  

Fish scales are mineralised elements, formed in the upper part of the dermis. These 

structures show cyclical growth marks, used to estimate fish age. An important peculiarity of 

scales is their ability to regenerate; however, in these scales the previous growth marks 

disappear, so they are unusable for age estimation (Meunier, 2002a). 

Vertebrae, operculum, and spiny fin rays are skeleton structures used in fish age 

estimation. Growth marks useful for ageing are only found in primary bone (new bone that is 

deposited without previous bone destruction). Because remodelling destroys this information, 

the integrity of this type of bone is essential for age estimation studies (Meunier, 2002b). 

Due to the advantages of otoliths and the disadvantages of scales and skeleton for fish 

ageing studies, otoliths are by far the calcified structures most frequently used for this purpose. 

 

1.1.3.1.3 Mortality 

Mortality, together with age and growth, is one of the most used parameters in fish stock 

identification. This parameter is also influenced by environmental factors, which proves the 

basis for stock differentiation. However, its plasticity in response to environmental variation 

(e.g. through selective effects of fishing) have been suggested to reduce its value (Pawson and 

Jennings, 1996). In addition, mortality is an essential parameter in understanding the population 

dynamics and, hence, is one of the most influential quantities in fisheries stock assessment and 

management. Without knowing how fast individuals are removed from a population it is 

impossible to model the population dynamics or estimate sustainable rates of exploitation or 

other useful management parameters. The magnitude of mortality directly relates to the 

productivity of the stock, the catches that can be obtained, optimal exploitation rates, 

management quantities, and reference points. 

Two separate types of mortality occur in fish populations: natural mortality (M), which is 

the loss to the population from natural sources, and fishing morality (F), which is the loss to the 

population from fishing. Fishing and natural mortality combine to give total mortality (Z) 
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(Musick and Bonfil, 2005). Although several methods can be used to estimate total mortality, 

the one based on the catch curve (Beverton and Holt, 1957) is probably the most commonly 

employed. The application of the catch curve involves the age estimation of a large and 

representative sample of individuals, assuming that the sample age composition is 

representative of the population age composition. For this, all age groups must be vulnerable to 

fishing gear and be exposed to the same mortality rate after recruitment (Beverton and Holt, 

1957; Everhart et al., 1975). Unfortunately, natural mortality is one of the most difficult 

parameters to estimate. Commonly used methods – based on empirical relationships, life history 

theory, and maximum age – are notoriously problematic. In addition, many of the methods 

estimate only total mortality and, as a result, natural mortality must be separated from fishing 

mortality to quantify the relative effects of fishing versus natural mortality (Brodziak et al., 

2011). In fishes, natural mortality is influenced by intrinsic and extrinsic factor. Intrinsic factors 

included important correlations between life span, body size, and senescence, as well as 

between metabolic rate and body mass as adjusted for habitat temperature (Brown et al., 2002). 

Extrinsic factors affecting natural mortality include disease, predation, changes in food web 

interactions and other exogenous sources of mortality due to fluctuating environmental 

conditions (Brodziak et al., 2011). 

 

1.1.3.1.4 Reproduction 

Numerous reproductive life history parameters have been used to describe the dynamics 

of a fish stock and provide the basis for stock differentiation (e.g. timing, duration, and location 

of spawning; egg and larval distributions; median or mean age, length and weight at maturity; 

and egg weight, size, viability, and fecundity relationships) (Begg, 2005). Knowledge of the 

temporal and spatial extent of spawning can provide information on intraspecific variation in 

life history parameters that can be used to discriminate separate stocks (Schaefer, 1987). 

Differences in timing and location of spawning may suggest that stocks are reproductively 

isolated by restricting gene flow. Reproductive isolation between stocks is necessary for the 

formation and maintenance of stock integrity, which can result from simultaneous spawning of 

stocks in geographically dispersed locations (Horrall, 1981). 

Studies on reproduction permit quantification of the reproductive capacity of individual 

fish (Murua et al., 2003). This information, in combination with estimates of egg production, 

enables estimation of spawning stock biomass. This increases the knowledge on the state of a 

fish stock and improves standard assessments of many commercially valuable fish species. 

Furthermore, establishment of extensive databases on reproductive parameters with 

corresponding data on abiotic factors enables the study of causal relationships between 

reproductive potential and environmental variation. This leads to a better understanding of 

observed fluctuations in reproductive output and enhances the ability to estimate recruitment 
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(Kraus et al., 2002). Moreover, knowledge of the reproductive strategy and spawning pattern is 

essential for a comprehensive understanding of the population dynamics of any fish species 

(Hilborn and Walters, 1992). 

The main objective of a reproductive strategy is to maximize reproductively active 

offspring in relation to available energy and parental life expectancy (Roff, 1992). In order to 

achieve this goal, fishes follow different reproductive strategies and tactics. The reproductive 

strategy of a species is the overall pattern of reproduction common to all individuals of that 

species, whereas the reproduction tactics are those variations in response to fluctuations in the 

environment (Murua and Saborido-Rey, 2003; Kjesbu, 2009).  

Most marine species with commercial importance are iteroparous, gonochorisitic, possess 

no sexual dimorphism, and exhibit external fertilization without parental care (Murua and 

Saborido-Rey, 2003). However, not all fish have these strategies. Some are semelparous, 

spawning once in their lifespan and dying, and others are iteroparous, spawning more than once 

during their life. In relation to gender, fish can be gonochorisitic (separated sexes) or 

hermaphroditic (sex may change during their life). Most fish species exhibit external 

fertilization but some have internal one (e.g. Sebastes spp. and Helicolenus spp.). Fish can 

release eggs in a single episode in each spawning season (total spawners) or release them in 

batches (batch spawners). Most fish species are oviparous (embryos develop outside the ovary) 

but some are viviparous, with embryos developing inside the ovary. Most fishes have no 

parental care but some, like seahorses, show parental care to their offspring. In relation to 

oocyte development, three types of ovarian development organization exist: synchronous (all 

oocytes develop and ovulate at the same time), group-synchronous (two cohorts of oocytes can 

be recognized at the same time) and asynchronous (oocytes of all stages of development are 

present without dominant cohorts). For marine fishes, two types of fecundity have been 

identified: determinate (fecundity is fixed before the onset of spawning) and indeterminate 

(fecundity is not fixed before the onset of spawning) (Hunter et al., 1992; Murua et al., 2003).  

 

1.1.3.1.5 Recruitment 

Relative indices of recruitment (i.e. the number of fish that have attained the age at which 

they are vulnerable to fishing), and abundance or biomass of early life history stages in putative 

fish stocks, can provide information on year-class strength and stock resilience, as well as stock 

relatedness. Information on the origins of early life history stages is needed to understand stock 

structure and the mechanisms responsible for recruitment variability (Marteinsdottir et al., 

2000). Similar to other life history parameters, intraspecific geographic differences in 

recruitment provide an indirect basis for stock separation (Begg and Waldman, 1999). 
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1.1.3.2 Morphological analysis 

Morphological characters provide the basis for many initial stock separations, and 

morphological differences in fish stocks may result from genetic or environmental factors. 

Patterns of morphometric variation in fishes indicate differences in growth and maturation rates 

because the body form is a product of ontogeny. Ontogeny produces two different sources of 

morphological variance in species: isometric size variation due to growth, and allometric shape 

variance arising from developmental change in form (Cadrin, 2000). Consistent morphological 

differences between locations may indicate a population separation, hence the existence of 

different stock units (Murta et al., 2008). The morphological characters commonly used for fish 

stock identification are: (1) morphometric landmarks; (2) morphometric outlines; (3) analysis of 

calcified structures; and (4) meristics (Cadrin et al., 2005b). 

The distinction between morphometric landmarks and morphometric outlines is that the 

landmark methods analyse data derived from discrete morphometric points, linear distances 

between points, and geometric relationships among points, whereas morphometric outlines deal 

with perimeter shapes. Although the use of morphometric landmark characters to identify 

phenotypic stocks is more than a century old, imaging technology and analytical techniques 

have increased the power of morphometric analysis for stock discrimination and stock 

composition analysis (Cadrin, 2005). Like morphometric landmark analysis, the study of shape 

variation has advanced, from measuring simple linear distances to deriving geometric variables. 

Patterns of variation in the shape of fish scales and otoliths have been used to identify 

phenotypic stocks as well (Cadrin and Friedland, 2005). 

Analysis of texture and spacing patterns found in hard body parts in fishes is a well-

established technique for stock separation. The interpretation of texture patterns is partly 

dependent on the correlation between the growth of the fish and the calcified structure to be 

analysed. The variation of these features throughout the species range, as a product of both 

genetic and environmental factors, allows the discrimination of groups with different growth 

patterns. Analysis of calcified structures can reveal patterns in growth increments that 

correspond to the specimen’s growth history. Therefore, phenotypic stocks that have 

significantly different growth rates can be discriminated using texture analysis (Friedland and 

Cadrin, 2005). 

Meristic characters are enumerable morphological features of fishes. The most commonly 

enumerated features have been external, including fin spines and fin rays, gill rakers, and scales. 

Internal meristic features that have been analysed include pterygiophores, vertebrae, 

branchiostegal rays, and pyloric caeca (Waldman, 2005b). There is an intraspecific variation in 

counts of these structures, so they can be used to identify individuals from different stocks 
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(Jennings et al., 2001). Values attained for meristic features are the products of interactions 

between genetics and environment (Swain and Foote, 1999). 

 

1.1.3.3 Environmental signals 

Fish species may encounter parasites or chemicals in specific geographic areas, and when 

they move carry the evidence of their former habitat with them. Natural markers offer a number 

of advantages when compared, for example, with artificial markers (described in section 

1.1.3.5). Natural markers can identify a greater proportion of the population than artificial ones 

(when specimens have to be recaptured), and may be found on species that are too delicate to 

tag artificially (e.g. deep-water species) (Jennings et al., 2001). The natural markers most used 

for stock identification are: (1) parasites as biological tags; (2) otolith chemical composition; (3) 

fatty acid profiles; and (4) chemical contaminants (Cadrin et al., 2005b; Jennings et al., 2001). 

The basic principle underlying the use of parasites as natural tags in fish population 

studies is that fish can become infected with a parasite only when they come within the endemic 

area of that parasite. The endemic area is considered the geographic region in which conditions 

are suitable for the transmission of that parasite. If an infected fish is found outside the endemic 

area of a specific parasite, this indicates that this fish entered that area at some period in its 

lifetime (MacKenzie and Abaunza, 2005). 

Otolith elemental composition serves as natural marker based on the fact that groups of 

fish inhabit different environments (Campana, 2005). Two key properties of the otolith underlie 

the use of the otolith elemental composition as a natural marker: (1) unlike bone, the otolith is 

metabolically inert; therefore, newly deposited material is neither resorbed nor reworked after 

deposition (Campana and Neilson, 1985); and (2) trace element uptake onto the growing otolith 

reflects the physical and chemical environment (Fowler et al., 1995), albeit with significant 

physiological regulation (Farrell and Campana, 1996). Isotopic ratios of elements such as 

strontium and oxygen are similarly influenced by environmental availability and temperature. 

Such environmental responses, recorded permanently in the otolith, imply that the otolith 

concentration of selected elements and isotopes (the elemental fingerprint) can be used as a 

biological tag to discriminate among groups of fish which have spent at least part of their lives 

in different environments. Differences in water temperature and chemical composition between 

diverse geographic locations can result in different otolith composition, suggesting that otolith 

elemental fingerprints should discriminate well among fish that have grown up in different 

environments (Campana, 2005). 

Different species of fish have characteristic fatty acid profiles, and the variability in the 

composition of the tissue fatty acids of fish is very large (Ackman, 1980). The composition of 

tissue fatty acids may be influenced by internal factors such as age, maturity, condition, and 
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reproductive cycle of the fish. External factors, such as water temperature and salinity, have also 

been shown to have an effect on fatty acid composition (Greene, 1990). Fish diet is the external 

factor mostly influencing the composition of tissue fatty acids, and fatty acid profiles can be 

used for stock identification based on this assumption (Grahl-Nielsen, 2005). 

Contaminants may also be very important in the identification of the stock structure since 

they may provide information on fishes’ life history and movements. Fish species that spend 

part of their life history in chemically contaminated waters may absorb or ingest these chemicals 

that will remain in the body tissues during subsequent years (Jennings et al., 2001; Pawson and 

Jennings, 1996). 

 

1.1.3.4 Genetic analysis 

Molecular genetic markers have had a profound impact in conservation and management 

(Hedrick, 2001), since they allow inferences to be made about the scale over which genetic 

connectivity occurs (Monsen and Blouin, 2003), the behavioural mechanisms leading to gene 

flow (Palstra et al., 2007), the estimation of effective population sizes (Nunney and Elam, 

1994), and how historical processes have impacted on populations (Smith et al., 2011). This 

information has importance in terms of potential for local adaptation (Hansen et al., 2002), but 

is also valuable for sustainable management and conservation of these natural resources. In 

fisheries management, genetic tools can help to identify discrete populations which represent 

demographically independent stocks that require individual management to ensure fisheries 

sustainability (Carvalho and Hauser, 1994). Molecular data have the power to infer historic 

processes, such as population expansions or contractions, locations of refugia and patterns of 

recolonization (Avise et al., 1987). 

For the purpose of stock identification there are three main factors that must be 

considered for the choice and use of molecular markers. First, the type of marker must be 

chosen so as to provide a measure of the biological processes that are thought to primarily 

determine the pattern of interest: non-functional regions are employed to investigate genetic 

drift and gene flow (neutral markers), while functional regions can be used to measure the 

influence of natural selection (adaptive markers). Second, the variability of the chosen marker 

must be such as to provide sufficient statistical power for the detection of the effect of interest. 

Third, the number of markers used must guarantee a realistic and unbiased view of the process 

investigated (Mariani and Bekkevold, 2014). 

The genetic techniques used to investigate fish stock structure mostly employ the use of 

neutral markers (of both mitochondrial and nuclear DNA). These are markers that are not 

influenced by natural selection, and drift is the only process that can cause alterations in such 

DNA sequences in the short term (Heino, 2014). More recently, and due to technological 
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developments which allow covering a much denser genome, candidate genes (adaptive markers) 

began to be used in population structure studies, since they reflect natural selection and are 

related with phenotypic traits and physiological functions (Hemmer-Hansen et al., 2011). 

 

1.1.3.4.1 Mitochondrial DNA 

Mitochondrial DNA (mtDNA) is a small, double-stranded circular DNA molecule 

contained in multiple copies in the mitochondria. Mitochondrial genetic information is haploid 

and has a maternal (uniparental) inheritance. There may be up to several thousand copies per 

cell, depending on the cell type. In higher animals, mtDNA is typically around 16,000 base pairs 

(bp) long, although there is some length variation. Animal mitochondrial genome is quite stable 

in terms of gene content. It carries 13 genes coding for proteins, 2 genes coding for ribosomal 

RNAs (12S and 16S rRNA), 22 genes coding for transfer RNAs (tRNAs), and one noncoding 

control region (also called D-loop in vertebrates). The genes coding for proteins encode, for 

example, enzyme subunits involved in electron transport and oxidative phosphorylation, such as 

cytochrome c oxidase subunit I (COI), subunit II (COII) and subunit III (COIII), and 

cytochrome b (cyt b). The ribosomal RNAs and the transfer RNAs participate in protein 

translation on mitochondrial ribosomes. D-loop is about 1,000 bp long and contains the origin 

of mtDNA replication (Magoulas, 2005). 

mtDNA if characterized by relatively high mutation rates, which generate high levels of 

polymorphism and divergence (Avise et al., 1987). This makes mtDNA particularly informative 

for the determination of genetic population structure and inference of population history within 

species, as well as for deducing phylogenetic relationships between closely related species. 

The biological and evolutionary properties of mtDNA have made it a popular tool for 

investigating population structure of marine resources in a phylogeographic context (Dizon et 

al., 1992). Historically, the mtDNA markers most often used for phylogenetic purposes are: 

cytochrome c oxidase subunit I (COI) and subunit II (COII), 12S and 16S rRNA, cytochrome b, 

and the control region (D-loop) (Meyer and Zardoya, 2003). The maternal inheritance of 

mtDNA combined with the lack of recombination provides a unique, sex-biased window into 

the genetic structure of natural population (Avise, 2004). 

 

1.1.3.4.2 Nuclear DNA 

Fish genomes are comprised primarily of nuclear DNA (nDNA) and, to a far less extent, 

mitochondrial DNA (mtDNA). nDNA nucleotides occur across a genome containing regions 

that serve highly varied functions (coding proteins, regulation of gene expression, and 

noncoding) and, therefore, which are under different evolutionary constraints. Because of this 

variation in functions and constraints, some regions are highly conserved and others are much 
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more labile (Wirgin and Waldman, 2005). nDNA genes that encode proteins are generally 

substructured into two sets of regions: exons and introns. Exons contain the information for 

production of RNAs and proteins, whereas introns are mainly involved in the regulation of 

transcription from DNA to RNA and the splicing to the final RNA transcripts. A notable 

consequence of such diversity of sequence roles is the fact that different genomic regions will 

exhibit different evolutionary constraints and will evolve at remarkably different rates: the 

exons of the most functionally important genes show typically low substitutions rates (10-9-10-8 

mutations per base per generation), while the less constrained repetitive noncoding regions 

exhibit mutations of 10-4-10-3 per base per generation (Mariani and Bekkevold, 2014). 

Most nDNA is comprised of single-copy DNA sequences, but interspersed are many loci 

that contain repetitive DNA motifs that are very short (microsatellites) or somewhat longer 

(minisatellites) in length. Repetitive nDNA sequences have been frequently used successfully in 

genetic stock identification studies, and single-copy nDNA sequences have attracted far less 

attention. However, some introns have been widely used in fish phylogeographical studies and 

have proven to be useful in revealing historical and present-day barriers to gene flow in 

widespread fish species (Robalo et al., 2012). 

 

1.1.3.4.3 Mitochondrial vs. Nuclear DNA 

Early DNA-based molecular stock identification investigations on fishes focused on 

mtDNA rather than on nDNA, largely due to technical simplicity and high sensitivity of 

mtDNA approaches. It was widely held that mtDNA approaches provided about an order of 

magnitude higher level of intraspecific variation than what existed in approaches employing 

coding nDNA. However, this oversimplification did not consider the variation in DNA 

sequence evolution within each of these two genomes. Within both mtDNA and nDNA there are 

areas that evolve rapidly and others that evolve slowly. This variation in rate of mutation is 

particularly dramatic in nDNA (Wirgin and Waldman, 2005). 

Analysis of mtDNA offers some advantages and disadvantages compared to nDNA 

approaches. mtDNA is maternally inherited and does not exhibit recombination, and in the 

absence of additional mutation, all offspring will exhibit identical mtDNA haplotypes as their 

mothers. Additionally, because it is haploid, the effective population size of mtDNA is only 

one-fourth of that of autosomal sequences in nDNA. Because of its smaller effective population 

size, the rate of lineage sorting should be much more rapid in mtDNA than nDNA. Thus, 

because of genetic drift, phylogeographic structure should occur four times faster and be more 

pronounced using mtDNA than nDNA polymorphisms (Hare, 2001). However, the population 

structure revealed by mtDNA will only reflect the matrilineal history of that population, which 

could differ from the overall population structure if gender-specific dispersal behaviour exists. 

Ideally, results from mtDNA and nDNA should be combined to gain much more comprehensive 
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scenario of structure and evolutionary history of populations or stocks. Since nDNA is much 

longer in length than mtDNA, it provides far more potential diagnostic markers useful in 

discriminating fish stocks. Thus, nDNA offers an enormous quantity of base pairs that can be 

explored for variation (Wirgin and Waldman, 2005). 

 

1.1.3.4.4 Candidate gene approach 

A candidate gene is a functional locus presumed to have involvement in the expression of 

a phenotypic trait. Its variation may represent structural genes or genes involved in 

physiological processes and, in combination with other genes, it may directly determine 

phenotypes under natural selection (Guinand et al., 2004). Candidate gene analysis has been 

applied for studying population structure and adaptive evolution (Mariani and Bekkevold, 

2014). 

Classical examples of candidate genes in fishes include hemoglobins, (Andersen et al., 

2009; Borza et al., 2009). Some studies in Atlantic cod, Gadus morhua, indicated that variants 

affected physiological performance under different temperature and oxygen regimes, and hence 

suggested hemoglobin to be under adaptive evolution (e.g. Brix et al., 1998; Andersen et al., 

2009). The gene encoding the integral membrane protein pantophysin, PanI, is another well 

studied candidate gene in Atlantic cod. PanI exhibits variation suggestive of adaptive evolution 

associated with a suite of traits and environmental parameters, including growth, behaviour, 

depth, salinity, and temperature (Pogson, 2001). PanI exhibits a strong divergence among local 

populations and has been used as a marker for population structure (Wennevik et al., 2008; 

Glover et al., 2011; Pampoulie et al., 2012). A family of other well-studied candidate genes in 

fishes are the heat-shock genes. These genes code for heat-shock proteins (HSP), which play an 

essential role in cellular stress response by facilitating interactions between other proteins 

(Schlesinger, 1990). In fishes, HSPs have been shown to be activated in response to changes in 

salinity, temperature, and pollution and are under divergent selection (Basu et al., 2002), 

presenting a highly valuable tool for genetic stock identification. Other candidate genes 

commonly used in population structure studies are those for growth and reproduction. These 

markers can be used for scanning natural populations for signatures of selection, since these life 

history traits are strongly related to environmental changes (Hemmer-Hansen et al., 2011). 

The approach of simultaneously comparing several neutral and candidate gene markers 

has been highly successful in a wide range of fish species, illustrating the importance of 

combining inference for different marker types (Mariani and Bekkevold, 2014). However, 

employing one or a few candidate genes alone, and contrasting with neutral markers, may not 

increase resolution in the analysis of population structure (Larmuseau et al., 2009). Several 

candidate gene markers must, therefore, be simultaneously employed. 
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A main challenge for candidate gene approaches aimed at resolving population structure 

and local adaptation is to identify which genes are most likely to exhibit signals of population 

divergence, depending on the environmental gradients existing in the system under 

consideration (Mariani and Bekkevold, 2014). 

 

1.1.3.5 Applied markers 

Tags have been used for centuries as markers on marine fishes for the purposes of 

identification and information retrieval. Artificial tagging gives information on stock 

identification and migration of fishes and also provides the fisheries scientists with information 

on growth rates and behaviour (Jennings et al., 2001). Tagging studies can provide important 

insights into the stock structure of marine fish. Movement data obtained from tagging can be 

used to estimate the geographic ranges of different stocks, the physical and environmental 

barriers that restrict movement between groups, and the rates of interchange between 

individuals in different stock areas. External, internal and, more recently, electronic tags have 

been used for these purposes. Tagging data generally provide broad-scale stock identification 

information as long as systematic recapture information is obtained (Begg and Waldman, 1999). 

 

 

1.1.4 The forkbeard 

The forkbeard, Phycis phycis (Linnaeus, 1766) (Fig. 1.3), is classified taxonomically as 

(according to ITIS (2015)): 
Kingdom Animalia 

     Phylum Chordata 

          Subphylum Vertebrata   

               Class Actinopterygii 

                    Order Gadiformes                                      

                         Family Phycidae   

                              Genus Phycis                                                

                                   Species Phycis phycis (Linnaeus, 1766) 
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Fig. 1.3 Forkbeard, Phycis phycis (Linnaeus, 1766). Scale bar = 5 cm.  

 

 

Morphologically, this species has the first dorsal fin with no elongate ray, the elongated 

rays of pelvic fin reach at most the origin of the anal fin, has a 11-12 scale row between the first 

dorsal fin and the lateral line (characteristics that distinguish it from other species of the genus 

Phycis), and presents a chin barbel. Its colour is brownish-red dorsally and slightly paler 

ventrally, and distal zone of fins are dark and sometimes with pale edges (Cohen et al., 1990). 

The forkbeard is a benthopelagic fish with a wide distribution in the Northeast Atlantic, 

from the Bay of Biscay to Morocco, Cape Verde, Madeira and Azores, and in the Mediterranean 

Sea (Fig. 1.4) (Cohen et al., 1990). This species lives on hard and sandy-muddy bottoms near 

rocks at depths up to 650 m (with the most common depths being 100 to 200 m) (Cohen et al., 

1990), where it looks for shelter in holes during the day and becomes an active predator at night 

(Papaconstantinou and Caragitsou, 1989; Cohen et al., 1990; Morato et al., 1999). 

 

 

 
Fig. 1.4 Distribution map of the forkbeard with relative probabilities of occurrence (adapted from 
Fishbase (2015)). 
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The forkbeard is a carnivorous species with nocturnal feeding habits, feeding mainly on 

fish (longspine snipefish, Macroramphosus scolopax, and boarfish, Capros aper) and decapods 

(Papaconstantinou and Caragitsou, 1989; Morato et al., 1999). This species has longer, 

symmetrical jaws, with sharp teeth and long serrated gill rakers, adapted for grasping and 

retaining live animals (Papaconstantinou and Caragitsou, 1989). The diet of both sexes is very 

similar, indicating that there are no apparent prey preferences related to sex (Morato et al., 

1999).  

In the last 30 years, some studies on forkbeard biology have been published. Data from 

Azorean and Mediterranean waters are available, the former including information on the age 

and growth (Silva, 1985; Abecasis et al., 2009), reproduction (Silva, 1986) and diet composition 

(Morato et al., 1999). For Azores, the growth parameters estimated by Silva (1985), based on a 

small sample of otoliths, was L∞ = 65.32 cm TL, k = 0.19 yr-1 and t0 = -0.28 yr, for both sexes, 

with a maximum age observed of 15 years. More recently, Abecasis et al. (2009) showed that 

the forkbeard is a relatively slow growing, long-lived species (maximum age of 18 years), with 

no sexual dimorphism in growth. In both studies, growth parameters were determined using the 

von Bertalanffy growth model, with data obtained from transversally sectioned otoliths. 

Reproduction parameters included the spawning season and length at first maturity that were 

established based on macroscopic analysis of the gonads (Silva, 1986). This author stated that, 

in Azores, spawning take place between December and February, and estimated a length at first 

maturity of 41 cm and 36 cm TL for females and males, respectively (Silva, 1986). Data from 

Mediterranean waters include studies concerning Anisakid parasites infection in forkbeard from 

Tunisia (Farjallah et al., 2006) and Spain (Valero et al., 2006), and also studies on age and 

growth (Matić-Skoko et al., 2011), reproduction (Glavić et al., 2014), and diet composition 

(Papaconstantinou and Caragitsou, 1989). For Mediterranean waters, growth parameters were 

also determined using the Bertalanffy growth model, with data obtained from ground otoliths, 

and age was also predicted by otolith morphometric parameters (length, width and mass) 

(Matić-Skoko et al., 2011). These authors found sexual dimorphism in growth and estimated 

maximum ages of 5 years for both sexes (Matić-Skoko et al., 2011). For the Mediterranean, and 

based on macroscopic analysis of the gonads, the length at first maturity was estimated as 31 cm 

and 33 cm TL for females and males, respectively, and the spawning season take place from 

October to early January (Glavić et al., 2014). 

In the southern NE Atlantic, the forkbeard is an important commercial species in both 

Portugal and Spain, with the landings reaching about 800 tons per year in Portugal (Fig 1.5a), 

and about 4,000 tons per year in Spain (FAO, 2012) (Fig. 1.5b) (for the periods 2010-2013 and 

2010-2012, respectively). In the Mediterranean, data is only available for Italy, with landings 

reaching about 300 tons per year (FAO, 2012) (Fig. 1.5b). In Portuguese waters, the fishery 

ranges from coastal waters to offshore seamounts in mainland, and also in the Azores and 
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Madeira archipelagos. The forkbeard is not a target species, being mainly caught by a longline 

fishery targeting wreckfish, Polyprion americanus (Bloch & Schneider, 1801), and European 

conger, Conger conger (Linnaeus, 1758), when it occurs in seamounts, and blackspot seabream, 

Pagellus bogaraveo (Brünnich, 1768), and red porgy, Pagrus pagrus (Linnaeus, 1758), when it 

occurs in coastal waters. Trawl, trammel net, and trap fisheries contribute to a small percentage 

of total landings of forkbeard. It is not known when the forkbeard fishery has started, but from 

the 1990s the species began to be discriminated in fisheries statistics, suggesting an increase in 

its commercial importance from that time. Nowadays, in Portugal, forkbeard landings represent 

a total first sale value of nearly 2.5 million euros (Fig. 1.5c) (INE, 2014). The forkbeard has 

already attained an important acceptance by final consumers, with its commercial price 

reaching, in Portugal, approximately €9/kg. This species still lies in the category of developing 

fishery despite being one of the most important gadiform species commercially exploited by the 

Portuguese fleet, together with European hake, Merluccius merluccius (Linnaeus, 1758), 

pouting, Trisopterus luscus (Linnaeus, 1758), and blue whiting, Micromesistius poutassou 

(Risso, 1827) (Fig. 1.6) (INE, 2014). 

 

 

 
 

Fig. 1.5 Total landings and total first sale value for the forkbeard from the Northeast Atlantic Ocean and 
the Mediterranean Sea. (a) Total landings in mainland Portugal, Azores and Madeira for the period 1995-
2013 (INE, 2014); (b) total landings and total first sale value in Portugal for the period 1995-2013 (INE, 
2014); (c) total landings for the main countries fishing forkbeard in the Northeast Atlantic and the 
Mediterranean for the period 2000-2012 (FAO, 2012). 
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Fig. 1.6 Percentage of the four most important gadiform species commercially exploited in Portugal for 
the period 2002-2013. Importance by (a) total landings and (b) total first sale value. 
 

 

 

1.2 Aims and importance 

The biology and ecology of many commercially important species are not subject to study 

before they begin to be exploited and managers recognize that there is little option but to 

institute short-term reactive measures (Pawson and Jennings, 1996). Moreover, the knowledge 

of stock structure and degree of mixing among populations is important for the rational 

management of marine resources (Hilborn and Walters, 1992) especially when dealing with 

commercially important marine fish species such as forkbeard. 

Given that the forkbeard is an already commercially important species, but still lies in the 

category of developing fishery, the most important assessment and management question at this 

point is: what level of fishing pressure should be permitted as an initial development target, 

recognizing the risk of eventual economic overcapitalization and/or biological overfishing? 

Considering that no information on species biology for Portuguese continental coast 

exists, that the stock structure along its distribution area is unknown and that the exploration is 

unregulated, the present study has two main goals: 

1) gather new and important biological information on the species in order to 

enlarge the knowledge on forkbeard; 

2) elucidate the stock structure of forkbeard in the southern NE Atlantic. 

 

 

1.3 Thesis outline 

The present thesis is divided into seven chapters including two parts of results. The first 

chapter, General Introduction, provides the readers with the essential concepts for understanding 

this thesis and the subjects addressed on it. The state of the art on forkbeard is also presented in 
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this chapter. All chapters of results (Chapters 2 to 6) follow a similar structure that includes an 

introduction, objectives, materials and methods, results and discussion. Finally, in the last 

chapter, the results presented in this thesis are discussed all together. 

The first part, corresponding to the first main goal of this thesis, is dedicated to forkbeard 

biological information and comprises two chapters: Chapter 2 – Age, growth and mortality, and 

Chapter 3 – Reproductive strategy. Age and growth of the forkbeard were previously described 

for specimens from Azorean waters (Silva, 1985; Abecasis et al., 2009) and Adriatic Sea 

(Matić-Skoko et al., 2011). These parameters have never been described for this species from 

mainland Portugal, as well as mortality, which has never been estimated for this species and 

therefore the results presented on Chapter 2 comprises the first study on age, growth and 

mortality of the forkbeard from Portuguese continental waters. Such as age and growth, some 

parameters of forkbeard reproductive strategy were previously described for the same areas, 

based on macroscopic observation of the gonad (Silva, 1986; Glavić et al., 2014). Chapter 3 

provides a more detailed study on reproductive strategy of forkbeard from mainland Portugal 

based on microscopic observation on gonads, as well as the first estimation of fecundity for this 

species. 

The second part, which corresponds to the second main goal of this thesis, focuses on 

stock structure of the forkbeard, and includes three chapters, each one dedicated to a different 

technique of stock identification: Chapter 4 – Otolith shape analysis, Chapter 5 – Body 

geometric morphometrics, and Chapter 6 – Genetic variation. According to Begg and Waldman 

(1999), a holistic approach (i.e. multiple techniques) to stock identification seems to maximize 

the likelihood of correctly defining a fish stock, and so, in this thesis multiple techniques were 

applied on the same specimens to clearly identify the stock structure of forkbeard in the 

southern NE Atlantic. The techniques chosen in this thesis were mainly due to the low cost 

efficient and proven results in stock identification of other fish species (e.g. Campana and 

Casselman, 1993; Turan, 2004; Chiang et al., 2008; Murta et al., 2008; Farias et al., 2009; Wu et 

al., 2009). 

In Chapter 7, a general discussion addresses the main conclusions drawn from the several 

studies described in this thesis as a whole. In this discussion, the characterization of forkbeard 

population dynamics is improved, valuable information for the correct identification of the 

species stock structure in the southern NE Atlantic is provided, and, therefore, management 

measures are formulated. Finally, suggestions for future research are also included. 
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1.3.1 Thesis outputs 

The results presented in this thesis were partially published in international peer-reviewed 

journals and presented at international and national conferences. 

 

Part I – Biology 

Papers 

- Vieira, A. R., Neves, A., Sequeira, V., Paiva, R. B., and Gordo, L. S. 2014. Age 

and growth of forkbeard, Phycis phycis, in Portuguese continental waters. Journal 

of the Marine Biological Association of the United Kingdom, 94: 623-630. DOI: 

10.1017/s0025315413001549 
 

- Vieira, A. R., Sequeira, V., Neves, A., Paiva, R. B., and Gordo, L. S. 

Reproductive strategy of the forkbeard, Phycis phycis, from the Portuguese coast. 

ICES Journal of Marine Science, submitted. 

 

Posters 

- Vieira, A. R., Sequeira, V., Neves, A., Paiva, R. B., and Gordo, L. S. 2013. 

Reproductive strategy of the forkbeard, Phycis phycis (Linnaeus, 1766), from the 

Portuguese coast (poster S1-P-20). 4th International Workshop on Biology of Fish 

Gametes, 17-20 September 2013, Albufeira, Portugal 
 

- Paiva, R. B., Vieira, A. R., Sequeira, V., Neves, A., and Gordo, L. S. 2013. 

Atrésia de oócitos hidratados: mais comum do que se pensa (poster I.15). 

Simpósio de Ciências Marinhas, 17-18 July 2013, Lisboa, Portugal 

 

 

Part II – Stock structure 

Papers 

- Vieira, A. R., Neves, A., Sequeira, V., Paiva, R. B., and Gordo, L. S. 2014. 

Otolith shape analysis as a tool for stock discrimination of forkbeard (Phycis 

phycis) in the Northeast Atlantic. Hydrobiologia, 728: 103-110. DOI: 

10.1007/s10750-014-1809-5 
 

- Vieira, A. R., Rodrigues, A. S., Sequeira, V., Neves, A., Paiva, R. B., and Gordo, 

L. S. Genetic and morphological variation of the forkbeard, Phycis phycis (Pisces, 
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Phycidae): evidence of panmixia and recent population expansion along its 

distribution area. PLoS ONE, under revision. 
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Age, growth and mortality of the forkbeard, Phycis phycis, in 
Portuguese continental waters 

 
 

 

Abstract: The forkbeard, Phycis phycis, is an important commercial species in Portugal; 
however, little information is available on its biology. Age and growth of the forkbeard from 
Portuguese continental waters were studied using 687 otoliths from specimens caught between 
May 2011 and December 2012. Otoliths were transversally sectioned, and assigned ages were 
validated by marginal increment analysis and edge analysis, and indices of precision were also 
calculated to corroborate ageing within and between readers. Validation techniques showed that 
an annual growth increment is formed every year, corresponding to the succession of an opaque 
and a translucent growth zone. Specimens ranged from 15.5 to 67.1 cm total length (TL), and 
their estimated ages ranged between 0 and 18 years. The forkbeard is a relatively slow growing, 
long-lived species, that does not show sexual dimorphism in growth. The von Bertalanffy 
growth parameters estimated for forkbeard from the Portuguese continental waters were          
L∞ = 75.14 cm TL, k = 0.10 yr-1, and t0 = -2.09 yr. Total mortality (Z) estimate was 0.512 yr-1, 
and natural mortality (M) estimates were 0.123 yr-1, 0.232 yr-1, 0.234 yr-1 and 0.474 yr-1, 
depending on the method used. 
 
Keywords: Age and growth; validation; indices of precision; sectioned otoliths; mortality; 
forkbeard; Phycis phycis. 
 

 

 

2.1 Introduction 

Information on the age of individual fish significantly enhances the quality of studies of 

population characteristics such as growth, recruitment, mortality and reproduction, and it is 

often a prerequisite for more detailed studies of life history strategies and ecology (Labropoulou 

and Papaconstantinou, 2000). Most of the studies on age and growth of fish involve the 

determination of age of specimens by counting of growth increments in hard body parts, usually 

otoliths. The mechanism that regulates the cyclic deposition of these growth increments in 

otoliths is not well understood (Beckman and Wilson, 1995), but it is commonly assumed to be 

related to seasonal variation in somatic growth, spawning, environmental factors and food 

availability (Boehlert, 1985; Campana, 1999; Morales-Nin and Panfili, 2005). 

Interpreting otolith structure and counting annual growth increments underlies the method 

used for age assignment (e.g. Bagenal, 1974; Pentilla and Dery, 1988; Fowler, 1995). To ensure 

that the age estimates are accurate, ages assigned to specimens need to be validated (Beamish, 
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1992; Campana, 2001), since non-validated ages commonly result in seriously biased age 

estimates (Beamish and McFarlane, 1983; Lai et al., 1987; Beamish and McFarlane, 1995). 

Since growth parameters constitute key input to stock assessment models used to analyse 

population dynamics in relation to exploitation and management measures (Cailliet et al., 2001; 

Stewart and Hughes, 2007), biased ageing could lead to less effective fishery management 

policies (Beamish and McFarlane, 1983; Campana, 2001; Cailliet and Andrews, 2008). 

Recent analyses suggest that most fished stocks are fully or over-exploited (Botsford et al., 

1997). The most dramatic results of intensive fishing have been the economic collapse of some 

commercially important stocks such as cod, Gadus morhua Linnaeus, 1758, and herring, Clupea 

harengus Linnaeus, 1758 (Beverton, 1990; Myers et al., 1997). One of the challenges for 

fisheries scientists is the provision of management advice for developing fisheries and for 

species for which there are limited biological data. 

Information on age and growth of forkbeard is only available for specimens from Azorean 

and Mediterranean waters. Data obtained from burned sectioned otoliths from fish caught off 

the Azores showed forkbeard to be a relatively slow growing, long-lived species (maximum age 

of 18 years for specimens of 71 cm total length (TL)), with no sexual dimorphism in growth 

(Abecasis et al., 2009). Matić-Skoko et al. (2011), using ground otoliths from fishes collected in 

the south-eastern Adriatic Sea, estimated maximum ages of 5 years for fish of 45.8 cm TL, and 

these authors stated that forkbeard showed sexual dimorphism in growth, with males reaching a 

larger size and growing more slowly than females. Mortality, both natural and total, has never 

been estimated for this species. 

The present study investigated age, growth and mortality of forkbeard from Portuguese 

continental waters, the first study on this subject for this area, where forkbeard is an important 

commercial species. The main goals were: (1) to understand the deposition pattern of growth 

increments in sectioned otoliths of the forkbeard; (2) to validate the assignment of age; (3) to 

model the growth; and (4) to estimate total, natural and fishing mortalities of the species. 

 

 

2.2 Materials and Methods 

2.2.1 Sampling 

A total of 687 samples of the forkbeard were collected monthly between May 2011 and 

December 2012 from commercial vessels operating off mainland Portugal (Peniche, central 

west coast), using longline (at depths between 220 and 275 m), trawl (going up to 310 m depth), 

trammel net and traps (at 55-90 m depth). Total length (TL, to the nearest 0.1 cm), total weight 

(TW, to the nearest 0.01 g) and sex of each fish were recorded, and the sagitta otoliths were 

removed, rinsed with water, air dried and stored in labelled plastic tubes. 
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2.2.2 Length-weight relationship 

Length-weight relationships are important in fisheries science, notably to raise length-

frequency samples to total catch, or to estimate biomass from landings length composition 

(Morato et al., 2001). 

The relationship between total length (TL, cm) and total weight (TW, g) was calculated 

using a power function (TW = aTLb). The Student’s t-test was used to verify the existence of 

significant differences between sexes and to test the allometry in growth (Zar, 1996). 

 

2.2.3 Ageing methodology and validation 

Right sagitta otoliths were transversally sectioned (Bedford, 1983; McCurdy, 1985) with 

a diamond-tipped saw blade (Labcut 230 Cutting Machine) rotating at 3700 rpm. Slices 0.5 mm 

thick were mounted on a glass slide with translucent glue, brushed with a 1:1 glycerin-alcohol 

solution and observed under a stereomicroscope under transmitted light with a 12× 

magnification. The distances from the nucleus to each successive translucent increment 

(hereafter referred as nucleus-to-increment distances) and to the otolith edge were measured on 

the same axis of the ventral face of the sectioned otoliths, using a micrometer eyepiece. The 

ventral face was chosen since this area showed a larger radius and, thus, a better 

individualization of the growth increments. 

Marginal increment ratio (MIR) (Samamé, 1977) and edge analysis (n = 687) were used 

to examine the periodicity of growth increment formation and therefore semi-directly validate 

the frequency of growth increments formation (Panfili and Morales-Nin, 2002). The nucleus-to-

increment distances were used to calculate the marginal increment. The edge of the otoliths was 

classified as opaque (highly calcified light increments) or translucent (less calcified dark 

increments). Mean MIR and standard deviation, and edge type were plotted by month and for 

both younger (ages 0-4 years) and mature older specimens (ages 5-18 years) to verify periodic 

trends in growth increments formation. Age at first maturity (results shown in Chapter 3) was 

used as criterion for the separation of younger and older specimen. 

 

2.2.4 Precision  

Precision of age assignments (and their reproducibility) within and between readers was 

evaluated. For this purpose, a random sample of 306 otoliths, covering the length range of the 

total sample, were read twice, with a lag of four months, by two readers (reader 1, R1, and 

reader 2, R2). 

The average percentage error (APE) (Beamish and Fournier, 1981), the coefficient of 

variation (CV) (Chang, 1982), and the index of precision (D) (Chang, 1982) were used to 
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compare age readings within and between readers. APE and CV produce similar values (Chang, 

1982), but the latter is statistically more rigorous and thus is more flexible (Campana et al., 

1995a). Bias evaluation was based on age bias plots (Campana et al., 1995a), which allow 

visualizing deviation of the age readings from the 1:1 equivalence line. 

The nonparametric Mann-Whitney U-test (since data did not meet the assumption of 

normality and homogeneity of variance) was used to compare age assignments within and 

between readers. The Bowker-type test for symmetry (Bowker, 1948) was applied to investigate 

the existence of systematic differences on the ages assigned between readers (Hoenig et al., 

1995). 

 

2.2.5 Growth model 

To model the growth of forkbeard, sex-specific length-at-age data were fitted to the von 

Bertalanffy growth model (von Bertalanffy, 1938). Akaike’s Information Criterion (AIC; 

Shono, 2000) was used to evaluate the models’ adequacy to the model assumptions and the 

goodness-of-fit. The likelihood ratio tests (Kimura, 1980) were used to evaluate the significance 

of differences on growth parameters between sexes (Venables and Ripley, 2002). The von 

Bertalanffy growth model was estimated in R software version 2.15.1. 

 

2.2.6 Mortality estimates 

Estimates of the instantaneous rate of total mortality (Z) were obtained using the age-

based catch curve method of Beverton and Holt (1957). The age-length key was extrapolated to 

the landing length frequency distribution of longline, by far the most important gear in the 

forkbeard fishery. Only landing data from Peniche (kindly provided by DGRM – Direcção-

Geral de Recursos Naturais, Segurança e Serviços Marítimos) was used since all biological 

samples were obtained in that fishing port. It was assumed that the age composition of the 

sample represents the age composition of the population and, consequently, that: (1) all age 

groups were equally vulnerable to the fishing gears, and (2) all age groups were subject to the 

same mortality rate after recruitment age. The natural logarithm of the number of fish in each 

age class was plotted against their corresponding age, and Z estimated from the descending 

slope. Only fully recruited ages were used to estimate Z, as the age group at the top of the catch 

curve may not be fully vulnerable to the fishing gear (Everhart et al., 1975). 

The instantaneous rate of natural mortality (M) was estimated using four methods: (1) 

Pauly’s method (Pauly, 1980), logM = -0.0066-0.279logL∞+0.6543logk+0.4634logT, where L∞ 

is the asymptotic length (cm), k is the growth coefficient from the von Bertalanffy growth 

model, and T is the mean annual seawater temperature (ºC); (2) Ralston’s method (Ralston, 

1987), M = 0.0189+2.06k, where k is the growth coefficient from the von Bertalanffy growth 
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model; (3) Gunderson’s method (Gunderson, 1980), M = 4.64GSI-0.370, where GSI is the 

maximum female GSI observed; and (4) a method based on longevity (Hewitt and Hoenig, 

2005), M = 4.22/tmax, where tmax is the maximum age observed in the sample. Fishing mortality 

(F) was estimated as F = Z-M. 

 

 

2.3 Results 

2.3.1 Length-weight relationship 

A total of 687 specimens were sampled: 369 females (53.7%) and 318 males (46.3%). 

The sex-ratio did not differ significantly from unity (χ2: p = 0.06), and total length and total 

weight were not significantly different between sexes (TL, t-test: p = 0.178; TW, t-test:              

p = 0.109). 

The equation that expressed the length-weight relationship of the forkbeard was:          

TW = 0.0049TL3.2286 (r2 = 0.98) for females and TW=0.0042TL3.2524 (r2 = 0.99) for males. Both 

females and males of forkbeard showed positive allometric growth (females, t-test: p < 0.001; 

males, t-test: p < 0.001). 

 

2.3.2 Ageing methodology and validation 

In sectioned otoliths of the forkbeard (n = 687, 369 females and 318 males) a regular 

pattern was visible, with alternate opaque and translucent concentric growth increments 

deposited around a large opaque nucleus. Inside the nucleus structure was always evident a 

strongly marked check ring, which appeared in the ventral face, at 0.41 ± 0.03 mm (mean ± SD) 

from the nucleus. The deposition pattern of growth increments varied as the otolith grows: in 

the region closer to the nucleus, growth increments were wide (typically the first 4 increments) 

and afterwards they became thinner and closer together (Fig. 2.1). The first growth increment 

corresponded to the first well-marked increment visible after the otolith nucleus, and appeared 

in the ventral face at 2.00 ± 0.02 mm (mean ± SD) from the nucleus. 

Fig. 2.2 shows the level of overlap of increment deposition of the first 14 years in ventral 

face of sectioned otoliths. The growth increments corresponding to ages 1, 2 and 3 years were 

completely separated from each other; thereafter the overlap of growth increments increased 

with fish age. 
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Fig. 2.1 Sectioned right sagitta otolith 
of a 10 year old forkbeard from the 
Portuguese continental waters, with 
52.8 cm TL. Inside the nucleus, the 
demersal check ring (DCR) is shown. 
White dots represent the growth 
increments. D, dorsal face; V, ventral 
face. Scale bar = 1 mm. 
 

 
 

 
 

Fig. 2.2 Frequency distributions of 
the distances from the nucleus to 
growth increments of the ages 
assigned in the ventral face of 
sectioned otoliths of the forkbeard 
from the Portuguese continental 
waters. 
 

 
 

 

MIR and proportion of opaque and translucent edges of younger (ages 0-4 years; n = 149) 

and older specimens (ages 5-18 years; n = 538) are shown in Fig. 2.3. An identical pattern 

throughout the year could be seen. MIR presented a clear annual pattern of growth increment 

formation for both younger and older specimens, with the marginal increment showing an 

increasing trend from January to June and a decreasing trend after June (Fig. 2.3a and b). The 

highest estimates of MIR occurred between May and August and the lowest between October 

and January for both younger and older specimens (Fig. 2.3a and b), an indication that new 

increments are formed during this period. For both younger and older specimens, opaque edges 

were more frequent in spring and summer months (April-August), while translucent edges 

dominated during autumn and winter (October-March), for both younger and older specimens 

(Fig. 2.3c and d). 

Based on the previous results, the assumptions for age assignment of the forkbeard were: 

(1) an annual growth increment corresponds to the succession of an opaque and a translucent 

growth zone (validated by MIR and edge type), so age can be assigned by counting translucent 
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zones; (2) 1st January is considered to be the birth date since the spawning season of the species 

occurs in the last quarter of the year (results shown in Chapter 3). 

 

 

 
Fig. 2.3 Monthly evolution of marginal increment ratio in sectioned otoliths of (a) younger (ages 0-4 
years) and (b) older (ages 5-18 years) specimens of forkbeard from the Portuguese continental waters. 
Dots are the mean values and whiskers are ± standard deviation. Annual variation pattern of the 
percentage of opaque and translucent edges in sectioned otoliths of (c) younger (ages 0-4 years) and (d) 
older (ages 5-18 years) specimens. Black bars are opaque edges and white bars are translucent ones. 
 

 

2.3.3 Precision  

Both readers aged twice 306 otoliths of forkbeard. Indices of precision for age readings 

within and between readers are presented in Table 2.1, and the age-bias plots are in Fig. 2.4. For 

R1, the estimates of APE, CV and D were 1.51%, 1.30% and 0.92%, respectively, reflecting 

high precision of the age readings. R1 comparative readings showed a total agreement of 81%. 

Ages assigned by R1 showed non-significant differences between the 1st and 2nd readings 

(Mann-Whitney U test: p = 0.815). For R2, the APE, CV and D indices were 2.77%, 2.52% and 

1.96%, respectively. The comparative readings of this reader showed a total agreement of 86%. 

Ages assigned by R2 showed non-significant differences between age readings (Mann-Whitney 

U test: p = 0.781). 

The indices of precision between readers were 1.80%, 1.65% and 1.17% for APE, CV 

and D, respectively, reflecting a high precision. A total agreement of 82% was allocated. Only 

one difference between readers higher than ±1 years was assigned (Fig. 2.4c). The Mann-

Whitney test proved that there were non-significant differences between ages assigned by R1 
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and R2 (Mann-Whitney U test: p = 0.763). There was also no evidence of systematic 

disagreement for ages assigned between R1 and R2 (test of symmetry: p = 0.085). 

Ages assigned by R1 were used to fit the von Bertalanffy growth model to the length-at-

age data of forkbeard due to the higher precision obtained and previously experience in ageing 

gadiform species (Vieira et al., 2013). 

 

 
Table 2.1 Indices of precision for age readings of the forkbeard from the Portuguese continental waters, 
within and between readers. R1, reader 1; R2, reader 2. 
 

Index 
Comparison 

Within reader Between readers R1 R2 
APE (%) 1.51 2.77 1.80 
CV (%) 1.30 2.52 1.65 
D (%) 0.92 1.96 1.17 

Total agreement (%) 81 86 82 
Agreement (0, ±1) (%) 100 99 100 

 

 

 

2.3.4 Growth model 

For ageing estimate all 687 otoliths were used. The forkbeard females caught off the 

Portuguese continental coast ranged between 18.8-66.6 cm TL and were aged by sectioned 

otoliths from 1 to 17 years. Males ranged from 15.5 to 67.1 cm TL and were aged from 0 to 18 

years. Age-length key is shown in Table 2.2. 

The estimated von Bertalanffy growth parameters for forkbeard from the Portuguese 

continental waters are presented in Table 2.3. No significant differences between males and 

females growth parameters were found (likelihood ratio test: p = 0.439) and the von Bertalanffy 

growth curve is presented in Fig. 2.5. It is worthwhile to mention that 50% of the maximum 

observed total length is attained at 4 years age. 
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Fig. 2.4 Age bias plots for the readings comparisons within readers: (a) reader 1 (R1) and (b) reader 2 
(R2), and (c) between readers for the forkbeard from the Portuguese continental waters. The 45º line 
represents 100% agreement. 
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Table 2.3 Summary of the von Bertalanffy growth parameters estimated for the forkbeard from the 
Portuguese continental waters. Standard error of parameters is given in brackets. L∞, asymptotic length; k, 
growth rate; t0, hypothetical age when L = 0). 
 

 L∞ (cm) k (yr-1) t0 (yr) n r2 AIC 

All data 75.14 (1.11) 0.10 (0.00) -2.09 (0.11) 687 0.94 2688.90 

Females 75.56 (1.74) 0.10 (0.00) -2.19 (0.18) 369 0.93 1473.35 

Males 74.84 (1.44) 0.10 (0.00) -2.00 (0.14) 318 0.95 1219.60 
 

 

 
 

Fig. 2.5 The von Bertalanffy growth 
model for the entire sample (n = 687) 
of forkbeard from the Portuguese 
continental waters, for the period 
2011-2012. 
 

 

 

 

2.3.5 Mortality estimates 

The forkbeard total mortality (Z) estimate, based on the catch curve method, was 0.512 

yr-1. Forkbeard specimens were fully recruited to fishery by the age of 5 years (Fig. 2.6). Natural 

mortality (M) estimates varied according to the method used. Forkbeard M was estimated as 

0.123 yr-1 according to Pauly’s method and using a seawater temperature of 15ºC. Ralston’s 

method estimates M = 0.232 yr-1, Gunderson’s method M = 0.474 yr-1, and the method based on 

longevity estimates M = 0.234 yr-1. Therefore, fishing mortality (F) estimates were 0.388 yr-1, 

0.279 yr-1, 0.038 yr-1 and 0.277 yr-1, respectively. 
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Fig. 2.6 The catch curved applied to 
forkbeard data from the Portuguese 
continental waters. Nt, number of 
specimens in each age class. 
 

 

 

2.4 Discussion 

Age estimation in gadiform fish has been known to present some difficulties due to 

otolith thickness, which in most species requires special processing methods so that growth 

increments become visible (Deree, 1999; Morales-Nin et al., 1998). Sectioning has been 

considered a suitable technique for dense gadiform otoliths, allowing faster and better otolith 

analysis (e.g. Morales-Nin et al., 1998; Deree, 1999; Casas and Piñeiro, 2000; Vieira et al., 

2013). Regarding the forkbeard, this study showed that sectioned otoliths are a precise method 

for age estimation, since the values of precision indices obtained both within and between 

readers were very low; much lower than those adopted in the literature (CV < 7.6% and       

APE = 5.5%) (Campana, 2001). Other studies were published recently on age and growth of 

forkbeard from Azorean waters (Abecasis et al., 2009) and Adriatic Sea (Matić-Skoko et al., 

2011). Burning and sectioning otoliths was considered a precise procedure for age estimation of 

this species from Azorean waters by Abecasis et al. (2009); however, with this technique, the 

authors obtained 9.5% of unreadable otoliths. Matić-Skoko et al. (2011) used both grinding 

otoliths and morphometric otolith parameters (length, width and weight) to estimate the age of 

forkbeard from Adriatic Sea, and they suggested that the most precise age estimator was the 

otolith weight linear model, instead of the otolith growth increment counting. These otolith 

weight models are cheaper and quicker than otolith analysis (Cardinale et al., 2000). However, 

they still require ageing techniques to achieve an appropriate regression between age estimated 

by otolith analysis and otolith weight (to reduce any bias that could modify the estimated age-

structure and affect the analysis) (Lai and Gunderson, 1987; Bradford, 1991) and a recalibration 

for each new fish sample (Cardinale et al., 2000; Francis and Campana, 2004). For these 

reasons, these models can be advantageous for ageing species with high commercial interest and 

object of a large sample of otoliths (thousands) analysis (e.g. Atlantic cod, Gadus morhua, 

Cardinale et al., 2000), but seem to be less effective to analyse a smaller sample of fishes 

(hundreds). 
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Age validation is crucial in age and growth studies. It is common to underestimate ages of 

long-lived species and thus overestimate growth rates and reproductive potential. This may in 

turn lead to too optimistic stock assessments and harvesting strategies (Beamish and McFarlane, 

1983; Campana, 2001; Cailliet and Andrews, 2008). Regarding this issue, MIR and edge 

analysis supported the hypothesis that a single set of translucent and opaque increment is 

formed every year in the forkbeard off the Portuguese continental coast. Translucent increments 

are deposited during autumn and winter and opaque increments are laid down in the spring and 

summer. The same results have been obtained by Abecasis et al. (2009) for forkbeard from 

Azorean waters, and by Matić-Skoko et al. (2011) for specimens from the Adriatic Sea, who 

found that opaque increments were laid down during spring and summer months. 

The von Bertalanffy growth parameters estimated for the forkbeard showed that it is a 

relatively slow growing and long-lived species. Similar results were obtained in Azorean waters 

(Abecasis et al., 2009). Although the maximum total length recorded in the present study was 

67.1 cm TL, the historical record of 74 cm TL (Pinho, 2003) is close to the estimated L∞ of 75.1 

cm TL. The present study showed that the forkbeard has no sexual dimorphism in growth, 

although differences in growth between sexes are a common feature among related gadiforms, 

such as the greater forkbeard, Phycis blennoides (Casas and Piñeiro, 2000). This study showed 

that this species can attain a maximum age of 18 years, being always evident the strongly 

marked check ring in the nucleus (that appears in other species from Phycis genus), the 

demersal check ring (DCR), that has been associated with a change on diet/environment from 

pelagic to demersal habitat (Matarrese et al., 1998; Casas and Piñeiro, 2000).The maximum age 

observed in this study is very different from the one reported for the Adriatic Sea, where a 

maximum age of 5 years was reported. Contrarily to the results obtained for Portugal (mainland 

and Azores), the forkbeard from the Adriatic Sea showed a sexual dimorphism in growth, with 

males reaching a larger size and growing more slowly than females (Matić-Skoko et al., 2011). 

These differences in minimum and maximum ages and estimated von Bertalanffy growth 

parameters are probably related with the sizes of the specimens obtained in the different areas, 

which could be due to the sampling gears used: trammel nets in the Adriatic, longline in the 

Azores, and longline, trawl and traps in mainland Portugal. Depending on mesh size, trammel 

nets may not be effective at sampling larger specimens (maximum 45.8 cm TL in the Adriatic 

study) whilst longlines do not capture smaller individuals (few specimens under 30 cm TL were 

used in the Azorean study). The use of different fishing gears in the present study allowed 

sampling both smaller and larger specimens. Nevertheless, the possibility of different 

population size structures (or even different fishing pressure) in the NE Atlantic and in the 

Mediterranean Sea cannot be discarded. The growth parameters obtained for the forkbeard from 

Azorean waters (Abecasis et al., 2009) and Adriatic Sea (Matić-Skoko et al., 2011) were not 

statistically compared with those from mainland Portugal due to the absence of age-length keys. 
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The determination of growth and mortality rates of important commercial species is 

especially critical for understanding their population dynamics (Ralston and Williams, 1988). 

Estimating mortality using age-based catch curves involves a number of assumptions. These 

include the assumptions of constant recruitment and constant mortality for each age class. The 

steady state or equilibrium assumption of constant recruitment is likely to be violated for most 

species, as recruitment is generally extremely variable and inconsistent (e.g. Doherty and 

Fowler, 1994). Despite this, the catch curve of forkbeard indicates that this species is fully 

recruited to the fishery by the age of 5. Comparing the four methods used in natural mortality 

estimates, the Gunderson’s method presented a very high value not comparable to other 

estimates for gadiform species (the expected M values are similar to or lower than 0.2 yr-1 

(Chong et al., 2007; ICES, 2007)) and, therefore, should not be considered as realistic. 

Consequently, the fishing mortality values obtained by the other methods (F = 0.277 yr-1, 0.279 

yr-1, and 0.388 yr-1) should be considered as representative of a low/moderate exploitation 

pattern. In fact, the forkbeard is mainly caught by longline fishery, a selective fishing gear that 

uses large hooks to target the wreckfish, Polyprion americanus and European conger, Conger 

conger, reducing the exploitation of younger members of the population (fish smaller than 40 

cm TL). 

Improved biological and fishery data for developing fisheries are essential to allow more 

robust assessments in the future (Hilborn and Walters, 1992). In this context, age and growth 

studies are fundamental since it is most important to know the relative abundance of specimens 

of different ages in order to be able to evaluate population age structure in relation to fishing. 

The results of this study, associated with the improved knowledge on other biological aspects of 

the forkbeard, will provide important data to allow for improved assessments and management 

in the future. 
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Reproductive strategy of the forkbeard, Phycis phycis, from 
the Portuguese coast 

 
 

 

Abstract: The knowledge of the spawning pattern and reproductive strategy of a fish species is 
essential for a comprehensive understanding of population dynamics. This study intends to 
define the spawning season, estimate length at first maturity, define the fecundity type, and 
estimate fecundity of the forkbeard, Phycis phycis, from the Portuguese coast. Monthly samples 
collected from commercial landings between May 2011 and December 2012 were used. The 
results of this study show that the forkbeard is a group-synchronous and batch spawner species. 
Mature females were found between September and January, mature males between August and 
January, and a significant increase of gonadosomatic index during these months suggest that the 
spawning season occurs from September to early January. The length at first maturity was 
estimated as 35.9 cm TL for females and 28.5 cm TL for males. Some reproductive 
abnormalities were detected in forkbeard gonads, namely, mosaic intersex, follicular cysts in 
ovaries and early mature males. For fecundity type definition, a hiatus between the primary and 
secondary growth oocytes was detected, indicating discontinuous oocyte recruitment. A 
significant increase in the mean diameter of secondary growth oocytes and a decreasing trend in 
the number of these oocytes during the spawning season were observed. The relative intensity 
of α-atresia in forkbeard ovaries was low along the spawning season, varying between 7 and 
11%. These four criteria suggest that the forkbeard has a determinate fecundity. Relative annual 
fecundity varied between 628 and 4,282 oocytes g-1 gutted weight, with a mean of 1,833±857 
oocytes g-1 gutted weight. Not all females sampled during the spawning season were 
physiologically able to spawn. Non-reproductive females that skipped a spawning season 
attained 36.1%. This fact should be taken into account in a possible future management in order 
to prevent overestimation of the population’s reproductive potential. 
 
Keywords: Reproductive strategy; first maturity; determinate fecundity; skipped spawning; 
forkbeard; Phycis phycis. 
 

 

 

3.1 Introduction 

The knowledge of life history traits of a fish species is essential for a comprehensive 

understanding of the population dynamics (Hilborn and Walters, 1992) and an essential key to 

identify and further assess fish stocks (Pawson and Jennings, 1996). Among life history traits, 

studies on reproduction, including timing and duration of spawning, the assessment of size 

maturity, and fecundity, permit the comprehension of the reproductive strategy of the species 

(Murua et al., 2003). These, together with egg size, viability and hatching success, permit to 
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evaluate the reproductive potential. Among the wide range of parameters for studying 

reproduction, fecundity is probably the one that has the widest application since it is included in 

life-history tables, in estimates of spawning stock biomass and in recruitment analysis (Kjesbu, 

2009). 

Two types of fecundity have been identified, these being determinate and indeterminate 

(Hunter et al., 1992). In fish species with determinate fecundity, this is fixed before the onset of 

spawning, and the number of yolked oocytes prior to the beginning of spawning is considered 

equivalent to the potential annual fecundity (Hunter et al., 1992; Murua et al., 2003). In these 

species, total annual fecundity is estimated after discounting oocyte atresia from potential 

fecundity. For species with indeterminate fecundity, a continuous recruitment of oocytes into 

vitellogenesis during the spawning season occurs and, therefore, fecundity is not fixed before 

the onset of spawning (Hunter et al., 1992; Murua et al., 2003). Thus, annual fecundity should 

be estimated from batch fecundity, spawning fraction, and the duration of the individual 

spawning season (Hunter et al., 1992). The knowledge of the fecundity type of a fish stock is of 

great importance in fisheries biology since it determines the method of choice for estimating the 

fecundity of individuals and the total egg production of populations, as well as the egg 

production method that should be devised for the assessment of the spawning biomass (Ganias, 

2013). 

Despite the commercial importance of the forkbeard, no information on reproductive 

strategy of this species exists. Some parameters, such as the spawning season and length at first 

maturity, have already been described for specimens from Azores (Silva, 1986) and the Adriatic 

Sea (Glavić et al., 2014). Therefore, this study intends to define the reproductive strategy of the 

forkbeard in Portuguese continental waters. The main objectives are: (1) to characterize the 

gonads structure; (2) to define the spawning season; (3) to estimate the length at first maturity; 

(4) to characterise the fecundity type; and (5) to estimate fecundity of the forkbeard. This 

information will be important for understanding the reproductive potential of this species. 

 

 

3.2 Materials and Methods 

3.2.1 Sampling 

A total of 690 forkbeard specimens were collected from commercial landings of fishing 

vessels operating off mainland Portugal (Peniche, central west coast), using longline, trawl, 

trammel net and traps, from May 2011 to December 2012. For each fish, total length (TL, to the 

nearest 0.1 cm), gutted weight (GW, to the nearest 0.01 g), gonad and liver weights (gonW and 

livW, respectively, to the nearest 0.01 g), and sex were recorded. Macroscopic sex was assigned 
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and maturity phases were confirmed by histological examination. Gonads were removed and 

preserved in a 10% buffered formaldehyde solution. 

 

3.2.2 Histology 

Gonad slices were taken, dehydrated with ethanol and embedded in methacrylate. Two 

sections (3-5 μm) were cut from each slice, stained with toluidine blue, examined and digitized 

using a Leica DM 2000 light microscope with a Leica DFC 290 digital camera. Homogeneity of 

oocyte distribution within and between ovaries was tested to verify if the development in the 

middle region of any ovary was representative of the entire gonad. For this, slices from anterior, 

middle and posterior regions of the right ovary, and from the middle region of the left ovary 

were taken. Comparisons were made using 8 spawning-capable (SC) and 8 actively spawning 

(AS) females without visible post-ovulatory follicles (POFs). Since no significant differences in 

oocyte size distribution between ovary regions (MANOVA, p = 0.06) or between ovaries 

(MANOVA, p = 0.06) were found, the analysis continued only using middle ovary sections. 

To describe and characterize oogenesis, oocytes were classified into stages of 

development based on the histological criteria suggested by Wallace and Selman (1981) and 

were divided into stages, proposed by Lowerre-Barbieri et al. (2011): primary growth (PG), 

cortical alveolar (CA), primary vitellogenic (Vtg1), secondary vitellogenic (Vtg2), tertiary 

vitellogenic (Vtg3), germinal vesicle migration (GVM), germinal vesicle breakdown and yolk 

coalescent (GVBD & YC), and hydrated (H). Post-ovulatory follicles (POF) and atretic oocytes 

(A) were also recorded. For spermatogenesis characterization, description of spermatogenic 

stages were based on the classification of Grier and Uribe-Aranzábal (2009) and included 

spermatogonia (Sg), primary spermatocytes (Sc1), secondary spermatocytes (Sc2), spermatids 

(St), and spermatozoa (Sz). To characterize each stage of oogenesis and spermatogenesis, 

digitized images of histological sections of 23 females (40× or 100× magnification) and 5 males 

(200× magnification) were analysed. Around 1,300 oocytes with visible nucleus and 1,200 male 

germ cells were measured, using the software package Image-Pro Plus, for maximum and 

minimum diameter and averaged afterwards, in order to decrease the variance caused by the 

histological processing. 

Histological classification of gonads was based on the developmental stage of the most 

advanced cellular type, and maturity phases were assigned according to the standardized 

terminology proposed by Brown-Peterson et al. (2011): immature (I), developing (D), spawning 

capable (SC) and its actively spawning subphase (AS) (only for females), regressing (RE), and 

regenerating (R). 
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3.2.3 Sexual cycle and length at first maturity 

After the characterization of each maturity stage, their monthly frequency was 

investigated for both sexes in order to determine the spawning season of the forkbeard. This 

analysis was further corroborated with the monthly evolution of the gonadosomatic index    

(GSI = (gonW/GW)×100). Two bioenergetic indices were also analysed, the hepatosomatic 

index (HIS = (livW/GW)×100) and the Fulton’s condition factor (K = (GW/TL3)×100), to 

assess fish condition. 

Based on the fraction of mature specimens of both sexes per TL class, the maturity ogive 

was estimated for females and males adjusting a logistic model proposed by Figueiredo et al. 

(2003). Length at first maturity (L50) for each sex was estimated as L50 = -a/b (a and b are model 

parameters). 

Since not all individuals within the population follow the normal reproductive 

development schedule (Rideout and Tomkiewicz, 2011), gonads that were considered abnormal 

in relation to other specimens were registered. 

 

3.2.4 Fecundity 

To investigate the fecundity type of forkbeard, four lines of evidence suggested by Hunter 

et al. (1992), Greer-Walker et al. (1994) and Murua and Saborido-Rey (2003) were examined: 

(1) the presence or absence of an hiatus between pre-vitellogenic and vitellogenic oocytes; (2) 

the mean diameter of the advanced vitellogenic oocytes in the standing stock over the spawning 

season; (3) the number of vitellogenic oocytes in the ovary during the spawning season; and (4) 

the intensity of atresia over the spawning season. The first line of evidence was evaluated using 

digitized images of histological sections from 7 SC and 5 AS females (41.9-56.9 cm TL) 

without POFs during the spawning season. All oocytes were measured for maximum and 

minimum diameter and averaged afterwards (to decrease the variance caused by the histological 

processing) using the software package Image-Pro Plus. 

The second and third lines of evidence were evaluated trough the gravimetric method 

(Hunter et al., 1989) using 18 SC and 17 AS females (45.7-66.6 cm TL) with visible POFs 

(confirmed in histological sections). From each ovary, one sample of approximately 0.03 g was 

analysed. Oocytes were separated from each other and from connective tissue by flushing them 

with tap water into a 125 μm mesh sieve (threshold size fixed for CA oocytes by measuring 

each type of oocyte in histological sections, as previously described). Then, each sample was 

placed on a watch glass dish under a stereomicroscope for image acquisition. Some additional 

work with needles and forceps was required to separate some oocytes that remained together. 

All oocytes were automatically measured and counted using ImageJ software 

(http://imagej.nih.gov/ij/) with the ObjectJ plugin (https://sils.fnwi.uva.nl/bcb/objectj/). Oocytes 
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that were not detected automatically had to be measured and counted manually. ANOVA and 

post-hoc Fisher’s LSD test were used to detect significant statistical differences in mean oocyte 

diameter throughout the spawning season. As data of the mean number of oocytes were not 

normal even after transformation, a permutational MANOVA (PERMANOVA) (Anderson, 

2001), based on the Bray-Curtis distance dissimilarities (Bray and Curtis, 1957), was used to 

detect significant statistical differences throughout the spawning season. 

For the fourth line of evidence, relative intensity of atresia was calculated as the 

percentage of α-atretic yolked oocytes in relation to total number of yolked oocytes (Hunter and 

Macewicz, 1985) present in an ovary, using histological sections of 18 SC and 16 AS females 

(43.0-66.6 cm TL). Analysis of variance (ANOVA) was used to compare the relative intensity 

of α-atresia throughout the spawning season. 

To estimate potential annual fecundity, the gravimetric method was used and the number 

of secondary growth oocytes (CA-H) was counted. Histological sections were examined to 

select ovaries without POFs, given that their presence indicates that spawning has already begun 

and the potential fecundity would be underestimated. 7 SC and 16 AS females (43.0-61.5 cm 

TL) without POFs were selected throughout the spawning season. From each ovary, 3 

subsamples of 0.06±0.02 g were analysed. Total annual fecundity was calculated after 

discounting atretic losses from potential annual fecundity. 

 

3.2.5 Skipped spawning 

To detect the presence of females that skipped a spawning season, only the time period 

from October to December (reproductive peak) was considered. Large females (with TL > L50) 

with non-reproductive ovaries (i.e. without advanced vitellogenic or hydrated oocytes) (D, RE 

and R females), and/or when an entire cohort of developing oocytes was atretic (i.e. mass 

atresia) were classified as skipped spawners. For these females, GSI, HSI and K were compared 

with the same indices of reproductive females for the same period of time, using the Student's t-

test. The frequency of skipped spawning by year was calculated as the number of non-

reproductive females divided by the total number of mature females sampled (Rideout et al., 

2006). 

 

3.2.6 Statistical analysis 

All statistical analyses used in this study were performed in Statistica software version 

11, with the exception of L50 and PERMANOVA, which were performed using R version 

2.15.1, and PRIMER 6 and its add-on package PERMANOVA+, respectively. The significance 

level was set at 0.05 for all statistical tests used. 
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3.3 Results 

3.3.1 Gonads characterization 

A total of 369 females (18.8-66.6 cm TL) and 320 males (15.5-67.1 cm TL) were used in 

this study for characterization of gonads structure and maturity stages. 

Macroscopically, forkbeard ovaries consist in two elliptic shape lobes, fused posteriorly, 

whose colour varies from whitish, pink, yellow, orange and red, as maturity progresses. Testes 

are dorso-ventrally compressed, with ruffles, fused posteriorly, and their colour varies from 

pink, white and red throughout maturation. 

From the histological examination of gonads it was possible to identify all oocyte stages 

and male germ cells. Oocyte development is group-synchronous showing two cohorts of 

oocytes, one of primary growth and another of secondary growth oocytes (Fig. 3.1a). The latter 

are the oocytes to be spawned during the current spawning season and the former are the 

“reserve fund” oocytes, to be spawned in future spawning seasons. Hydrated and vitellogenic 

oocytes, and POFs could be observed simultaneously in AS females (Fig.3.1b), suggesting a 

batch spawner pattern. Description of each oocyte development stage and respective diameter 

are presented in Table 3.1. 

 

3.3.2 Sexual cycle 

A total of 307 females (31.9-66.6 cm TL) and 303 (26.1-67.1 cm TL) males were used. 

Immature specimens were excluded from this analysis. 

For females, D phase was found throughout the year except in January, February, May 

and December. SC females occurred between September and January, and AS phase was found 

between October and December. Females in RE phase were present in January, March and April 

and R females occurred between January and June (Fig. 3.2a). GSI and HSI of females were 

statistically significant different throughout the year (Kruskal-Wallis test: p < 0.001). GSI 

showed higher values from September to January with a peak in December (6.0%), whereas HSI 

presented an increasing trend from August to February, with a peak in the latter (6.9%) (Fig. 

3.3a). K values had significant fluctuations during the year (ANOVA: p < 0.0001) (Fig. 3.3a). 
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Fig. 3.1 Transverse sections of gonads of the forkbeard. (a) Spawning capable female; (b) Actively 
spawning female; (c) Spawning capable male; (d) Mosaic intersex specimen; (e) Follicular cyst in ovary; 
(f) Reabsorbing-Vtg skipped spawning female; (g) Resting-PG skipped spawning female; (h) Resting-CA 
skipped spawning female. αA, α-atretic oocyte; CA, cortical alveolar oocyte; Ch, chorion; FG, follicular 
cyst; H, hydrated oocyte; OW, ovarian wall; PG, primary growth oocyte; Sc1, primary spermatocyte; Sc2, 
secondary spermatocyte; Sg, spermatogonia; St, spermatid; Sz, spermatozoa; T, testicular tissue; Vtg1, 
primary vitellogenic oocyte; Vtg2, secondary vitellogenic oocyte; Vtg3, tertiary vitellogenic oocyte. Scale 
bar = 100 μm. 
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Table 3.1 Oocyte development stages of the forkbeard. A brief description of each oocyte stage, its range 
size, and mean and standard deviation (in brackets) are given. 
 

Oocyte development stage Description Diameter (μm) 

Primary growth (PG) Polyhedral with a large nucleus, where 
several nucleoli can easily be observed 

22.1-94.7 
(59.0±14.8) 

Cortical alveolar (CA) Cortical alveoli and lipids appear in the 
cytoplasm 

94.16-191.5 
(113.7±14.0) 

Primary vitellogenic (Vtg1) Appearance of small granules of yolk 
around the nucleus 

119.4-247.1 
(160.3±22.3) 

Secondary vitellogenic (Vtg2) Larger yolk globules throughout the 
cytoplasm 

183.1-283.3 
(219.2±20.8) 

Tertiary vitellogenic (Vtg3) Large yolk globules fill the cytoplasm; oil 
droplets surround the nucleus 

243.3-402.0 
(331.0±34.6) 

Germinal vesicle migration 
(GVM) Germinal vesicle migrates to animal pole 372.3-526.2 

(435.1±35.9) 
Germinal vesicle breakdown and 
Yolk coalescent (GVBD & YC) 

Germinal vesicle membrane breaks 
down; yolk globules become hydrated 

416.4-637.0 
(510.8±56.2) 

Hydrated (H) Homogeneous appearance; oocytes ready 
to be released 

544.0-802.3 
(639.0±44.5) 

 

 

 
Table 3.2 Developmental stages of forkbeard male germinal cells. A brief description of each cell stage, 
its range size, and mean and standard deviation (in brackets) are given. 
 

Spermatogenic stage Description Diameter (μm) 

Spermatogonia (Sg) Appear single or in groups; round shape 
with a conspicuous cytoplasm and a 
prominent central nucleus 

6.44-9.42 
(7.96±0.49) 

Primary spermatocytes (Sc1) Always appear enclosed in cysts; smaller 
than Sg 

3.64-5.77 
(4.63±0.34) 

Secondary spermatocytes (Sc2) Similar to Sc1 but smaller 2.53-3.96 
(3.28±0.26) 

Spermatids (St) Smaller than Sc2 but still found enclosed in 
cysts 

1.54-2.94 
(2.14±0.19) 

Spermatozoa (Sz) Similar to St but with cilia; enclosed in 
cysts or free in the lumen 

1.36-2.04 
(1.73±0.13) 

 

 

 

For males, D phase was present between January and October, SC between August and 

January, RE from October to March (except February) and R between October and July (Fig. 

3.2b). GSI and HSI were both significantly different throughout the year (Kruskal-Wallis test:   

p < 0.05) whereas K showed no significant variations (Kruskal-Wallis test: p = 0.06). GSI 

showed higher values between August and December, with peaks in September (0.77%) and 

November (0.71%) (Fig. 3.3b). HSI presented three peaks throughout the year, namely in 
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January (4.9%), March (4.7%) and September (5.0%) (Fig. 3.3b). Male GSI was significantly 

related with HSI (r = 0.21, p = 0.0007) and with K (r = 0.24, p < 0.0001), although the 

determination coefficient was too low to be considered a strong correlation. 

Based on these results, the forkbeard spawning season was considered to occur from 

September to January (the time period between the appearance of the first and the last SC 

female), with a peak between October and December (when AS females were detected). 

 

 

 
Fig. 3.2 Frequency (%) of maturity phases in forkbeard (a) ovaries and (b) testes. 

 

 

 

3.3.3 Length at first maturity 

The smallest mature female and male sampled measured 31.9 cm and 26.1 cm TL, 

respectively, and the estimated L50 was 35.9 cm TL for females (r = 0.98; p < 0.0001) and 28.5 

cm TL for males (r = 0.92; p <  0.0001) (Fig. 3.4). 
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Fig. 3.3 Monthly variation of the mean and standard error of gonadosomatic index (GSI, empty squares), 
hepatosomatic index (HSI, empty circles) and Fulton’s condition factor (K, black squares) for forkbeard 
(a) females and (b) males. 

 

 

 

 
Fig. 3.4 Maturity ogives of forkbeard (a) females and (b) males. Solid line is the estimated logistic curve 
adjusted to the observed proportion of mature specimens. 
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3.3.4 Reproductive abnormalities 

The reproductive abnormalities detected in forkbeard gonads can be categorised as 

mosaic intersex specimens, follicular cysts and early mature males. 

Only one mosaic intersex specimen was detected in May 2011 (36.6 cm TL). 

Macroscopically, this gonad had an immature female aspect with a round shape and a whitish 

colour. From the histological examination of the gonad it was possible to identify that the 

mosaic intersex was formed by an external ovarian membrane which surrounded an immature 

testicular tissue (with only Sg present) with some PG oocytes embedded in it (Fig. 3.1d). 

Follicular cysts are resultant from an abnormal atretic process in which the chorion does 

not break and the follicle envelope develops into a cyst (Fig. 3.1e). In the forkbeard, these cystic 

structures were observed across all maturity phases and were randomly distributed in the gonad. 

Mature females from all length classes (31.9-66.6 cm TL) presented these cysts. Cyst 

prevalence (percentage of females with ovarian cysts relative to the total number of sampled 

mature females (Domínguez-Petit et al., 2011)), in a total of 15.4%, showed three peaks during 

the year, with the first peak in January (31%), the second one in April (24%), and the last one in 

August (24%). Minimum values were recorded in September and October (7%). Prevalence of 

these structures was higher in RE females (66.7%) and reached lower values in D and R females 

(~10%). Cyst prevalence increased significantly with female TL following a linear relationship 

(GLM: r = 0.76, p < 0.0001). 

Although male L50 has been estimated as 28.5 cm TL, 7 males with 15.5-23.9 cm TL 

(sampled between October and December) were classified as mature since in histological 

sections of their testes it was possible to observe an active spermatogenesis with Sz in lumen 

and sperm ducts. 

 

3.3.5 Fecundity 

Forkbeard fecundity type was evaluated under the four criteria stated in section 3.2.4. A 

hiatus between primary and secondary growth oocytes was observed (Fig. 3.5), indicating a 

discontinuous oocyte recruitment where the standing stock of oocytes is well defined 

throughout the spawning season. Regarding the second and third lines of evidence, secondary 

growth oocytes (≥ CA) were analysed. A significant increase in the mean diameter of secondary 

growth oocytes along the spawning season was found (ANOVA: p = 0.012), namely between 

the periods 1-15 Oct and 16-30 Nov, and 1-15 Dec and 16-31 Dec (LSD test: p < 0.05) (Fig. 

3.6a). A non-significant decreasing trend in the number of secondary growth oocytes throughout 

the spawning season was observed, (PERMANOVA: p = 0.300) (Fig. 3.6b). The relative 

intensity of α-atresia in forkbeard ovaries was low throughout the spawning season, varying 
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between 7 and 11% (monthly mean values), and no significant differences between months were 

found (ANOVA: p = 0.298). 

 

 

 
Fig. 3.5 Forkbeard oocyte size frequency (%) distribution throughout the spawning season. Vertical 
dashed line indicates transition from primary to secondary growth oocytes. 
 

 

 
Fig. 3.6 Mean (a) oocyte diameter and (b) oocyte number (g-1 gutted weight) of secondary growth oocytes 
in mature ovaries of the forkbeard throughout the spawning season. 
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Forkbeard potential annual fecundity ranged between 633,228 and 5,823,090 oocytes per 

female and total annual fecundity (TAF) between 572,921 and 5,823,090 oocytes per female. 

No significant differences were found between the potential annual fecundity and the total 

annual fecundity estimates (t-test: p = 0.980), which indicates that atresia in forkbeard ovaries 

was low. A significant power relation of TAF with TL and GW was observed (p < 0.0001) (Fig. 

3.7). Relative annual fecundity varied between 628 (in September, female with 43.0 cm TL and 

912.59 g GW) and 4,282 (in December, female with 51.9 cm TL and 1359.81 g GW) oocytes g-1 

GW, with a mean of 1,833±857 oocytes g-1 GW. 

 

 

 
Fig. 3.7 Relationship of total annual fecundity (oocytes g-1 gutted weight) with (a) total length and (b) 
gutted weight for the forkbeard. 

 

 

3.3.6 Skipped spawning 

Not all females sampled during the spawning season (TL > L50) were physiologically able 

to spawn (SC and AS maturity phases). Non-reproductive females that interrupted the normal 

reproductive cycle presented three types of ovaries: (1) mature ovaries in which oocyte 

development began but was interrupted before vitellogenesis was complete, and early 

vitellogenic oocytes were reabsorbed via atresia (Fig. 3.1f); (2) ovaries that did not produce 

secondary growth oocytes, maintaining PG oocytes throughout the year (Fig. 3.1g); and (3) 

ovaries that maintained CA oocytes throughout the year (Fig. 3.1h). The proportion of females 
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considered as skipped spawners was 36.1% (37.0-54.1 cm TL). These females were easily 

recognised by their significantly lower GSI (t-test: p < 0.0001) (Fig. 3.8a and b) and HIS (t-test: 

p = 0.040) (Fig. 3.8c and d) in comparison to those of reproductive ones (SC and AS females). 

No significant differences (t-test: p = 0.571) were found in K between reproductive and non-

reproductive females (Fig. 3.8e and f). 

 

 

 
Fig. 3.8 Comparison of (a, b) gonadosomatic index (GSI), (c, d) hepatosomatic index (HSI), and (e, f) 
Fulton’s condition factor (K), throughout the spawning season peak between (a, c, e) reproductive and (b, 
d, f) non-reproductive forkbeard females. 
 

 

3.4 Discussion 

The main purpose of a reproductive strategy is to maximize reproductively active 

offspring in relation to available energy and parental life expectancy (Roff, 1992). The study 

here presented indicates that the forkbeard is an iteroparous and gonochoristic species, which 

shows no sexual dimorphism, has external fertilization without parental care, presents a group-

synchronous ovary development, is a batch spawner and possesses determinate fecundity. 

The gonad structure is similar to the one found in most teleost species, with oocytes 

randomly distributed in the ovary and with no differences in the oocyte frequency distribution 

between the left and right ovaries and in different regions of each ovary. Testes are constituted 

by seminiferous tubules bearing cysts with synchronous development of the sexual cells. 

In Portuguese continental waters, the forkbeard has a relatively short spawning season 

occurring from September to early January. In the present study, this season was defined as the 
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period between appearance of the first active females with yolked oocytes, not necessarily 

spawning, and the last active females sampled (Karlou-Riga and Economidis, 1996). The 

spawning season was corroborated by the GSI results. Similar spawning seasons were obtained 

for the Azores (Silva, 1986) and the Adriatic Sea (Glavić et al., 2014).  

Length at first maturity (L50) was estimated, based on histological observation, as 35.9 cm 

TL for females and 28.5 cm TL for males. Based on the previous age determination results for 

this species (Vieira et al., 2014a, described in Chapter 2), these lengths correspond to ages of 

4.2 years for females and 2.5 years for males. The lengths at first maturity estimated in this 

study were different from estimates of 31 cm and 33 cm TL for females and males, respectively, 

for forkbeard from the Adriatic Sea (Glavić et al., 2014), and 41 cm and 36 cm TL for females 

and males, respectively, from Azores (Silva, 1986), which were both based on macroscopic 

observation. Differences between histological and macroscopic ogives normally arise from the 

difficulty of distinguishing macroscopically immature from regenerating fishes, and maturity 

phase assignment by histological staging gives less biased estimates of maturity (Hunter et al., 

1992). However, size at maturity is known to be a highly plastic parameter that changes under 

external pressure, and so the observed differences may thus be the consequence of population 

changes (Trippel, 1995). 

The forkbeard presented some reproductive abnormalities. Although males attain sexual 

maturity at 28.5 cm TL (corresponding to 2-3 years of age), few males matured precociously 

and were considered as early maturing males. The length, and consequently the age, at first 

maturity is influenced by both genetic (Schreibman and Kallman, 1977) and environmental 

factors (Wild et al., 1994). However, it is recognized that hormonal intervention can induce 

spermatogenesis, overriding the genetic basis of early maturation (Lee et al., 1986; Zanuy et al., 

1999). Early testicular maturity is quite common in fish and has been studied in salmons (e.g. 

Larsen et al., 2010; Ford et al., 2012), and striped bass, Morone saxatilis (Hassin et al., 2000). 

In many fish species, early testicular maturation can also be a result of the natural plasticity of 

length at first maturity (Policansky, 1983), a phenomenon that does not involve an alternative 

reproductive strategy (Hassin et al., 2000). 

Other reproductive abnormalities detected in forkbeard gonads were the mosaic intersex 

and follicular cysts in ovaries. The intersex condition is well described for gonads of several 

wild gonochoristic teleost fish species inhabiting freshwater habitats (e.g. whitefish, Coregonus 

sp. (Bernet et al., 2004), and trouts, Oncorhynchus clarkii and Salvelinus fontinalis (Schwindt et 

al., 2009)). Although rare in marine wild fishes, some cases of mosaic intersex have been 

reported (e.g. dab, Limanda limanda (Stentiford and Feist, 2005), and eelpout, Zoarces 

viviparus (Gercken and Sordyl, 2002)). The present study refers the first case of intersex in the 

forkbeard. Intersexuality can result from genetic mutations, diseases caused by parasite 

infections, abrupt temperature changes, environmental contamination, endocrine disruptors 
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(xenoestrogens), or endocrine abnormalities (Bernet et al., 2004; Schwindt et al., 2009). 

Regarding follicular cysts, they result from an abnormal atretic process in which the chorion 

does not break and the follicle envelope develops into a cyst (Domínguez-Petit et al., 2011). To 

date, the process by which these cysts are formed is still unknown, but one hypothesis is that 

when the oocyte begins to degenerate due to atresia it may be recognized as a foreign or 

damaged cell, causing an immune reaction that leads to an inflammatory process (Domínguez-

Petit et al., 2011). Other suggested causes are: female physiological condition (Kjesbu et al., 

1991; Rideout, 2000), stressing factors (e.g. temperature and pH) (Linares-Casenave et al., 

2002), food availability (Solemdal, 1997), parasitism or disease (Clarke et al., 2006), intra-

specific competition (Privalikhin, 2003), and anthropogenic effects (Oven, 2004). Cysts can 

remain in the ovary for long periods of time, affecting female reproductive potential in future 

spawning seasons, and have already been reported as sporadic in several marine fish species 

such as Atlantic cod, Gadus morhua (Rideout and Burton, 2000; Witthames et al., 2010; 

Domínguez-Petit et al., 2011), European hake, Merluccius merluccius (Domínguez-Petit et al., 

2011), and blue marlin, Makaira nigricans (Brown-Peterson et al., 2007), and as a reproductive 

strategy in salema, Sarpa salpa (Paiva et al., 2014). 

Like other gadiform species (e.g. Atlantic cod, Gadus morhua (Hutchings et al., 1999; 

Alonso-Fernández et al., 2009), and haddock, Melanogrammus aeglefinus (Trippel and Neil, 

2004; Alonso-Fernández et al., 2009)), the forkbeard is a batch spawner with a group-

synchronous ovarian development organization. In these species, at least two cohorts of oocytes 

can be recognized: one of larger oocytes and another of smaller ones. This type of ovaries could 

be found in iteroparous species with a relatively short spawning season and where the yolk 

accumulation mostly depends on body reserves (Murua and Saborido-Rey, 2003). In batch 

spawners species, only a portion of advanced yolked oocytes is spawned in each batch through 

the hydration and ovulation processes. Most of commercially important species from temperate 

Atlantic are batch spawners (independently of their type of fecundity being determinate or 

indeterminate), although the number of batches varies considerably depending on the species 

(e.g. Atlantic sardine, Sardina pilchardus (Quintanilla and Pérez, 2000), horse mackerel, 

Trachurus trachurus (Karlou-Riga and Economidis, 1997), Atlantic mackerel, Scomber 

scombrus (Priede and Watson, 1993), and European hake, Merluccius merluccius (Murua et al., 

1998)). Batch spawning can be considered as a strategy to increase the survival probability of 

offspring since the release of oocytes occurs over a longer time period (Lambert and Ware, 

1984). However, it can also be seen as a need of higher fecund species due to a physical 

limitation, when the hydration of oocytes takes place and the increase of ovaries volume 

expands the abdominal cavity (Fordham and Trippel, 1999). 

The present study was the first one to analyse all lines of evidence (Hunter et al., 1992; 

Greer-Walker et al., 1994; Murua and Saborido-Rey, 2003) to assess forkbeard fecundity type. 
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A hiatus between the primary and secondary growth oocytes was detected. This has been shown 

to correlate with a determinate fecundity (Greer-Walker et al., 1994), suggesting that forkbeard 

has such king of strategy. Secondary growth oocytes throughout the spawning season presented 

a statistically significant increase in their mean diameter and decrease in their number (although 

not statistically significant). These results suggest determinate fecundity, as no new secondary 

growth oocytes are recruited to replace those that have been shed during the spawning season. If 

a species has an indeterminate fecundity, it is expected that the size of secondary growth 

oocytes does not increase (it might remain constant or decrease) over the spawning season due 

to the recruitment of new oocytes (de novo vitellogenesis) (Murua and Saborido-Rey, 2003). 

The knowledge of the type of fecundity contributes to a better understanding of the reproductive 

potential and is essential for the estimation of the relative annual fecundity. 

Atresia is a potential source of error (although atretic oocytes can be easily identified and 

estimated histologically) for fecundity estimates (Hunter et al., 1992; Cooper et al., 2005) and 

can influence the number of oocytes to be released in the coming spawning season as well as the 

development rate of the next oocyte generation (Pavlov et al., 2009). In fish with determinate 

fecundity, the intensity of atresia is rarely generalised and, if present, is distributed sparsely 

along the spawning season. Moreover, low levels of atresia usually characterize determinate 

spawners and do not seem to have a greater effect on the potential fecundity (Hunter et al., 

1992). In the present study, the intensity of atresia was low throughout the spawning season, 

reinforcing the determinate fecundity type of forkbeard. 

It is known that short spawning seasons are typical of species with determinate fecundity 

(e.g. Atlantic cod, Gadus morhua (Thorsen et al., 2010), black scabbardfish, Aphanopus carbo 

(Figueiredo et al., 2003; Neves et al., 2009), and European seabass, Dicentrarchus labrax 

(Mayer et al., 1990)), and it is assumed that species with determinate fecundity are strongly 

associated with capital breeding behaviour (McBride et al., 2015). In determinate species, the 

reproductive investment is heavily dependent on the feeding season prior to the major yolk 

production that takes place during vitellogenesis (Boulcott and Wright, 2008); however, batch 

spawning can reduce the energy required for spawning (McBride et al., 2015). The forkbeard 

seems to have a mixed-breeding strategy, since feeding is common during late vitellogenesis 

and may also take place during the spawning season (A. R. Vieira, personal observation). 

Therefore, fecundity of the forkbeard is probably influenced both by condition at the onset of 

vitellogenesis and condition during subsequent oocyte maturation and spawning. 

For determinate species, the time of sampling is an important key for potential fecundity 

estimates, since they will be biased if the sampling is done either too early or too late in the 

spawning season. If sampling is done too early, the secondary growth oocytes may not have 

matured enough to be completely separate from the primary growth ones, and consequently 

fecundity estimates may be imprecise or biased. If it is done too late, spawning will have begun, 



Chapter 3 
 

 
66 

the stock of secondary growth oocytes will have been reduced, and the potential fecundity will 

be underestimated (Hunter et al., 1989). In the present study, this sampling problem was 

avoided by confirming the presence of POFs and excluding such ovaries from the fecundity 

estimates. Fecundity estimates are essential to calculate spawning stock biomass (Gordo et al., 

2008). Forkbeard showed a relative annual fecundity ranging from 628 to 4,282 oocytes g-1 

GW. Relative fecundity estimates in the same order of magnitude were found for other gadiform 

species (e.g. Atlantic cod, Gadus morhua (Bleil and Oeberst, 2005), and European hake, 

Merluccius merluccius (Murua et al., 1998)). 

The presence of non-reproductive females of the forkbeard in Portuguese continental 

waters may indicate the occurrence of skipped spawning. This process is a plastic response of 

fishes to low levels of stored energy or unsuitable environmental conditions which lead to 

sacrificing egg production until the subsequent year (Rideout and Tomkiewicz, 2011). 

According to the classification proposed by Rideout et al. (2005), forkbeard presented 3 types of 

skipped spawning: reabsorbing-Vtg, when mature females in the beginning of oocyte 

development suspend the process before maturation is complete, reabsorbing all vitellogenic 

oocytes via follicular atresia; resting-PG, when mature females do not produce secondary 

growth oocytes, maintaining all oocytes in various stages of PG throughout the year; and 

resting-CA, when mature females maintain all oocytes in PG and CA stages throughout the 

year. It is known that non-reproductive individuals tend to be in poorer condition and have a 

lower hepatosomatic index than fish that are successfully ripening (Rideout, 2000). It is possible 

that the liver plays an important role in the success of forkbeard oocyte maturation based on the 

difference found in the HSI between non-reproductive and reproductive females. Liver could be 

the trigger and primary source of energy, with muscle being the secondary source. This could 

explain the absence of differences in the Fulton’s condition factor found during the spawning 

season between non-reproductive and reproductive females. In fact, the condition indices are 

likely much more meaningful predictors of egg production in capital breeders than in income 

breeders (Kjesbu, 2009). However, and according to Jørgensen et al. (2006), poor individual 

condition at the beginning of a spawning season can be either a cause or an effect of skipped 

spawning and if spawning is skipped then the best option should be to give priority to somatic 

growth, keeping energy reserves at a moderate level and resulting in a low condition factor. This 

poor condition would then be an effect of skipped spawning and thus hard to separate from poor 

condition stemming from low food availability, which could lead to skipped spawning. In the 

forkbeard, the percentage of non-reproductive females attained 36.1%, which means that, in the 

future, it will be important to analyse the extent of skipped spawning in order to prevent an 

overestimate of the population’s reproductive potential that could lead to erroneous assessment 

estimates with possible consequences for management purposes. Failure to account for the 
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proportion of females that are actually skipping spawning could result in an overestimation of 

spawning stock biomass and ineffective management advice. 
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Otolith shape analysis as a tool for stock discrimination of the 
forkbeard (Phycis phycis) in the Northeast Atlantic 

 

 

 

Abstract: The stock structure of the forkbeard, Phycis phycis, in the Northeast Atlantic is still 
unknown. The knowledge of the stock structure of a species is essential to effectively assess the 
stock and manage fisheries. Otolith shape analysis has been successfully applied in stock 
identification using the elliptic Fourier analysis. This method was used to evaluate the presence 
of possible differences in otolith shape of forkbeard caught off the mainland Portugal, and 
Madeira and Azores archipelagos. A total of 221 otoliths from specimens ranging between 40.0 
and 58.7 cm total length were analysed. The multivariate analysis of variance (MANOVA) 
performed on the otolith normalized elliptic Fourier descriptors (NEFDs) revealed significant 
differences for area, sex, and interaction between both. In the canonical discriminant analysis, 
an overall classification success of 93.9% and 87.5% was achieved for females and males, 
respectively. These results suggest the usefulness of otolith shape analysis for stock 
differentiation of the forkbeard in the Northeast Atlantic and seem to indicate the existence of 
more than one stock unit in these waters. 
 
Keywords: Elliptical Fourier analysis; otolith shape analysis; stock identification; forkbeard; 
Phycis phycis; Northeast Atlantic. 
 

 

 

4.1 Introduction 

The stock structure of the forkbeard in the southern Northeast Atlantic is still unknown. 

There are several definitions of stock (e.g. Ihssen et al., 1981; Milton and Shaklee, 1987; 

Hilborn and Walters, 1992) and its concept is fundamental to fisheries assessment and 

management (Begg and Waldman, 1999). Each fish stock is characterised by a number of 

distinctive features, which are influenced by environmental and genetic factors (Cadrin and 

Friedland, 1999). Phenotypic variation between stocks is usually associated with the 

geographical region occupied by a species throughout its range (Campana and Casselman, 

1993). Although phenotypic differences do not provide direct evidence of genetic isolation 

between stocks, they can indicate the prolonged separation of fish (Campana et al., 1995b). 

Thus, phenotypic features can provide a firm basis for separate fish stocks (Cadrin and 

Friedland, 1999) due to a broad variety of techniques used for this purpose (Campana and 

Casselman, 1993; Begg and Waldman, 1999). Otolith shape analysis is one of these techniques 

and is more reliable than others that use external morphometric traits because it is less subject to 
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short-term variability caused by changes in feeding or spawning condition (Castonguay et al., 

1991; Cadrin and Friedland, 2005). Otolith shape is species-specific and is less variable in 

growth than fish body, presumably due to the dual function of the otolith as an organ of 

equilibrium and hearing (L'Abée-Lund, 1988; Campana and Casselman, 1993). Therefore, 

otolith shape appears to be an ideal marker for fish population affiliation and has been used to 

differentiate between fisheries stocks, such as lake whitefish (Coregonus clupeaformis) 

(Casselman et al., 1981), herring (Clupea harengus) (Bird et al., 1986), Atlantic cod (Gadus 

morhua) (Campana and Casselman, 1993), striped bass (Morone saxatilis) (Waldman et al., 

1997), and haddock (Melanogramus aeglefinus) (Begg and Brown, 2000). 

Otolith shape analysis has been successfully applied in stock identification using Fourier 

transformations of the outline coordinates (Bird et al., 1986; Campana and Casselman, 1993; 

Friedland and Reddin, 1994), and more recently, using the elliptic Fourier analysis (Tracey et 

al., 2006; Mérigot et al., 2007; Stransky et al., 2008; Farias et al., 2009; Agüera and Brophy, 

2011; Neves et al., 2011). The utilization of elliptical Fourier analysis removes some of the 

limitations of conventional Fourier analysis (equal divisions over the interval sampled, 

dependency on the coordinate system, and the difficulty of dealing with outlines that curve back 

on themselves) (Lestrel, 1989). Elliptical Fourier functions represent a powerful method for 

describing outlines because it efficiently extracts a significant percentage of biological 

information that is readily visualized and yet difficult to quantify with conventional methods 

(Lestrel, 1989; Lestrel, 1997). 

The main goal of this study was to evaluate the presence of possible differences in otolith 

shape of forkbeard caught off mainland Portugal, and Madeira and Azores archipelagos, using 

elliptical Fourier analysis and multivariate statistical analysis and, therefore, contribute to 

highlight the stock structure of this species in the Northeast Atlantic. 

 

 

4.2 Materials and Methods 

4.2.1 Sampling 

Forkbeard specimens were collected from commercial landings of fishing vessels 

operating off mainland Portugal (Peniche, central west coast), and Madeira and Azores 

archipelagos (Fig. 4.1), using longline, trawl, trammel net and traps, from November 2011 to 

March 2013. A total of 221 fish were analysed (Table 4.1). For each fish, total length (TL, to the 

nearest 0.1 cm) and sex were recorded. Sagittal otoliths (hereafter referred to as otoliths) were 

removed, rinsed with water, air dried and stored in labelled plastic tubes. In order to restrict the 

analysis to sexually mature specimens, only adult fish were used (specimens with TL greater 

than the length at first maturity (results shown in Chapter 3)). 
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Fig. 4.1 Map of the southern Northeast Atlantic with the sampling locations of the forkbeard. A, Azores 
archipelago; M, Madeira archipelago; P, mainland Portugal; Black line, 1000 m isobaths. 
 

 

 
Table 4.1 Number of forkbeard specimens used in the present study per sex and study area, and 
respective length information. n, number of fish; TL range, minimum and maximum total length (cm); TL 
mean ± SD, mean total length (cm) and standard deviation. 
 

 Mainland Portugal Madeira Azores 
 Females Males Females Males Females Males 
n 49 30 34 41 34 33 

TL range (cm) 40.0-52.1 40.7-52.0 40.8-58.3 41.1-58.7 41.3-52.6 41.2-50.6 
TL mean ± SD 45.6±3.2 44.7±3.0 49.0±4.6 48.4±4.6 46.4±2.8 46.0±2.7 

 

 

4.2.2 Image and shape analysis 

For image analysis, left otoliths were immersed in a 1:1 solution of glycerine-alcohol, 

positioned with the sulcus acusticus down and the anterior region to the left. High-contrast 

images were produced using a video camera Leica DFC290 linked to a Wild stereomicroscope 

(9× magnification) using reflected light. 

The elliptic Fourier analysis of a closed contour (Kuhl and Giardina, 1982; Lestrel, 1989; 

Lestrel, 1997) was applied to the two-dimensional projection of the distal side of the otolith. 

This method decomposes the irregular shape of the contour into a series of orthogonal terms – 

the elliptic Fourier descriptors (EFDs) or harmonics (Kuhl and Giardina, 1982; Lestrel, 1989; 
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Lestrel, 1997). Each harmonic yields four coefficients that are used as input variables for 

standard multivariate statistics, such as discriminant analysis (Baylac and Frieß, 2005). 

The SHAPE 1.3 program (Iwata and Ukai, 2002) was used to extract the EFDs from the 

contour shape of the otoliths. The ChainCoder package extracted the contour of the otolith from 

its digital image and stored the relevant information as chain-codes. The Chc2Nef package 

provided the normalised EFD coefficients (NEFDs) through a discrete Fourier transformation of 

the chain-coded contour. The EFD coefficients were automatically normalised in relation to the 

first harmonic (represented by an offset circle and with almost no information on the contour 

shape), and consequently they became invariant to size, rotation and starting point (Kuhl and 

Giardina, 1982; Iwata and Ukai, 2002). 

To select the minimum number of harmonics for the best reconstruction of the otolith 

contour shape, the level of 99% accumulated variance was adopted (Stransky et al., 2008). The 

variance of each harmonic is proportional to its amplitude and provides a measure of the 

influence of each harmonic on the outline form (Lestrel, 1997). A random subsample of 10 

otoliths for each sex and area was used to define the adequate number of harmonics needed for 

the analysis (see Neves et al., 2011 for mathematical formula details). For each otolith, 100 

harmonics were generated. 

 

4.2.3 Statistical analysis 

The effect of area and sex on the NEFDs was tested by multivariate analysis of variance 

(MANOVA). Canonical discriminant analysis (CDA) was performed to detect morphometric 

differences in the contour shape of forkbeard otoliths from the three study areas and to 

investigate if otolith contour shape could be used to classify samples in terms of the area of 

origin. In CDA, the stepwise method was used to select the variables to be included in the 

discriminant functions. The Jackknife cross-validation procedures were used to validate 

similarities between groups by listing the misclassification into other areas. Sexes were analysed 

separately. 

All statistical analyses were performed in IBM SPSS Statistics 20. The significance level 

was set at 0.05 for all the statistical tests used. 

 

 

4.3 Results 

4.3.1 Image and shape analysis 

The shape of forkbeard otoliths is oblong, with antero-ventral margin dentate; the anterior 

region is wider and round, and the posterior region is peaked; the rostrum is poorly defined and 

anti-rostrum is absent. 
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The mean and standard deviation of the cumulative variance of the harmonics, and the 

otolith contours defined by 2, 6, 18 and 100 harmonics, are plotted in Fig. 4.2. Only the first 18 

harmonics were used for multivariate analysis since these were responsible for over 99% of 

otolith shape variation. Since the normalisation of the EFDs causes the degeneration of the first 

three coefficients to fixed values (a1 = 1 and b1 = c1 = 0) (Tracey et al., 2006), each individual 

was represented by the subsequent 69 coefficients (1 coefficient from harmonic 1 and 4 

coefficients from harmonics 2-18). 

 

 
 

Fig. 4.2 Periodogram of 100 harmonics 
for 60 randomly selected otoliths of the 
forkbeard. Mean (open dots) and 
standard deviation (whiskers) represent 
the accumulated percentage of variance 
(% Var accum) explained by the nth 
harmonic. Otolith contours shapes 
defined by 2, 6, 18 and 100 harmonics 
are also plotted. 
 

 

 

To visualise differences in average otolith shapes, the reproduced outlines of the mean 

NEFDs by study area were plotted as overlay picture (Fig. 4.3). Overall, the highest between-

area variation occurs in the breadth direction of the otolith, both in dorsal and ventral faces (top 

and bottom parts). 

 

 
 

Fig. 4.3 Average otolith shape of the 
forkbeard from the Northeast Atlantic. 
Black solid line, mainland Portugal; light 
grey solid line, Madeira; dark grey 
dashed line, Azores. 
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4.3.2 Multivariate statistical analysis 

The results of the MANOVA applied to compare the NEFDs between the three study 

areas and sexes are shown in Table 4.2. Statistically significant differences for both factors (area 

and sex) and interaction between them were found. 

 

 
Table 4.2 Summary of multivariate analysis of variance (MANOVA) on forkbeard otolith (n = 221) 
normalised elliptical Fourier descriptors coefficients (NEFDs) from mainland Portugal, Madeira and 
Azores archipelagos (Northeast Atlantic). Pillai, Pillai’s test statistic; Wilks, Wilks’s test statistic; df, 
degrees of freedom (numerator, nominator). 
 

 Pillai Wilks df p-value 
Area 1.556 0.044 138, 290 0.0001* 
Sex 0.415 0.585 69, 144 0.026* 

Area*Sex 0.796 0.359 138, 290 0.011* 
* Significant values (p < 0.05) 

 

 

4.3.3 Canonical discriminant analysis 

The variables used in the discriminant analysis are shown in Table 4.3. For CDA of 

forkbeard females, 17 variables were used, while for males only 11 variables were used. Lower 

and higher order variables were relevant for the CDA for both females and males (p < 0.0001). 

 

 
Table 4.3 Jackknife classification matrix of the discriminant canonical analysis applied to the three study 
areas for females and males of the forkbeard from the Northeast Atlantic. Percentages in rows represent 
the classification into the areas given in columns (correct classification in bold). Overall classification 
success: 93.9%, Wilk’s λ = 0.051 for females; 87.5%, Wilk’s λ = 0.115 for males. Mainland, Mainland 
Portugal. 
 

 Females  Males 
 Mainland Madeira Azores  Mainland Madeira Azores 
Mainland 95.9 4.1 0.0  93.3 6.7 0.0 
Madeira 9.7 87.1 3.2  9.8 85.4 4.9 
Azores 0.0 2.9 97.1  6.1 9.1 84.8 
Variables d1, a2, c2, a3, b3, c3, a4, d4, b5, 

a8, c8, d11, b12, d12, d13, b15, 
d16 

 
a2, b2, b3, c3, a4, b5, d5, b7, d8, 
c12, d16 

 
 
 

The differences between areas evidenced by the MANOVA were also supported by the 

CDA. An overall classification success of 93.9% and 87.5% was achieved for females and 
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males, respectively (Table 4.3). The highest classification rate was found for females from the 

Azores with 97.1% classification success, while males from the same area showed the lowest 

classification success with 84.8%. For females, the Azores showed the highest classification 

success (97.1%) while Madeira showed the lowest one with 87.1%. For males, mainland 

Portugal presented the highest classification success (93.3%) while Azores presented the lowest 

one (84.8%). 

The two discriminant functions were significant for the discrimination of the three study 

areas in both females (f1: Wilk’s λ = 0.051, p < 0.0001; f2: Wilk’s λ = 0.352, p < 0.001) and 

males (f1: Wilk’s λ = 0.115, p < 0.0001; f2: Wilk’s λ = 0.423, p < 0.001). The score plots for 

the first two discriminant functions (Fig. 4.4) show a separation between the three study areas, 

although some overlapping can be observed. This separation was more distinct for females (Fig. 

4.4a) and the overlap was more evident for males (Fig. 4.4b). The first discriminant functions 

explained 76.1% and 66.3% of between-group variance for females and males, respectively. 

 

 

 
Fig. 4.4 Discriminant analysis function scores for forkbeard (a) female and (b) male samples from the 
mainland Portugal (open circles), Madeira (black triangles) and Azores (open squares), based on 69 
normalised elliptical Fourier descriptors coefficients (NEFDs) of the first 18 harmonics. Plus signs 
indicate the class centroids. 
 

 

4.4 Discussion 

The elliptical Fourier analysis has proven to be the most objective and powerful shape 

analysis technique for capturing the entire shape variation and small-scale individual differences 

in the otolith shape (Campana and Casselman, 1993), although its biological interpretation is 

more complex than the linear morphometrics (Stransky and MacLellan, 2005). 
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In this study, only otoliths from fish with TL ranging between 40.0 and 58.7 cm were 

used to guarantee that all sampled specimens were adult and to avoid the confounding effect of 

allometric growth on otolith shape (Cardinale et al., 2004). Campana and Casselman (1993) 

found that otolith shape analysis might be of negligible value to stock identification if applied to 

sexually immature fish. However, Cardinale et al. (2004) demonstrated that NEFDs are size-

independent variables, since the elliptical Fourier descriptors were normalized for otolith size, 

rotation and starting point (Kuhl and Giardina, 1982; Iwata and Ukai, 2002) in order to highly 

reduce the confounding factors in the analysis. 

The aggregation of data from different years has been frequently used in otolith shape 

analysis studies (e.g. DeVries et al., 2002; Tracey et al., 2006; Farias et al., 2009; Neves et al., 

2011). Although it is also referred to as a possible confounding effect, Friedland and Reddin 

(1994) and Campana and Casselman (1993) found no significance in the year effect on the 

otolith shape of Atlantic salmon and cod, respectively. 

In the present work, sexes were also analysed separately to minimize the number of 

sources of uncertainty and to highlight the real differences in otolith shape between the three 

study areas. 

Results of otolith shape analysis obtained in this study suggest its usefulness as a stock 

differentiation tool. The MANOVA performed on forkbeard otoliths NEFDs revealed 

differences between sexes and the three areas of the Northeast Atlantic, which were 

subsequently supported by the discriminant analysis with high classification success values. 

This observed variation in otolith shape of the forkbeard may have a genetic basis and/or may 

reflect environmental differences between the three areas. However, some overlap between the 

study areas was observed, namely between mainland Portugal and Madeira. This could indicate 

that some specimens from these two areas are subject to similar environmental pressure or even 

share genetic traits, since these are the main driving factors influencing the otolith shape (Farias 

et al., 2009). Other possible sources of misclassification in otolith shape analysis are 

imprecision in the methodology, individual variability and migration (Campana and Casselman, 

1993; Tracey et al., 2006). Cardinale et al. (2004) have shown that, even under the same 

temperature and growing conditions, different stocks of cod have significantly different otolith 

shapes. This indicates that genetic differences between populations can influence the shape of 

otoliths in the absence of any growth related differences (Galley et al., 2006). 

The forkbeard stock structure in the Northeast Atlantic is still unknown. The present 

results on otolith shape analysis show their usefulness in supporting the possible existence of 

more than one stock unit in these waters. This probable stock differentiation seems to be 

supported by the species behaviour, since forkbeard takes refuge in holes during the day and, 

hence, presenting a quite sedentary behaviour; at night it comes out of the shelters to feed 

(Papaconstantinou and Caragitsou, 1989; Cohen et al., 1990; Morato et al., 1999). The larval 
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behaviour of the species is also unknown. The presence of seamounts in combination with 

several patterns of circulation flow and water masses contribute to generate trapped parcels of 

water around these structures (e.g. Taylor columns) acting as larval retention mechanisms 

(Rogers, 1994). On the other hand, the large geographical distance between the Azores (Mid-

Atlantic Ridge) and the European continental slope and Madeira may also constitute a barrier to 

larvae dispersion between these areas that can also promote population differentiation (Aboim et 

al., 2005). So, the possibility of the existence of local populations of forkbeard constituting 

different management stocks in the Northeast Atlantic is more likely to occur. The same results 

were also obtained for other species in the Northeast Atlantic, such as bluemouth (Helicolenus 

dactylopterus) (Neves et al., 2011), which exhibits a sedentary behaviour (Uiblein et al., 2003) 

such as the forkbeard. 

Otolith shape analysis can be seen as a complement technique towards an effective 

fisheries management (Cardinale et al., 2004). This methodology is also cheaper and more time 

efficient than several other analyses (e.g. genetics, parasites and otolith microchemistry) (Tracey 

et al., 2006) 

This study indicates the possible existence of local populations of this species in the 

Northeast Atlantic and the default management scenario should be to use a precautionary 

approach to ensure resource sustainability and maintenance of genetic biodiversity (Begg and 

Waldman, 1999). A failure to recognize these stocks may lead to erroneous management 

actions, including the overexploitation of some stocks. 
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Body geometric morphometrics: a tool for discriminating the 
forkbeard (Phycis phycis) populations in the Northeast 

Atlantic 
 

 

 

Abstract: The knowledge of the stock structure of a species is essential to effectively assess and 
manage fisheries. Body geometric morphometrics were used to evaluate the possible existence 
of distinct populations of forkbeard (Phycis phycis) in the Northeast Atlantic. A total of 268 
specimens obtained from commercial landings off the Azores, Madeira and mainland Portugal 
were analysed, and a total of 13 landmarks were defined. Non-shape variation, size effect and 
allometric relationships between variables were removed applying a generalized Procrustes 
superimposition and a multivariate regression of the Procrustes coordinates on centroid size, 
respectively. No shape differences were detected between sexes within the three study areas. In 
contrast, statistically significant differences were found in the mean body shape of the forkbeard 
between the three geographic areas. The discriminant analysis correctly classified 77.6% of the 
total analysed specimens to their geographical areas and high classification rates were obtained 
for all areas (> 74%). The results obtained in this study suggest the usefulness of body 
geometric morphometrics analysis for stock differentiation of the forkbeard in the Northeast 
Atlantic and seem to indicate the existence of at least three phenotypically distinct local 
populations in the Northeast Atlantic. 
 
Keywords: Geometric morphometrics; stock identification; forkbeard; Phycis phycis; Northeast 
Atlantic. 
 

 

 

5.1 Introduction 

Fisheries stocks are arbitrary groups of fish sufficient large to be self-reproducing, with 

members of each group having similar life history features (Hilborn and Walters, 1992) and 

their identification is an essential component to effectively assess and manage fisheries (Begg 

and Waldman, 1999).  

Several methods are currently used for the fish stock identification units (Ihssen et al., 

1981; Templeman, 1983; Smith and Jamieson, 1986), and body morphometric analysis has been 

one of the most used (e.g. Taylor and McPhail, 1985; Melvin et al., 1992; Hurlbut and Clay, 

1998; Turan, 2004; Murta et al., 2008; Sequeira et al., 2011). This method consists in the study 

of shape variation and its covariation with other variables (Bookstein, 1991; Dryden and 

Mardia, 1998), and has been subject to many improvements in recent years, due to the 
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upgrading of new methods and tools to register, describe and analyse shapes (Rohlf and 

Bookstein, 1990; Marcus et al., 1996; Cadrin and Friedland, 1999). These improvements have 

resulted in a new approach, called geometric morphometrics, which comprises methods for both 

outline and landmark analyses (Adams et al., 2004), and a descriptive tool that reveals with 

greater detail and precision the changes and variations in body shape based on homologous 

anatomical landmarks (Strauss and Bookstein, 1982). 

The body shape of a fish is determined by an interaction between genetic and 

environmental factors (Barlow, 1961; Swain and Foote, 1999), especially during fish early 

development stages. Two different sources of morphometric variance are produced by 

ontogeny: isometric size variation due to growth, and allometric shape variance due to 

developmental change in form (Cadrin, 2000). In fact, based on this foundation, phenotypic 

characters can be as much or even more useful for fish stock identification than genetic ones, 

because a gene flow of small magnitude may prevent the detection of significant genetic 

differences (Casselman et al., 1981; Lear and Wells, 1984; Kinsey et al., 1994; Swain and 

Foote, 1999). Therefore, consistent morphometric differences between locations may indicate a 

population separation, hence the existence of different stock units (Murta et al., 2008). 

Despite its economic importance, the stock structure of the forkbeard in the southern 

Northeast Atlantic is still unknown. The only published study on this subject, based on otolith 

shape analysis, showed the possible existence of more than one stock unit of forkbeard in these 

waters (Vieira et al., 2014b, described in Chapter 4). Thus, in the present study, the body 

geometric morphometrics were used to evaluate the population structure of the forkbeard in the 

NE Atlantic. This was done by investigating the morphological characteristics of the species 

caught off the Azores, Madeira and mainland Portugal, and testing the hypothesis of the 

existence of different phenotypic populations in the NE Atlantic. 

 

 

5.2 Materials and Methods 

5.2.1 Sampling 

For this study, and such as for otolith shape analysis, forkbeard specimens were collected 

from commercial landings of fishing vessels operating off Azores and Madeira archipelagos, 

and mainland Portugal (Peniche, central west coast) (Fig. 4.1), using longline, trawl, trammel 

net and traps, from November 2011 to March 2013. All specimens were deep-frozen (-18ºC), 

stored in a horizontal position to avoid any deformation of the body until the time of the 

analysis, and thawed before being analysed. For each fish, total length (TL, to the nearest 0.1 

cm) and sex were recorded. Specimens used in this study were the same as in otolith shape 
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analysis, in order to reduce the uncertainty derived from the inherent individual variability in the 

population components (Abaunza et al., 2008b). 

A total of 268 adult and sexually mature fish (TL > 40 cm) were analysed: 101 from 

mainland Portugal (40.0-52.1 cm TL; 64 females and 37 males), 88 from Madeira (40.8-58.7 cm 

TL; 36 females and 49 males) and 79 from Azores (41.2-52.6 cm TL; 36 females and 43 males). 

 

5.2.2 Data acquisition 

A total of 13 anatomical landmarks were defined (Fig. 5.1), corresponding to hard 

structures (e.g. fin insertion points) mostly distributed along the fish body contour in order to be 

meaningful in systematic terms (Cadrin, 2000). Each landmark was fixed on the left side of each 

specimen and images were acquired using a Canon EOS 350D digital camera, with a fixed 

focus of 50 mm lens to avoid image distortion, coupling to a computer. Then, each anatomical 

landmark was transformed into Cartesian coordinates using the software tpsDig version 2.16 

(Rohlf, 2010). 

 

 

 
Fig. 5.1 Location of the 13 anatomic landmarks used on forkbeard geometric morphometrics analysis. 1, 
Snout tip; 2, Base of the first dorsal fin; 3, Between first and second dorsal fins; 4, Posterior end of the 
second dorsal fin; 5, End of lateral line; 6, Posterior end of the anal fin; 7, Anterior insertion of the anal 
fin; 8, Superior insertion of the pectoral fin; 9, Insertion on the pelvic fin; 10, Posterior limit of the 
operculum; 11, Mid-point of the posterior extremity of upper-jaw; 12, Insertion of the barbell; 13, Top of 
the head. 
 

 

5.2.3 Geometric morphometrics 

All sampled specimens were analysed by geometric morphometrics (n = 268) (see Rohlf 

and Bookstein, 1990; Rohlf and Marcus, 1993; Bookstein, 1996; Marcus et al., 1996; Bookstein, 

1997, for more detailed description of the method). 

To remove non-shape variation, the landmark configurations were subjected to a 

generalized Procrustes superimposition (Rohlf, 1990). This corresponds to fitting a very simple 

model, taking into account only translation, rigid rotation, scale, and possibly uniform shape 



Chapter 5 

 
88 

change for the differences in landmark configurations (Rohlf, 1990), in order to minimize the 

sum-of-squared distances (Procrustes distances) between homologous landmarks of all 

specimens. Given the different length ranges of the samples from the three study areas, a 

multivariate regression of the Procrustes coordinates on centroid size was performed (Monteiro, 

1999) to remove the size effect and possible allometric relationships between variables. The 

residuals of this regression were used as ‘size-free’ variables in following statistical analyses. 

The possible existence of sexual dimorphism within the study areas were determined by 

the quantification of differences between the mean shape of males and females using the 

Procrustes distance. A permutation test using 10,000 runs was used to test the null hypothesis of 

no differences between shape of males and females from the three study areas. 

To detect morphometric differences in the body shape of the forkbeard from the three 

study areas and to investigate if body shape could be used to classify samples in terms of area of 

origin, a canonical variate analysis (CVA) was performed. Pairwise comparisons of mean 

shapes of forkbeard from different areas were based on Procrustes distances and a permutation 

test with 10,000 runs was used to test the null hypothesis of no difference between samples. 

The mean shapes of forkbeard from the three study areas were estimated by warped 

outline drawings, which were performed using the wireframe function (Klingenberg, 2011). 

All geometric morphometric analyses were done in the software MorphoJ version 1.05c 

(Klingenberg, 2011). 

 

5.2.4 Statistical analysis 

Canonical discriminant analysis (CDA) was also performed to detect morphometric 

differences in the shape of forkbeard from the three study areas. The Jackknife cross-validation 

procedures were used to calculate an unbiased estimation of classification success. In this 

procedure, each specimen was allocated to the group with the nearest centroid (Ripley, 1996) 

and the proportion of correctly allocated specimens was calculated. The discriminatory 

effectiveness of the analysis was also calculated using the Wilks’ lambda (λ) (Wilks, 1932) and 

the Cohen’s Kappa (κ) (Cohen, 1960) (the latter provides more reliable results than the former 

(Titus et al., 1984)). These statistical analyses were performed in IBM SPSS Statistics 20. The 

significance level was set at 0.05 for all the statistical tests used. 

 

 

5.3 Results 

In this study, a similar length range for the three areas was used, based only on adult 

mature specimens. However, and despite the fact that juveniles and very large individuals were 

excluded from the samples to minimize the effect of size on shape, a very small amount, but 
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statistically significant (p < 0.031), of shape variation due to allometric growth was detected 

(1.16% of total shape variation). Therefore, data were allometrically corrected to remove the 

size effect between variables and the residuals were used as ‘size-free’ variables in the statistical 

analyses. 

No statistically significant differences were found between male and female shape within 

the three study areas (pAzores = 0.094; pMadeira = 0.075; pMainland = 0.268), so sexes were analysed 

together for each geographical area. 

Statistically significant differences were found in the mean body shape of the forkbeard 

between the three geographical areas (Table 5.1). Fig. 5.2 shows the differences between each 

of the mean shapes of the forkbeard from the three areas and the overall mean shape. Specimens 

from Azores and mainland Portugal showed a relative displacement of anatomic landmarks 2, 3 

and 7. A relative expansion of body height was observed in Madeira specimens. Both Madeira 

and Azores fish also showed a relative displacement of landmark 10 (posterior limit of the 

operculum). 

 

 
Table 5.1 Procrustes distances between mean body shapes of the forkbeard from the three study areas 
(Azores, Madeira and mainland Portugal) and respective p-values, in brackets, obtained from permutation 
tests (10,000 permutation runs). 
 

Area Azores Madeira 

Madeira 0.0189 
(0.0001) 

- 
 

Mainland Portugal 0.0209 
(<0.0001) 

0.0151 
(0.0004) 

 
 
 
 

The two first canonical variate functions were significant for the discrimination of 

specimens from the three study areas (p < 0.0001). Their score plot (Fig. 5.3) shows a 

separation between the three areas, although some overlapping can be observed. The first two 

canonical variate functions explained 56.7% and 43.3% of between-group variance, 

respectively. 
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Fig. 5.2 Mean body shapes of the 
forkbeard from the three study areas 
(Azores, Madeira and mainland 
Portugal). Each image represents the 
transformation from the overall mean 
shape (grey line) to the mean shape for 
each location (black line). 
 

 

 

Assignment of forkbeard specimens to geographical areas correctly classified 77.6% of 

the total of analysed specimens (λ = 0.234; κ = 0.663) (Table 5.2), meaning that a low 

misclassification occurred between the three study areas. The highest classification rate was 

found for mainland Portugal specimens with 81.2% classification success, while Azores showed 

the lowest classification success with 74.7%. 
 

 

 
 

Fig. 5.3 Two-dimensional ordination of 
the forkbeard from the three study areas 
based on canonical variate analysis 
(CVA). Azores, black squares; Madeira, 
open triangles; mainland Portugal, grey 
circles. Plus signs indicate the class 
centroids. 
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Table 5.2 Jackknife classification matrix of the discriminant canonical analysis applied to the forkbeard 
from the Northeast Atlantic. Percentages in rows represent the classification into the areas given in 
columns (correct classification in bold). Number of specimens (n) correctly classified is indicated in 
brackets. Overall classification success: 77.6%; Wilk’s λ = 0.234; Cohen’s κ = 0.663. 
 

 n Azores Madeira Mainland Portugal 

Azores 79 74.7% 
(59) 

13.9% 
(11) 

11.4% 
(9) 

Madeira 88 14.8% 
(13) 

76.1% 
(67) 

9.1% 
(8) 

Mainland Portugal 101 5.9% 
(6) 

12.9% 
(13) 

81.2% 
(82) 

 

 

 

5.4 Discussion 

Fish are known to show a large component of environmentally-induced morphological 

variation (Wimberger, 1992), which might reflect different developmental environments. Thus, 

environmental factors such as temperature, salinity, food availability and prolonged swimming 

may determine the phenotypic differentiation in species which experience specific 

environmental conditions (Komakhidze et al., 1998). However, significant morphological 

differences do not necessarily lead to restrictions of gene flow between populations, though they 

do suggest that fish in each group may not mix extensively. As fish morphology is particularly 

dependent on environmental factors during early life stages, morphological differentiation may 

indicate that the majority of fish spend their entire lives in separate regions (Campana et al., 

1995b; Turan, 2004). Phenotypic variation between fish populations can provide an indirect 

basis for stock structure and, although it does not provide direct evidence of genetic isolation 

between stocks, it can show prolonged separation of post-larval fish in different environmental 

regimes (Campana et al., 1995b). 

Body shape and other morphological characters have long been used to delineate stocks 

and continue to be used successfully (Taylor and McPhail, 1985; Melvin et al., 1992; Hurlbut 

and Clay, 1998; Turan, 2004; Murta et al., 2008; Sequeira et al., 2011), based on the fact that 

morphological features can be related to fitness and are subjected to strong selective pressures, 

which may cause rapid genetic divergence in morphology between groups of fish (Swain and 

Foote, 1999). 

Results of body geometric morphometric analysis obtained in this study suggest its 

usefulness as a stock differentiation tool and indicate the existence of, at least, three 

phenotypically distinct local populations, as Vieira et al. (2014b) pointed out using otolith shape 

analysis (results described in Chapter 4). Similar results for identification of stocks obtained 

from different techniques applied to the same groups of fish may indicate their spatial and/or 
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temporal separation (Cadrin et al., 2005b). This stock differentiation may suggest a relationship 

between the extent of phenotypic divergence and geographical distance, indicating that 

migration among populations from the Azores, Madeira and mainland Portugal may be limited. 

It is possible that different conditions (e.g. food resources, predation risk, water temperature, 

sediment type, depth, etc.) between the three areas affect fish growth and behaviour (Hayes et 

al., 1996) and thus the fish morphology. This probable stock differentiation seems to be 

supported by the species behaviour, since forkbeard takes refuge in holes during the day and 

comes out of the shelters at night to feed, presenting a quite sedentary behaviour 

(Papaconstantinou and Caragitsou, 1989; Cohen et al., 1990; Morato et al., 1999). The larval 

behaviour of the forkbeard is still unknown. However, the presence of seamounts in 

combination with several patterns of circulation flow and water masses contribute to generate 

trapped parcels of water (e.g. Taylor columns) around these structures, acting as larval retention 

mechanisms (Rogers, 1994). Still, the large geographical distance between the Azores (Mid-

Atlantic Ridge), Madeira and the European continental slope may also create a barrier to larvae 

dispersion between these three areas, promoting population differentiation (Aboim et al., 2005). 

The discriminant analysis indicated that morphometric differentiation between the Azores 

and mainland Portugal was mainly due to differences in the head characters of fish, which may 

reflect differential habitat use and also may be related to prey size (Gatz, 1979). Madeira 

specimens showed a change in body depth that are mostly related to swimming capacity and 

locomotor adaptations to food capture and escape from predators (Webb, 1984). Some overlap 

between the three study areas was also observed, possibly due to the fact that some specimens 

from these areas are subject to similar environmental pressure or even share genetic traits. 

At the present, little information exists about the stock structure of forkbeard. From a 

management point of view, the present body geometric morphometric analysis suggests that 

there may be some population structuring of forkbeard populations among the three areas of the 

Northeast Atlantic (the Azores, Madeira and mainland Portugal). Any depletion in one of these 

populations is unlikely to be compensated by migration from other ones, at least at a sufficiently 

rapid rate to ensure resource sustainability. For a consistent identification of a stock, a variety of 

methods should be used, since different methods complement each other or may produce 

different results (Shaw et al., 1999). The results from the present study should be compared with 

data obtained from other phenotypic and genetic studies to confirm stock identification and to 

clearly understand the stock structure of the forkbeard in the Northeast Atlantic. This study 

indicates the possible existence of local populations of forkbeard in the Northeast Atlantic and 

the most precautionary management approach should be to consider the three areas as separate 

stocks, to ensure resource sustainability and maintenance of genetic biodiversity (Begg and 

Waldman, 1999). A failure to recognize these stocks may lead to erroneous management 

actions, including the overexploitation of some stocks. 
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Genetic variation of the forkbeard, Phycis phycis: evidence of 
panmixia and recent population expansion along its 

distribution area 
 

 

 

Abstract: The understanding of a species stock structure is essential to properly assess and 
manage fish resources. In the present study, genetics, by mitochondrial DNA cytochrome b 
sequence analysis, was used to evaluate the possible existence of distinct populations of the 
forkbeard (Phycis phycis), an important commercial species in several European countries, 
especially Portugal and Spain. Specimens were collected in the Northeast Atlantic Ocean – 
Azores, Madeira and mainland Portugal, and in the Mediterranean Sea – Spain, Italy and 
Croatia, in order to cover the entire distribution area of the species. A low genetic differentiation 
between samples from different areas was found, which must be due to gene flow that occurred 
in the past or with the demographic history of the species. Moreover, the presence of unique 
haplotypes in the Northeast Atlantic and in the Mediterranean suggests that recent gene flow 
between populations from these areas should be limited. High haplotype diversity, low 
nucleotide diversity, a ‘star-like’ network, together with the results of the mismatch distribution, 
indicate a possible signature of recent population expansions, which probably started during the 
end of the Last Glacial Maximum and led to the colonization of the Northeast Atlantic and the 
Mediterranean. 
 
Keywords: Mitochondrial DNA; cytochrome b; population structure; forkbeard; Phycis phycis; 
Northeast Atlantic Ocean; Mediterranean Sea. 
 

 

 

6.1 Introduction 

In marine environments, population genetic structure is influenced by life-history traits 

and species-specific ecological supplies and, therefore, genetic differentiation in marine 

organisms is highly influenced by their dispersal capability (Santos et al., 2006). Population 

genetics theory has suggested that marine organisms, such as fishes, that have a direct 

development or a very short larval phase probably have low dispersal ability and, consequently, 

limited genetic exchange between populations. Instead, species with a long larval stage are able 

to disperse for longer distances, promoting interchanges of individuals and genes throughout the 

geographical extent of natural population (Palumbi, 1994), resulting in genetic homogeneity 

(Bohonak, 1999). Several factors, such as marine currents, temperature regimes, coastal 

topography, ecological requirements, and larval behavioural patterns (Palumbi, 1994; Shulman 
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and Bermingham, 1995; Planes et al., 2001) may strongly influence the genetic structuring of 

marine organisms, despite the passive dispersal opportunities that the marine environment offers 

(Neethling et al., 2008). Relationships between marine populations are presumably the result of 

complex and dynamic interactions between the physical and biological environment and the 

physiology, behaviour, and life histories of individual taxa (Silva et al., 2013). 

Over the last 20 years, there has been a growing understanding of population structure of 

marine fishes in the Northeast Atlantic (e.g. Mork et al., 1985; Blanquer et al., 1992; Stefanni 

and Knutsen, 2007; Domingues et al., 2008), with much emphasis placed on the Atlantic-

Mediterranean transition (Patarnello et al., 2007). Genetic analyses, based on both 

mitochondrial and nuclear markers, have proven to be useful to comprehend population 

structure of several species (Machado-Schiaffino et al., 2009), to understand in more detail the 

post-glacial expansions species (Hewitt, 1999), and to gain general knowledge of how climatic 

changes affect shifts in species distributions (Robalo et al., 2012). Pleistocene glaciations 

caused drastic changes in sea surface temperature in the western European Atlantic coast (Calvo 

et al., 2001). During this period, species suffered several bottlenecks caused by periods of 

strong ocean cooling (e.g. Aboim et al., 2005; Domingues et al., 2008; Silva et al., 2010). 

However, populations of several species differ in their phylogeographic patterns and the 

evolution of the western European marine species during the Pleistocene is far from being 

understood (Francisco et al., 2009). 

In the present study, genetic variation of the forkbeard was analysed. Despite its 

economic importance, the population structure of this species is still unknown. The only 

published study on this subject, based on otolith shape analysis, suggested the existence of more 

than one stock unit of forkbeard in the southern Northeast Atlantic, with separation of 

populations from Azores, Madeira and mainland Portugal (Vieira et al., 2014b, described in 

Chapter 4). 

The aim of the present study is to investigate the population structure of the forkbeard 

along its distribution area (Northeast Atlantic Ocean and Mediterranean Sea), based on genetic 

diversity and differentiation. A phylogeographical and population genetic study was performed 

based on the analysis of fragments of mitochondrial DNA (mtDNA) cytochrome b gene (cyt b) 

and of the first intron of the nuclear S7 ribosomal protein gene (S7). These genes have been 

widely used in fish phylogeographical studies (e.g. Aboim et al., 2005; Stefanni and Knutsen, 

2007; Domingues et al., 2007; Almada et al., 2012; Robalo et al., 2012) and have proved to be 

highly valuable in revealing historical and present-day barriers to gene flow in widespread fish 

species. 
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6.2 Materials and Methods 

6.2.1 Sampling 

Samples used in this study were collected in the Northeast Atlantic Ocean (Azores, 

Madeira, and mainland Portugal) and the Mediterranean Sea (Spain, Italy, and Croatia) (Fig. 

6.1). 

Forkbeard specimens from the Northeast Atlantic – Azores (n = 10), Madeira (n = 10), 

and mainland Portugal (n = 10), were randomly selected from those used in both otolith shape 

analysis and body geometric morphometrics. This is of particular importance, since applying all 

techniques to the same specimen will reduce the uncertainty derived from the inherent 

individual variability in the population components (Abaunza et al., 2008b). 

A piece of fin from each frozen fish from population of the Northeast Atlantic was 

collected and preserved in 96% ethanol for posterior analysis. In order to cover the entire 

distribution area of the forkbeard, fins of specimens from 3 populations from the Mediterranean 

Sea – Spain (n = 10), Italy (n = 2), and Croatia (n = 10), were collected from fresh fish by 

colleagues from other institutions, preserved in 96% ethanol and shipped to the laboratory. 

 

 

 
 

Fig. 6.1 Sampling locations of the forkbeard in the Northeast Atlantic Ocean and the Mediterranean Sea. 
A, Azores archipelago; M, Madeira archipelago; P, mainland Portugal; S, Spain; I, Italy; C, Croatia. 
 

 

6.2.2 DNA extraction, amplification, sequencing and alignment 

Genomic DNA was extracted from fin preserved in 96% ethanol using the E.Z.N.A. 

Tissue DNA Kit (Omega Bio-Tek), according to the manufacturer's instructions. An 899 bp 

fragment of mitochondrial DNA (mtDNA) cyotochrome b (cyt b) gene was amplified by 



Chapter 6 

 
100 

polymerase chain reaction (PCR) for all 52 forkbeard specimens. A pair of primers purposely 

designed for this study, based on 3 aligned cyt b complete sequences of Phycis phycis obtained 

from GenBank (http://www.ncbi.nlm.nih.gov/genbank) (accession numbers: EU036476, 

EU036477 and DQ197978), was used to amplify the region of interest: FORcytbF (forward) 5’-

GCCAGCCTTCGAAAAACAC-3’ and FORcytbR (reverse) 5’-

GCTTCGTTGTTTTGAGGTGTG-3’. In addition, PCR amplification of a 751 bp fragment of 

the first intron of the nuclear S7 ribosomal protein gene (S7) was performed with the following 

pair of primers: S7RPEX1F (forward) 5’-TGGCCTCTTCCTTGGCCGTC-3’ and S7RPEX2R 

(reverse) 5’-AACTCGTCTGGCTTTTCGCC-3’ (Chow and Hazama, 1998). 

PCR amplifications were performed in a 20 μl total reaction volume with 0.6 μM of each 

primer, 0.175/0.2 mM dNTPs, 0.925/1.125 mM MgCl2, 1.4/1.2 μl BSA (10 ng/μl), 4.0 μl 5x 

Colorless GoTaq Flexi Buffer, 0.05U GoTaq DNA Polimerase (Promega) and 2.0 μl of template 

DNA (values for cyt b/S7, respectively). PCR conditions used were composed by an initial 

denaturation step at 95ºC for 5 min, followed by 35 cycles of denaturation at 95ºC for 45 sec, 

annealing at 55ºC or 68ºC, for cyt b or S7, respectively, for 35 sec, and extension at 72ºC for 1 

min, with a final extension period at 72ºC for 10 min. Amplification results were confirmed by 

1% TBE agarose gel electrophoresis. All PCR products were purified with the SureClean kit 

(Bioline) following the manufacturer’s protocol, sequenced in the forward and reverse 

directions (using the same PCR primers) by an ABI PRISM 3700 DNA analyser at Macrogen 

(http://www.macrogen.com). One example of each of cyt b and S7 sequences was used to 

search in GenBank for similar sequences using the basic local alignment search tool (BLAST) 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and, therefore, to confirm sequences obtained for both 

genes. 

Fragment sequences of both genes were verified and edited using the software 

SEQUENCHER version 4.0.5 (Gene Codes Corporation) and BIOEDIT version 7.0.9 (Hall, 1999). 

Subsequently, all sequences of both genes were aligned using CLUSTALX version 2.1 (Larkin et 

al., 2007) and converted into the appropriate format with CONCATENATOR version 1.0.1 (Pina-

Martins and Paulo, 2008). 

 

6.2.3 Genetic data analysis 

Two different geographical groups were defined a priori: the Northeast Atlantic Ocean, 

composed by samples of Azores, Madeira and mainland Portugal, and the Mediterranean Sea, 

constituted by samples of Spain, Italy and Croatia. 

The number of polymorphic sites and haplotypes, haplotype diversity (h), and nucleotide 

diversity (π) were calculated for each sampled population, as well as for both geographic groups 

and for the total samples, using the software DNASP version 5.10.01 (Librado and Rozas, 2009). 
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Maximum parsimony median-joining haplotype network (Bandelt et al., 1999) was constructed 

using NETWORK version 4.6.1.2 (Fluxus Technology Ltd). An analysis of molecular variance 

(AMOVA), with 10,000 permutations, was performed using ARLEQUIN version 3.5.1.2 

(Excoffier and Lischer, 2010) to assess population genetic structure. This analysis produces 

estimates of variance components and F-statistic analogues, reflecting the correlation of 

haplotypes at different levels of hierarchical subdivision (Excoffier et al., 1992). 

Mismatch distribution (frequency distribution of the number of pairwise differences 

among haplotypes) was used to detect and estimate the timing of population expansion (Rogers 

and Harpending, 1992). Estimated expansion values were calculated in ARLEQUIN software and 

graphics of frequency distribution were performed using DNASP. Populations that have been 

historically stable are predicted to have multimodal mismatch distributions, whereas those that 

have undergone a recent expansion are predicted to be unimodal (Slatkin and Hudson, 1991). 

To test the observed mismatch distribution goodness-of-fit to the expansion model and to obtain 

confidence intervals around the estimated mode of mismatch distribution, 1,000 permutation 

replicates were used (Schneider and Excoffier, 1999). Statistically significant differences 

between observed and expected distributions were evaluated with the sum of the square 

deviations (SSD) and Harpending’s raggedness index (raggedness) (Harpending et al., 1993; 

Harpending, 1994). Neutrality tests of Tajima’s D (Tajima, 1989) and Fu’s F-statistics (Fu, 

1997) were performed in ARLEQUIN to detect changes in population size and/or estimate 

deviations from neutrality, assuming a constant population size at mutation-drift equilibrium. 

Significant negative values of Tajima’s D and Fu’s F-statistics are considered to be evidence of 

expanding populations (Aris-Brosou and Excoffier, 1996; Mousset et al., 2004). 

Time since population expansion in years (t), as well as the 95% confidence interval, was 

calculated from τ = 2ut, where τ is the expansion time parameter generated by ARLEQUIN and u 

is the mutation rate per nucleotide per year multiplied by sequence length (i.e. number of 

nucleotides) (Rogers and Harpending, 1992; Harpending, 1994). A generation time of one year 

was assumed, as the forkbeard spawns every year (results shown in Chapter 3), and it was 

assumed a mutation rate of 3.86% per million years, based on other gadiform species (Árnason, 

2004), since no information on mutation rate of the forkbeard is available. 

 

 

6.3 Results 

Within the 52 samples of forkbeard from the Northeast Atlantic and the Mediterranean, a 

total of 12 haplotypes of the mitochondrial cyt b gene fragment (GenBank accession numbers: 

KM252661-72) and only one haplotype of the nuclear S7 gene fragment (GenBank accession 

number KP005452) were found. Data analysis of nuclear S7 was suspended because genetic 
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variation found for this gene was not informative. Although phylogeographic analyses ideally 

are based on nuclear as well as mitochondrial data, mtDNA alone can suffice for some purposes 

because of its special relevance to female population demography (Avise, 1995). Thus, genetic 

analysis was performed using only the mtDNA cyt b marker. 

The 846 bp amplified fragments of cyt b showed 12 polymorphic nucleotide positions, 

and 8 of the 12 haplotypes were unique (Table 6.1). The Atlantic group showed 4 unique 

haplotypes (H3, H4 and H5 from Mainland Portugal, and H8 from Azores), all derived from the 

most commons haplotypes, and the Mediterranean group also exhibited 4 other unique 

haplotypes (H9 and H10 from Croatia, and H11 and H12 from Spain), all being derived 

haplotypes. The most common haplotype (H1) was present in 28 specimens (~54% of total 

samples) and it was found in all sampled geographic areas. The overall values of haplotype 

diversity (h) and nucleotide diversity (π) for the entire sample were 0.686 ± 0.065, and    

0.00150 ± 0.00021, respectively. The Northeast Atlantic and Mediterranean groups showed 

similar haplotype and nucleotide diversities (0.623 ± 0.093 and 0.00143 ± 0.00029; 0.771 ± 

0.080 and 0.00162 ± 0.00032, respectively). In the Atlantic group, the highest haplotype 

richness was found in Azores, where, for 10 samples, five different haplotypes were present, 

and Madeira showed the lowest one (only 2 different haplotypes were detected in 10 samples). 

In the Mediterranean Sea, the highest and the lowest haplotype richness were found in Spain 

and Italy, respectively, where the former showed five different haplotypes in 10 samples, and 

the latter showed one haplotype in 2 samples. A summary of the distribution of haplotypes per 

population and group as well as a summary of haplotype and nucleotide diversities indices is 

presented in Table 6.1. 

The haplotype network did not show a phylogeographical structure among the sampled 

geographical region, presenting a ‘star-like’ shape, where the most common haplotype (H1) is 

shared between all sampled geographic areas and the less frequent and unique haplotypes are 

connected to the central most common haplotype by few or even single mutation steps (Fig. 

6.2). 

To assess the distribution of mtDNA variation, sampled geographic areas were pooled 

according to the two defined regional groups (Northeast Atlantic Ocean and Mediterranean Sea) 

and AMOVA was performed. Results are presented in Table 6.2. AMOVA also revealed a lack 

of genetic structure, indicating that the overall source of variation was within populations 

(100.83%, p = 0.456) instead of among groups (-2.67%, p = 1.000) (negative values must be 

interpreted as zero). The pairwise F-statistics (Table 6.3) showed no significant differentiation 

between populations of the two regional groups. 
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Fig. 6.2 Median-joining haplotype network of the forkbeard from the Northeast Atlantic Ocean and the 
Mediterranean Sea for cytochrome b (846 bp fragment). The size of each circle is proportional to the 
number of specimens carrying each haplotype (the smallest circles correspond to one specimen) and the 
length of each line is proportional to the number of mutations. 

 

 

The distribution of pairwise nucleotide differences (mismatch distribution) showed a 

unimodal shape (Fig. 6.3), suggesting that population range expansion may have occurred. The 

observed raggedness index was low and both pSSD and pRAG showed that the observed 

distributions did not differ significantly from those expected under a sudden expansion model 

(Table 6.4). Tajima’ D and Fu’s F tests were negative, although not statistically significant 

(Table 6.4), which do not support the population expansion hypothesis. The timing of 

demographic expansion for the forkbeard was estimated to have occurred at approximately 

24,676 years ago (0-43,760 years ago). 

 

 
Table 6.2 Analysis of molecular variance (AMOVA) performed for the two regional groups (Atlantic 
Ocean and Mediterranean Sea) of the forkbeard based on mtDNA cyt b (10,000 permutations). 
 

Source of variation Total variance (%) Fixation indices p-value 

Among groups -2.67 FCT = -0.02672 1.000 

Among populations within groups 1.84 FSC = 0.01796 0.346 

Within populations 100.83 FST = -0.00828 0.456 
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Table 6.3 Population pairwise FST values for cyt b sequences (below the diagonal) for the forkbeard. 
 

FST values Mainland Portugal Azores Madeira Croatia Spain Italy 

Mainland Portugal -      
Azores -0.05903 -     
Madeira 0.03013 0.03013 -    
Croatia -0.01365 -0.05051 0.09188 -   
Spain 0.00549 0.00549 0.02778 0.09544 -  
Italy -0.29237 -0.29237 -0.09375 -0.27976 -0.09375 - 

p-values of all populations were not statistically significant (p > 0.05) 
 

 

 

 

 
 

Fig. 6.3 Frequency distributions of the 
number of pairwise nucleotide 
differences between cyt b haplotypes 
from forkbeard populations. Parameter 
values for the mismatch distributions 
are given in Table 6.4. 
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6.4 Discussion 

6.4.1 Population structure 

Genetic data suggest that the forkbeard forms a panmictic population along the Northeast 

Atlantic and the Mediterranean. F-statistics and AMOVA indicated no genetic structure over 

space, probably due to the high frequency of the most common haplotype (H1) (which 

minimizes the effect of rarer haplotypes) and also due to similarities between sequences caused 

by the low nucleotide diversity. These facts suggest that high levels of gene flow between 

geographically separated areas must have occurred in the past or that current distribution is an 

expanded area of an ancestral refugial and panmictic population, with low levels of diversity but 

widespread common/ancestral haplotypes. Moreover, and taking into account the existence of 

unique haplotypes in the Northeast Atlantic and the Mediterranean, recent gene flow between 

populations from these groups is unlikely to occur or, if present, occurs at low levels. Although 

larval behaviour of the forkbeard is unknown, other species of the genus Phycis present pelagic 

larvae for several months (Methven, 1985; Comyns and Grant, 1993), and, thus, long distance 

dispersal may happen during forkbeard larval phase. The putative absence or reduction of 

current larval dispersion of the forkbeard between the Northeast Atlantic and the Mediterranean 

suggests the presence of significant barriers to gene flow in this species. In fact, oceanographic 

and topographic features of the Atlantic, through the presence of seamounts, in combination 

with several patterns of circulation flow and water masses, contribute to generate trapped 

parcels of water around these structures (e.g. Taylor columns) acting as larval retention 

mechanisms (Rogers, 1994). The large geographical distance between the Azores (Mid-Atlantic 

Ridge), Madeira and the European continental slope may also constitute a barrier to larvae 

dispersion (Aboim et al., 2005) of this species. 

 

6.4.2 Demographic history 

The pattern of genetic diversity observed for the forkbeard can be due to events of 

population expansion after a period of low effective population size, caused by bottlenecks or 

founder events (Grant and Bowen, 1998). The phylogenetic relationships between mtDNA cyt b 

haplotypes was defined by a ‘star-like’ network topology, in which rare haplotypes are derived 

from the most common haplotypes (H1, H2 and H6), presumably ancestors, frequently by a 

single mutation step. This could indicate that the forkbeard populations have recently expanded 

in size from one or from a small number of founders following a population bottleneck (Slatkin 

and Hudson, 1991), suggesting a scenario of sudden population expansion in the Northeast 

Atlantic and the Mediterranean. Furthermore, mismatch distribution analysis also supports the 

hypothesis of population range expansion. The time of expansion estimated for the forkbeard 

was suggestive of a growing population since the end of the last glacial maximum (LGM). A 
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strong historical influence on the genetic population structure of marine organisms in the North 

Atlantic has been suggested for other gadiform fish species (e.g. Carr et al., 1995; Pogson et al., 

1995). It is likely that changing sea levels and temperatures during this time led to such 

demographic changes. 

One of the major concerns in studies of phylogeography of the Northeast Atlantic 

specimens has been the location of their refugia, where these organisms could survive the 

successive glacial peaks during the Pleistocene (Almada et al., 2012). These refugia must have 

acted as propagation sources for the recolonization of more northerly areas during the 

interglacial periods (Hayes et al., 2005). Most studies assume that the Pleistocene and specially 

the LGM were critical times when populations were absent from the frozen north and suffered 

severe bottlenecks in their refuge habitats (Robalo et al., 2013). Forkbeard has a subtropical 

geographical distribution, exhibiting a reduced temperature tolerance (12-15ºC, ~300 m depth). 

During the last glaciation and due to the progression of the polar front, this species must have 

been pushed to southern limits of its distribution to seek refugia with similar temperature to its 

optimum. Based on this, and on the haplotype diversity presented by forkbeard populations and 

on network, two possible scenarios of population expansion could be delineated. In the first 

possible scenario, during the LGM forkbeard populations took refuge in the Mediterranean Sea 

and after the end of this period the species expanded to the northern and southern Northeast 

Atlantic. However, and according to this scenario, the Mediterranean group should show higher 

haplotype diversity than the Atlantic one, and the ancestral haplotypes should be present in all 

Mediterranean population, which is not observed. On the other hand, the Mediterranean LGM 

sea temperatures decreased drastically and were low enough to support populations of northern 

gadids and Atlantic salmon (Hayes et al., 2005), but never of forkbeard. Thus, this scenario is 

unlikely to have occurred. In the second and most possible expansion scenario, during the LGM 

the southern extreme of forkbeard distribution (Cape Verde region) served as refugia for 

haplotypes H1, H2 and H6, and after the glaciation the species expanded northward colonizing 

the rest of the Northeast Atlantic and the Mediterranean (and the presence of the most common 

haplotype (H1) in all sampled geographic areas corroborates this hypothesis). Then, and 

although the gene flow between the Atlantic and Mediterranean groups may have occurred, each 

group began its own process of divergence as explained by the presence of four unique 

haplotypes both in the Atlantic and in the Mediterranean groups. In fact, the oceanographic and 

topographic features of the Atlantic (Rogers, 1994) and the large geographical distance between 

the Azores, Madeira and the European continental slope (Aboim et al., 2005), seems to limited 

the gene flow between the Northeast Atlantic and Mediterranean populations of forkbeard, 

leading to the emergence of unique haplotypes in each region. This hypothesis of the southern 

extreme refugia can also be reinforced by the similarity of sea temperature in the Western 

Sahara coast, Cape Verde and in Mauritanian coast during the last glaciation (Bush and 
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Philander, 1999; Crowley, 1981) and the current forkbeard’s thermal belt. With the rising of sea 

level in interglacial periods, new areas could be colonized, enabling forkbeard to extend its 

ranges and resulting in demographic and spatial population expansions. In agreement, the 

tropical coast of Africa has previously been proposed as a possible refugia during the glacial 

periods for fish species of the Northeast Atlantic (e.g. bleniids (Almada et al., 2001; Domingues 

et al., 2007), and Chromis limbata (Domingues et al., 2006)). 
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7.1 General Discussion 

The present thesis had two main goals: (1) to gather new and key biological information 

on the forkbeard; and (2) to elucidate the stock structure of the species in the southern NE 

Atlantic, where it is an important commercial species. To accomplish the first objective, 

commercial samples from mainland Portugal (Peniche, central west coast) were taken on a 

monthly basis (around 45 specimens covering the entire commercial length distribution) during 

a complete annual cycle. Complementary samples of smaller specimens were obtained from 

discards of trawler ‘Sagittarius’ operating in the same area. To accomplish the second objective 

of this thesis, three geographical areas in the southern NE Atlantic were selected: mainland 

Portugal (Peniche, central west coast), Azores and Madeira archipelagos. For genetic variation 

analysis, and in order to cover the entire distribution area of the forkbeard, samples from three 

geographical areas from the Mediterranean (Spain, Italy and Croatia) were also used. Around 

100 specimens of each area were used in each stock identification technique, with the exception 

of genetic analysis where only 10 samples were analysed (whenever possible), since it is a very 

time consuming technique and this picture was sufficient to reveal the population structure 

pattern of the species in the southern NE Atlantic and the Mediterranean. 

 

7.1.1 Biology of the forkbeard 

Regarding the key biological information, this thesis provides new data on the forkbeard 

age and growth, and reproductive strategy. 

Age and growth studies constitute a major source of information for fisheries scientists 

and are of fundamental importance in fish population modelling and management advice 

(Campana, 2001). According to the present study, forkbeard is a relatively slow growing, long-

lived species, that does not show sexual dimorphism in growth (Vieira et al., 2014a, described 

in Chapter 2). As stated in Chapters 1 and 2, there are other studies on age and growth of 

forkbeard from other geographical areas from the NE Atlantic (namely from Azores) and the 

Mediterranean (namely Adriatic Sea). A comparison of the von Bertalanffy growth parameters 

(hereafter referred to as growth parameters) between these studies and the present one was not 
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possible since the age-length keys were not provided in the previous studies. The growth 

parameters estimated by Abecasis et al. (2009), for specimens from Azores, were L∞ = 79.64 cm 

TL, k = 0.09 yr-1 and t0 = -1.88 yr, and these authors stated that the species does not show sexual 

dimorphism in growth. Silva (1985), also for specimens from Azores, estimated L∞ = 65.32 cm 

TL, k = 0.19 yr-1 and t0 = -0.28 yr, with no sexual dimorphism in growth. On the contrary, for 

specimens from Adriatic Sea, Matić-Skoko et al. (2011) found sexual dimorphism in growth, 

and estimated L∞ = 59.80 / 75.18 cm TL, k = 0.24 / 0.15 yr-1 and t0 = -0.33 / -0.70 yr for females 

and males, respectively. Although a comparison of the growth parameters between these 

different geographical areas was not possible, dissimilarities between the growth parameters 

from the southern NE Atlantic and the Mediterranean can be noted. These differences could be 

due to: (1) selectivity of fishing gears used in those studies (as previously discussed in section 

2.4) that influenced the length range of each sample and consequently the estimated growth 

parameters; (2) a different genetic basis between samples of each geographic area; (3) a plastic 

response to the different environmental conditions; and (4) a combination of the two latter 

factors. 

An accurate assessment of population parameters related to fish reproduction is an 

essential component of effective fisheries management (Brown-Peterson et al., 2011). 

According to the information on reproductive strategy shown in this thesis, forkbeard is an 

iteroparous and gonochoristic species, that possesses no sexual dimorphism, has external 

fertilization without parental care, presents a group-synchronous ovary development, is a batch 

spawner and possesses determinate fecundity. In Portuguese continental waters, the spawning 

season occurs from September to early January, and the length at fist maturity was estimated as 

35.9 cm TL and 28.5 cm TL for females and males, respectively. Unfortunately, a comparison 

between reproductive parameters from different geographical areas was not possible since no 

database was present in the bibliography. However, it was possible to notice differences in 

length at first maturity between mainland Portugal (present study), Azores (Silva, 1986) and 

Adriatic Sea (Glavić et al., 2014) (see Chapters 1 and 3 for more detailed information about 

them). These differences could be due to different methodological procedures used in each 

study (as previously discussed in section 3.4) or could be related with genetic and/or 

environmental factors, suggesting differences between populations or stocks (McBride, 2014). 

Fish stocks can develop phenotypic and genotypic dissimilarities in reproductive parameters 

over time due to reproductive isolation, which arise from diverse environmental conditions, 

differential selection pressure, and evolutionary divergence through drift and local adaptation 

(Waldman, 1999). Numerous reproductive parameters have been used to describe the dynamics 

of a fish stock and provide the basis for stock differentiation, including spawning seasonality, 

maturity and fecundity, which are quite variable among stocks (McBride, 2014). The 

information gathered in this thesis highlights important features that are crucial to the 
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management of this resource, suggesting some precautionary measures that can be implemented 

as needed. The knowledge of the sexual cycle of this species and the definition of its spawning 

season in particular will allow the establishment of closed periods (or areas) for fishing activity, 

which may be important if there is evidence of decreasing abundance of this species. An 

accentuated fishing pressure in this period could affect the species reproductive potential, 

decreasing the number of spawners and consequently the number of recruits. If this management 

measure would be implemented in the future, the period between September and December 

should be chosen for mainland Portugal. At the present time, no minimum landing size for 

forkbeard is established, but the results suggest that a minimum landing size of 36 cm TL for 

mainland Portugal should be implemented to ensure that 50% of the potential spawners will 

accomplish it. 

 

7.1.2 Stock structure of the forkbeard 

Regarding the second goal of elucidating the stock structure, fish stocks are identified on 

a basis of characteristics that vary between them due to environmental and genetic factors (Begg 

and Waldman, 1999). Environmental factors tend to influence phenotypic characteristics within 

stocks and this phenotypic variation between stocks is usually associated with the geographical 

region occupied by a species throughout its range. Although phenotypic differences do not 

provide direct evidence of genetic isolation between stocks, they can indicate the prolonged 

separation of post-larval fish in different environmental regimes (Campana et al., 1995b). 

Genetic differences between individuals, stocks and populations are the basis for ascertaining 

the degree of reproductive isolation, which is the fundamental mechanism differentiating 

between these taxonomic groups. Genetic differences between stocks are strongly associated 

with their divergence time and degree of isolation (Adkison, 1995). The stock concept is 

fundamental to the management of fishery resources, given that it forms the basic unit on which 

population dynamics models are applied (Abaunza et al., 2008a). The final application of the 

stock concept is to understand the stock structure of a species in order to properly assess and 

manage fish resources (Gordo et al., 2009). The most efficient tool to define a stock structure is 

the holistic approach, where a broad spectrum of techniques is used and compared to 

complement one another (Begg and Waldman, 1999). Moreover, the inherent individual 

variability in the components of a population is a very important factor when carrying out 

comparative studies on stock identification. If each technique is carried out using different 

individuals there are more variability components that need to be explained when comparing the 

results obtained from different techniques. Some of this associated uncertainty can be 

eliminated if all techniques are applied on the same fish (Abaunza et al., 2008b). In this thesis, 

to minimize the individual variability effect, and given the specifications of each methodology, 
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the specimen selection took into account the following criteria: (1) the same individual was used 

for all methodologies, whenever possible; (2) only adult fish were selected; (3) a similar total 

length range was chosen among all areas, whenever possible; and (4) the same sampling season 

was defined for the three geographical areas of the southern NE Atlantic. A recommended 

procedure for stock identification is the use of at least one phenotypic-based approach and at 

least one genetic technique. Morphological characteristics, such as morphometric landmarks and 

outlines, are the most phenotypic-based approaches used in stock identification (e.g. Turan, 

2004; Tracey et al., 2006; Murta et al., 2008; Stransky et al., 2008; Farias et al., 2009; Sequeira 

et al., 2011). Genetics may be used to provide a direct basis for stock structuring and to interpret 

phenotypic-based patterns (Ihssen et al., 1981; Begg and Waldman, 1999). Genetic methods are 

useful for determining evolutionary history related to stock structure, reflect evolutionary time 

scales and may produce more conservative groupings (i.e. fewer stocks) (Kinsey et al., 1994; 

Begg and Waldman, 1999). In contrast, phenotypic markers are more applicable for studying 

short-term environmentally-induced variation and tend to identify more putative stocks (Elliott 

et al., 1995; Begg and Waldman, 1999). Combining the results obtained with several techniques 

may provide considerable insight to the possible stock structure of a species (Elliott et al., 

1995). 

In the present thesis, otolith shape, body geometric morphometrics, and genetic variation 

were used to define the stock structure of the forkbeard in the southern NE Atlantic in a holistic 

approach. A substantial variation in forkbeard otolith and body shapes was found, suggesting a 

clear separation between the three populations from the southern NE Atlantic, and indicating 

their usefulness as a population differentiation tool. However, this morphological differentiation 

was not in accordance with the genetic population structure evidenced by the molecular marker 

used. Nevertheless, it is important to note that the existence of contrasting differences in the 

forkbeard morphology between geographic areas and the absence of a clear genetic structure 

should not be interpreted as contradictory issues because in this study a neutral genetic marker 

was used. 

Fish morphology is highly influenced by environmental factors, reflecting different 

development environments (Wimberger, 1992). Thus, and due to the phenotypic plasticity of 

organisms, environmental factors such as temperature, salinity, food availability and prolonged 

swimming may determine the phenotypic differentiation in species which experience specific 

environmental conditions (Komakhidze et al., 1998). However, significant morphological 

differences do not necessarily lead to restrictions of gene flow between populations, though they 

do suggest that fish in each group may not mix extensively. As fish morphology is particularly 

dependent on environmental factors during early life stages, morphological differentiation may 

indicate that the majority of fish spend their entire lives in separate regions (Campana et al., 

1995b; Turan, 2004). Phenotypic variation between fish populations can provide an indirect 
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basis for stock structure and, although it does not provide direct evidence of genetic isolation 

between them, it can show prolonged separation of post-larval fish in different environmental 

regimes (Campana et al., 1995b). Body shape and other morphological characters have long 

been used to delineate populations and continue to be used successfully (Taylor and McPhail, 

1985; Melvin et al., 1992; Hurlbut and Clay, 1998; Turan, 2004; Murta et al., 2008; Sequeira et 

al., 2011), based on the fact that morphological features can be related to fitness and are 

subjected to strong selective pressures which may cause rapid genetic divergence in morphology 

between groups of fish (Swain and Foote, 1999). The population differentiation suggested by 

otolith shape and body geometric morphometrics may itself suggest a relationship between the 

extent of phenotypic divergence and geographical distance, indicating that adult fish migration 

among populations from the Azores, Madeira and mainland Portugal may be limited. It is 

possible that different conditions (e.g. food resources, predation risk, water temperature, 

sediment type, depth, etc.) between the three areas affect fish growth and behaviour (Hayes et 

al., 1996) and thus the otolith and fish morphology. 

Genetic data suggest that the forkbeard forms a panmictic population along the southern 

NE Atlantic and the Mediterranean, since no genetic structure over space were detected. 

Nevertheless, considering the existence of unique haplotypes in the southern NE Atlantic and 

the Mediterranean, recent gene flow between populations from these groups is unlikely to occur 

or, if present, occurs at low levels maybe during the larval phase. This presumed absence or 

reduction of larval dispersion between these groups suggests the presence of significant barriers 

to gene flow in this species. These barriers can be caused by: (1) oceanographic and topographic 

features of the Atlantic Ocean, which can act as larval retention mechanisms (Rogers, 1994), 

and (2) the large geographical distance separating the populations that constitute a barrier to 

larvae dispersion (Aboim et al., 2005) of forkbeard. 

 

 

7.2 Final remarks 

The main strength of fishery studies lies in their practical application. The gathered 

information in this thesis highlights important features that are crucial to the assessment and 

management of this resource. Besides this, the construction of a database with the most relevant 

information for a future assessment of the species is essential. This database would benefit with 

information from both fishery (landings and effort data) and biological parameters, which 

should be gathered during a large number of years. Only then will there be enough information 

to implement reliable assessment models, namely age-structured ones. However, even after 

many years of fishery data are available, some key assessment calculations will still depend 

heavily on data that can only be gathered early in the fishery development (estimation of 
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potential catches, optimum sizes of fish to capture, and most refined methods for stock size 

estimation all depend on having a reasonable estimate of the average natural mortality rate) 

(Hilborn and Walters, 1992). 

Based on biological information obtained in this thesis, forkbeard from mainland Portugal 

is a long-lived species, with a low to moderate fishing mortality,  which matures at 3-4 years, is 

fully recruited to fishery at 5 years, and is relatively fecund (among other gadiform species). At 

the present time, and considering that: (1) very large fish are present both in the samples and in 

the landings length composition; (2) the fishing mortality is low; (3) the length at first maturity 

is below the age of first capture; and (4) the species is mainly caught by longline (a selective 

fishing gear), the population that lives in mainland waters is certainly not exposed to a high 

fishing pressure. Nevertheless, it is worthwhile to mention that both the biological and fishery 

database that was created in the present study should be incremented in the future by the 

Portuguese administration/public research institutions in order to obtain a large enough dataset 

that will allow the implementation of stock assessment models and adequate management 

measures. This dataset should have a minimum of 13 years (the time that the species is in the 

fishery, since it lives until 18 years and is fully recruited to fishery at 5 years). In the future, and 

until this dataset is created, if the species is considered to be vulnerable to fishery pressure, 

some precautionary measures should be implemented, both in input and output control levels. In 

the former, limiting the number of fishing vessels and/or establishing periods of closed for 

fishing activity could be a possibility to implement. Regarding the output control, the 

establishment of a minimum landing size and/or fishing quota should be considered. At the 

present, and considering just the biological aspects, there is no minimum landing size for this 

species and therefore a percentage of the landings are of small and immature individuals. A 

minimum landing size above the length at first maturity should be implemented (~ 36 cm TL) in 

mainland Portugal as a precautionary measure. The establishment of closed periods may be 

required if there is evidence of decreasing abundance of the forkbeard and may be efficient in 

the protection of females during the spawning season peak, i.e. between September and 

December. 

The knowledge of population structure is an essential component to effectively assess and 

manage natural resources (Begg and Waldman, 1999) and at the present, no information exists 

on population structure of the forkbeard in its distribution area. To attain this goal, both 

morphometric and genetic analyses were used. Genetic data suggest that the forkbeard forms a 

panmictic population in the southern NE Atlantic and the Mediterranean, in contrast to what 

body shape and otolith shape analyses have shown (Vieira et al., 2014b, Chapters 4 and 5): a 

clear separation between the three populations from the southern NE Atlantic (mainland 

Portugal, Azores and Madeira). However, the existence of unique haplotypes in the southern NE 

Atlantic and in the Mediterranean suggests that recent gene flow between populations from 
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these groups should be limited. A prolonged separation of post-larval fish may be the cause of 

this limited recent gene flow, leading to phenotypic plasticity in response to distinct selective 

pressures or environmental constraints acting on the fish. 

Based on the information presented in this thesis, is can be stated that, along its 

distribution area, forkbeard presents, at least, 3 phenotypic stocks – mainland Portugal, Azores 

and Madeira, in the southern NE Atlantic, and 2 genotypic stocks between the NE Atlantic and 

the Mediterranean. Any depletion in one of these populations might not be compensated by 

migration from others, at least at a sufficiently rapid rate to ensure resource sustainability. The 

most precautionary management approach should be to consider the different populations of the 

forkbeard from the NE Atlantic and the Mediterranean as separate stocks, to ensure resource 

sustainability and maintenance of genetic biodiversity (Begg and Waldman, 1999). A failure to 

recognize the population structure in management of complex fish stocks, like the case of 

forkbeard, may lead to erroneous management actions, including the overexploitation of stocks. 

Future studies using a more sensitive nDNA marker (than S7) or adaptive markers, such 

as microsatellites and candidate genes, respectively, will be necessary to complementary this 

issue. Since candidate genes reflect natural selection and are related with phenotypic traits and 

physiological functions (Hemmer-Hansen et al., 2011), they can be a powerful tool to clarify the 

population structure of the forkbeard along its distribution area.  
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