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The fish species Trisopterus luscus (Linnaeus 1758), 

commonly known in English as pouting, is a member of the cod 

family (Gadidae) and it is of major commercial importance to 

the artisanal fleet of a number of European countries, 

primarily France, Portugal and Spain. Since the 1960s and 1970s 

(with average landings of around 3000 t per annum) a slow but 

steady decrease in catches has been observed on the Galician 

shelf, down to landings below 1000 t per annum in recent years. 

This situation is aggravated by the fact that the information 

available about this species is generally scarce, especially 

regarding our knowledge of its reproductive biology. 

Knowledge of the reproductive biology of a fish species is 

essential for effective fishery management. There is increasing 

awareness that the traditional indicators of stock viability 

are inadequate because the capacity of a population to produce 

viable eggs and larvae each year is extremely important for 

stock viability and recovery. Improved estimates of stock 

reproductive potential should thus lead to improving the 

current models used in fisheries management. 

Histological study of gonads of T. luscus was consistent 

with asynchronous ovarian development. This study shows that 

pouting on the Galician shelf presents a protracted spawning 

season, from January to May, with a peak of spawning activity 

in February, a month when female pouting release a batch almost 

every day. Length-at-maturation, 150.6 mm, was lower than 

previously estimated in other studies, and it seems to be in 

concordance with the established minimum legal size, 200 mm. 

The development of the pelagic eggs and hatched larvae has been 

described for the first time ever in this study. This has also 

been the first natural spawning experience in captivity for 

this species. 

One of the most important findings in this study is that 

pouting exhibits determinate follicle recruitment. However, the 

possibility of an indeterminate period of follicle recruitment 

in response to surplus energy is also likely to occur. Maternal 

effects in potential and batch fecundity are clearly manifested 

through positive allometric coefficient of fecundity-female 

size relationships. 

Energy reserves in pouting females are mainly associated to 

the lipids stored in the liver. Water content appeared to be a 
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useful index in order to obtain very accurate predictions of 

energy density, particularly for gonads and the liver. 

Condition indices, both the common ratio index and the residual 

index, are suitable to analyze nutritional status of fish, 

since they reflect changes in energy content and proximate 

composition in the different tissues studied. The seasonality 

of energy reserves was clearly detected and is closely related 

to the sexual cycle, indicating that pouting females display a 

period of energy storage, mainly through lipid deposition in 

the liver. Therefore, pouting should be considered a capital 

rather than an income breeder, as the fuel for reproduction 

comes essentially from stored energy. 

Reproduction in T. luscus is financed from stored energetic 

capital, but energetic provision through concurrent feeding 

during reproduction may also contribute to egg production, i.e. 

pouting exhibits a mixture of determinate/indeterminate 

fecundity and capital/income breeding strategies.  

Individual female size influences reproductive biology at 

different levels, as discussed previously in this chapter: 

timing and length of spawning and fecundity (potential and 

batch). Therefore, it is not surprising that the simulation 

model has verified that a population biased towards larger fish 

can produce a considerably higher TEP than a population with 

the same SSB but biased towards smaller females. These huge 

differences clearly support the inadequacy of the assumption of 

direct proportionality between egg production and Spawning 

Stock Biomass. Additionally, and as shown in our study, larger 

fish not only contribute disproportionally to SRP in terms of 

quantity but also of quality. 

Consequently, effective and sustainable fishery management 

requires considering several aspects of fish reproductive 

strategies to better preserve a stock’s reproductive potential. 



1 General	Introduction	
 

 
“The formulation of a problem is often 
more essential than its solution, which 

may be merely a matter of mathematical 
or experimental skill.” 

Albert Einstein 
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1.1. MOTIVATION OF THE PROBLEM, HYPOTHESIS AND OBJECTIVES 
 

1.1.1 Motivation of the Problem 
 

The fish species Trisopterus luscus (Linnaeus 1758) (Figure 

1.1), commonly known in English as 

pouting, is a member of the cod 

family (Gadidae) and it is of major 

commercial importance to the arti-

sanal fleet of a number of European 

countries, primarily France, Portu-

gal and Spain. Since the 1960s and 

1970s (with average landings of 

around 3000 t per annum), a slow but 

steady decrease in catches has been 

observed on the Galician shelf, down 

to landings below 1000 t per annum 

in recent years. Despite this 

decline, the only restriction 

applicable in Galicia to pouting 

fishing is that of limited size 

(minimum legal size: 20 cm Total 

Length - TL). This situation is 

aggravated by the fact that the 

information available about this species is generally scarce, 

especially regarding our knowledge of its reproductive biology. 

Additionally, previous reproductive studies have been limited 

in scope (Labarta et al. 1982a; Desmarchelier 1985; Merayo 

1996a). 

Knowledge of the reproductive biology of a fish species is 

essential for effective fishery management (Marshall et al. 

2003). There is increasing awareness that the traditional 

indicators of stock viability are inadequate because the 

capacity of a population to produce viable eggs and larvae each 

year is extremely important for stock viability and recovery, 

i.e. its resilience (Kraus et al. 2002; Murua et al. 2003). 

Improved estimates of population reproductive potential should 

thus lead to improving the current models used in fisheries 

 
Figure 1.1 Trisopterus 
luscus (Linnaeus 1758): a) 
landing of T. luscus from 
the Vigo fish market and b) 
T. luscus in the wild. 



Alonso-Fernández 2011 - Bionergetics approach to fish reproductive potential 

 

 
8 

management (Marshall et al. 1998). Those models still do not 

focus enough on the importance of physiological state in 

maturation, egg production or egg quality, i.e. the individual 

and stock reproductive potential. The physiological state of 

the individuals is known to trigger maturation and determine 

energy allocation for each reproductive event. Natural 

selection aims at maximizing the survival opportunities of the 

offspring until it reaches sexual maturity and reproduces 

successfully. There is always a trade-off between the number of 

reproductive events and the reproductive output (e.g. in 

fecundity and egg quality); reproduction has a cost in terms of 

energy. Fish allocate the assimilated energy according to rules 

dictated by their physiological state, and balance the energy 

budget across maintenance, growth and reproduction. 

 

1.1.2 Hypothesis 
 

On the basis of the facts presented in 1.1.1, we have 

hypothesized that the energetic status of a fish may affect 

different aspects of its reproductive potential, namely: i) 

maturation process and sexual cycle ii) egg production and iii) 

egg quality. 

 

1.1.3 Objectives 
 

The overall objective of this thesis is to elucidate, 

through a bioenergetics approach, in which way reproductive 

potential is affected by maternal status, using the data 

collected for Trisopterus luscus as a model for hypothesis 

testing. 

By testing the central hypothesis, the following objectives 

will be investigated in order to construct a full and detailed 

picture of energy allocation during reproduction, and its 

influence on reproductive potential: 
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 Delineation of ovarian development organization, the 

reproductive cycle, timing of spawning and embryonic 

development, and length-at-maturation of Trisopterus 

luscus through histology, traditional indices and 

experiments with captive fish (Chapter 3). 

 Description of the process of follicle recruitment and 

characterization of the fecundity type for Trisopterus 

luscus. Investigation of seasonal and interannual 

variation in egg production and egg quality (Chapter 4). 

 Depiction of the process of energy allocation attached to 

the reproductive cycle and identification of the main 

components involved in energy storage. Also, investigate 

the common condition index suitability as a proxy for fish 

energetic status (Chapter 5).  

 Improved estimation of reproductive potential from a 

bioenergetics standpoint and subsequent development of 

models. Owing to the nature of this objective, the section 

of this thesis dedicated to its investigation will be a 

recapitulation of all the preceding objectives. It is thus 

the aim of this thesis to provide a thorough picture of 

the reproductive process from a bioenergetics point of 

view (Chapter 6). 

 

1.2 REPRODUCTIVE POTENTIAL IN FISH STOCK ASSESSMENT: AN 

OVERVIEW 
 

Marine fishery resources have undergone a great impact due 

to the increase of the fishing effort. The assessment of 

fisheries stocks in 2007 revealed a critical situation, with 

ca. 28% of the assessed stocks being exposed to excessive 

fishing pressure: most of them were overexploited (19%), 

depleted (8%) or recovering from depletion (1%). Fully-

exploited stocks, close to their maximum sustainable limits, 

represent 52% of the total. Only ca. 20% of the stocks were 

moderately exploited or underexploited (FAO 2009; Figure 1.2). 

The Northeast Atlantic is one of the areas with higher 

proportions of fully-exploited stocks (FAO 2009). Many of the 
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European fisheries resources are currently overexploited and to 

this respect several recovery plans were raised by the European 

Union. Therefore, we consider that an effective and 

precautionary management of fishery resources is required. 

The aim of management strategies should be to achieve a 

long-term sustainable exploitation of marine resources. As per 

this goal, we may hence define a sustainable fish stock as one 

from which fisheries remove an amount of fish equalling the 

surplus stock, or below the surplus stock. The surplus stock is 

dependent upon fish abundance, fecundity, recruitment and 

survival rates, and hence the population is able to be replaced 

continuously. Thus, in that hypothetical situation of 

equilibrium, total abundance of fish stocks does not vary 

significantly over time. Evidence suggests this is not the real 

scenario in the wild and high variability is shown in historic 

recruitment rates. 

 

1.2.1 Criticism to Spawning Stock Biomass-Recruitment 
Relationships 

 
The main purpose of establishing the Stock/Recruitment (S/R) 

relationships is to determine to what extent a population may 

be harvested, i.e. to predict long-term stock abundance. 

 
Figure 1.2 General pattern in the state of global marine stocks since 
1974. Source: FAO 2009. 
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Therefore, Stock–Recruitment models representing the 

fundamental relationship between the parental population and 

the number of offspring produced (recruitment) are an important 

tool for the management of harvested populations (Ricker 1975). 

It has been also largely used to define some important 

management reference points, such as Fmed. Nevertheless, the 

traditional models used in fishery assessment tend to require 

precise knowledge on stock status, and such information is 

inaccurate and subject to error more often than not (Pauly et 

al. 2002). 

As stated by the International Council for the Exploration 

of the Sea (ICES) Working Group on the Recruitment Process 

(Anon 2002), the observed variability in Stock-Recruitment 

theoretical relationships were being systematically attributed 

to environmental variability. However, there is considerable 

evidence indicating that the spawning stock characteristics 

(demographic structure, status and historical trends) strongly 

influence the potential viability of eggs and larvae. These 

structural effects may have strong influence on recruitment 

projections in the medium term, since they reflect several 

aspects of the internal dynamic of S/R relationships. S/R 

relationships that use spawning stock biomass (SSB) to 

represent reproductive potential assume that the proportion of 

SSB composed of females and the relative fecundity (number of 

eggs produced per unit mass) are both constant over time, and 

this could lead to overly optimistic assessments of stock 

status (Marshall et al. 2006). In fact, there is increasing 

awareness that the traditional indicators of stock viability 

are inadequate, as the capacity of a population to produce 

viable eggs and larvae each year is extremely important for 

stock viability and recovery (Marshall et al. 1998; Kraus et 

al. 2002; Marteinsdottir and Begg 2002; Murua et al. 2003; 

Macchi et al. 2004). 

Ultimately, preventing the collapse of fisheries will 

require minimizing uncertainty in assessment models based on 

scientific advice. That would entail the inclusion in such 

models not only of the dynamics of fish stocks, but also of 
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elements drawn from ecology, as well as high-quality and up-to-

date data (Mora et al. 2009). 

 

1.2.2 An Alternative Approach: Stock Reproductive Potential 
 

Alternative indicators of stock viability have been 

developed since Trippel (1999). He defined the new term of 

Stock Reproductive Potential (SRP) as “the annual variation in 

a stock’s ability to produce viable eggs and larvae that may 

eventually recruit to adult population or fishery”. While SSB 

indices are used as objectives in different fisheries 

management strategies, the lack of proportionality between SSB 

and SRP is one of the main sources of uncertainty in S/R 

relationships, and therefore also in stock predictions. 

Precautionary approaches in fishery management (ICES CM 

2007/ACFM: 21) aims to preserve an adequate SPR that may 

provide a sustainable exploitation of the fish population. That 

is why an accurate estimation of SRP is critical for stock 

management. 

SRP is not only influenced by SSB, but also by age, size and 

physiological condition (Kjesbu et al. 1991; Solemdal 1997; 

Vallin and Nissling 2000; Marteinsdottir and Begg 2002; 

Marshall et al. 2003; Marshal et al. 2006). Several studies 

show that the structural characteristics of the stock affect 

recruitment. For instance, it has been shown that recruitment 

in Norway herring, Clupea harengus, and Icelandic cod, Gadus 

morhua, stocks is related to age diversity composition (Lambert 

1990; Marteinsdottir and Steinarsson 1998). Georges Bank 

haddock, Melanogrammus aeglefinus, shows a correlation between 

recruitment, size and average condition of spawners too 

(Marshall and Frank 1999). 

Several reproductive traits are highly plastic and vary 

between the populations of a species, or even temporarily 

within a population, altering SRP over time. Tomkiewicz et al. 

(2003a) considered a list of parameters as key features in the 

accurate estimate of reproductive potential: stock size and 

composition, age, weight, sex ratio, sexual maturity, fecundity 
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and condition. Consequently, knowledge of the reproductive 

biology of a fish species is essential for effective fishery 

management (Marshall et al. 2003; Morgan 2008). Therefore, 

considering all the parameters involved in the concept of 

reproductive potential is essential to discern the main factors 

that affect SRP, as well as which components should be 

estimated from routine monitoring, such as fecundity or size 

and viability of eggs and larvae (Trippel 1999). 

 

1.2.2.1 Stock Reproductive Potential and Energy Allocation 
 

It is generally assumed that changes in life history 

parameters concern mainly the trade-offs implied by energy 

allocation across survival, growth and reproduction (Roff 1992; 

Stearns 1992). We can consider that energy is used for these 

three purposes, which may be expressed by the following energy 

balance equation: 

 

C = Ps + Pr + Rm + F + U 

 

Where C is the energy content of the food consumed over a 

given period of time, Rm is the energy lost during metabolism, 

F is the energy loss in faeces and U is the energy loss in 

excretion products. Ps is the energy for somatic growth and Pr 

the energy for reproduction, primarily in the production of 

gametes.  

The energy available in a certain environment has to be 

allocated among maintenance, somatic growth and reproduction. 

Since reproduction imposes high metabolic demands on fish, 

seasonal growth and energy storage cycles are common among 

temperate and cold water fish, and usually reflect the impact 

of reproduction on physiological condition (Stearns 1992; 

Callow 1985; Aristizabal 2007). For the same feed energy 

content, C, and assuming R, F and U remain constant, the 

increased energy allocated to somatic growth must be offset 

with a lower energy share allocated to reproduction, and vice 

versa. The energetic costs of reproduction and the faculty to 

restore energy values after spawning are linked to both 
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mortality and the ability to spawn in future years (Stearns 

1992, Roff 1992). 

As it stems from the aforementioned facts, fish stock 

recruitment could be partially dependant on the energy acquired 

prior to spawning, including the recovery of energetic default 

values after the previous spawning (Henderson et al. 1996; 

Lambert and Dutil 2000). Therefore, reproductive success may be 

closely linked to the quantity and quality of energy reserves. 

Energetic balance is known to exert some influence on SRP 

variations and may be considered for correct estimations of 

reproductive success. This approach is very important 

concerning the ecology of reproduction in fisheries assessment, 

since SRP may still vary even when the spawning biomass remains 

constant. Identifying the factors regulating the reproductive 

potential of a certain population is hence of considerable 

importance to fishery management. 

 

1.2.2.2 Stock Reproductive Potential Components 
 

According to Pianka (2000), the biological success of an 

individual should be defined as the number of progeny produced 

in its lifetime that reach sexual maturity relative to the 

similar number produced by the whole population during the same 

time period. Maximizing the lifetime production of viable 

offspring demands a decision on timing of maturation in order 

to optimize the age schedule of reproduction (Roff 1992). Roff 

(1992) divided this schedule in two components: age at first 

reproduction and reproductive effort throughout life. 

 

1.2.2.2.1 Maturation 
 

The maturation process, the most important life-history 

transition in animals, is determined by an ecological component 

that operates through phenotypic plasticity and an evolutionary 

component that works through genetic adaptation (Dieckmann and 

Heino 2007; Pérez-Rodríguez et al. 2009). The onset of 

maturation involves several endocrine and metabolic changes to 
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mobilize and reallocate both material and energy (Jobling 

1995). Body growth and accumulation of energy stores are likely 

to act as early triggering signals for determining the onset of 

puberty (Rowe et al. 1991). There may exist important feedback 

mechanisms affecting the energy invested in survival, growth 

and reproduction (Tyler and Callow 1985; Roff 1992) and 

iteroparous fish have to trade-off their energy reserves to 

ensure current and future reproduction. The size and age at 

which a fish becomes sexually mature is postulated to have a 

profound effect on its reproductive success. It is generally 

argued that when an individual begins the process of 

maturation, its survival and growth rates decrease (Roff 1992; 

Stearns 1992). Therefore, early-maturing individuals may 

undergo a decrease in their reproductive lifetime and also 

suffer from reduced reproductive success. Early maturation 

reduces growth and hence future body weight, which can cause 

future fecundity and egg quality to decrease (Trippel et al. 

1997). It is hence suggested that a reduction in age and length 

at maturation of individuals can produce a decrease in SRP 

(Domínguez-Petit 2007), and recruitment process may result more 

sensitive to environmental variability. 

 

1.2.2.2.2 Reproductive Output: Egg Production and Egg Quality 
 

One main component of variation in SRP is stock’s total egg 

production. The total egg production of a stock may vary due to 

changes in reproductive parameters such as age or size at 

maturity, as it was commented above, or fecundity-fish size/age 

relationships. These changes can be density-dependent or 

related to density-independent factors affecting growth. Total 

egg production may be influenced to a greater degree by 

environmental conditions in species with indeterminate 

fecundity than in species with determinate fecundity (Murua and 

Motos 2006), the latter depending mainly on energetic reserves, 

e.g. in cod (Kjesbu et al. 1991). Fecundity studies allow 

estimation of total egg production (Murua et al. 2003) and 

recruitment (e.g., Kraus et al. 2002) of a fish stock. In 

fishes, annual egg production of individuals is considered to 
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be a key factor to understanding variations in population size 

and it is hence a very relevant life history trait to fishery 

management (Hilborn and Walters 1992; Marshall et al. 2003). 

Routine estimation of fecundity is essential to its 

incorporation in fishery management. Fecundity permits a better 

understanding of observed fluctuations in reproductive output 

and enhances our ability to estimate recruitment and population 

growth rate (Roff 1992; Kraus et al. 2002; Lambert 2008). To 

this respect, a number of perspectives have been put forward, 

using body traits to predict fecundity. Although weight usually 

account for a large portion of the variation in potential 

fecundity, it undergoes greater seasonal variation than length 

over a yearly cycle, and therefore it is considered less 

reliable than length as the main predictor of fecundity 

(Thorsen et al. 2006). Body weight is also highly correlated 

with condition factor and this introduces conceptual redundancy 

when including body weight and condition factor in the same 

fecundity model (Blanchard et al. 2003). Conversely, the use of 

length  as it could overestimate the correlations between 

fecundity and fish condition (Koops et al. 2004); however, the 

application of weight-based relationships tended to 

overestimate potential fecundity at low condition factor 

(Thorsen et al. 2006). 

Condition factor has been used to forecast a stock’s 

potential energy content and nutritional state (Lambert and 

Dutil 1997a; Marshall et al. 1999). Additionally, condition 

factor and hepatosomatic index (HSI) have also been used to 

improve predictions on fecundity and reproductive success 

(Kjesbu et al. 1991; Marshall et al. 2003; Trippel and Neil 

2004). Timing for potential fecundity determination is critical 

for determinate fecundity species, like Gadus morhua and 

Melanogrammus aeglefinus, and is a function of available energy 

reserves and onset of vitellogenesis (Skjaeraasen et al. 2006). 

The inclusion of condition indices in fecundity relationships 

improved the explanatory power of the models in previous 

studies and could partially serve to account for interannual 

variability in egg production (Blanchard et al. 2003; Alonso-

Fernández et al. 2009). At the population level, annual 
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population fecundity, in addition to the number of mature 

specimens, will depend on size and age structure, but also on 

fish condition (Marshall et al. 1998). 

There is increasing evidence indicating that female size and 

condition also affect offspring viability (Trippel et al. 1997; 

Marteinsdottir and Steinarsson 1998), besides their effect on 

maturation and fecundity. The term “egg quality” may either 

refer to the ability of a female to produce viable offspring 

(Nissling et al. 1998) or the egg´s potential to produce viable 

fry (Kjorsvik et al. 1990). It is well-established that egg 

quality may vary considerably and that it is influenced by 

several factors, both intrinsic and environmental. However, not 

all the factors influencing egg quality have been determined. 

The factors known to affect egg quality comprise endocrine 

status, the physiochemical conditions of the environment and 

diet, the latter exerting direct influence on fish condition 

and consequently the nutrients provided to the egg (Brooks et 

al. 1997). Egg quality features may be summarized as follows 

(Kjorsvik et al. 1990): fertilization success; physiological 

properties; morphology; egg size; chemical content; and 

chromosomal aberrations. 

Egg size is the most reported of egg quality features in 

marine wild populations, and may be quantified by either egg 

diameter or dry mass. The “bigger is better” hypothesis 

suggests that body size is a key component in the early life 

history success of fishes. Larger eggs produce larger larvae at 

hatching and it has been suggested that larval size correlates 

with several survival advantages (Miller et al. 1988, Hutchings 

1991; Marteinsdottir and Steinarsson 1998; Trippel 1998). 

However, such results are under discussion and some authors 

believe that there is not enough evidence to consider egg 

diameter as a good criterion for egg quality (Springate and 

Bromage 1985; Ouellet et al. 2001). Despite this controversy, 

several recent research works have found evidence of egg size 

being an indicator of fitness. For instance, Rideout et al. 

(2005a) found that larval size, yolk area, eye diameter, 

myotome height and finfold area were all positively related to 

egg size, and also that the ability of newly hatched larvae to 
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withstand periods of starvation was directly related to initial 

egg size in haddock, Melanogrammus aeglefinus. In cod, Gadus 

morhua, larval buoyancy was found to vary significantly with 

egg size and with some maternal attributes (Saborido-Rey et al. 

2003). Larval viability was correlated with egg size for cod as 

well (Nissling et al. 1998). 

For batch spawners, like T. luscus and other gadoids, two 

main determinants of egg size were identified: seasonal effect 

and body size/age (Trippel et al. 1997). Environmental factors 

also affect this quality parameter through temperature and 

salinity changes; however, the present research work is focused 

mainly on maternal effects. Large females were found to produce 

larger eggs with optimal egg buoyancy for development in more 

favourable conditions (Vallin and Nissling 2000). It was also 

found for female Icelandic cod that condition, together with 

size and age, were correlated with egg size, and hence with 

some larval viability parameters, including age at first 

feeding, successful development of a swim bladder, and specific 

growth rates during the first 15 days after hatching 

(Marteinsdottir and Steinarsson 1998). In other gadoids, like 

haddock, condition and body size acted upon egg size to enhance 

reproductive output through fertility success (Trippel and Neil 

2004). More examples showed that larger females with higher 

energetic surplus apparently allocate more resources in the 

form of nutrients to the egg. It has been found that larvae 

from big eggs are larger and grow faster, and that their 

overall quality, and therefore, their probability to survive, 

should be higher (Solemdal 1997; Vallin and Nissling 2000). 

Ultimately, maternal physiological status, spawning 

experience or food ration size during gametogenesis are all 

expected to alter fecundity, egg and larval quality (Hislop et 

al. 1978). In this sense, variation in relative or size 

specific fecundity and variation in viability of eggs and 

larvae can be substantial, due to changes in female growth and 

nutritional condition (Kjesbu er al. 1991). An example of the 

effect of the decline in fish condition and energy reserves 

over several consecutive years (1990 to 1994) affecting cod 

stock productivity in the northern Gulf of St. Lawrence was 
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presented by Lambert and Dutil (1997b). Marshall et al. (1999) 

also demonstrated the usefulness of stored lipid energy to 

predict features of population dynamics, given the importance 

of lipids in teleost fish reproduction (Wiegand 1996a; Patiño 

and Sullivan 2002). 

 

1.2.2.2.3 Timing of Reproduction 
 

Another component of variation of SRP, rarely accounted for, 

is timing of reproduction (Lowerre-Barbieri et al. 2011a). The 

timing and duration of the spawning season are also part of the 

reproductive traits that make up the energetic investment. The 

spawning season may be protracted in a variety of species and 

it may span over the course of several weeks, even months. That 

is the case for many important commercial species like hake, 

Merluccius merluccius (Murua and Motos 2006) or cod, Gadus 

morhua (Kjebu 1989). The relationships between size and age of 

females and onset and duration of the spawning season have been 

subject to study, showing that large individuals spawn earlier 

and for a longer time than smaller individuals (Secor 2000). 

Therefore, the removal of the larger individuals from a 

population may result in important changes to the spawning 

season, affecting the duration and the peak of spawning. The 

influence of energetic fish condition on seasonality of 

reproduction has been insufficiently studied, although Wright 

and Trippel (2009) include it among the demographic factors 

that may alter the reproductive cycle. Also Wieland et al. 

(2000) refer to periods of good feeding conditions, intimately 

linked with individual energetic condition, when spawning 

periods start earlier. Rideout et al. (2005b) use the term 

"skipped spawning" to refer to a situation in which mature 

individuals "choose" to “skip” the spawning season owing to a 

set of circumstances, including poor physiological condition. 

Spawning time critically affects the initial synchrony between 

larvae and favourable environmental conditions (Hjort 1914; 

Cushing 1972; Cury and Roy 1989; Mertz and Myers 1994); thus, 

temporal variations in the spawning season may ultimately 

affect reproductive success and hence recruitment (Scott et al. 
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2006). Seasonal variation in egg production and egg quality 

also seems to exist, and it should be factored in for further 

management purposes (Scott et al. 2006 and references therein). 

A greater effort is required to properly identify the reasons 

behind this dependence of reproductive cycle on fish 

size/age/condition, given the profound implications on the SRP. 

Fishing pressure may reduce the number of older/bigger 

spawners. The oldest/biggest individuals play a more 

influential role in egg production than the younger/smaller 

ones, and therefore the SRP of heavily exploited stocks will be 

disproportionately reduced in comparison with the reduction of 

SSB (Scott et al. 2006; Mehault et al. 2010). Summarizing: 

reproductive success and subsequent recruitment may be 

influenced by a series of reproductive traits, namely: 

maturation, egg production, egg quality, and timing of 

reproduction directly affected by female attributes, such as 

age, length and condition. We consider this to be of 

fundamental relevance to fishery management and thus worthy of 

further research effort. Thus, the present thesis work aims at 

elucidating certain questions regarding the maternal effects on 

SRP from a bioenergetics approach. 

 

1.3 STUDY AREA: ENVIRONMENTAL CONSTRAINTS 
 

The study area covers the occidental coast of Galicia (NW 

Spain), limited by Cape Finisterre to the north and the bay of 

Vigo to the south (for further information see the Material and 

Methods section). Some considerations regarding oceanographic 

conditions in Galician coastal waters, especially in the rías 

system, should be noted. Environmental constraints are 

considered as key factors affecting life cycles, and therefore 

reproduction is also influenced by them. It is hence important 

to present some keys to understanding the oceanographic 

patterns that dominate the Galician ecosystem, which are likely 

to influence reproductive parameters. 

Coastal upwelling areas are particularly important in the 

context of fisheries. Galician waters constitute the northern 
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boundary of the NW-African coastal upwelling system, which 

follows a seasonal upwelling pattern (northerly winds 

predominating from March–April to September–October), as well 

as a seasonal downwelling one (southerly winds prevailing the 

rest of the year) (Alvarez-Salgado et al. 2002). This has 

capital consequences on primary production cycles. Upwelled 

water, coming from a depth of 150-200 m, is cold and nutrient-

rich, and it generates seasonal cycles of high concentration of 

chlorophyll in spring and autumn. In this sense, the intricate 

topography of the NW Iberian shelf favours the retention of 

primary production on the shelf (Nogueira et al. 1997; Álvarez-

Salgado et al. 2002). Consequently, as for other upwelling 

coastal systems, these seasonal changes in the ecosystem are 

reflected in the different trophic levels in the food chain 

(Croll et al. 2005), even affecting the recruitment process in 

commercial pelagic fisheries (Guisande et al. 2001).  

Thorough reviews of the oceanographic conditions in the area 

of study have been provided by several authors (Arístegui et 

al. 2006; Varela et al. 2005; Álvarez–Salgado et al. 2006). 

 

1.4 BIOLOGICAL AND ECOLOGICAL ASPECTS OF THE SPECIES OF 

STUDY: TRISOPTERUS LUSCUS (LINNAEUS 1758) 
 

Artisanal fishing is represented in Galicia by more than 

4500 small boats and 40000 direct jobs, constituting an 

important cultural, social and economic activity. It is a 

highly heterogenic fleet, comprising a wide variety of fishing 

gears and several dozens of target species that have been 

subject to scant biological research to date. For these 

reasons, the management of small-scale fisheries in Galicia is 

complex and held to a low level of regulation; in fact, 

management is not based on stock assessment for any of the main 

target species of this fishery. Pouting, Trisopterus luscus, is 

not an exception. It is a highly-abundant species in the study 

area and one of the main target species of the artisanal fleet. 

The main fishing gears employed for its capture are longlines, 

traps and gillnets. In 2009 alone, T. luscus landings in 
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Galicia summed a total of 995 t (Figure 1.3), which represents 

an economic value of 1735219€ (Xunta de Galicia 2009). 

For the first 20 years of the historical data series, total 

annual landings amounted to ca. 3000 t. The maximum biomass 

ever provided by a historical landing was recorded in 1964, 

exceeding 5000 t. However, since 1980 landings have been 

undergoing a drastic decrease, down to less than 2,000 t on 

average. Over the past two decades, landings have fluctuated 

between 1000 t-2000 t, with a maximum of 2428 t in the year 

2000 but currently stabilized at ca. 1000 t (Figure 1.3). There 

is no scientific stock assessment for pouting, and thus no 

biological reference points to prevent overfishing are 

available yet. To date, pouting biology has drawn scant 

attention, with most of the research effort being focused on 

ageing and growth (Quadros 1971; Labarta et al. 1982b; Gherbi-

Barre 1983; Desmarchelier 1986; Puente 1988; Merayo and 

Villegas 1994; Mendes et al. 2004); distribution and fish 

assembling and selectivity (Claridge and Potter 1984; Fariña et 

 
 
Figure 1.3 Temporal evolution (years) of T. luscus fish market landings. 
Y-axis represents total landings from Galician fish markets in t. Source: 
MAPA, SIP, SEP and Pesca de Galicia).



GENERAL INTRODUCTION 

 

 
23 

al. 1997; Costa and Cabral 1999; Rogers and Ellis 2000; Power 

et al. 2002; França et al. 2004; Fonseca et al. 2005a; Fonseca 

et al. 2005b); and feeding ecology and parasitology (Robin and 

Marchand 1986; Hamerlynck and Hostens 1993; Damme et al. 1994; 

Tirard et al. 1996; Fowler et al. 1999). However, few studies 

have tackled the reproductive aspects (Labarta et al. 1982a; 

Desmarchelier 1985; Merayo 1996a). 

 

1.4.1 Taxonomy 
 

Pouting, Trisopterus luscus (Linnaeus 1758), belongs to the 

family Gadidae, a group of major commercial importance 

worldwide comprising such species as cod, Gadus morhua 

(Linnaeus 1758), or Walleye Pollock Theragra chalcogramma 

(Pallas 1814), among others: 

 Phylum: Chordata 

 Subphylum: Vertebrata 

 Superclass: Gnathostomata 

 Class: Actinopterygii 

 Subclass: Neopterygii  

 Division: Teleostei 

 Subdivision: Euteleostei 

 Superorder: Paracanthopterygii 

 Order: Gadiformes 

 Family: Gadidae 

 Genus: Trisopterus 

 

The genus Trisopterus comprises three species, all of them 

of fishery importance (Figure 1.4): 

 Pouting, Trisopterus luscus (Linnaeus 1758). 

 Poor cod, Trisopterus minutus (Linnaeus 1758). 

 Norway pout, Trisopterus esmarkii (Nilsson 1855). 
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The first two species, T.luscus and T. minutus, cohabit on 

the Galician shelf (Figure 1.5), while T. smarkii is present in 

Northern European waters, with a southern limit of distribution 

marked by the English Channel. Both species, pouting and poor 

cod, are morphologically similar, but there are some key 

features that help to prevent misclassification: two anal fins, 

which are united in pouting and separated in poor cod; the 

generally fusiform body shape, which in pouting is taller than 

in poor cod; additionally, the dark blotch at the upper edge of 

the pectoral fin is more visible in pouting; and T. luscus also 

shows a vertical banding pattern. In summary, the diagnosis 

attributes of the species of study, 

T. luscus, may be summed-up as 

follows (Cohen et al. 1990): the 

possesssion of a well-developed 

chin barbell; slightly elongated 

anterior rays on the pelvic fins; 

the presence of three dorsal fins, 

the first of which is triangular in 

shape, and two anal fins; light-

brown dorsal coloration; a 

relatively tall body, grayish on 

the sides and silvery at the 

ventral area, with four to five 

broad, indistinct transverse bars 

on the sides; a characteristic  

dark blotch at the upper edge of 

the pectoral fin’s base; and anus 

location below the middle of the 

first dorsal fin. 

 

1.4.2 Habitat 
 

T. luscus is distributed throughout the Atlantic Ocean, from 

the Skagerrak and the British Isles to southern Morocco, and 

into the western Mediterranean. Its preferred habitat are areas 

 
Figure 1.4 Genus Trisopterus: 
a) T. luscus, b) T. minutus 
and c) T. smarkii. Source: 
Cohen et al., 1990. 
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with rocky and sandy 

sea bottom on the 

continental shelf, at 

depths of 30–100 m 

(Wheeler 1978; 

Whitehead et al. 1986). 

It is well known that 

estuaries play an 

important role as 

valuable nursery areas 

for many species of 

fish, including pouting 

(Claridge and Potter 

1984; Hamerlink and Hostens 1993; Cabral et al. 2000; França et 

al. 2004). Claridge and Potter (1984) classified pouting as an 

“estuarine-dependent” species, in recognition of the 

significance of estuaries as suitable habitats for some stages 

along its life cycle. Nevertheless, this does not imply that 

all specimens of this species need to enter an estuary at some 

stage; other coastal areas or embayments may also act as 

nursery grounds. More recently, the role of adjoining coastal 

areas as nursery grounds for pouting has been recognized as 

well (Cabral et al. 2000). In fact, despite the presence of 

juvenile pouting in several European estuaries (Robin and 

Marchand 1986; Costa and Bruxelas 1989), the highest densities 

of T. luscus are found in shallow coastal areas (Labarta 1976; 

Puente 1988; Hamerlynck and Hostens 1993; Heessen and Daan 

1996; Cabral et al. 2000). This suggests that estuaries might 

act as an alternative nursery ground, whilst coastal marine 

areas would be the main nursery area for pouting. Its high 

abundance in these shallow waters might be due to high food 

availability and lower numbers of potential predators, as 

compared to a deeper area of the continental shelf (Cabral et 

al. 2000). Consequently, pouting finds here excellent 

conditions for survival and rapid growth. Therefore, it seems 

that T. luscus is an important ecological component in 

estuaries and shallow coastal waters, besides its evident 

commercial interest for artisanal fisheries.  

 
 
Figure 1.5 Trisopterus luscus and T. minutus 
swimming together. Picture: D. Villegas-
Ríos.
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The presence of pouting in these areas is markedly seasonal 

and pouting abundance reportedly increases in warmer estuarine 

environments. Additionally, salinity seems to significantly 

affect the temporal abundance of pouting. However, migration 

may be an important contributing cause to seasonal abundance as 

it is known that pouting migrates to deeper waters by the end 

of its first growth season; this is likely to be related to its 

reproductive cycle. In summary, seasonal variations linked to 

reproduction and the use of estuaries as both nurseries and 

overwintering areas determine the regular patterns of late 

autumn/early winter estuarine use, whereas temperature seems to 

be the key environmental factor to influence abundance during 

estuarine residence (Power et al. 2002). 

 

1.4.3 Feeding 
 

It is assumed that feeding shifts ontogenetically. Usually, 

the prey spectrum changes and expands as fish grow, since a 

wider prey size range is accessible (Cohen et al. 1993). 

Besides, rate of food consumption varies with a number of 

factors, such as prey availability, foraging competition, 

temperature and body size (Wootton 1990). 

Last (1978) found in the eastern English Channel and 

southern North Sea that during the first steps of the exogenous 

feeding period, T. luscus larvae eat diatoms: Navicula, 

Nitzschia, Biddulphia and Fragillaria. He also pointed out that 

larvae feed on phytoplankton to a greater extent than other 

gadoid species, such as whiting or cod. Small larvae also 

consume copepod nauplii, while the largest ones prefer calanoid 

copepods, mainly Pseudocalanus minutus copepodites; but 

Paracalanus parvus, Temora longicornis and Acartia clausii were 

also present in the intake, as well as smaller numbers of other 

crustaceans, including Corycaeus anglicus copepodites, 

Euterpina acutifrons, and small isopods. He also noted that 

feeding activity, reflected by the amount of food organisms 

ingested, was low at sunrise (Last 1978). 
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There is evidence of changes in diet in accordance with 

pouting size, shifting from small crustaceans to teleostei. 

Hamerlynck and Hostens (1993) centered their study, in the 

North Sea, on 0-group pouting and reported that smaller fish 

(50 - 100 mm) consumed mainly calanoids, mysids and amphipods, 

while for larger individuals (> 100 mm) shrimp and small fishes 

were the main prey. A link was also found between pouting 

juveniles and brown shrimp Crangon crangon (Linnaeus 1758) in 

the Loire estuary (Robin and Marchand 1986) and in the Severn 

estuary (Power et al. 2002). Labarta (1976) found similar 

results for Galician waters (individuals 130-270 mm) when 

determining that Decapoda (mainly Caridea, Crangon crangon, and 

Brachyura, Goneplax rhomboides) were the most important food 

items. The study of ecotrophic guilds in the Tagus estuary was 

in accordance with the latter for T. luscus, Ciliata mustela 

and Trigla lucerna. These demersal species were more abundant 

in the lower and middle areas of the estuary and fed on 

decapods, other crustaceans and fish (Costa and Cabral 1999). 

No clear patterns have been detected in feeding activity 

throughout the year. As average fullness index indicated for 

the south-western coast of the Netherlands (Hamerlynck and 

Hostens 1993), only few empty stomachs were found, supporting 

the idea that pouting feeds over the whole year, including the 

spawning season. 

 

1.4.4 Growth 
 

Growth is one of the most important biological 

characteristics when dealing with population dynamics and the 

management issues of exploited fishes. Although recent trends 

in fishery science highlight the importance of fitting 

individual growth curves using length-at-age data (Pilling et 

al. 2002), the most common approach to describe population 

growth is as the Von Bertalanffy growth model.  

This species rarely exceeds 40 cm in length and 4 years of 

age (Labarta et al. 1982b). However, T. luscus presents high 

individual variability of length distribution per age group, 
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especially for 0-age. Besides, the fast growth rate during the 

first year until reaching maturation increases those 

differences in length (Puente 1988). Labarta et al. (1982b) 

studied pouting growth parameters on the Galician shelf and 

estimated longevity (by means of saggitta otholit reading) as 7 

years for males and 9 for females, with a maximum length of 313 

and 414 mm respectively. Ageing results are quite different 

from those found on the English Channel and the North Sea, the 

Aquitanian coast, the coast off Asturias and Portugal 

(Desmarchelier 1986; Puente 1988; Merayo and Villegas 1994), 

where 4-5 years are the oldest ages recorded. This situation is 

reflected in von Bertalanffy growth model’s parameters (Table 

1.1), providing slower growth rates for the Galician coast. 

More recently, Cardoso et al. (2004) parameter estimations in 

continental Portuguese waters were in accordance with those 

obtained for Galicia. This implies that pouting on the southern 

European Atlantic coast reaches lower average lengths for the 

same age, i.e. those fishes grow slower than on the rest of the 

Atlantic coast. These values suggest that Galician pouting 

grows at a slower rate but reaches older ages (9 years in 

females). 

 

Table 1.1 Parameter estimates for Von Bertalanffy growth model obtained 
along the European Atlantic coast for Trisopterus luscus. 

 

  
 
Male    Female    

Source 
 

Location 
 

n 
 

L00 

 
K 
 

t0 

 
n 
 

L00 

 
K 
 

t0 

 

 
Labarta et al 1982b 

Galicia (Spain) 
 

682 
 

38.1
 

0.21
 

-1.16 
 

389 
 

46.7 
 

0.21 
 

-
1.27 

 

Desmarchelier, 1986 
English Channel and 
North Sea (France) 2523 31.5 0.85 -0.21 2663 27.4 0.66 

-
0.23 

Puente, 1988 
Aquitanian coast 
(France) 295 33.0 0.52 -0.44 316 26.0 0.74 

-
0.45 

Merayo and 
Villegas, 1994 

Asturias (Spain) 
 296 36.2 0.59 -0.01 287 45.7 0.39 

-
0.02 

Cardoso et al., 2004 
 

Contiental waters of 
Portugal 
 

1503 
 
 

32.3
 
 

0.24
 
 

-2.03 
 
 

1503 
 
 

43.0 
 
 

0.19 
 
 

-
1.83 
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1.4.5 Reproduction and early life history stages 
 

Knowledge of pouting reproductive biology is generally 

sparse and previous studies have been limited in scope (Labarta 

et al. 1982a; Desmarchelier 1985; Merayo 1996a). Such aspects 

as follicular atresia or temporal variation of fecundity are 

considered for the first time in the present study. Previous 

estimates of length-at-maturity established 18.2 cm (Labarta et 

al. 1982a) and 22 cm (Merayo 1996a) for females. Besides, 

Merayo (1996a) assumed that pouting is a species with 

determinate fecundity, although it presents asynchronous 

ovarian development organization, a common feature of 

indeterminate species (Murua et al. 2003). No evidence of 

determinate fecundity had been previously been shown, and this 

assumption needed to be verified to provide a proper estimation 

of total egg production for future fishery management. 

Studies on eggs and larvae of this species are also scant 

(Ferreiro 1985; Ferreiro and Labarta 1988; Fox et al. 1997). 

T.luscus, considered a batch spawner (Merayo 1996a), presents a 

protracted spawning season during winter and spring time 

(Gherbi-Barre 1983; Desmarchelier 1985; Merayo 1996a). Larvae 

began to appear in significant numbers in the eastern Irish Sea 

from early April onwards (Nichols et al. 1993; Fox et al. 

1997). This period is followed by an active 0-group pouting 

inshore migration towards flat, shallow, sheltered nursery 

grounds in summer/autumn (Claridge and Potter 1984; Robin and 

Marchand 1986; Hamerlynck and Hostens 1993). 

Although some literature concerning the developmental 

biology of this species exists (Ehrenbaum 1905-1909; D’Ancona 

1933), the description of its embryonic development remains 

incomplete and all the data regarding incubation times and 

embryonic development were provided exclusively from Erhenbaum 

(1905-1909). Regarding egg and larvae size, Ferreiro (1985) 

found eggs with 0.89-1.10 mm of diameter, while Erhenbaum 

(1905-1909) and Russel (1976) established the diameter range of 

fertilized eggs to be between 0.97-1.23 and 0.90-1.22 mm 

respectively. Ré (1999) determined the egg diameter range to be 

between 0.90-1.23 mm. Larvae of T. luscus are quite similar to 
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those of Micromessistius poutassou, but they can be easily 

distinguished by the number of miomeres, namely 48-49 and 56-60 

respectively (Ré 1999).  

 

In summary, T. luscus is an interesting species to 

investigate on the following grounds: 

 It is of economic importance to the fishing industry in 

the area of study. 

 It belongs to one of the main groups of fishes exploited, 

gadoids, and it might thus prove useful as a model for 

testing general ecological hypothesis. 

 There is insufficient biological knowledge on the species 

to establish proper management strategies. 



2 Material	and	Methods	
 

 
“Nature composes some of her loveliest 

poems for the microscope and the 
telescope.” 

Theodore Roszak 
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2.1 SAMPLING STRATEGY AND PROTOCOL 
 

The sampling carried out during this research was supported 

by the Spanish Ministry of Science and Innovation under the 

project ECOPREST (VEM2003-20081-C02-02). The experimental 

procedure was developed under the coverage of Project DETEPRE 

(08MMA010402PR). 

Reproductive studies, such as those on ovary development, 

sexual cycle or fecundity dynamic, required sample collection 

to be spread over time; thus, samples were taken on a monthly 

basis over a three-year period, from December 2003 to December 

2006. The sampling strategy was devised to achieve proper 

sampling distribution across years, seasons and sizes, always 

subject to availability and providing good seasonal and 

population coverage (Table 2.1). 

Pouting samples were collected from landings in Ribeira’s and 

in Vigo’s fish markets (Figure 2.1). Although this species 

targeted by both commercial fisheries (trawlers) and the 

artisanal fleet, the sampling effort was focused exclusively on 

the landings of the artisanal fleet, since the quality of fish

 
Figure 2.1 Trisopterus luscus collection locations (red dots) for the 
reproduction assessment study spanning from December 2003 through 2004, 
2005 and 2006. Arrows point out sample fish market of origin. 
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Table 2.1 Summary of sampling effort of female Trisopterus luscus, body 
length (cm) range and gutted weight (g) range, used in this study. 

 
Year 
 

Month 
 

Specimens (n) 
 

Number of hauls 
 

Length range (cm) 
 

Gutted Weight range (g) 
 

 
2003 Dec 18 1 23.5 - 28.2 155.10 - 244.70 

2004 Jan 24 1 16.9 - 40.0 55.44 - 914.15 

 Feb 13 1 19.8 - 29.5 75.16 - 261.75 

 Mar 78 7 17.1 - 39.7 50.50 - 652.63 

 Apr 81 4 18.4 - 33.1 59.50 - 368.22 

 May 97 3 16.5 - 33.7 47.55 - 439.66 

 Jun 35 1 17.9 - 41.7 65.19 - 861.25 

 Jul 47 2 17.6 - 33.5 55.86 - 466.71 

 Aug 0 0       

 Sep 22 8 16.2 - 31.1 37.00 - 352.50 

 Oct 24 2 21.4 - 32.5 97.84 - 388.50 

 Nov 40 2 18.9 - 29.7 69.35 - 299.66 

 Dec 32 1 21.2 - 35.1 98.11 - 441.89 

2005 Jan 40 1 18.7 - 30.4 70.46 - 319.85 

 Feb 63 2 17.9 - 35.1 61.65 - 295.67 

 Mar 31 2 19.2 - 31.4 58.60 - 352.48 

 Apr 40 1 18.1 - 24.6 59.25 - 144.96 

 May 40 1 17.2 - 33.1 54.44 - 320.40 

 Jun 40 1 18.2 - 24.6 65.20 - 158.47 

 Jul 0 0       

 Aug 30 1 17.8 - 27.6 46.72 - 214.58 

 Sep 29 1 18.0 - 30.4 63.96 - 328.48 

 Oct 0 0       

 Nov 80 2 16.2 - 28.7 45.42 - 223.39 

 Dec 79 2 15.9 - 35.9 40.55 - 597.29 

2006 Jan 95 2 16.7 - 38.7 48.21 - 571.19 

 Feb 156 3 13.9 - 35.0 26.07 - 458.13 

 Mar 40 1 18.1 - 32.6 44.45 - 374.91 

 Apr 189 4 14.8 - 33.6 30.99 - 429.73 

 May 156 4 16.5 - 32.5 46.80 - 347.90 

 Jun 82 2 17.0 - 29.0 38.41 - 267.45 

 Jul 80 2 17.2 - 26.0 53.52 - 198.38 

 Aug 77 2 16.6 - 30.7 52.58 - 325.12 

 Sep 40 1 18.2 - 26.6 67.83 - 217.96 

 Oct 71 2 16.9 - 30.3 49.35 - 317.37 

 Nov 55 2 15.2 - 28.0 40.92 - 248.92 

 Dec 70 2 13.6 - 28.8 28.96 - 310.20 

2008 Oct 5 1 11.9 - 16.8 16.44 - 47.63 

          
TOTAL 

  
2099 

 
75 
 

11.9 - 
 

41.7 
 

16.44 
 

- 
 

914.15 
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for further studies –histological examination and proximate 

composition analysis— is better regarding fish freshness. 

Samples were collected from catches collected with three types 

of fishing gears: traps, nets and long-lines. Sampling 

locations were distributed throughout the main fishing grounds 

along the coastal waters of the Galician shelf. Fishes were 

sampled and processed the same day they were caught. 

Additionally, a fraction of pouting specimens was collected in 

March and September 2004 during the research surveys Ecoprest 

and Demersales, conducted by the Instituto Español de 

Oceanografía aboard the R.V. “Vizconde de Eza” and “Coornide de 

Saavedra”, respectively. Therefore, this research covers 

significant spatial range in terms of pouting population on the 

Galician shelf. A total of 2099 females were sampled, ranging 

from 11.9 to 41.7cm in total length (Table 2.1 and Figure 2.2). 

The following information was collected from each fish: 

total length (TL mm), total 

weight and gutted weight (TW 

and W +0.01g); gender; repro-

ductive phase; and gonad 

weight and liver weight (GW 

and LW, +0.01g). Ovaries were 

removed from all specimens and 

one lobe was fixed immediately 

in 10% formalin, buffered with 

Na2HPO4*2H2O (0.046 M, molar 

concentration) and NaH2PO4*H2O 

(0.029 M) for further histo-

logical processing and 

conservation for fecundity 

estimation. The remaining 

ovary lobule, a portion of the 

liver and a slice of muscle 

tissue -from the middle part 

of the body- were frozen at -

80ºC for proximate composition 

analysis. 

 
 
Figure 2.2 Length and gutted weight 
frequency distributions of T. 
luscus sample females used in this 
study. All years pooled. 
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2.2 HISTOLOGICAL ASSESSMENT OF GONAD DEVELOPMENT AND 

SEXUAL CYCLE  
 

2.2.1 Histological Procedure 
 

The usefulness and importance of histology techniques in 

reproductive studies have been widely illustrated among fish 

species (West 1990; Tyler and Sumpter 1996; Blazer 2002). 

Histology offers a powerful tool for reproductive studies and 

it is routinely used for sex verification, identifying stage of 

development or quantifying atresia (Blazer 2002). Thus, 

histology was used for gonad examination for every single 

individual.  

Central portions of the 

fixed ovaries were ex-

tracted, dehydrated, 

embedded in paraffin, 

sectioned at 3 μm and 

stained for microscopic 

analysis). The haematoxy-

lin-eosin (eosin Y- floxin 

B) staining protocol was 

used for preparation of 

histological slides. 

Details of this staining 

procedure are described in 

Table 2.2. This staining 

method is routinely used 

for histological studies 

in fisheries (Saborido-Rey 

and Junquera 1998). Eosin 

Y stains cationic struc-

tures, essentially basic 

proteins and it is well-

known anionic dye. With 

this staining procedure 

eosinophilic structures 

Table 2.2 Haematoxylin-Eosin Staining 
protocol used along this study. 

 
 
Step 
 

Chemical 
 

Time (min) 
 

 
1 xylene 10:00 

2 ethanol 100% 4:00 

3 ethanol 80% 3:00 

4 water 2:00 

5 Papanicolau (Harris Hematoxylin) 4:00 

6 water 2:00 

7 acid alcohol * 0:10 

8 water 3:00 

9 lithium carbonate * 0:10 

10 water 1:00 

11 ethanol 70% 1:00 

12 eosin-phloxine b * 2:00 

13 ethanol 96% 2:00 

14 ethanol 100% 2:00 

15 xylene 5:00 
16 
 

xylene 
 

3:00 
 

*Acid alcohol: Hydrochloric acid concentrated 
(5ml), ethanol 70% (1000 ml). 
*Carbonate of lithium: To dissolve carbonate of 
lithium in distilled water until saturation. 
*Eosin-phloxine b: Solution of Eosin 1% 
(100ml),  Fuxine b 1% (10ml), ethanol 95% 
(780ml) and glacial acetic acid (5ml). 
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acquire a red colour in bright field microscopy, while the rest 

of the substrates obtain a blue coloration due to haematoxylin 

staining. 

 

2.2.2 Follicle Development  
 

Throughout this thesis we will use the term follicle to 

refer to the oocyte and its nurturing follicular layers (Tyler 

and Sumpter 1996) during all phases of development. For each 

ovary, the follicles were classified into stages of development 

according to histological criteria (West 1990; Tyler and 

Sumpter 1996; Saborido-Rey and Junquera 1998; Murua and 

Saborido-Rey 2003). Each follicle develops through two major 

stages: i) a primary growth stage, where differentiation, 

gamete proliferation and growth are gonadotropin-independent, 

ii) and a secondary growth stage, where oocyte development is 

gonadotropin-dependent and when two important events occur: 

vitellogenesis and  oocyte maturation. The latter process 

ensures the oocyte has the necessary receptors for maturation, 

inducing hormone and meiosis resumes. The staging system 

adopted for this study is as follows: 

Primary growth: This phase covers two stages: the chromatin 

nucleolar phase and the perinucleolar phase (Figure 2.3). These 

are the first signs of primary development of teleost follicles 

after the oogonium initiates meiosis. As the follicles grow, 

both the cytoplasm and the nucleus increase in size and 

multiple nucleoli appear in the periphery of the nucleoplasm, 

which is the perinuclear stage. 

Secondary growth: It is divided into three stages: cortical 

alveoli, vitellogenesis and oocyte maturation. However, 

vitellogenesis is a long process where important and visible 

changes within the oocyte occur. For this reason, 

vitellogenesis is normally subdivided into various stages, 

although these divisions are often based on rather arbitrary 

criteria. In our case, we have divided vitellogenesis into two 

stages: early and advanced stage. 
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 Cortical alveoli (CA): We consider cortical alveolar (CA) 

oocytes, as well as vitellogenic oocytes, to be secondary 

growth oocytes, since the formation of both is 

gonadotropin-dependent (Wallace and Selman 1981; 

Luckenbach et al. 2008), despite the fact that CA oocytes 

are not vitellogenic and have been considered primary 

growth oocytes by some (Patiño and Sullivan 2002; Grier et 

al. 2009). This is in agreement with the most recent 

studies (Brown-Peterson et al. 2011; Lowerre-Barbieri et 

al. 2011b). Therefore, the presence of CA necessarily 

indicates the female has matured. With the onset of 

ripening, follicles that were in primary growth phase 

enter trophoblastic growth phase (Figure 2.4). Initially, 

mitochondria move to the periphery of the cell and a 

protective outer membrane forms. In this stage, highly 

electron-dense material is closely associated with the 

nuclear pores and accumulates near the mitochondria; this 

material is believed to be RNA. The cell wall acquires its 

characteristic multilayered structure during this phase, 

and it becomes clearly distinguishable. These layers are, 

from outside to inside: the theca, the granulosa and the 

 
Figure 2.3 Primary growth stage in T. luscus. 
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zona radiata. Appearance of a multilayered cell wall 

(eosinophilic) is the first evidence of the CA stage. A 

certain number of vesicles (PAS positive) may or may not 

then be observed, located in the periphery of the 

cytoplasm and close to the cell wall. The outline of the 

nucleus is very irregular, and a variable number of 

nucleoli are detached from the nuclear membrane.  

 Early Vitellogenesis (Figure 2.5): An eosinophilic inner 

layer appears, made up by a number of small yolk droplets, 

normally forming a ring in the periphery of the cytoplasm; 

this indicates vitellogenesis has begun. The follicle 

grows constantly and yolk droplets are larger and more 

visible, although they remain in a peripheral position. As 

the follicle approaches advanced vitellogenic stage, 

follicle size increases and vitellogenic vesicles increase 

in abundance evenly spread across the cytoplasm. The 

vitelline envelope becomes conspicuous, with a brighter 

eosinophilic coloration than the zona radiate, which makes 

the vitelline envelope clearly distinguishable. 

 Advance vitellogenesis (Figura 2.5): Yolk droplets are 

larger than in earlier stages and are evenly distributed 

 
Figure 2.4 Cortical alveoli stage in T. luscus. 



Alonso-Fernández 2011 - Bionergetics approach to fish reproductive potential 

 

 
40 

across the cytoplasm. Cell size increases, the chorion 

swells and becomes increasingly eosinophilic. The 

vitelline envelope is now thicker than the zona radiata, a 

characteristic feature of this stage. The follicle grows, 

vitellogenic vesicles continue increasing in size and the 

chorion is thicker than in previous stages. Yolk vesicles 

start fusing together when the follicle. The follicle it 

is is close to the start of migratory nucleous. 

 Follicle Maturation: In this stage, resumption of meiosis 

and achievement of follicle maturational competence occur,

 ending in ovulation. Several features may be observed in 

this stage. First, Germinal Vesicle Migration (GVM) 

occurs, also known as migratory nucleus. For many species, 

the oil droplet formed usually displaces the nucleus 

(Domínguez-Petit 2007); however, oil droplets are not 

formed in all teleosts, as is the case of Pollahius 

pollachius and Merlangius merlangus (Fox et al. 1997). The 

nucleus becomes irregular in shape and moves towards the 

animal pole (Figure 2.6). Hydration (H) is a typical event 

for marine species that spawn pelagic eggs, but does not 

occur in all species (Grier et al. 2009). Oocytes enlarge 

 
Figure 2.5 Two major groups of vitellogenic follicles (early and 
advanced) in T. luscus. 
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due to massive intake of water and become transparent 

(Figure 2.7). Cytoplasm is homogeneous and no cell 

structures can be identified. The chorion is thinner than 

in previous stages. Due to the importance of these events 

(GVM and H) in the ecology and biology of species, they 

often considered as stages of their own, as they may be 

used as milestones to identify spawning activity.  
 

Other ovarian structures, such as atretic follicles and 

postovulatory follicles (POF), were positively identified and 

their presence was scored in every slide.  

After the hydrated eggs are released, the granulosa and 

theca of the follicle separate, and theca cells contract, hence 

reduce follicle volume. Cells of some follicle remnants are 

hypertrophied. These structures are called postovulatory 

follicles (POFs) and may be dated depending on their 

morphologic characteristics. Unfortunately, no previous studies 

to this respect are available for T. luscus, and thus a 

subjective classification has been used to estimate POF aging, 

in an attempt to show the sequence of POF degeneration: 

 
Figure 2.6 Migratory nucleous in T. luscus. 
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 Recent POF: It has an irregular and two-layered convoluted 

shape; follicle cells are aligned, and the lumen is 

clearly visible (Figure 2.8a).  

 Early POF: It shows signs of degenerative process. The 

linear appearance of the granulose cells can be still 

identified but cell structure becomes irregular. The lumen 

appears reduced (Figure 2.8b). 

 Late POF: Follicular cells are dissociated from their 

neighbors and detached from the basement membrane; the 

nucleus shows pycnosis and vacuoles appear. The lumen is 

not visible any more (Figure 2.8c). 

In later stages of POF degeneration, the lumen is minimal or 

inexistent, there are no evident eosinophilic granules and the 

walls of granulose cells are not distinguishable. There are no 

differences between the theca and connective tissue. At this 

stage, it is quite difficult to differentiate POFs with β-

atresia. 

Figure 2.7 Hydrated follicles of T. luscus. 
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Due to certain causes, 

such as low nutritional con-

dition (Ganias et al. 2003; 

Kurita et al. 2003), several 

follicles may arrest their 

normal development. Those 

follicles generally are 

reabsorbed by females to re-

cover their energetic com-

pounds through atresia. This 

process is common in fish 

reproductive cycles and oc-

curs throughout the whole 

reproductive cycle. This is 

generally associated to a 

down-regulation process in 

determinate fecundity spe-

cies (Kjesbu et al. 1991; 

Kurita et al. 2003; Kennedy 

et al. 2007; Witthames et 

al. 2009). It is also asso-

ciated to post-spawning pe-

riods, as part of the recov-

ering of the ovary, both in 

indeterminate and determi-

nate fecundity species – 

although it is largely pre-

sent in the former ones 

(Murua and Saborido-Rey 

2003). Follicular atresia 

consists in an autolysis of 

follicles and a hypertrophy 

of follicular cells. Organization of the follicle is lost in 

atretic follicles, and there is an accumulation of macrophages 

and fibroblasts around the degenerating follicle. Finally, the 

follicle is enclosed in a fibrous capsule of variable 

thickness. Atretic follicles have been classified upon their 

degeneration phase into two stages (Domínguez-Petit 2007): 

 
 
Figure 2.8 Approximation for POF aging 
in T. luscus: a) Recent POF, b) Early 
POF and c) Late POF. 
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 Alpha (α): It is the initial phase of follicle atresia. 

This phase starts when the chorion breaks. At the 

beginning of the phase, cellular structures are not 

distorted and only some gaps in the follicle wall may be 

detected. Subsequently, cytoplasmic disorganization and 

nuclear distortion progress (Figure 2.9a), vacuoles appear 

in the cytoplasm and cell size diminishes. This phase 

continues until no remains of the chorion can be 

recognized. 

 Beta (β): During this phase, cytoplasmic structures are 

not recognizable. Vacuoles occupy most of the cell. There 

is no trace of either nucleus or chorion, and cell size is 

considerably reduced. When this phase is in an advanced 

stage, it can be confused with late-stage POFs (Figure 

2.9b). 

 

2.2.3 Maturity Staging and Reproductive Cycle 
 

The assignment of female reproductive phases was based on 

Brown-Peterson et al. (2011). Reproductive phases (Table 2.3) 

are defined as Immature (Imm), Developing (Dev), Spawning 

Capable (SC) and correspondent sub-phase Actively Spawning 

(AS), Regressing (Rgs) and Regenerating (Rgn). Macroscopic 

classification was used exclusively to assign females to either 

of two classes: immature and mature (the mature one including 

Dev, SC, AS, Rgs and Rgn females). We have opted to use the 

term “phase” to describe each one of the parts of the cycle 

because:  i) this term has historically been used in biology in 

reference to cyclical phenomena, and ii) the term “stage” has 

been commonly used in recent literature to describe the 

development of individual gametes (Taylor and Stefánsson 1999; 

Tomkiewicz et al. 2003b; Grier et al. 2009), rather than gonad 

development (Brown-Peterson et al. 2011). 
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Figure 2.9 Stages of atretic follicles in T. luscus: a) Alpha atresia, b) 
Beta atresia. 
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Several condition indexes were estimated for each mature 

female: the gonadosomatic index (GSI), the hepatosomatic index 

(HSI) and condition factor (K): 

 

Equation 2.1 GSI =GW/W*100  
Equation 2.2 HSI =LW/W*100  
Equation 2.3 K =W/L3*100  

 

The temporal variation of these indexes was analyzed by 

comparing the mean values per month across the three sexual 

cycles of pouting covered in this study. 

The daily spawning fraction of females was assessed from the 

prevalence of Actively Spawning females during the spawning 

season (number of Actively Spawning females / Total of mature 

active females per month). Mature active females included the 

Developing (Early Developing sub-phase excluded) and Spawning 

Capable phases (Actively Spawning sub-phase included); immature 

Table 2.3 Description of ovary developmental stages for females. Based on 
histological maturity classification criteria from Brown-Peterson et al. 
(2011). *Sub-phase. 

 
 
Phase 
   

 
Ovary description 
 

 
Inmature 
 
  

never spawned 
 
 

 
Only oogonia and primary growth present. Usually 
no atresia. 
 

Mature 
 
 
 

Developing 
 
 
 

gonads beginning, to 
develop, will not 
spawn soon 
 

Follicles in primary growth, cortical alveolar and/or 
early vitellogenic. No POFs. Some atresia can be 
present. 
 
 

 

Spawning 
Capable 
 

fish will spawn in this 
season 
 

Vitellogenic, mid and late, follicles present. Some 
atresia and old POF may be present. 
 

 

* Actively 
Spawning  
 
 

inminent, active or 
recent spawning 
 

Ovulating or approximately 12 hr prior to or after 
spawning as indicated by either germinal vesical 
migration/hydrated follicles, or recent POFs. 
 

 

Regressing 
 
 

cessation of spawning
 

Vitellogenic follicles undergoing alpha or beta 
atresia common. POFs may be present. 
 

 

Regenerating 
 
 
 
 

sexually mature, 
reproductively 
inactive 
 

Only primary growth present and some residual 
cortical alveolar follicles can be present. Muscle 
bundles, enlarged blood vessels, thick ovarian wall, 
and/or beta-atresia, may be present 
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individuals and inactive mature fish were excluded (Hunter and 

Goldberg 1980; Picquelle and Stauffer 1985; Macchi and Acha 

2000). There is no previous laboratory work that could properly 

ascertain the duration of the histological indicators of 

spawning; thus, in order to determine the spawning fraction, it 

was assumed that Actively Spawning females correspond to 

ovulation or approximately 12 hr prior to or after spawning, 

based on three histological indicators: late follicle 

maturation (i.e., completed germinal vesicle migration), 

ovulation and newly collapsed POF (Lowerre-Barbieri et al. 

2009). 

 

2.2.4 Follicular Atresia 
 

Stereology was used to estimate the number of atretic 

follicles in histological sections as per Emerson’s method 

(Emerson et al. 1990), which is based on the Delesse principle 

and makes use of Weibel’s equation (Weibel et al. 1966), 

presented by Murua et al. (2003) and modified by Domínguez-

Petit (2007). The Delesse principle states that the fractional 

volume of a component is proportional to its fractional cross-

sectional area; in this case, the histological ovary section 

where we applied the Weibel grid to count the points associated 

to atretic follicles. The following three indices of atresia 

were calculated (Kurita et al. 2003): 

 Prevalence of atresia: the number of fish with atresia 

divided by the total number of examined fish.  

 Relative intensity of atresia: the number of atretic 

oocytes divided by the total number of normal and atretic 

vitellogenic follicles in an individual fish. 

 Average relative intensity of atresia: the geometric mean 

of relative intensity of atresia only among fish with 

atresia, multiplied by prevalence. Thus, this index 

indicates relative intensity of atresia at the population 

level. 
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2.2.5 Reproduction and Early Life History in Captivity: 
Experimental Design 

 

The present paper presents the first successful attempt to 

date at achieving the natural spawning of pouting in captivity. 

The details of the experimental design are described below. 

 The specimens used for this study were obtained via either 

of the following methods: i) hook-and-line techniques performed 

with conventional recreational gear and ii) standard commercial 

fishery traps set in the Ría de Vigo (Figure 2.1) in September 

2008 and subsequently transported to the facilities of the 

Institute of Marine Research, in Vigo. The specimens were 

randomly assigned to two 250 l cylindrical aeration tanks. Both 

tanks received a constant inflow of sand-filtered seawater at 

ca. 13°C, with natural photoperiod. Before the experiment was 

started, the fish were allowed to acclimate to these conditions 

until the beginning of the spawning season (mid winter-early 

spring). During the acclimation and experimental periods, all 

specimens were fed once a day to satiation with squid and 

shrimp.  

In December, immediately before the beginning of the 

spawning season, the fish were randomly separated in pairs, 

consisting of a female and a male each. The pairs were 

distributed in six tanks under the same conditions of water 

flow, photoperiod and feeding regime. Females spawned and males 

ejaculated in the tanks spontaneously. Tanks were checked and 

eggs collected and counted on a 24-hour basis. The ratio 

between dead eggs and fertilization rate was not assessed 

during the experimental procedure. Eggs were examined under a 

stereo microscope (Leica MZ6). Fertilized eggs were transferred 

to 10-liter aquariums with permanent aeration and kept at a 

constant temperature of 13ºC until hatching. A sample of eggs 

was removed from the tanks on a 12-hour basis for the 

description of their embryonic developmental stage, and a 

picture was taken with a video camera connected to the stereo 

microscope. The embryonic development stages were adapted from 

the Norway pout, T. esmarkii, egg classification, elaborated by 
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Friðgeirsson (1978). All measurements were performed using the 

software QWin (© Leica Imaging Systems). 

Every female either died or was sacrificed within the first 

three months after the onset of the spawning season, which 

therefore could not be fully tracked. Ovaries were removed from 

all specimens for histological analysis. Owing to seasonal 

variation in batch size (number of eggs released per batch), 

only those females that spawned more than 25 batches were 

included in the analysis; thus, only two females were used for 

this purpose. Concerning batch fecundity - female size 

relationships, and once no seasonal trend was found all the 

females involved in the experiment (n=6) were considered. 

 

2.2.6 Statistical Procedure 
 

All the statistical analyses described throughout the 

present thesis were conducted using the software package R (R 

Development Core Team 2008). For all the data sets used in all 

the sections of this thesis, a previous data exploration was 

conducted following the protocol proposed by Zuur et al. 

(2010). The aim of data exploration is testing model 

assumptions in order to avoid violations, and to detect and 

correct/remove the presence of outliers. 

 

2.2.6.1   Average Length of Spawning Season 

 
To assess the average length of the spawning season, a GLM 

with a binomial family function (McCullagh and Nelder 1989; 

Zuur et al. 2007) was performed. In the final model, Spawning 

Capable phase (Actively Spawning sub-phase included) prevalence 

was included as the response variable (binomial distribution) 

and sampling month as the explanatory variable. Only mature 

individuals were included in this analysis. The model was 

developed in two separated periods to properly describe the 

onset and the end of the spawning season. The first period, the 

onset of spawning, covers from the minimum of spawning activity 
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found in November (week 45), to the maximum in February (week 

8), and second period the remaining months of the year. Total 

female length and week were included as covariates: 

 
Equation 2.4 (Actively Spawning females) =  + *Week+  

 

These models were fitted to each reproductive season, i.e. 

2004, 2005 and 2006, as well as for the whole period. 

Correlation between condition indices, K and HSI, was assessed 

with Spearman’s correlation test (Quinn and Keough 2002). 

 

2.2.6.2  Length at Maturation, L50 

 
L50 is defined for female pouting as the body length at which 

50% of the individuals are mature. In order to define female 

maturation as a function of body length, L50 was obtained using 

Generalized Linear Models (GLM) with a binomial family 

function: 

  

Equation 2.5 (Maturity) =  + *Length+     
 

To evaluate interannual differences, the year of sampling 

was included as a factor in the model: 

 

Equation 2.6 (Maturity) =  + *Length+*Year+   
 

Comparison among staging methods –histology or macroscopic– 

was conducted by including in the model the type of method as a 

nominal covariate: 

 

Equation 2.7 (Maturity) =  + *Length+*Method+   
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2.3 EGG PRODUCTION DYNAMIC, FECUNDITY STRATEGY AND 

SPAWNING PATTERN  
 

Fish species may show determinate or indeterminate fecundity 

–or more precisely, oocyte recruitment (Hunter et al. 1989; 

Hunter et al. 1992; Murua and Saborido-Rey 2003). In species 

with determinate fecundity, the number of eggs to be released 

during the spawning season is fixed before the onset of 

spawning and is considered to correspond to potential annual 

fecundity after correction for atretic losses. In contrast, 

species with indeterminate fecundity do not have a fixed annual 

fecundity because unyolked follicles continue to mature and be 

spawned. Regarding this consideration, we now will define some 

terms that are used by the present thesis (Murua et al. 2003): 

 Annual realized fecundity: The total number of eggs 

released per female in a year. 

 Potential annual fecundity: The total number of advanced 

yolked follicles matured per female and year, uncorrected 

for atretic losses. 

 Total fecundity: The total number of vitellogenic or 

advanced yolked follicles present in the ovary at any 

time. 

 Residual or remnant fecundity: The number of vitellogenic 

or advanced yolked follicles in the ovaries showing 

postovulatory follicles. This indicates that these females 

have already spawned eggs. 

 Batch fecundity: The number of eggs spawned per batch. The 

sum of batch fecundities represents the realized annual 

fecundity. 

For species with indeterminate fecundity, the annual 

realized fecundity is normally estimated from the number of 

oocytes spawned per batch, the percentage of spawning females 

per day (i.e. the spawning fraction), and the duration of the 

spawning season (Hunter and Macewicz 1985). Additionally, in 

order to estimate stock reproductive potential it is necessary 

to know the egg production of the spawning stock. For this 

purpose, potential fecundity, relative fecundity and batch 
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fecundity are usually estimated, as well as density of 

developing follicles.  

Merayo (1996a) assumed that pouting is a species with 

determinate fecundity. However, no evidence of determinate 

fecundity had been previously presented for pouting, and this 

assumption needed to be verified to provide a proper estimation 

of total egg production, for purposes of future fishery 

management. Consequently, the term Number of Developing Oocytes 

(NDO in Murua and Motos 2006 and Domínguez–Petit 2007) has been 

used to define the number of developing follicles present in 

the ovary at a certain moment of the spawning season. 

 

2.3.1 Fecundity Estimation Methods 
 

Three different methods were used to estimate fecundity: 

 

Gravimetric Method: it is currently the most common method used 

to estimate fecundity. It is based on the relationship between 

ovary weight and the follicle density in the ovary (Hunter et 

al. 1989). Therefore, the total amount of oocytes present in 

the ovary (Fecundity or NDO) is the result of the product of 

the number of oocytes per gram present in subsample ovarian 

tissue and gonad weight. The methodology described by Bagenal 

and Braum (1978) was followed to separate follicles for 

recount. Then, fecundity was determined with the following 

equation: 

 

Equation 2.8 Batch fecundity = GW*(O/w)   
Equation 2.9 NDO = (GW*Ns)/SW      

 

Where O is the number of oocytes in a weighed subsample of 

ovarian tissue, and w is the subsample weight. 

To estimate the number of oocytes, two methods were used: 

Manual counting: This method was used exclusively to estimate 

batch fecundity (number of hydrated oocytes) in approximately 

150 mg of subsample of hydrated ovaries without POFs, or with 

late POFs (Domínguez-Petit 2007). 
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Image Analysis: the number of de-

veloping oocytes was estimated by 

counting the oocytes with the aid 

of image analysis (Figure 2.10). 

First, follicles were separated 

from the connective tissue as per 

the methodology described by 

Lowerre-Barbieri and Barbieri 

(1993), and by size through siev-

ing. To define the smallest mesh 

size of the sieve, cortical alveoli 

follicles (n=952) were previously 

measured in several histological 

sections belonging to 15 individuals, and the smallest average 

diameter of the cortical alveoli stage was used as threshold 

value, which was set at 150 μm. The oocytes in the sieved 

subsample were counted and measured by using a semiautomatic 

image analysis routine, consisting in different algorithms 

provided by most image analysis software. First, a binary 

threshold to select the pixels occupied by the oocytes is 

defined manually by the user. The system selects all the pixels 

with a grey value above the threshold. Then, several algorithms 

of mathematical morphology operation (erosion and dilation) and 

segmentation algorithms were run automatically to remove 

undesirable pixels and created the boundaries between oocytes. 

As a result, a binary image that represents exclusively the 

pixels defined by the 

oocytes was generated. 

Oocyte diameter was defined 

as the mean between the 

longest and shortest 

diameter. Oocytes were 

counted and measured in a 

subsample of 0.050 g (+ 

0.002 g). Measurements were 

performed by means of QWin 

software (Leica Imaging Sys-

tems) on a PC (AMD Athlon XP 

 
Figure 2.10 Example of a 
picture of follicles analyzed 
with the aid of image 
analysis software for 
fecundity estimation in T. 
luscus. 

 
Figure 2.11 Weibel grid overlaying 
histological section of T. luscus 
ovary. 
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3000+) connected to a video camera (Leica DFC490) attached to a 

stereo macroscope (Leica Z6 APOA). Ovary subsample was 

preserved in 10% buffered formalin with rose Bengal dye for 

feature enhancement and to increase contrast. 

 

Stereometric method: stereology involves several mathematical 

methods and relates tridimensional parameters that define a 

structure by means of bi-dimensional measurements, obtained 

from sections of that structure. Thus, stereology is the 

tridimensional interpretation of the bi-dimensional sections of 

a structure (Weibel et al 1966). Consequently, and as it was 

described earlier on 2.2.4 for atresia estimation, it is 

possible to determine the number of cells in different 

categories, for instance previtellogenic or vitellogenic 

follicles, by applying stereological principles (Emerson et al. 

1990; Figure 2.11).  

Weibel and Gómez (1962) developed a method for particles 

with constant shape. This method is commonly used in biology 

and relates the number of particles per unit of volume (NV) to 

the number of particles per unit of area (NA) through a non-

dimensional shape coefficient (β) as it follows: 

 

Equation 2.10 Nv = (Ks/β)*(NA
3/2/Vv

1/2)     
 

Where VV is the partial follicle area in the histological 

section and β is defined by the non-dimensional relation 

between particle volume and mean sectional area. The main 

virtue of this coefficient is that it barely changes for short 

axis ellipsoids, so its use is unrestricted for particles like 

follicles, which are almost spherical. However, variation of 

particles size can introduce some systematic error and taking 

into account that pouting seems to possess asynchronous ovarian 

development, the following coefficient, Ks, should be introduced 

in the equation.Ks is proportional to the ratio of the third 

and first moments of particle size distribution. Then the final 

equation used was: 

 

Equation 2.11 Nv = = (Ks/β)*(NA
3/2/Vv

1/2)     
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More details on this procedure are provided in Domínguez-

Petit (2007). 

 

Auto-diametric method: recent advances in image analysis 

systems have led to the rapid assessment and accurate 

estimation of potential fecundity (i.e., number of yolked 

follicles) (Klibansky and Juanes 2008; McCarthy et al. 2008). 

Thorsen and Kjesbu (2001) developed and tested a new method, 

using image analysis to estimate potential fecundity based on 

follicle density – diameter relationships. This approach 

requires ovarian weight and mean diameter of follicles of a 

pre-spawning individual to estimate its potential fecundity, 

precluding the need to count eggs of weighed subsamples. 

To date, calibration curves have been developed for a number 

of fish species and stocks (Witthames et al. 2009). However, 

application of the auto-diametric method requires verifying a 

calibration curve for each species/stock, as certainty 

concerning whether calibration curves are comparable within or 

among species cannot be achieved. Interpopulation differences 

may exist in ovarian structure or in gonadal growth 

(differences in the volume occupied by follicles in gonads) 

that can lead to inaccurate and biased estimates of fecundity 

when using published calibration curves that are unsuitable for 

the species/stock of interest (Witthames et al. 2009; Alonso-

Fernández et al. 2009). Until now, a follicle size – follicle 

density curve has not been generated for of any stock of T. 

luscus.  

Results from the Combined Gravimetric Method and Image 

Analysis were used to elaborate the corresponding calibration 

curve (follicle size–follicle density curve). More details on 

auto-diametric fecundity estimation methodology can be found in 

Thorsen and Kjesbu (2001). 

 

2.3.2 Egg Quality Estimations 
 

Dry mass and diameter of hydrated follicles were used as 

indicators of egg quality and, hence, of reproductive success 
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(Kjorsvik et al. 1990; Brooks et al. 1997). Follicle diameter 

(expressed in µm) and the number of follicles in each subsample 

(the same used for batch fecundity estimations) were obtained 

through image analysis, following the same methodology as 

described for combined gravimetric method and image analysis. 

Mean dry weights were determined by drying the eggs divided 

into two replicates for 24 h at 110ºC, and then dividing the 

weight by the number of eggs per replicate. It should be taken 

into account that this procedure to determine follicle dry 

weight and diameter is biased due to losses whilst preserved in 

formaldehyde (Hislop and Bell 1987). However, this approach may 

be valid for comparative purposes (i.e. to evaluate seasonal 

trends and maternal effects). 

 

2.3.3 Statistical Procedure 
 

2.3.3.1 Homogeneity of Ovarian Follicle Distribution 

 

Prior to any estimation of fecundity, it is necessary to 

investigate follicle distribution in the ovary in order to 

check homogeneity of follicle density and follicle size within 

ovary and lobule, and between ovarian lobules (Murua et al. 

2003; Witthames et al. 2009). A test for differences within 

ovary lobules was performed with an ANOVA for follicle density 

and follicle diameter, using anterior, central and posterior 

parts of the ovary as factor levels. Homogeneity between 

lobules was assumed, based on previous results for related 

species (Kjesbu and Holm 1994; Murua et al. 2006). 

 

2.3.3.2 Comparison of Fecundity Estimation Methods 

 
 Method comparison was conducted for 36 individuals, using 

GLM with a negative binomial family of distributions for over-

dispersion correction (Zuur et al. 2007). Gutted weight (W) was 

included as a continuous explanatory variable, while the 
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fecundity method estimation was added as a factor in the model. 

NDF was used as response variable. Interaction term was 

considered in the final model: 

 

Equation 2.12 (NDF) =  + *W +*Method +    
 

It is known that the apparent error rate tends to 

underestimate the true error rate (Efron 1986), and since 

models with good predictive qualities must have error measures 

close to zero (Power 1993), a cross-validation for generalized 

linear models was used to estimate the corresponding prediction 

errors of the calibration curve of the auto-diametric method 

(Stone 1974). Considering the relatively low number of samples, 

the leave-one-out cross-validation procedure was utilized. 

 

2.3.3.3  Fecundity Strategy 

 
To properly estimate fecundity for pouting, it is necessary 

to determine what type of fecundity pouting has. Several 

methods have been described for that purpose (Hunter et al. 

1989; Greer Walker et al. 1994; Murua and Saborido-Rey 2003; 

Murua and Motos 2006; Gordo et al. 2008): i) variation in the 

stage-specific follicle size-frequency distribution during the 

annual reproductive cycle, ii) variation in mean diameter of  

vitellogenic follicles over the spawning season, iii) temporal 

trend of the number of the standing stock of vitellogenic 

follicles in the ovary during the spawning season, iv) 

relationship between NDF and Batch Fecundity, and v) incidence 

of atresia during the reproductive cycle. 

Homogeneity of variance is an important assumption in 

analysis of variance (ANOVA). For variation of diameter among 

maturity stages it was necessary to use alternative statistical 

techniques to ANOVA, like generalized least squares (GLS), due 

to clear violation of  the homogeneity assumption (Pinheiro and 

Bates 2000; Zuur et al. 2010). To deal with differences in 

variances, heterogeneity was incorporated into the model with 

GLS, which prevents data transformation.  
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Mean follicle diameter was modeled using generalized 

additive models (GAMs, Hastie and Tibshirani 1990) in function 

of length and month as explanatory variables: 

 

Equation 2.13 Follicle diameter =  + Length) +Month) +     
 

GAMs study relationships between several variables when 

linear regression analysis is not appropriate, for instance 

when non-linear relationships between variables are evident 

(Quinn and Keough 2002). These methods make no assumptions 

about the shape of the functional relationship. Generalized 

cross-validation (GCV) was used to automatically estimate the 

amount of smoothing for each explanatory variable (Zuur et al. 

2007). The cross-validation method was verified by applying F 

tests (Fox 2002), in which deviances of two models with 

different degrees of freedom were compared. 

The relative number of developing oocytes (RNDO) is defined 

as NDO divided by female gutted weight (nº developing 

follicles/g of female). Temporal dynamic of RNDO was also 

evaluated with GAMs, using month as covariate: 

 

Equation 2.14 RNDF =  + Month) +      
 

2.3.3.4 Fecundity Variation 

 
Different fecundity curves were estimated (power equation, 

GLM, linear regression), Potential and Batch fecundity – body 

size relationships. A first approach was based on the 

traditional power function of allometric growth (Huxley and 

Teissier 1936): 

 

Equation 2.15 Fecundity = ·(Length or Weight) +   
 

Additionally, two alternative statistical models –simple 

linear regression and GLM– were developed and compared to the 

previous power equation, in order to find the best- fitting 
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model. GLM was carried out using a negative binomial 

distribution (log link function) to account for the detected 

over-dispersion of residuals. Model comparison was made based 

on Akaike Information Criteria (AIC, Quinn and Keough 2002; 

Zuur et al. 2007). These are the correspondent equations for 

each of the models: 

 
Equation 2.16 (Fecundity) =  + *(Length or Weight)+   
Equation 2.17 Fecundity =  + *(Length or Weight)+   

 

Several sources of variability in the fecundity – body size 

relationships were also investigated. In particular, regional 

(factor (Area)), interannual (factor (year)) and seasonal 

(factor (month)) differences were assessed, including these 

covariates in the GLM as follows: 

 
Equation 2.18 (Fecundity) =  + *(Length or Weight)+ *Area +  
Equation 2.19 (Fecundity) =  + *(Length or Weight)+ *Year +  
Equation 2.20 (Fecundity) =  + *(Length or Weight)+ *Month +  

 

Level of significance was always set at = 0.05. 
For interannual comparisons, only data from 2004 - 2006 were 

used. In 2007 there were few samples available and all biased 

towards small fish, and hence it was decided to exclude 2007 

from this analysis.  

 

2.3.3.5 Egg Quality 

 
Pearson’s correlation was used to analyze the relationship 

between both variables of egg quality, i.e. diameter and dry 

mass (Quinn and Keough 2002). Besides, simple linear regression 

models were fitted for egg quality (diameter and egg dry mass) 

– body size (length and weight) relationships: 

 

Equation 2.21 Diameter or Dry weight =  + *(Length or Weight) +    
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Seasonal effect on egg quality was evaluated introducing a 

temporal variable, month, in the multiple linear regression 

models: 

 
Equation 2.22 Diameter or Dry weight =  + * (Length or Weight) +*Month +
  

This procedure yields unbiased parameter estimate (García-

Berthou 2001; Freckleton 2002) and the seasonal component of 

egg quality can be properly assessed. 

In the case of the experiment with captive fish, batch 

number (BN) was used as temporal variable. Seasonal effect was 

evaluated en each female (n = 2) and no body size effect was 

included in the model (simple linear regression): 

 

Equation 2.23 Diameter or Dry weight =  + *BN +  

 

2.4 PROXIMATE BODY COMPOSITION AND ENERGY CONTENT 
 

2.4.1 Biochemical Analysis and Energy Content Estimation 
 

One ovary lobule, a liver portion and one muscle slice from 

the middle part of the body per specimen were frozen at -80ºC 

for proximate composition analysis. Since this analysis is 

expensive and time-consuming, it was conducted only on a 

subsample. Selection of samples for biochemical analysis was 

done considering sampling date, female body size and 

reproductive phase of the female. In order to estimate 

proximate composition, a portion of each tissue, i.e. gonad, 

muscle and liver was lyophilized, homogenized in a grinder and 

stored at -20ºC until analysis of lipids, proteins and 

glycogen. Water and ashes content were also estimated as 

follows: 

Water content: Tissue portions, conveniently weighted (+0.02g), 

were placed immediately at -80ºC for a minimum period of one 

week. After this period, samples were lyophilized and re-

weighted to calculate water loss.  
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Ash content: once the tissue was lyophilized and homogenous, a 

subsample was weighted in a precision weight scale (+0.0001mg) 

and processed in a furnace muffle for approximately 12 hours. 

To avoid tissue projections, temperature was raised gradually, 

from 100ºC to 500ºC (100ºC every 60 minutes). Samples were 

weighed at ambient temperature after the furnace muffle period. 

Analyses were made on two replicates, and samples with 

coefficient of variation above 10% were repeated. If the 

coefficient of variation of a sample resulted still higher than 

10%, such sample was excluded from the analysis. Ultimately, 

the total amount of samples was 27, 43 and 76 for gonad, liver 

and muscle tissue, respectively. Due to the reduction in sample 

tissue during lyophilisation, it was necessary to dilute the 

sample to increase the quantity of substrate, in order to carry 

out all biochemical quantifications. A subsample of this 

solution was used to confirm concentration of tissue component. 

A subsample of known volume from the original sample solution 

was kept in an oven for 24 hours at 100ºC and then weighed at 

ambient temperature. This difference was used to obtain the 

correct values of the biochemical analyses, which were 

performed as follows: 

Lipid content: lipids were extracted following a modification 

of Bligh and Dyer (1959). Lipids were first extracted with 

dichloromethane – methanol, and after centrifugation the 

gravimetric method of Herbes y Hallen (1983) was applied to the 

organic solution for lipid quantification. 

Protein content: protein content was determined following the 

methodology described by Lowry et al. (1951). In this method, 

total protein concentration is estimated by a colour change of 

the sample solution in proportion to protein concentration, 

which can be measured using colorimetric techniques. It is 

based on the reaction of Cu+, produced by the oxidation of 

peptide bonds, with Folin's reagent (a mixture of 

phosphotungstric acid and phosphomolybdic acid in phenol) in 

the Folin-Ciocalteu reaction. The concentration of the reduced 

Folin phenol reagent was measured by absorbance at 750 nm in a 

Cecil 3021 UV-Visible spectrophotometer. 
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Glycogen content: Total carbohydrates were quantified as 

glucose, as it is the standard for the phenol/sulphuric acid 

colorimetric assay (Strickland and Parsons 1968). The wave 

length used for measurement of absorbance was 490 nm in a Cecil 

3021 UV-Visible spectrophotometer. 

Energy content in each tissue was calculated by applying 

energy equivalents of 39.5, 23.6 and 17.1 kJ/g for lipid, 

protein and glycogen, respectively (Kleiber 1975).  

 

2.4.2 Statistical Procedure 
 

2.4.2.1 Proximate Composition and Energy Density 

 
Differences in average biochemical composition and energy 

density in tissues were assessed using GLS to solve 

heterogeneity problems.  

The relative importance of lipid, protein, and glycogen 

content in gonad, muscle and liver tissues was assessed by 

comparing their respective proportions across the total range 

of corresponding energy content. The contribution of each 

component to the total energy content of tissues was 

calculated, and multiple linear regression models were fitted 

to the energy density and component content relationships. 

ANOVA model comparisons were used for model selection. Variance 

inflation factors permitted to detect collinear explanatory 

variables during variable selection. Residuals were plotted to 

ensure there was no systematic pattern in the residuals for 

model validation in each case (Zuur et al. 2007, 2010).  

Simple least-square linear regressions were used to explore 

the existing relationships of energy density (ED) and proximate 

composition (PC: protein, lipid or glycogen %) as a function of 

water content (WC). Since the main aim of these regression 

analysis was prediction, the suitability of the common ordinary 

least square regression model is justified when probability 

distribution of ED or PC and WC are normal and independent. The 

latter predictions, based on these relationships, were made 
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constrained to given particular values of water content (Neter 

et al. 1996, Quinn and Keough 2002): 

 

 Equation 2.24 PC or ED =  + * WC +     
 

In a further step, water content of tissues from all the 

specimens were used to increase the number of data (sample 

size) for further analysis (n=559, 1172 and 661 for gonad, 

liver and muscle tissue, respectively). In this way, the 

biochemical database notably improved in quantity and quality, 

providing better information on proximate and energy 

composition of T. luscus females. The resultant database was 

used to assess correlation (Pearson’s correlation) between main 

components and energy content of the different tissues 

analyzed. 

 

2.4.2.2 Study of Simple Condition Indices 

 
Since body condition indices are an important determinant of 

an individual animal’s fitness, and its implications are of 

great interest to ecologists, during this project the 

suitability of several condition indices was investigated. 

Several condition indices were explored: GSI, HSI and K, as 

well as residuals from relationships between body component 

weight (gonad weight, liver weight and gutted weight) and body 

length. The residuals were obtained by using the usual ordinary 

least square (OLS) regression model (Green 2001). The 

reliability of both indices to monitor fish conditions is 

dependent on certain critical assumptions, which underwent 

verification: i) condition is independent of length; ii) 

independence of the energy reserves from body size; iii) direct 

correlation with the energy stores. Pearson’s correlation 

coefficient was used to investigate the statistical 

relationship between condition indices and body size (total 

length); as well as between energy reserves, expressed as 

tissue energy content, and body size (total length). 
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Relationships between energy content and condition indices were 

then evaluated with a linear regression model: 

 

Equation 2.25 Condition index =  + * EC +      
 

In this equation GSI, K and HSI were log-transformed 

(natural log) to convey parametric assumptions. 

Energy reserves and energy investment have been widely shown 

to vary with the reproductive cycle, and thus condition indices 

provide the opportunity to relate nutritional and physiological 

responses at the population level. Therefore, seasonality of 

all the condition indices, described above, was evaluated in 

function of the reproductive cycle of pouting females by using 

GAMs (as described in previous sections). Biochemical 

composition and energy density variation were also inspected 

throughout the whole reproductive cycle. GAMs were required to 

properly depict monthly variation in fish condition and energy 

reserves: 

 

Equation 2.26 Condition or Composition or Energy =  + Month) +    
 

Additionally, variation in nutritional status in the 

different reproductive phases was studied through condition 

indices and energy content. ANOVA was used in those cases where 

parametric assumptions were satisfied (GSI and liver energy 

content and muscle energy content). For those cases where 

heterogeneity was detected, the GLS method was adopted (HSI, K 

and gonad energy content). 

 

2.5 POTENTIAL EFFECTS OF MATERNAL FACTORS ON STOCK 

REPRODUCTIVE POTENTIAL 
 

Our hypothesis is that Stock Reproductive Potential (SRP) 

depends on several female features, such as length and 

nutritional status. Sampling date was used as a seasonal 

component in the analysis of the variation of SRP. Condition 
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indices, proximate composition variables, energy content and 

female size were used as explanatory variables. Ultimately, 

reproductive cycle and spawning activity, potential and batch 

fecundity, egg quality and egg production were considered as 

indices of reproductive potential. To quantify factors 

affecting reproductive investment, multiple regression 

analysis, GLMs and GAMs were used to fit the reproductive 

potential response variables to the explanatory variables 

selected.  

  

2.5.1 Maternal Influence on the Variation of the Reproductive 
Cycle 

 
It has been hypothesized for T. luscus the existence of a 

physiological threshold related to energy reserves levels, 

which affect the timing of reproductive cycle, in particular 

the onset and duration of ripening and spawning. To investigate 

such physiological limit, i.e. the effects triggering the 

reproductive cycle, we set ripening at the first occurrence of 

secondary growth oocytes within the ovary (Early Development 

sub-phase, EDev). Therefore, a new binary variable was 

generated with value of 1 for (Early Development sub-phase and 

value 0 for the (rest of reproductive phases (excluding 

immature females). GLMs (Binomial family distribution) were 

carried out to assess the relationship of this new variable 

with different indicators of nutritional status. Several 

indices of fish condition were used to assess the influence of 

female nutritional status on reproductive potential: i) the 

amount of lipids in liver and proteins in muscle, ii) total 

liver and muscle energy content and iii) liver mass — total 

length residuals (LLR) and weight — total length residuals 

(WLR). While i) and ii) should be considered as direct measures 

of fish condition, iii) is an indirect measure.  

 

Equation 2.27 (EDev) =  + *Condition+    
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The onset of ripening is expected to be strongly associated 

to the period of the year.  Therefore, the seasonal component 

was investigated through sampling date using this model: 

 

Equation 2.28 (EDev) =  + *(Month)+  
   

The same procedure was adopted for spawning activity. In 

this case the response variable, Spawning Capable (SC), is also 

binary with value of 1 for Spawning Capable phase (including 

Actively Spawning sub-phase) and value 0 for the rest of 

reproductive phases (excluding immature females): 

 

Equation 2.29 (SC) =  + *Condition+ 
Equation 2.30 (SC) =  + *(Month)+   

 

Female body length is known to influence the timing of the 

reproductive cycle; however, the influence of female size was 

not analyzed independently, but under a seasonal perspective. 

Therefore, a more complex model was developed to capture all 

these sources of variation in the reproductive cycle. 

Interaction between length, nutritional status and season is 

expected to have significant influence. However, to avoid 

including too many terms in the model and difficult biological 

interpretations, the analysis was restricted to the developing 

period, when ovary recrudescence takes place (from September to 

December, see Chapter 3). Only female body length and 

nutritional status were included in the model as main effects. 

Nutritional status was evaluated using both components of 

energy storage, liver and muscle, so that the influence of 

different sources of energy could be evaluated. Thus, liver and 

muscle condition were included in the model as follows: 

 

Equation 2.31 (EDev) =  + * Length +*(Liver Condition) +*(Muscle Condition)+
  

To avoid collinearity, direct and indirect condition indices 

were evaluated separately, i.e. the model was adjusted for 

condition indices i), ii) and iii) respectively. To evaluate 

the effect of female length on the timing of the spawning 
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season, a GLM was performed, using SC as a binary response 

variable. The model was developed in two separated periods for 

a better analysis of the onset and end of the spawning season. 

The first period, the onset of spawning, covers from the lowest 

point of spawning activity, recorded in November (week 45 of 

the year), to the highest, registered in February (week 8 of 

the year); the second period covers the remaining months of the 

year. Total female length and week were included as covariates: 

 

Equation 2.32 (SC) =  + *Week +*Length+ 
 

In addition to this analysis, a more flexible approach was 

adopted to assess the magnitude of the influential factors on 

the reproductive cycle. Based on the results of previous 

analysis, it was assumed that condition is the main triggering 

factor of secondary growth in follicles, with female body 

length primarily affecting the timing of spawning (see Chapter 

6). Consequently, a set of GAMs was applied to obtain a more 

precise picture of the seasonal variation of ripening (Early 

Development sub-phase) and spawning (Spawning Capable phase). 

For the Early Developing model, condition was added as a 

continuous covariate and for the Spawning Capable model, total 

length was selected as covariate: 

 

Equation 2.33 (EDev) =  + Month) + *(Liver  Condition) +    
Equation 2.34 (SC) =  + Month) +*Length +    

 

A quasi-binomial family distribution was adopted to correct 

over-dispersion in the model. The variable month has only 12 

values, and to avoid over-smoothing it was decided to use only 

4 degrees of freedom for this term (Smith et al. 2005). This 

was applied for all GAMs with month as temporal covariate in 

this thesis. 
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2.5.2 Influence of Nutritional Status on Egg Production 
 

Effect of nutritional status over egg production (Potential 

fecundity and Batch fecundity) was investigated by using the 

same approach proposed in 2.3.3.4 (see examples in Equation 

2.18; 2.19 and 2.20). Therefore, a GLM (negative binomial 

family distribution) was developed including length as 

covariate, to account for size effect, and different indicators 

of nutritional status (see 2.5.1): 

 

Equation 2.35 (EDev) =  + * Length +*(Liver Condition) +*(Muscle Condition)+
 

An ANOVA model comparison was used to select the final 

optimal model. 

 

2.5.3 Influence of Nutritional Status on Egg Quality 
 

Multiple Regression was selected in this case to determine 

the factors affecting egg quality (EQ), i.e. egg diameter and 

egg dry mass. Nutritional status was denoted again here by 

direct and indirect indices. Female length was also included in 

the model: 

 

Equation 2.36  EQ =  + *Length+ *(Liver Condition) +*(Muscle Condition)+  
 

An ANOVA model comparison was used to select the final 

optimal model. 

In all cases (Equations 2.35 and 2.36), triple interaction 

was not considered since no biological justification was found 

for such interaction. Besides, the number of samples available 

for such analysis was relatively small.  

 

2.5.4 Stock Reproductive Investment 
 

Ultimately, stock reproductive investment was evaluated in 

T.luscus by means of two different models: the Determinate and 
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the Indeterminate Model (under different fecundity strategy 

assumptions). In both models, two aspects of stock reproductive 

potential were considered: 

 

i) population structure. 

ii) individual egg production.  

 

Details of modelling procedure are provided in Chapter 6. 



 



3 Histological	assessment	of	gonad	
development	and	sexual	cycle	of	
Trisopterus	luscus	on	Galician	shelf	
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3.1  AVAILABLE KNOWLEDGE OF TRISOPTERUS LUSCUS 

REPRODUCTIVE BIOLOGY  

 

To understand fish population dynamics, and especially in 

exploited species, it is essential to know how the reproductive 

biology of the population affects its own dynamic; thus, a 

truly effective fishery management requires insights into the 

reproductive biology of fish species (Marshall et al. 2003). 

The ability of a population to produce viable eggs and larvae 

is an aspect fundamental to understanding the process of 

recruitment in exploited populations (Kraus et al. 2002; Murua 

et al. 2003; Macchi et al. 2004), a concept that has acquired 

notoriety in the last decade when the suitability of 

traditional indicators such as Spawning Stock Biomass (SSB) as 

a proxy for egg production has been criticized (Marshall et al. 

1998). This is reflected in the concept of Stock Reproductive 

Potential (SRP) defined by Trippel (1999). Many highly plastic 

reproductive parameters may vary between populations of the 

same species, but also within same stock when size-age age 

structures are modified, altering their reproductive potential.  

Proper knowledge of gametogenesis represents a main goal in 

comprehending reproductive strategies (Murua and Saborido-Rey 

2003). Thus, a correct evaluation of ovarian development is 

crucial to describe the maturation process, the timing of 

reproduction or the follicle recruitment. Maturity at age/size 

is the most common and well studied life history parameter in 

fish exploited populations. Moreover, this parameter is used 

during the stock assessment procedure to get a better 

estimation of limit reference points (Morgan 2008). Similarly, 

to estimate accurately the spawning frequency or egg production 

it is essential to identify key ovarian features such as 

cortical alveoli, germinal vesicle migration or post ovulatory 

follicles that occur during the gonad development (Hunter and 

Macewicz 1985; Murua et al. 2003). It is also important to 

assess rates of atresia, for instance, to quantify down-

regulation of fecundity and hence to improve estimates of 

fecundity (Ganias et al. 2003; Kurita et al. 2003; Murua et al. 

2003). Temporal variations of different phases of reproductive 
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cycle are poorly studied (Hutchings and Myers 1993; Secor 2000; 

Ganias et al. 2007). However, these variations may determine 

timing of reproduction and so the likelihood of eggs and larvae 

to find suitable environmental conditions for their survival, 

and therefore affecting the recruitment (Scott et al. 2006). 

All these reproductive aspects are of special interest to reach 

accurate estimations of SRP (Marshall et al. 2003; Morgan 2008; 

Lowerre-Barbieri et al. 2011a).  

Regarding the arising interest of reproductive studies on 

fisheries assessment and management, new methodological 

approaches are coming to light. Gonad histology is one of them 

and, although it is a time consuming technique, it seems to be 

the most precise method for these purposes (West 1990; Lowerre-

Barbieri et al. 2011b). The usefulness and importance of 

histology techniques in reproductive studies has been widely 

illustrated among fish species (West 1990; Tyler and Sumpter 

1996; Blazer 2002). Histology offers a powerful tool and is 

routinely used for sex verification, developmental stage 

identification or quantification of atresia.  

Pouting is a member of the Gadoid family and is of major 

commercial importance for the artisanal fleet of a number of 

European countries, primarily France, Portugal, and Spain. The 

highest recorded landings occurred on the Galician shelf during 

1979 (27036 t), a slow but steady decrease in catches was then 

observed until 1998 (11118 t). In 2005, the total catches 

amounted to 12460 t. Despite this decline, there was only 

limited size restriction in Galicia (minimum landing size: 20 

cm TL). Previous reproductive studies have been limited in 

scope (Labarta et al. 1982a; Desmarchelier 1985; Merayo 1996a). 

Aspects such as follicular atresia, variation of fecundity, 

timing and duration of reproduction and histological 

determination of size at maturation were considered for the 

first time in the present study. It is the intent of this 

research to contribute in filling the gap of knowledge on the 

reproductive biology of pouting. 

The purpose of this study was to delineate length-at-

maturity using histological methods, the seasonal cycle of 

sexual maturation, the extent of follicular atresia, timing of 
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spawning, and embryonic development in female pouting on the 

Galician shelf. All this information is of essential interest 

for future effective fishery management. 

 

3.2 RESULTS 
 

3.2.1 Histological description of Trisopterus luscus gonads 

 
Gametogenesis was studied through histological examination 

of the gonads of the total number of samples collected through 

the period of study (n=2099, Table 2.1). 

 

3.2.1.1 Oogenesis 

 
Female gametogenesis seems to follow a process common to 

other teleosts. Oogonium initiates meiosis which is arrested at 

the first meiotic prophase establishing a follicle. Description 

of the follicle (oocyte and surrounding follicular layer, Fig. 

2.5) and the definition of the follicle stages were presented 

in Material and Methods chapter. Following are some details for 

each stage that normally differs among species: 

 

Primary growth (Figure 3.1a):  

 The chromatin-nucleolar and the perinucleolar stages were 

observed in all the ovaries examined. Cell size (follicle 

diameter)  is generally below 150 m and cells present 

basophilic cytoplasm, i.e. stained blue with H&E. 

Follicular envelope layers are not clearly distinguishable 

with H&E. 

Secondary growth: 

 Cortical alveoli (Figure 3.1b): follicles enter this stage 

at an average size of 150 m, and remain at up to 300 m. 
The first evidence of the onset of the maturation and/or 
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ripening process is the formation of a multilayered cell 

wall that acquires a red coloration (eosiniphilic). 

Generally, few vesicles or alveoli (PAS positive) are 

observed. The alveoli are often to be found scattered 

within the cytoplasm surrounding the cell wall. With the 

haematoxylin-eosin staining method, the vesicles appear 

empty. The nucleus outline is markedly irregular, and 

there is a variable amount of nucleoli detached from the 

nuclear membrane. 

 
Figure 3.1 Follicle development stages in T. luscus a) Primary growth; 
Secondary growth: b) Cortical alveoli, c)Vitellogenesis; Follicle 
maturation: d) Migratory nucleus and e) Hydrated. 
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 Early Vitellogenesis (Figure 3.1c): eosinophilic yolk 

droplets form a ring in the periphery of the cytoplasm. 

The vitelline envelope becomes conspicuous, acquiring an 

eosinophilic coloration, brighter than the zona radiata. 

The follicles at this stage range in diameter from 240 to 

400 m.  

 In advanced vitellogenesis, follicle size ranges from 310 

m to up to 550 m, approximately. At this stage, the 

vitelline envelope becomes thicker than the zona radiata 

and presents an even brighter reddish coloration. Yolk 

droplets greatly increase in size and are evenly 

distributed inside the cell, filling almost the totality 

of the cytoplasm from the periphery to the nucleus. 

 Follicle Maturation: Germinal Vesicle Migration (GVM, 

Figure 3.1d), or migratory nucleus, is observed, 

presenting an exocentric nucleus of blurred contour. No 

oil droplet is formed. Follicle diameter grows rapidly to 

up to ca. 700 m immediately before the hydration process. 
During hydration (Figure 3.1e), follicles enlarge due to a 

massive intake of water and become transparent, with a 

maximum diameter of around 1200 m; however, smaller 

hydrated eggs can be found since 800 m. 
 During gametogenesis, the formation of an ovarian cyst is 

often observed. Therefore, cysts are considered a common fea-

ture in T. luscus ovaries. 

Cyst structures (Figure 

3.2) have been described 

for some teleost fish spe-

cies like Gadus morhua, 

Merluccius hubbsi and Mer-

luccius merluccius (Louge 

1996; Tomkievicz et al. 

2003b; Domínguez and Sab-

orido-Rey 2005; Domínguez-

Petit et al. In press).  

Cystic structures are re-

absorbing follicles that, 

 
Figure 3.2 Morphology of cystic follicle 
in T. luscus ovary. 
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for unknown reasons, do not complete the usual atretic process. 

A normal atretic process starts with the breaking of the 

chorion and the disorganization of the components of the 

ooplasm; however, the follicle may occasionally develop  into a 

cyst, where follicular wall thickness increases and the 

follicle remains encapsulated by several layers of follicular 

cells for a longer period than atretic follicles. In pouting, 

as in other species, cystic structures appear in different 

stages of follicle development (from vitellogenic to hydrated) 

and were observed either alone or in groups, surrounded by 

tissue fibres. The morphological features of these structures 

are described in detail in Dominguez-Petit et al. (In press). 

Although intensity and prevalence were not recorded in this 

study, cysts in pouting were more commonly observed in post-

spawning stages. It is assumed that these cysts may remain in 

the ovary for a relatively long period and even reach the next 

spawning season, producing a decrease in stock reproductive 

potential, as their occupation of that space inevitably 

prevents the development of new follicles. One of the females 

kept in captivity during tank experiments ceased all spawning 

activity after only three batches were released. Histological 

examination of the ovary showed that most of the follicles in 

this ovary had become cysts and thus, no more eggs were 

released during the spawning season.  

 

3.2.1.2 Ovarian Development Organization 

 
The prevalence of each follicle stage during the research 

period is shown in Figure 3.3. There is abundant evidence of 

seasonality to follicle development, with gametogenesis peaking 

in January-April: throughout these months almost all follicle 

stages are concurrently present, showing that follicles develop 

asynchronously. This asynchronous development is also shown by 

the  size-frequency distribution of follicles (Figure 3.4), 

i.e. there is a continuous size-frequency distribution of 

follicles within each maturity stage except for ovaries at the 

hydrated stage, which show a separate mode of very large (>800  
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Figure 3.3 Stage prevalence of follicle development from the 
reproductive cycles of 2003 to 2006 for female T. luscus. 
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μm) hydrated follicles. Throughout all the ovarian phases in 

mature females, there are several modes within the continuous 

size —frequency distribution of follicles, which indicated the 

presence of different batches of follicles (Figure 3.4). 

 

3.2.2 Reproductive Cycle of Female Trisopterus luscus on 

Galician Shelf 

 
The reproductive cycle of female pouting was assessed 

throughout the whole year, with sampling performed every month 

of the period of study. However, there were no samples 

available in August and July 2004 or in October 2005 (Figure 

3.5). Spawning activity was observed in nearly all months 

sampled, although the primary spawning season spans from mid 

 

Figure 3.4 T. luscus size-frequency distribution of follicles  
for all maturity stages: developing (n = 4), spawning-capable (n 
= 10), actively spawning (n = 10), regressing (n = 2). X-axis 
represents follicle diameter in m, while Y-axis is the number 
of follicles per gram of female. 
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winter to early spring (Figure 3.5). From January to March, the 

proportion of spawning females surpassed 50% of the total each 

month, with an average of 87%. The rate of spawning activity 

declined in April, but the proportion of actively spawning 

females clearly dropped in May and June, while the number of 

regressing females increased sharply in April. The proportion 

of females in regenerating phase increased between the end of 

the primary spawning season, in late spring, and early autumn, 

just when specimens in developing stage start to appear in 

significant numbers (Figure 3.5). Although this general pattern 

did not vary noticeably between years, some differences were 

found. While the largest proportion of actively spawning 

females was always found in February and March, in the spawning 

season of 2004 this proportion seemed larger, with higher 

values in December 2003 and May-June 2004 (Figure 3.5).   

It should be mentioned that sampling during those months was 

biased towards bigger fish (Figure 3.6). Thus, a certain extent 

of annual variation may be found in temporal frequency of 

spawning; nonetheless, this variation might be influenced by 

either the size structure of the population or a size-biased 

sampling strategy. The possibility of effective influence of 

female size on temporal frequency of spawning will be treated 

in the correspondent section (Chapter 6).  

In order to assess average length of the spawning season, a 

GLM using sampling date as covariate was constructed (see 

Material and Methods, Equation 2.4). On average, a female 

pouting could spawn for 21 weeks, i.e. approximately 5 months. 

The onset of the spawning season in 2004 is effectively 

affected by the lack of data in 2003 (up to December); hence, 

the estimation of the onset for that specific spawning season 

is not reliable (Figure 3.7). The aforementioned differences 

concerning the length of the spawning season between years are 

now displayed in the fitted model; mainly at the end of the 

reproductive period, the longest of which is shown in 2004. 

Regarding the general trend of prevalence of Actively Spawning 

females (nº Actively Spawning females/Total number of mature 

females), the peak of spawning frequency was established in 

February, when 100% of females were actively spawning. However, 
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from January to March the percentage of females in this phase 

was still high (70% and 86%, respectively). 

Thus, batch interval at the peak of spawning is extremely 

high, with a batch of eggs released approximately every 1 day 

(1.3, 1 and 1.1 days from January to March, respectively; 

Figure 3.8). This implies that ca. 100% of females are actively 

spawning during that period. Spawning fraction sharply 

decreases in April, down to values below 3% in July and 

remaining at minimum levels (4% on average) until December, 

when spawning activity increases over time again (Figure 3.8). 

The average spawning fraction during the main spawning season 

(January-May) was 89%, i.e. a batch interval of 1.1 days. Even 

if at lower rates, there is a certain extent of spawning 

activity during autumn, which might be attributable to 

individuals from the previous reproductive season or to early 

spawning females of the ensuing one. 

The general pattern presented above seems to be corroborated 

by the seasonal variability in GSI, HSI and K (Figure 3.9). The 

mean GSI values remained low between May and December (GSI < 

3), then sharply increased between December and January, and 

peaked between February and March. The peak GSI period 

coincided with a peak in the proportion of females bearing 

hydrated eggs. HSI and K fluctuated throughout the year, 

describing basically the same trend (Figure 3.9).   

In fact, there is a positive significant correlation between 

HSI and K (Spearman's rank correlation, r = 0.45, n = 1275, p-

value <0.001). These two condition indices followed an opposite 

pattern to GSI. Thus, the highest values for HSI and K were 

observed prior to the beginning of the spawning season. After 

that, they sharply decreased, reaching their minimum in April-

July, at the end of the main spawning activity period, to 

increase steadily afterwards. Nevertheless, the three indices 

remained at low levels for regressing females (data shown and 

discussed in Chapter 5). These differences between months were 

significant for all condition indices (Table 3.1). 
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3.2.3 Size at Maturation in Trisopterus luscus: Micro- and 
Macroscopic Classification 

 

Two sources of variation and bias were considered in the 

estimation of maturity ogives: temporal variation and the 

method used for ovary staging, i.e. macro- and microscopic 

analysis. Annual differences were found in maturity ogives for 

macroscopic and histological staging (GLM; binomial; 

covariates: length and factor year; Intercept: p-value<0.001, 

Slope: p-values=0.02 for histological staging and Intercept: p-

value<0.001, Slope: p-values=0.01 for macroscopic staging). 

Length at maturation (L50) estimated from microscopic 

observations declined progressively over the three years 

analyzed. This decline is not observed when macroscopic staging 

is used (Figure 3.10), particularly concerning the values from 

2006. This disparity may derive partially from the low number 

of immature individuals sampled, which effectively influences 

the estimation of maturity ogives (see Discussion). 

All specimens sampled during this study were pooled for 

purposes of estimation of maturity ogives and length at 50% 

maturity, and in order to compare macroscopic and microscopic 

(histological) maturity staging methods. In order to compensate 

the small fraction of immature individuals within the 

population studied, an extra sample survey was conducted in 

October 2008, and these specimens were also included in the 

analysis. Significant differences 

were found between L50 estimates 

(GLM; binomial, n=2078, Intercept: 

p-value<0.05, Slope: p-values<0.05) 

as determined via the macroscopic 

(173.6 mm) and the microscopic 

(150.6 mm) maturity classification 

methods. Similarly, maturity ogives 

differed in shape (Figure 3.11). 

The main disparities were observed 

for larger females, which were 

classified histologically as mature 

recovering females, but as immature 

Table 3.1 Results of the 
ANOVA to compare condition 
indexes (GSI, HSI and K) by 
month in female T. luscus. 
GSI and HSI log transformed 
to convey normality 
assumptions. 

 
 
Index  
 

F 
 

n 
 

df 
 

p-value 
 

log(GSI) 286.9 2052 11 <0.001 

log(HSI) 63.2 1275 11 <0.001 
K 
 

35.4 
 

2062 
 

11 
 

<0.001 
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in the macroscopic analysis. 

These discrepancies were most conspicuous among pouting 

collected during summer and autumn, i.e. after the peak 

spawning period.  
A summary of statistical results and parameter estimations 

of the correspondent logistic equations for maturation analysis 

is shown in Table 3.2.  

 

3.2.4 Prevalence and Intensity of Ovarian Follicular Atresia in 

Trisopterus luscus 

 

Follicular atresia was observed throughout the whole year, 

but the levels of prevalence and intensity varied considerably 

(Figure 3.12). Changes in prevalence and intensity seem to be 

connected with the reproductive cycle of the population, as 

higher levels of atresia were normally observed at the end of 

spawning period (May-June in 2004 and April in 2005 and 2006). 

The delayed peak of the level of atresia in 2004 is in apparent 

agreement with a protracted spawning cycle, as compared to 2005 

Table 3.2 Results of the length-at-maturation logistic regression 
analysis for female T. luscus.  

 
Criteria 
 

Year 
 

L50 
 

n 
 

Chi.sq 
 

p-value 
 

 
 

Std.Error 
 

 
 

Std.Error 
 

Histology 2004 177.5 490 146.9 <0.001 -13.553 1.222 0.076 0.006 

2005 162.2 472 123.0 <0.001 -14.763 1.536 0.091 0.008 

2006 114.9 1111 96.5 <0.001 -4.693 0.810 0.041 0.004 

pool 150.6 2078 376.8 <0.001 -9.173 0.598 0.061 0.003 

Macroscopic 2004 202.3 490 97.9 <0.001 -7.014 0.810 0.035 0.004 

2005 163.2 472 35.0 <0.001 -3.783 0.862 0.023 0.004 

2006 174.0 1107 135.1 <0.001 -7.053 0.708 0.041 0.003 

pool 
 

173.6 
 

2074 
 

238.7 
 

<0.001 
 

-5.182 
 

0.412 
 

0.030 
 

0.002 
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and 2006; years in which the proportion of regressing females 

raised noticeably in April (see 3.2.2). These results are in 

concordance with those found when atresia is estimated by 

reproductive phases (Table 3.3), showing the highest levels of 

atresia in regressing individuals, which occur in high 

proportion after the spawning period. On the other hand, the 

lowest average of relative intensity for follicular atresia was 

observed prior to or during the peak spawning season, as well 

as immediately before the post-spawning interval. However, in 

2004 and 2005 a certain degree of atresia was observed from 

September to December, probably due to a delay in the ocurrance 

of regressing females or even to a process of down-regulation 

in atresia (see Discussion).  
It was found a significant linear relationship between 

average intensity of atresia and fish length (p<0.05; Figure 

3.13). Bigger fish present more atretic follicles than smaller 

ones. 

 

 

 

Table 3.3 Estimates of female T. luscus prevalence and average relative 
intensity of follicular atresia based on maturity stage classification. 

 
 
Maturity stage 
 

Prevalence % 
 

Relative intensity % 
 

  

 
mean 

 
sd 
 

 
Developing 21.43 1.57 2.74 

Spawning Capable 48.37 2.88 3.43 

Actively Spawning 19.92 0.71 1.14 

Regressing 98.86 20.20 18.60 
Regenerating 
 

4.24 
 

0.06 
 

0.17 
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3.2.5 Embryonic Development of Trisopterus luscus Under 

Controlled Conditions 

 
To complete all the sequences of reproductive success, and 

in order to help contribute to fill some gaps in the 

literature, a laboratory experiment was conducted to describe 

the complete embryonic development of pouting.  

Embryonic development of pouting, Trisopterus luscus, was 

monitored at 13°C. Recently 

released pouting eggs are 

pelagic, with a smooth, clear 

and spherical chorion, and a 

homogeneous yolk. The 

perivitelline space is narrow 

and oil globules are absent. 

Fertilized live eggs were 

0.95–1.10 mm in diameter (n = 

160, mean 1.03 mm, SD 0.03 

mm), showing scant variation 

in their development stage. No 

manipulation was required for 

egg fertilization: the 

released eggs were naturally 

fertilized in the tanks. The 

development of pouting eggs 

was divided into seven stages 

(Table 3.4):  
Stage 1. Fertilization—

Preparation for cleavage 

(Precell—Early stage) 

The egg is quite 

transparent. Cell division has 

not yet begun. Cytoplasm is 

concentrated at the animal 

pole, appearing as a raised 

cap of undivided cellular 

material, easily 

 

Figure 3.6 Mean monthly variation 
in the length of female T. luscus, 
during the 2003-2006 reproductive 
cycles. The grey area represents 
the period with spawning 
differences between years. 
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differentiated from the yolk mass (blastodisc: preparation for 

cleavage) (Figure 3.14a). The membrane is thin and a small 

content of carotin gives the egg a faint yellow hue. This, 

together with the small size of the egg, makes it almost 

invisible in the water to the naked eye. 

Stage 2. Cleavage of the blastodisc 

The cleavage of the blastodisc begins with the division of 

the single cell into two daughter cells (blastomeres), becoming 

multicellular by means of repeated cleavages: 

2 cells—Cleavage 1. Cytoplasm splits into two equal-sized 

cells (Figure 3.14b). 

4 cells—Cleavage 2. Cell cap consists of four cells of equal 

size (Figure 3.14c).  

8 cells—Cleavage 3. Eight cells in 2 parallel rows form a 

single-layer rectangle (Figure 3.14d). 

16 cells—Cleavage 4. The fourth and last division of cells 

on a single layer takes place. Cells form a rough square, four 

cells wide and four cells long (Figure 3.14e). 

>16 cells. After the 5th or 6th division, the blastodisc 

attains a berry-like appearance that is oftentimes referred to 

as the ‘mulberry stage’ (Moser & Ahlstrom 1985) (Figure 3.14f). 

During all of the aforementioned stages, cells multiply and 

become smaller. However, the size of the blastodisc remains 

Table 3.4 Estimates of Embryonic development of the T. luscus, at 13ºC. 

Stage 
 

Duration 
 

 
Description 

 
 

Hours 
 

 
Minutes 

 
 

 
0 

 
00 

 
00 

 
Fertilization 

1 01* 00 Preparation for Cleavage (Precell – Early Stage) 
2 07 13 Cleavage of the Blastodisk 
3 25 57 Formation of Basic Embryonic Tissue Layers – Gastrulation 
4 33 37 Formation of pre-organs – Organogenesis 1 
5 75 30 Full Development of 171 Main Organs – Organogenesis 2 
6 100 41 Preparation for Hatching. 
7 
 

108 
 

55 
 

Hatching. 
 

* Mean duration taken by Friðgeirsson (1978)
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Figure 3.7 Logistic regression model to estimate the extent of the 
spawning season for female T. luscus (n = 2078). 2003-2006 
reproductive cycles. The shaded area corresponds to the interval 
when more than 50% of the females are in Spawning Capable or 
Actively Spawning condition, which is considered an estimation of 
“individual spawning period” for all years pooled. Week 1 in the 
graph represents week 45 in the natural year. 
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constant. The result of this process is a regular morula 

(Figure 3.14g and Figure 3.14h).  
The border of the morula thickens and forms the germ ring of 

the blastula (Figure 3.15a and Figure 3.15b). 

Stage 3. Formation of basic embryonic tissue layers—

Gastrulation 

The formation of the basic embryonic tissue layers marks the 

beginning of gastrulation (Figure 3.15c). The beginning of this 

stage is best defined by the visual aspect of the blastoderm, 

which resembles tissue rather than a collection of individual 

cells. The margin of the blastodisc becomes slightly thickened 

and is termed the germ ring. On one region of the germ ring the 

thickening extends inwards to form the embryonic shield, which 

defines the future axis of the embryo.  

Gastrulation proceeds by further proliferation and downward 

movement of the cells into the region of the germ ring by a 

process known as epiboly, i.e. the expansion of the cellular 

blastoderm over the yolk. At the end of this stage, the germ 

ring has enclosed one third of the yolk mass and the embryo is 

beginning to form along the median region of the embryonic 

shield. The head region of the embryo is becoming apparent 

(Figure 3.15d). 

 
 
Figure 3.8 Monthly variation of batch interval for female T. luscus.  
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Stage 4. Formation of pre-organs-Organogenesis 1 

Formation of the first rudimentary organs marks the end of 

gastrulation and the beginning of organogenesis. During this 

stage, the head and part of the embryonic body are formed. 

This stage is characterized by the development of the 

notochord, which can be seen from a dorsal viewpoint, and the 

differentiation of the optic vesicles from the brain (the optic 

bulbs; Figure 3.15e). Subsequently, the germ ring has closed 

and has almost completed overgrowth of the yolk, but the 

blastopore remains open. 

The ear primordia have formed and can be seen on both sides 

of the hindbrain (Figure 3.15f). The embryo has expanded over 

approximately one half of the yolk sac circumference. 

Subsequently, the 

blastopore becomes closed. 

Stage 5. Full development 

of main organs — 

Organogenesis 2 

During the second part 

of the organogenesis, the 

organs and systems of 

organs become functional 

one after another. The 

head and tail regions of 

the embryo are 

discernible. The tail is 

developing. This stage 

begins when the tail 

starts separating from the 

yolk mass (Figure 3.16a 

and Figure 3.16b). 

Initially, the tail is 

broadly rounded and then 

begins to narrow as it 

rapidly elongates. On both 

sides of the embryonic 

body, the rudimentary 

pectoral fin lobes are 

 

Figure 3.10 Logistic regression model for 
the estimated proportion of sexually 
mature females of T. luscus as a function 
of total length, using macroscopic (n = 
2074) and histological (n = 2078) staging 
methods.2003-2006 reproductive cycles. 
Black dots correspond to 2004, dark grey 
triangles to 2005 and grey squares to 
2006. 
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taking shape and myomeres are clearly visible (Figure 3.16c). 

Fin lobes are developing ventrally and dorsally on the tail and 

on the dorsal side of the embryonic body (Figure 3.16c and 

Figure 3.16d). 

Stage 6. Preparation for hatching 

The beginning of the preparation for hatching marks the end of 

the organogenesis (Friðgeirsson 1978). This is the final stage 

before hatching and it is defined by an embryo length exceeding 

three-quarters of the egg’s circumference. It lasts until the 

tail reaches the head (Figure 3.16e and Figure 3.16f). The tail 

is well separated from the yolk mass and the rest of the embryo 

remains tightly associated with the yolk. The tail continues to 

separate from the yolk as the embryo grows. 

Late stage: the tail completes a full circle around the 

upper half of the yolk. The tail of the embryo almost touches 

the head (Figure 3.16g and Figure 3.16h). Pupils can be 

discerned in the eyes, optic cups remain unpigmented (Figure 

 

Figure 3.11 Logistic regression model for the estimated 
proportion of sexually mature females of T. luscus as a function 
of total length, using macroscopic (n = 2074, empty grey 
squares) and histological (n = 2078, black dots) staging methods 
for all years pooled. 
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3.16g). Embryo pigment intensifies, including melanophores over 

the snout, and additional melanophores develop laterally along 

the trunk and tail. 

Stage 7. Hatching 

The embryo hatches as a yolk sac larva with closed mouth and 

gut. The head has not yet lifted from the yolk sac (Figure 

3.17a). Pouting eggs hatch during the latter half of the fifth 

day (4.54 + 0.17 days, approximately). The yolk sac is large 

and facing upwards, and the embryo is floating on its surface. 

The newly hatched larva is 3.13 mm+0.15 SD long. Eyes still 

almost unpigmented. The whole body shows black star-shaped 

chromatophores (Figure 3.17b). The farthest third of the 

postanal portion of the body is free from pigment. 

Numerous minute yellow chromatophores are distributed over 

the whole body, yolk sac and primordial fin (Figure 3.17b). 

These chromatophores provided the larva with a dim yellowish 

gleam. 

 

3.3 DISCUSSION 

 
Pouting, Trisopterus luscus, is one of the most abundant and 

commercially important demersal fish on the coast of Galicia. 

In spite of decreasing commercial catch rates, the only 

restriction on harvesting is a minimum legal size of 20 cm. 

There is no scientific stock assessment for pouting to date, 

and thus no biological reference points to define safe levels 

of harvesting. Knowledge of the reproductive biology of a fish 

species is essential for effective fishery management (Marshall 

et al. 2003). In order to understand the temporal and spatial 

dynamic of the population, the analysis of gametogenesis and 

the associated reproductive cycle is particularly important. 

Because pouting, as most of the exploited stocks, lives in a 

fluctuating environment, timing of reproduction is a key 

component of stock reproductive success (Wright and Trippel 

2009; Lowerre-Barbieri et al. 2011b). Temporality of 

reproduction is an individual characteristic and may differ 

among individuals in a population, producing a range of 
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temporal variation that maximizes environmental opportunities. 

Understanding gonad development allows comprehensive knowledge 

of within-population variability in reproductive timing. 

Besides, size and age at maturity, as well as atresia, should 

be important components in the estimation of egg production in 

fish populations, improving our assessment of Stock 

Reproductive Potential, SRP (Murua et al. 2003; Morgan 2008). 

Morphological identification and correct age estimation of 

pelagic eggs in ichthyoplankton surveys are crucial in the egg 

production method (Moser and Ahlstrom 1985), and that 

biological information should help estimate realized annual 

fecundity (Murua et al. 2003).  In summary, proper knowledge of 

fish reproductive strategy requires the study of several 

reproductive traits (Murua and Saborido-Rey 2003), such as 

length at maturity, the seasonal cycle of sexual maturation, 

the extent of follicular atresia, timing of spawning, and 

embryonic development, among others. 

The usefulness and importance of histology techniques in 

reproductive studies has been widely illustrated for fish 

species (West 1990; Tyler and Sumpter 1996; Blazer 2002; 

Lowerre-Barbieri et al. 2011b). In the present work we have 

focused on the importance of the proper identification of some 

key reproductive structures present in the ovary, such as 

atresia or postovulatory follicles, for the subsequent purposes 

of assessment of reproductive potential or simply description 

of follicle development (West 1990; Tyler and Sumpter 1996; 

Trippel 1999; Murua and Saborido-Rey 2003; Tomkiewicz et al. 

2003b). Pouting adheres to the normal process of oogenesis in 

teleosts, from primary growth stage to ovulation for posterior 

external fertilization, and including cortical alveoli, 

vitellogenesis and migratory nucleus (West 1990; Tyler and 

Sumpter 1996; Saborido-Rey and Junquera 1998; Murua and 

Saborido-Rey, 2003). Contrary to other species (Domínguez-Petit 

2007), the nucleus is not displaced by oil droplet formation. 

This is an important constraint in the nutritional physiology 

of early life stages. The embryo, as well as hatching larvae in 

their early stages, make predominant use of free amino acids 

(FAA), which are deposited in the egg during final follicle 
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maturation, as metabolic fuel (Finn 1994). Although there is no 

net lipid increase associated to the presence of oil droplets 

(Wiegand 1996b), there are differences between species in the 

rate of depletion of FAAs. This might be dependent upon the 

appearance of oil globules in the egg, or lack thereof. While 

in pelagic eggs with oil globules (one or two), i.e. eggs Type 

II, FAAs disappear prior to hatching, in species without an oil 

globule, i.e. eggs Type I, consumption of FAAs extends beyond 

hatching time (Rønnestad et al. 1999; Finn et al. 2002). 

Cystic follicles have been rarely and insufficiently 

described in the literature. These structures are reabsorbing 

follicles that, for unknown reasons, do not adhere to the usual 

atretic process, which starts with the breaking of the chorion 

and the disorganization of ooplasmic components; nevertheless, 

sometimes a follicle develops into a cyst, where follicular 

wall thickness increases and the follicle remains encapsulated 

by several follicular cell layers. Cystic follicles have been 

observed in several species, but there are scant specific works 

about these ovarian structures (Louge 1996; Tomkievicz et al. 

 

Figure 3.13 Linear relationship between atretic losses and fish 
length grouped for each 25cm female length (simple arithmetic 
mean) for T. luscus. 
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2003b; Domínguez-Petit and Saborido-Rey 2005; Dominguez-Petit 

et al. In press). Domínguez-Petit et al. (In press) describe 

the morphology of cystic structures in cod and hake and analyze 

the incidence on age, size and condition factor. No estimation 

of prevalence and intensity of this structure has been 

conducted for pouting, and thus more effort is needed in order 

to ascertain the impact of cystic follicles on the reproductive 

potential, since it could affect it by reducing total egg 

production.  Although further efforts are needed to determine 

the mechanisms that cause cystic follicles and the real impact 

that these structures have on reproductive potential, the 

results of the experiment conducted with pouting in captivity 

may help to understand those mechanisms. One of the females 

under study underwent a drastic cyst formation process that 

caused cessation of all spawning activity after spawning of 

only three batches. Histological examination of the ovary 

showed that most of the follicles in the ovary had become 

cysts. Since it is known that stress may cause a variety of 

physiological responses in fishes, affecting fecundity, egg 

size, survival of eggs or spawning behaviour to a certain 

extent (Morgan et al. 1999), it may thus be concluded that the 

effect of capture, confinement and repeated sampling may have 

been a source of stress on captive fish. We hold the idea of 

stress being a key factor in triggering the apparition of 

cystic follicles as deserving of special attention. The 

reaction of fish to stress can often be determined from the 

circulating levels of plasma cortisol (Morgan et al. 1999; 

Pankhurst and Van Der Kraak 2000); therefore, special attention 

may be set on hormonal response to stress conditions. The 

stress factors affecting fish reproduction could be related to 

environmental perturbations (temperature or salinity changes, 

hypoxia etc.) or anthropogenic factors (extreme fishing 

pressure, contamination, endocrine disruptors, etc.). The use 

of biomarkers to examine potential changes in aquatic 

ecosystems is an emerging trend in fishery management (Rice 

2003; Cury and Christensen 2005). Perturbed aquatic 

environments can affect fish gonads in a number of ways, 

including, but not limited to: changes in the expected timing 
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of development; decreased gamete 

size; intersexuality (the 

occurrence of primary follicles in 

testicular tissue or the occurrence 

of spermatocytes in ovarian tissue 

in non-hermaphroditic species); 

occurrence of cysts; and increased 

levels of follicle atresia 

(Lowerre-Barbieri et al. 2011b). 

Abnormal levels of follicle atresia 

have also been reported to occur 

due to aquatic contamination 

(Johnson et al. 2008).  
Levels of atresia varied 

considerably throughout the year. 

The highest levels of atresia were 

found at the end of the spawning 

season, which is considered typical 

of indeterminate species, or at 

least of those showing oocyte 

asynchronous development (Murua and 

Saborido-Rey 2003). Thus, the 

yearly peak of relative intensity 

of atresia seems to mark the end of 

the spawning season at the 

population level. The variation in 

timing of this maximum of atresia 

over the years of sampling is coincident with the differences 

found in sexual cycles, always concurrent with the end of the 

spawning season. Consequently, resorption of unreleased oocytes 

was linked to regressing females (Pavlov et al. 2009). A 

smaller peak of atresia occurred immediately before the 

subsequent spawning seasons in 2004 and 2005. This second peak 

could be associated to the process of fecundity regulation that 

is typical in determinate fecundity species, such as Atlantic 

herring, Clupea harengus (Kurita et al. 2003); or more likely, 

to the scant presence of females in delayed regression in the 

population, as indicated by the ovarian maturity stage 

 

Figure 3.14 Development 
stages of eggs of T. luscus 
reared at 13ºC. a. Stage 1; 
b. Stage 2 (2 cells); c. 
Stage 2 (4 cells); d. Stage 2 
(8 cells); e. Stage 2 (16 
cells); f. Stage 2 (>16 
cells, “Mulberry”); g. Stage 
2 (morula): h. Stage 2 
(morula).
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frequency. Skipped spawning is a 

reproductive strategy of many 

species, more common in long-

lived species with either 

temporally restricted food 

availability (e.g, capital 

breeders), or high energetic 

costs associated with 

reproduction (Rideout and 

Tomkiewicz 2011). However, in 

pouting were not observed eviden 

of the presence of skipped 

spawning.  

Histological examination of 

the gonads revealed that pouting 

possesses asynchronous ovarian 

development, i.e. follicles of 

all stages of development are 

present without dominant 

cohorts. This was reflected by 

the continuous follicle-size 

distribution, which is distinct 

evidence of asynchronous ovary 

development (Wallace and Selman 

1981; Murua and Saborido-Rey 

2003), hence indicating pouting 

is a batch spawner. Moreover, 

several modes can be identified 

in the vitellogenic follicle pool, representing different 

batches of follicles. The experiment with captive fish showed 

that a pouting female may produce more than 20 batches, which 

indicates a relatively long spawning season. 

At the population level, pouting has a protracted spawning 

season, lasting approximately 5 months, with most of the 

females spawning from January to April, and peak spawning 

occurs between February and March, as confirmed by both 

histology and GSI analysis, which is in accordance with 

previous studies (Labarta et al. 1982a; Merayo 1996a). Such 

 

Figure 3.15 Development stages 
of eggs of T. luscus: a. Stage 2 
(blastula); b. Stage 2 
(blastula); c. Stage 3 
(beginning of gastrulation); d. 
Stage 3 (late); e. Stage 4; f. 
Stage 4; g. Stage 4: h. Stage 4 
(late). 
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spawning season is protracted as compared to other gadoid 

species, such as Atlantic cod, Gadus morhua, which exhibits a 

population spawning season of ca. 2 months and an individual 

spawning activity of between 2 and 7 weeks (Kjebu 1989). 

However, Trisopterus luscus is closer in this respect to other 

members of its family, such as Trisopterus smarkii, Trisopterus 

minutus and Merlangius merlangus, with spawning seasons 

spanning 3-4 months (Cooper 1983). Captive pouting corroborates 

the observations in the wild concerning a protracted spawning 

season, exceeding 3 months even at the individual level. 

Nonetheless, tank experiment results should be interpreted 

carefully, since the spawning season was not tracked in full 

for any of the individuals studied in the experiment. 

Restricted spawning seasons in cold water habitats seem to be 

the general rule in the wild, whilst protracted spawning 

periods occur in response to warmer environmental conditions 

(Pavlov et al. 2009). This fact has even observed between 

populations of the same species living at different latitudes, 

as in Serranus scriba (Tuset et al. 2005; Alonso-Fernández et 

al. 2011), and it has important ecological consequences, since 

generally reproduction is synchronized with hydrographic cycles 

or events directly related to the survival of offspring, and 

thus further affecting recruitment processes. In situations for 

which future environmental conditions are difficult to predict, 

having long periods of spawning activity might be an adaptive 

response , hence reducing the effect of specific events 

involving high mortality and having the potential to increase 

recruitment (Cushing 1972; Cushing 1990; Mertz and Myers 1994). 

This is of vital importance, especially when changes have been 

noted in the environmental conditions of the ecosystem 

inhabited by pouting (Álvarez-Salgado et al. 2008). Therefore, 

we consider it especially interesting to understand within-

population (i.e., individual) variability in reproductive 

timing, as well as how fishing may impact it through age-

truncation and size-specific selection, or fishery-induced 

evolution, (Lowerre-Barbieri et al. 2011a). 
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The presence of pelagic eggs 

of pouting on the Galician shelf 

(northwestern Spain) was 

associated with the colder months 

of the year (12–14ºC), while 

salinity was relatively constant, 

around 35 ‰ (Ferreiro 1985). 

Therefore, the highest egg 

densities for Trisopterus luscus 

were found during icthyoplankton 

cruises in the Ría of Vigo in 

winter and spring (Ferreiro and 

Labarta 1988), in agreement with 

the spawning season data 

described in some studies on the 

Iberian shelf (Labarta et al. 

1982a; Merayo 1996a). Pouting’s 

peak reproductive activity seems 

to vary with latitude: from 

December to April on the Asturian 

coast (Merayo 1996a); from 

January to March on the coast of 

Brittany (Gherbi-Barre 1983); 

from February to June in the 

English Channel; and in March in 

the North Sea (Desmarchelier 

1985). Larvae began to appear in 

significant numbers in the eastern Irish Sea from early April 

onwards (Nichols et al. 1993; Fox et al. 1997), a little bit 

later than on the Galician shelf due to the delay in the 

spawning season. The duration of the spawning season seems to 

be consistent with field studies (Labarta et al. 1982; Merayo 

1996a).  

In spite of a protracted spawning season peaking 

consistently in February-March for the three years studied, 

annual differences were detected. There is evidence of 

endogenous control of gonadal development, which ensures a 

regular rhythm or cycle in reproductive activity, usually 

 

Figure 3.16 Development stages 
of eggs of T. luscus: a. Stage 
5; b. Stage 5; c. Stage 5; d. 
Stage 5 (late); e. Stage 6; f. 
Stage 6; g. Stage 6: h. Stage 6 
(before hatching). 
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concomitant to seasonal environmental changes, but also 

occurring at constant environmental conditions (Bye 1984; and 

references therein). However, there are also exogenous cues 

triggering gonadal development and spawning activity in many 

fish species (Munro et al. 1990; Yamahira 2001; Leder et al. 

2006). It is well known that photoperiod plays a major role in 

reproductive seasonality in most of the species, but especially 

in cold water species, for which gonadal development is slow 

and the optimum time for larval feeding is often restricted to 

the spring algal bloom (Bye 1984; Platt et al. 2003; Brown et 

al. 2006). By contrast, fish species with extended spawning 

seasons are common in warmer climates, with temperature playing 

a more important role in gonadal development (Pankhurst and 

Porter 2003). Temperature regimes during the period of study 

changed to some extent; however, those minor differences do not 

may explain spawning period variations. Additionally, female 

pouting size distribution varied slightly over the years of 

sampling and timing of spawning is likely to be size-dependent, 

as it will be discussed later on in this present work (see 

Chapter 6). Therefore, size structure of the mature population 

could be under the differences found in spawning season among 

years. However, a general trend was established and it seems to 

be synchronized with periodic changes in the environment, which 

is conditional on the seasonal upwelling system present in 

 

Figure 3.17 Newly-emerged yolk-sac larva of T. luscus, emerged 
after 109 h of rearing at 13ºC. a. Ventral view of larva; b.  3.18 
mm body length.  
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Galician waters (Nogueira et al. 1997; Álvarez-Salgado et al. 

2002). The peak in spawning was observed immediately before the 

onset of the upwelling period; this is probably so in order to 

prevent the drifting of eggs out of the rías system, and 

coincident with the rise in primary production, in order to 

ensure food availability for future exogenous feeding larvae, 

according to Cushings’s match-mismatch hypothesis (Cushing 

1972). Beyond environmental cues, also maternal features, like 

size and age, might contribute to explain those differences in 

annual sex cycles. Thus, in many species older and larger fish 

spawn sooner and often for longer durations (Wright and Trippel 

2009; Lowerre-Barbieri et al. 2011a), potentially increasing 

the reproductive success of these individuals and the 

population as a whole, i.e., reducing or increasing likelihood 

of larval coincidence with peak abundance of zooplankton 

(Hutchings and Myers 1993; Secor 2000). This aspect will be 

tackled in depth in Chapter 6, which will assess for the first 

time ever in pouting the effect of maternal effects (size and 

condition) on the duration and intensity of spawning in a fish 

stock, besides the consequences on stock reproductive 

potential. 

Spawning frequency as estimated from field sampling is quite 

intense during the peak of activity, with ca. 1 batch of 

released eggs per day, which can be considered very high, and 

indeed higher than for other members of the family (Kjesbu 

1989; Rideout et al. 2005a). Some tropical species present very 

high spawning fractions (Alheit 1993), which is likely related 

to high temperature regimes, but this is not the case; this 

aspect is further discussed in Chapter 6. However, the spawning 

frequency estimated via tank experiment was lower (see Chapter 

4). This evidences a high rate of ovulation, and the sharp 

increase in GSI and the percentage of females capable of and 

actively spawning from December to January indicates a fast 

deposition of follicle yolk, which is typical of asynchronous 

follicle development. Most species showing asynchronous 

follicle development have indeterminate follicle recruitment, 

but some may have determinate recruitment (Hunter and Macewicz 

1985; Greer Walker et al. 1994; Murua and Saborido-Rey 2003). 
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However, in indeterminate species egg release is concurrent 

with follicle recruitment, and hence ovary weight changes only 

slightly during most of the spawning season, yielding a dome-

shaped GSI curve or simply no trend at all. In pouting, the GSI 

peak was followed by a sharp decrease over the next two months, 

which may indicate that there was a rapid loss of eggs and no 

replacement. The lack of follicle replacement over the spawning 

season implies determinate fecundity, but this topic will be 

thoroughly analyzed in the present work (see Chapter 4).  

Variations of HSI and K suggest that there was a 

mobilization of reserves for gonad development and high energy 

investment in reproduction (Merayo 1996b; Murua et al. 2006), 

more apparent in the case of females. The condition index could 

be used to forecast potential energy content and nutritional 

state of a stock, as it is done for other determinate species 

like cod (Lambert and Dutil 1997a). The condition factor index 

could also be used to predict fecundity and reproductive 

success of the species (Kjesbu et al. 1991; Marshall et al. 

2003). Energy allocation to reproduction will be discussed in 

detail in following chapters (Chapter 4 and Chapter 5). 

This study determined, based on histological methods and 

with all samples pooled, that length at maturity (L50) was 

150.6 mm. Therefore, the minimum legal size regulations 

applicable in the area, i.e. 200 mm, seem to be appropriate as 

per current estimations. However, two sources of variation were 

found for estimations of length at 50% maturity: annual 

differences and bias in macroscopic ovary staging. Histological 

staging normally provides less biased estimates of maturity 

(Hunter et al. 1992; Stark 2007). Differences between 

histological and macroscopic ogives normally arise from the 

difficulty to distinguish immature from resting fish, as 

Saborido-Rey and Junquera (1998) already pointed out. A 

critical period for misclassification in macroscopic staging 

methods occurs after post-spawning interval, when frequency of 

regenerating females rises sharply, increasing the chance of 

misclassification. This error is more likely be made for 

species with protracted spawning seasons, where all 

developmental stages are frequently simultaneous. The 
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implications of these errors on stock assessment are directly 

linked to estimation of SSB, generally due to misclassification 

of resting females as immature, generating unreliable maturity 

ogives and hence an underestimation of SSB. Besides, wrong 

estimations of maturity ogives may prevent the detection of 

shifts in maturity ogives due to overexploitation (Saborido-Rey 

and Junquera 1998). Thus, the inclusion of proper estimates of 

maturity may significantly improve the estimation of limit 

reference points for a fish population (Morgan 2008). For all 

these reasons, the use of histology to determine maturity stage 

and/or to calibrate macroscopic staging is strongly recommended 

(Murua et al. 2003; Domínguez-Petit et al. 2008). 

The  L50 presented in this research work differed from 

previous estimates of 182 mm (Labarta et al. 1982a) and 220 mm 

(Merayo 1996a), which were based on macroscopic assessment. 

Therefore, any comparisons made should take into account the 

different methodological approaches used in L50 estimations. 

The disparities found with the results from Merayo (1996a) 

might be owing to regional differences, since environmental 

conditions may play an important role in maturation rates, 

affecting growth rate of different cohorts (Domínguez-Petit et 

al. 2008). Temperature is known that have an impact on age and 

size at maturation (Drinkwater 2005: and references therein), 

but responses of fish to this factor varies between species: 

for instance, Rose (2005) suggests that small pelagic species 

respond quickly and strongly to climate changes because of 

their physiological limits and fast potential growth. 

Concerning annual variation on the Galician shelf, a negative 

trend was observed in L50, based on histological estimations 

during the three years studied. The past decades have seen 

studies describing a reduction in age and length at maturation 

in exploited species, focused mainly in gadoid species like 

Gadus morhua (Jørgensen 1990; Trippel et al. 1997; Saborido-Rey 

and Junquera 1998) or Melanogramnus aeglefinus (Taylor and 

Stefánsson 1999). Size at maturation is known to be a highly 

plastic parameter that changes under external pressure, and 

hence the observed differences may be the consequence of 

changes within the stock, particularly a decrease in population 
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abundance, which is a density-dependent effect (Adams 1980; 

Wootton 1990; Saborido-Rey and Junquera 1998). It is widely 

accepted that decreasing size at maturation acts as an 

indicator of stress conditions generated by high rates of 

exploitation (Trippel 1995). The size-selective component of 

fishing mortality in highly exploited populations can generate 

an evolutionary trend through genetic adaptation (Dieckmann and 

Heino 2007; Pérez-Rodríguez et al. 2009). Shifts in maturation 

at smaller sizes and younger ages can have important 

consequences on SRP, affecting fecundity (Kraus et al. 2002; 

Marteinsdottir and Begg 2002) and egg and larval viability 

(Trippel et al. 1997). However, a long maturation data set is 

required to detect and validate those changes in a population. 

Besides, the observed decreasing trend is not consistent with 

macroscopic estimations; moreover, macroscopic estimations were 

considered higher than microscopic estimates and even higher 

than those values reported by Labarta et al. (1982a). We may 

also add that for this study we found difficulties when 

sampling the immature fraction of pouting stock, due to the 

fact that the artisanal fleet usually catches individuals 

exceeding 150 mm of length. This may have affected the accuracy 

of the L50 estimation, and therefore, the observed differences 

should be considered with caution. A pooled L50 for the whole 

period analyzed was calculated in order to approach the size 

range required for correct estimations in as much as possible, 

but further effort in this direction is recommended. 

This study was the first attempt at achieving the 

reproduction in captivity of this species. Pouting 

spontaneously spawned successful batches of viable eggs in 

controlled conditions; artificial hormonal induction was not 

necessary. The development of pouting eggs was divided into six 

stages, based on the artificially reared material and adapted 

from Friðgeirsson (1978). The embryonic development sequence 

described in this paper is consistent with previous studies on 

Trisopterus luscus (Ehrenbaum 1905-1909) and the egg 

classification for Trisopterus esmarki (Friðgeirsson 1978). The 

temperature selected for the experimental period, 13ºC, was on 

par with the typical conditions of surface water in late winter 
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on the Galician sehlf (Domínguez-Petit et al. 2008). 

Additionally, the prevalence of pouting eggs is higher in 

Galician waters at temperature ranges between 12º and 14ºC for 

that period (Ferreiro 1985). Under artificially controlled 

conditions at a constant 13ºC, hatching time  was estimated in 

approximately 4.54  0.17 days, while Ehrenbaum (1905-1909) 

determined this period to be 10-12 days in the south western 

North Sea; however, no reference temperature was provided by 

Ehrenbaum in his studies . Friðgeirsson (1978) found that T. 

esmarki hatches after 5 days and 20 hours of incubation at 

7.2ºC. The disparities between this study and Ehrenbaum’s 

observations could be due to differences concerning incubation 

temperature, since fertilized eggs came from northern waters 

containing reared material. It has been clearly demonstrated 

for several species that egg development is strongly 

temperature-dependent, and the decrease of the developmental 

time for higher temperatures is known for a number of fish 

species (Blaxter 1969; Miranda et al. 1990; Cunha et al. 2008). 

Thus, further research is needed to properly ascertain 

pouting’s developmental rates for the likely temperature range 

at different latitudes.  

Eggs float due to their high water content, nearing 90% as 

for other species from the same genus (Friðgeirsson 1978). Due 

to an egg mean diameter of 0.95–1.10 mm as per the results of 

the present study, the identification of pouting eggs could be 

problematic given their similarities to other species. Pouting 

eggs cannot be readily separated from those of similar size 

with no oil globules. In Galician waters, the main sources of 

identification problems are Trisopterus minutus (Ferreiro 1985) 

and Pollachius pollachius. In northern latitudes, however, 

Merlangius merlangus, Platicthys fesus and Limanda limanda can 

also be misleading (Fox et al. 1997). Regarding egg and larvae 

size, the present results are similar to those found in 

previous studies. Ferreiro (1985) found eggs with 0.89–1.10 mm 

of diameter, which is consistent with our own findings, while 

Erhenbaum (1905–1909) and Russell (1976) established the 

diameter-range of fertilized eggs to be between 0.97–1.23 and 

0.90–1.22 mm respectively, i.e. they found larger eggs. Nichols 
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et al. (1993), Fox et al. (1997) and Ré (1999) determined the 

egg diameter-range to be between 0.90 and 1.23 mm, in 

accordance with the latter references. Hatched larvae, measured 

within the first 24 hours after hatching, were 3.13 mm + 0.15 

SD long. Ferreiro (1985) and Erhenbaum (1905–1909) described 

hatched larvae as slightly below 3.0 mm long. Larvae of T. 

luscus are quite similar to those of Micromessistius poutassou 

but they can be easily distinguished by the number of miomeres, 

namely 48–49 and 56–60 respectively (Ré 1999). 

  

3.3.1 Concluding Remarks 

 
Histological study of gonads of T. luscus reveled was 

consistent with asynchronous ovarian development. This study 

shows that pouting on the Galician shelf presents a protracted 

spawning season, from January to May, with a peak of spawning 

activity in February, a month when female pouting release a 

batch almost every day. There was found interannual variation 

was found of in the length of the spawning season, a variation 

that is likely to be, likely   related to the size composition 

of the fish sample.  Length -at -maturation, 150.6 mm, was 

lower than previously estimated in other studies, and it seems 

to be in concordance with the established minimum legal size, 

200 mm. The development of the pelagic eggs and hatched larvae 

has been described for the first time ever in this study for 

the first time ever. This has also been the first natural 

spawning experience in captivity for this species, and it opens 

a new way for experimental design. Spontaneous spawning 

activity was observed and viable and fertilized eggs 

fertilized, viable eggs were obtained through the experimental 

procedure. 



 



 

4 Egg	Production	Dynamic,	Fecundity	
Strategy	and	Spawning	Pattern	in	an	
Asynchronous	Ovarian	Development	
Species	(Trisopterus	luscus)	
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4.1 FECUNDITY AS A KEY FACTOR IN THE DYNAMIC OF FISH 

POPULATIONS 
 

In fishes, the annual egg production of individuals –often 

referred to as fish fecundity– is considered to be a key factor 

in order to understand variations in population size, and hence 

it is a very relevant life history trait to fishery management 

(Hilborn and Walters 1992; Marshall et al. 2003). Understanding 

and measuring fecundity bears great importance, as it is 

directly linked to recruitment, enhancing our ability to 

estimate recruitment and population growth rate (Roff 1992; 

Kraus et al. 2002; Lambert 2008). The factors affecting egg 

production, as well as growth, condition and maturation are 

essential to determine the sustainable level of fishing 

exploitation, as well as the recovering rates. Therefore, the 

routine estimation of female and/or population egg production 

is instrumental (Lambert 2008). 

In current fishery management procedures, the 

Stock/Recruitment (SR) relationship represents a fundamental 

tool to predict recruitment and to derive reference points for 

fishery stock management (Needle 2001). In such relationship, 

SSB is generally assumed to be a directly proportional proxy 

for total stock egg production (TEP). However, this assumption 

has been widely shown as invalid (Marshall et al. 1998 and 

1999; Trippel 1999; Marteinsdottir and Begg 2002; Morgan and 

Brattey 2005; Scott et al. 2006), since it implies that fish 

fecundity is independent from fish age/size or other maternal 

factors, like fish condition. TEP appears to be a more reliable 

index of stock reproductive potential than the SSB index, 

mainly because in this way information concerning the 

demographic structure of the mature population is included in 

the estimation of reproductive potential (Marshall et al. 1998; 

Mehault et al. 2010). Morgan (2008) already demonstrated that 

fecundity data can be incorporated into indices of reproductive 

potential, which can have a large impact on estimates of 

reference points and recognition of stock situation. Fish 

fecundity data are rarely available in most marine fishery data 

sets (Tomkiewicz et al. 2003a). In this sense, Lambert has 

(2008) emphasized the importance of adding measures of 
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fecundity to other parameters for exploited marine fish stocks, 

in order to improve assessment of reproductive potential. 

Besides, as there is fecundity variation between stocks and 

between years within a population (Kraus et al. 2002; Blanchard 

et al. 2003; Rideout and Morgan 2007), it is crucial to obtain 

complete historical time series of fecundity data for exploited 

fish stocks.  

Although fecundity is described as the number of eggs 

produced by a female, there exists a variety of terms 

describing the different aspects of fecundity (Murua and 

Saborido-Rey 2003). In this chapter we are only concerned with 

individual fecundity: both potential fecundity, defined as the 

total number of advanced yolked follicles matured per year, 

uncorrected for atretic losses (Hunter et al. 1992); and batch 

fecundity, defined as the number of eggs spawned per batch, 

while total egg production is tackled in Chapter 6. Fecundity 

and its estimation depend on the rate at which follicles are 

recruited, from primary to secondary growth stage, in order to 

reach follicle maturation during the breeding season, i.e. 

normally within the annual cycle. Two types of follicle 

recruitment can be recognized (Hunter et al. 1985; Murua and 

Saborido-Rey 2003): determinate and indeterminate. In 

determinate species, the number of follicles that potentially 

will be spawned during the breeding season (potential 

fecundity) is recruited (determined) prior to the onset of 

spawning, and not further recruitment occurs afterwards. On the 

contrary, indeterminate species are those where the number of 

follicles that potentially will be spawned during the breeding 

season is not determined prior to the onset of spawning and 

follicle recruitment occurs afterwards. The abovementioned 

terms have great importance for the assessment of fecundity, 

but also in the manner females use energy: as the energy costs 

of reproduction are mostly allocated to egg production, the 

dynamic on how this energy is allocated constitutes a critical 

strategy that determines the life history of the species in 

order to maximize fitness (Saborido-Rey et al. 2010). The cost 

of reproduction is the subject matter of Chapter 5. 
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The main reason for this lack of information on fecundity in 

most fish stocks may rely on the fact that traditional 

fecundity estimation methods, i.e. the gravimetric or 

volumetric method (Bagenal and Braum 1978; Kjesbu and Holm 

1994), are markedly time-consuming. However, recent 

methodological advances –mainly based on image analysis 

systems— have led to a a reduction in the time and work 

required to obtain accurate estimations of fecundity, as is the 

case of the auto-diametric method (Thorsen and Kjesbu 2001) or 

similar procedures (Klibansky and Juanes 2008). This is 

especially useful for synchronous species, while formulae for 

follicle packing density (Kurita and Kjesbu 2009) work better 

in asynchronous species. Nevertheless, methodology should be a 

meditated decision in order to obtain reliable results 

regarding the variety of reproductive strategies present in 

teleosts (Kurita and Kjesbu 2009; Witthames et al. 2009). 

Previous reproductive studies assumed that pouting was a 

species with determinate follicle recruitment (Merayo 1996a) 

and, although it presents asynchronous ovarian development 

organization –a common feature of indeterminate species (Murua 

et al. 2003). No evidence of determinate follicle recruitment 

had been previously provided, and the latter assumption needed 

to be verified to provide a proper estimation of total egg 

production for future fishery management. Thus, the purpose of 

this study was to determine fecundity type and follicle 

recruitment. Additionally, fecundity seasonal and annual 

variations have been described. 

4.2 RESULTS 
 

4.2.1 Homogeneity of Ovarian Follicle Distribution in Trisopterus 
luscus 

 
Homogeneity in size and density distribution of follicles 

was tested, in order to avoid bias in the estimation of 

fecundity in relation to the location of tissue sampling within 

the ovary. No significant differences were found in follicle 
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diameter or density regarding location of the sample in the 

ovary (ANOVA, diameter: F=0.01, df=2, n=8, p-value=0.99; 

density: F=0.1575, df=2, n=8, p-value=0.85). 

 

4.2.2 Comparison of Fecundity Estimation Methods 
 

Three methods to estimate fecundity were used in this 

research: the gravimetric, the stereometric and the auto-

diametric method. The first two procedures are well developed 

and no new information has been supplied in this study in their 

respect. 

 In the case of the auto-diametric method, a calibration 

curve between follicle mean diameter and ovarian follicle 

density has been provided for pouting for the first time ever 

(Figure 4.1). This curve can now be applied to estimate 

potential fecundity for this species. Follicle density, defined 

as the number of developing follicles per gram of ovary (OG), 

was significantly related for pouting (Table 4.1) to follicle 

diameter (OD in m)as per a non-linear power model (OG=×OD). 
The average prediction error estimated for calibration curve 

models (log- transformed) was assessed using the leave-one-out 

cross-validation procedure, and was relatively close to zero: 

0.411, as befits models with good predictive qualities.  

Method comparison was conducted on 36 individuals by means 

of a GLM (negative binomial family distribution). Weight was 

included as a con-

tinuous explanatory 

variable, while the 

fecundity estimation 

method was added as a 

factor. No significant 

differences were found 

in the estimation of 

fecundity methods 

(Table 4.2 and Figure 

4.2).  

Table 4.1 Results of the power relationship 
between follicle density (OG) and mean 
follicle diameter (OD) of T. luscus. 

 
 
Model p-value df n r2 
 
OG =×OD 

 
<0.001 

 
2 
 

104 
 

0.63 
 

 
Parameters Estimate std.Error t-vlue p-value 

 6.17E+09 5.67E+09 1.087 0.280 



-2.142 
 

0.162 
 

-13.205 
 

<0.001 
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It should be noted that although no significant differences 

were found between fecundity estimations, the auto-diametric 

method was not used in this thesis for any further purposes due 

to the relatively low predictive power, at the individual 

level, of correspondent calibration curve –as opposed to 

synchronous ovarian development species (Kurita and Kjesbu 

2009; Witthames et al. 2009). 

 
 
Figure 4.1 Relationship and fitted curve between follicle 
density (number of follicles per gram of ovary) and follicle 
diameter (m) for T. luscus. 

Table 4.2 ANOVA result from Generalized Linear Modelling (GLM, negative 
binomial family distribution) to compare fecundity-body weight 
relationships of T. luscus using three different estimation methods. 

 
 
Explanatory variables 
 

df 
 

Deviance 
 

Resid. Dev 
 

F 
 

p-value 
 

 
Weight 1 6723876 5042340 170.591 <0.001 

Fecundity Estimation Method 2 13825 5028514 0.175 0.839 
Interaction Weight:Method 
 

2 
 

129199 
 

4899316 
 

1.639 
 

0.199 
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4.2.3 Fecundity Strategy in a Species with Asynchronous Ovarian 
Development, Trisopterus luscus 

 
In pouting there is a continuous size-frequency distribution 

of follicles for every maturity stage except for ovaries at the 

hydrated stage, which had a separate mode of very large (>800 

μm) hydrated follicles (Figure 4.3). The results showed that 

follicle size distribution did not present a well-developed 

hiatus between the stock of primary growth follicles and the 

standing stock of developing follicles, except for hydrated 

ones. 

 Mean follicle diameter is significantly different between 

reproductive phases (F=1034.8, df=4, p-value<0.001), with the 

largest diameter, i.e. 357 m, found in actively spawning 

females, and the smallest one, i.e. 223 m, in regressing 

females (Figure 4.4). 

 
 
Figure 4.2 Relationships and fitted curves between T. luscus 
female weight and potential fecundity using different fecundity 
method estimations.  
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Mean follicle diameter, excluding hydrated follicles, showed 

significant variation (GAM, Table 4.3) throughout the year and 

with female body length (Figure 4.5). Including female length 

in the model permits to incorporate the effect of maternal size 

on follicle size and thus, to partially avoid confusion between 

seasonal effect and length effect. A peak in follicle diameter 

was found in March, decreasing steadily until the autumn. The 

final model did not include interaction, since it did not 

result in a significant improvement of the model.  
The relative number of developing oocytes (RNDO) also varied 

Table 4.3 Results of the GAMs fitted to follicle diameter against month 
and female body length variables for T. luscus. A Gaussian distribution 
was adopted for the response variable. For smoother df (degrees of 
freedom), F values and corresponding p-values are given. GCV (Generalized 
Cross Validation) and AIC (Akaike Information Criterion). 

 
 
Explanatory variables 
 

df 
 

F 
 

p-value 
 

n 
 

Deviance explained (%) 
 

GCV 
 

AIC 
 

Month 4 10.482 <0.01 147 34.5 1805.9 1521 
Body Length 
 

3 
 

5.386 
 

<0.01 
     

 
 
Figure 4.3 Follicle size-frequency distribution in actively 
spawning T. luscus females, n=10. 
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during the year. This seasonal variation was modeled using GAMs 

with month as covariate (F=45.41, df=6, n=434, p-value<0.001, 

deviance explained=37.9%). The shape of the partial effect of 

month (Figure 4.6) indicates a deep decline in RNDF after the 

maximum value obtained in February, coincident with the peak of 

reproductive activity during the spawning season (see Chapter 

3). 

 

Relative batch fecundity (RBF) averaged 47+31 hydrated 

follicles per gram of gutted female (fish weight range between 

54 and 528 g, n = 80) for the year. The experiment conducted 

with captive pouting yielded similar results, with an average 

RBF of 51+15 egg per gram of female pouting  (fish weight range 

 
 
Figure 4.4 Mean follicle diameter (m, log transformed) per 
reproductive phases of T. luscus. Box: interquartile range (25-
75%); whiskers: 1.5 times the interquartile range from the box. 
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between 103 and 403 g, n = 6). The ratio potential 

fecundity/batch fecundity might provide an approximation to the 

total mean number of batches that 

will be released; in this case, 

this relationship was assessed by 

using mean potential fecundity 

divided by mean batch fecundity. 

The result was an estimate of 20 

batches per female during the 

spawning season (Table 4.4). 

Information on spawning activity 

in captivity in comparison with 

field studies is fully described 

in 4.2.4. 

Three lines of evidence to determine fecundity type in 

pouting were investigated in this chapter:  size-frequency 

distribution of follicles; seasonal variation of mean follicle 

diameter; and evolution of NDO over the spawning period. 

Additionally, atresia levels (see Chapter 3) were taken into 

account to identify the fecundity strategy. The data have 

yielded contradictory results: while asynchronous ovarian 

organization and atresia levels indicate indeterminate 

fecundity, the decrease of NDF and mean follicle diameter 

support the hypothesis of determinate fecundity. These and 

other aspects of the fecundity strategy of pouting are treated 

in depth in the Discussion section. The result was an estimate 

of 20 batches per female during the spawning season (Table 

4.4). Information on spawning activity in captivity in 

comparison with field studies is fully described in 4.2.4.  
 

4.2.4 Egg Production Pattern under Controlled Conditions in 
Trisopterus luscus 

 
 The experience described in this thesis has been the first 

successful attempt ever at achieving the natural spawning of 

pouting in captivity. Coincident with previous studies, the 

onset of the spawning period for the captive fish took place in 

Table 4.4 Estimation of mean 
potential and batch fecundity of 
T. luscus to calculate the 
average number of batches in the 
spawning season. 

 
 
Fecundity 
 

n 
 

mean 
 

sd 
 

 
Potential  69 202577 159884 

Batch  81 10064 8780 
 
Potential/Batch  
 

20 
   



Alonso-Fernández 2011 - Bionergetics approach to fish reproductive potential 

 

 
122 

early winter, and no hormonal induction was required. Captive 

female fishes spontaneously and repeatedly spawned during the 

breeding season, even in absence of males.  

Despite some individual variation in batch interval, ranging 

from 1.8 to 4.6 days, no significant (p>0.05) size-dependent 

trend was determined. An average amount of one released batch 

per female every 2.7 days was hence established. Once the 

females either died or were sacrificed, the histological 

examinations of their gonads revealed that some of the females 

remained spawning-capable. This finding suggests that the 

spawning season could span beyond three months at an individual 

level. 

 
 
Figure 4.5 Plots of perspective plot views of GAMs model 
predictions for follicle diameter as a function of total length 
and month for females of T. luscus. Linear predictor corresponds 
with follicle diameter in m.   
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Batch fecundity, i.e. the number of eggs released per batch, 

ranged approximately between 1900 and 80000 eggs (fish length 

ranged between 20 and 28 cm) throughout the experiment. 

Relative batch fecundity yielded a mean of 51+15 (mean+sd) eggs 

per gram of female throughout the experimental procedure. Batch 

fecundity-size (length and weight in cm and g respectively) 

relationships were evaluated and the correspondent equations 

are presented below:  
 
Equation 4.1 Ln(Nº eggs/batch) = -6.01 + 4.75 x Ln(Length)  
Equation 4.2 Nº eggs/batch = -5069 + 80 x Weight 
   

The average batch size, i.e. the number of eggs released per 

batch, was significantly dependent (p<0.05) on length (cm, 

Equation 4.1) and weight (g, Equation 4.2) (Table 4.5 and 

Figure 4.7). For seasonal variation in batch size (number of 

eggs released per batch), only those females that spawned over 

25 batches were included in the analysis; thus, only two 

females were used for this purpose:  
 
Female 1: 24 cm, 225 g, spawning frequency 1.75 days, 28 batches 
Female 2:  20 cm, 103 g, spawning frequency 2.16 days, 32 batches 

 
Only the female effect was found to be significant (Table 

4.6), supporting the size-dependent batch fecundity 

relationship. No temporal trend was detected during the 

spawning season, expressed as batch number. The fitted model is 

shown in Figure 4.8. 

 

4.2.5 Potential Fecundity Variation: Size, Geographical and 
Temporal Trends in Trisopterus luscus on the Galician Shelf 

 

4.2.5.1 Potential Fecundity-Body Size Relationships 

 
The evidence presented in 4.2.4 partially suggests that 

pouting presents a determinate follicle recruitment strategy 

and hence potential fecundity (PF) could be estimated. 

Different relationships between potential fecundity and female 
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size (length and weight) were estimated with the data from all 

years pooled. Firstly, fecundity-female size proportion was 

investigated based on the traditional power function Y=·X, 

for allometric growth (Huxley and Teissier 1936). Additionally, 

two alternative statistical models –simple linear regression 

and GLM— were developed and compared to the previous one in 

order to find the most suitable approach. 

 Fecundity increased significantly with both female features 

for all the models presented (Table 4.7). The allometric growth 

model shows that a 300 mm female has an estimated potential 

fecundity of 367841 eggs. The high allometry, =4.307, shows 
that fecundity increase markedly fast with female length. In 

the case of the relationship with weight, a positive allometry, 

i.e. >1, is also obtained, =1.36. Ultimately, it seems proved 
that potential fecundity and female size do not present an 

isometric relationship and reproductive potential in larger 

females is significantly higher (Figure 4.9). 

Concerning the proportion of variation explained, the power 

(allometric) function gives acceptable results (Table 4.7) and 

has a deep theoretical background for further biological 

interpretations of the parameters estimated; however, the 

distribution of residuals shows an increasing variation with 

larger fitted values. For GLM, a Poisson distribution –

suggested for count data (Zuur et al. 2007) –was originally 

selected; nonetheless, the final family distribution assumed 

was the negative binomial, in 

order to avoid problems of over-

dispersion as shown in Figure 

4.10. The proportion of variation 

explained is also relatively high 

(Table 4.7). The allometric 

nature of these two models 

permits to account for the 

markedly higher reproductive 

potential of larger fish. Simple 

linear regression presented a 

clear problem of 

hetereocedasticity, with highly-

Table 4.5 Summary of linear 
regression of batch fecundity 
against body length and weight 
(gutted weight) in captive 
females of T. luscus under 
controlled conditions (13ºC). 

 
 
Explanatory     
Variable 
 

n 
 

df 
 

p-value 
 

r2

 
 
Weight 6 2 0.004 0.90 
*Ln(Length) 
 

6 
 

2 
 

0.033 
 

0.72 
 

*Ln(Batch fecundity) as 
response variable. 
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spread/scattered residuals for larger fitted values; 

additionally, a clear pattern is present in residual 

distribution, mainly for the PF-Length relationship. Lastly, 

the proportion of variation explained is generally lower than 

for the previous models (Table 4.7), except when compared to 

the PF-Weight GLM. Summarizing: the AIC model comparison gives 

better statistical results for the GLM approach; nevertheless, 

the power equation and the GLM seem to be quite comparable, 

especially for the PF-Length relationship.  
 

4.2.5.2 Geographical Variation 

 
Potential fecundity estimations from two geographical areas, 

Galicia and Asturias, were compared using published data from 

 
Figure 4.6 GAM smoothing curve fitted to partial effect of month 
on Relative Number of Developing Oocytes (df=6) in T. luscus. 
Shade plot represents 95% confidence intervals around the main 
effect. 
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the Asturian coast (n = 21; Merayo 1996a). To test the 

differences in fecundity among both geographical areas 

statistically, a GLM with negative binomial family distribution 

was used (see 4.2.5.1). Significant differences were found in 

the PF-Length (factor(area), intercept: p-value<0.001, Slope: 

p-values<0.001) and PF-Weight (factor(area), intercept: p-

value<0.001, Slope: p-values<0.001) relationships between both 

areas. Fecundity estimations from Asturias were markedly lower 

than in Galician. These differences became greater for bigger 

sizes (Figure 4.10). Condition indices from these populations 

resulted also significantly different (F=6.033, df=4, p-value= 

0.016), being slightly higher in Asturias.  

 

4.2.5.3 Annual Variation  

 
Interannual variability in the potential fecundity of 

pouting was evaluated by comparing the potential fecundity-

length and fecundity-weight relationships of each year. 

Significant differences were found between years for both 

 
 
Figure 4.7 Fitted curves of mean batch size-length and weight 
relationships for captive T. luscus females (n=6). 
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covariates, length and weight (GLM, negative binomial, 

PF=length+year: df=5, n=52, p-values<0.01; PF=weight+year: 

df=5, n=52, p-values<0.01). No significant interaction was 

detected, i.e., the slopes between years were not significantly 

different –parallel fitted curves (Figure 4.11).  
 

4.2.6 Batch Fecundity Variation: Size and Temporal Trends in 
Trisopterus luscus on the Galician Shelf 

 

4.2.6.1 Batch Fecundity-Body Size Relationships 

 
As in the case of potential fecundity, relationships between 

batch fecundity and female size (length and weight) were fitted 

to three different models with the data from all the years 

pooled: power equation, GLM and simple linear model.  

Batch fecundity (BF) increased significantly with female 

body length and weight (Table 4.8 and Figure 4.12), with 13776 

eggs released per batch in a 300-mm female. Taking length as a 

covariate in the power equation, allometry resulted positive, 

with a >1; however, for weight the relationship turned to be 

isometric, =1, i.e. a linear relationship. Nevertheless, 

residuals show clear heterocedasticity due to the high 

variability observed, especially at larger lengths and weights. 

Heteroscedasticity was reduced by using a negative binomial 

distribution in the GLM. The variation accounted for these 

Table 4.6 ANOVA results from the Generalized Linear Modelling (GLM, 
quasi-Poisson family distribution) to compare batch fecundity between 
females and batch number seasonal effect) in captive females of T. 
luscus. 

 
      
Explanatory variable 
 

df 
 

Deviance 
 

Resid. Dev 
 

F 
 

p-value 
 

 
Batch number 1 2338 125093 1.373 0.246 

Female 1 31359 93735 18.411 <0.001 
Batch number:Female 
 

1 
 

340 
 

93395 
 

0.199 
 

0.656 
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relationships was relatively low, with the linear model being 

the one with higher r2 and the GLM with the lower (Table 4.8).  

Despite the low predicted power of the model, the AIC model 

comparison indicates that the GLM is the most appropriate model 

under a statistical perspective. It should be noted that the 

size range of fish used to develop the model is relatively 

small. 

 

4.2.6.2 Seasonal Variation 

 
Seasonality in batch fecundity within the spawning season 

was investigated by comparing monthly fecundity values with 

female weight. Only months from January to May were considered 

for the analysis, covering the whole spawning season. The 

samples from all the years were pooled to achieve an adequate 

 
 
Figure 4.8 Scatterplots of batch fecundity variation over the 
spawning season for captive T. luscus females (n=2).  
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number of samples per month. To avoid heterocedasticity, the 

negative binomial GLM was used for BF-female size 

relationships, using month as factor. There were not 

significant differences for interaction and main effect of 

month (BF-length: df=8, p-value=0.57; BF-weight:df=8, p-

value=0.18) on BF-female length and weight relationships 

(Figure 4.13). The explanatory power of the batch fecundity-

body size curves is relatively poor due to the high variability 

at all weights (see 4.2.6.1); therefore, no statistical 

significance was found throughout the spawning season. 

Individual spawning results in captivity conditions were 

similar (see 4.2.6.1).  
 

4.2.6.3 Annual variation  

 

Since no seasonal variation was found across the spawning 

period, for purposes of analysing the interannual difference in 

batch fecundity the estimations for every spawning season were 

pooled and grouped by years (Figure 4.14). BF-length and BF-

Table 4.7 Summary of the three regression analyses for potential 
fecundity against female size (Length and Weight) in T. luscus. 
 
Potential fecundity 
relationships 
 


 

std.Error 
 


 

std.Error 
 

p-value 
 

df
 

n 
 

r2 
 

AIC 
 

Power function 

PF=·length 0.000 0.000 4.397 0.334 <0.001 3 56 0.793 1412 

PF=·weight 143.727 79.766 1.363 0.097 <0.001 3 56 0.811 1407 

GLM   

glm(PF)=+·length 8.082 0.268 0.016 0.001 <0.001 3 56 0.800 1384 

glm(PF)=+·weight 10.870 0.103 0.006 0.001 <0.001 3 56 0.714 1395 

Linear model 

PF=+·length -595348 71569 3186 278 <0.001 3 56 0.702 1434 
PF=+·weight 

 
-60967 

 
20791 

 
1363 

 
92 

 
<0.001 

 
3 
 

56 
 

0.797 
 

1412 
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weight relationships for females do not differ between years 

(BF-length: df=4, p-value=0.99; BF-weight: df=4, p-value=0.74).  
 

 
Figure 4.9 Scatter plot of the relationships between potential 
fecundity of females of T. luscus with a) total length and b) 
weight for pooled data from all the years and corresponding fitted 
curves following three different functions.
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4.2.7 Seasonal Changes of Egg Quality in a Temperate Batch 
Spawner, Trisopterus luscus 

 

4.2.7.1 Correlation between Egg Quality Components: Egg Diameter and Egg 

Dry Mass 

 
Two variables were used to evaluate egg quality (based on 

hydrated follicles), expressed as mean egg diameter and mean 

egg dry mass. Positive significant correlation was found 

between these two variables (Pearson's correlation: r=0.45, 

n=202, p-value<0.001.) Both follicle diameter and dry mass 

significantly increase with female length and weight (Table 

4.9; Figure 4.15). However, these relationships have always 

shown poor explanatory power, r2 <0.1).  

Table 4.8 Summary of the three regression analyses for batch fecundity 
against female size (Length and Weight) relationships in T. luscus prior 
to spawning. 

 
 
Batch fecundity 
relationships 

 

 

std.Error 
 


 

std.Error 
 

p-value 
 

df 
 

n 
 

r2 
 

AIC 
 

Power function 

PF=·length 0.003 0.008 2.710 0.532 <0.001 3 80 0.266 1658 

PF=·weight 82.679 74.487 0.906 0.159 <0.001 3 79 0.317 1632 

GLM   

glm(PF)=+·length  5.685 0.460 0.013 0.002 <0.001 3 80 0.192 1593 

glm(PF)=+·weight 8.045 0.158 0.005 0.001 <0.001 3 80 0.034 1575 

Linear model 

PF=+·length  -20337 5362 115.5 20.06 <0.001 3 80 0.290 1656 
PF=+·weight 

 
339 

 
1802 

 
47.2 

 
7.66 

 
<0.001 

 
3 
 

79 
 

0.322 
 

1632 
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4.2.7.2 Seasonal variation 

 
It is well reported in the literature that egg quality may 

change over the spawning season. To achieve an adequate number 

of samples per month, all years were pooled and analysis was 

performed only during the period when spawning activity was 

representative, i.e., from January to June. Body size effect on 

egg quality parameters, reported above, should be removed to 

Figure 4.10 Scatter plot and fitted curves for T. luscus 
potential fecundity: a) length and b) weight relationships 
on the coasts of Galicia and Asturias respectively. 
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properly determine temporal variation over the spawning season. 

Therefore, a multiple regression model was built, including 

weight (size effect) and month (seasonal effect) as covariates. 

A significant negative trend was found for both response 

variables (p<0.05), but the variation accounted was very low 

(Table 4.10 and Figure 4.16).  However, these results should be 

interpreted with caution, as they were carried out at the 

population level and it is possible that not all the specimens 

included in the analysis were at the same spawning stage. There 

could be specimens at the beginning or at the end of their 

individual spawning season at the same time. For that reason, 

the dynamics of egg diameter and egg dry weight were tracked in 

two females under controlled conditions in a captivity 

experiment (see 4.2.8). 

 

4.2.8 Egg Quality Variation of Trisopterus luscus under 
Controlled Conditions 

 
The same two females described in 4.2.4 were analysed to 

evaluate dynamic of egg quality over the spawning season. For 

this purpose, egg diameter and egg dry weight of each released 

batch were calculated, and simple linear regression was carried 

out for each female and response variable in an attempt to 

Table 4.9 Summary of regression analyses for egg quality (egg diameter 
and egg dry mass) against body size: (length and gutted weight) of female 
of T. luscus in actively spawning condition. 

 
 
Egg quality-body size 
relationships 
 


 

std.Error 
 


 

std.Error 
 

p-value 
 

df 
 

n 
 

r2 
 

Egg diameter 

Length 855.175 31.205 0.472 0.117 <0.001 3 200 0.076 

Weight 939.956 10.851 0.182 0.042 <0.001 3 200 0.087 

Egg dry weight 

Length 0.023 1.73E-03 1.8E-05 6.5E-06 <0.01 3 200 0.039 
Weight 

 
0.026 

 
5.96E-04 

 
9.1E-06 

 
2.3E-06 

 
<0.001 

 
3 
 

200 
 

0.075 
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detect any significant effect. No significant trend was 

detected in any of the cases (p-value>0.05, Figure 4.17), as 

opposed to the results found for wild fish.  
 

4.3 DISCUSSION 
 

Since the annual egg production of individuals is considered 

to be a key factor to understanding fishery dynamics (Hilborn 

and Walters 1992; Marshall et al. 2003), it is important to 

understand how fecundity evolves temporally and spatially 

within a given species. This is so because observed differences 

in fecundity among species often reflect different reproductive 

strategies (Helfman et al. 1997; Murua and Saborido-Rey 2003). 

Within a certain species, fecundity may vary in response to 

particular environmental conditions of a specific habitat 

(Witthames et al. 1995). Even annual and long-term changes in 

fecundity have been reported within a fish stock (Horwood et 

al. 1986; Rijnsdorp 1991; Kjesbu et al. 1998), and it is also 

well known that fecundity is proportional to female size/age 

and condition (Kjesbu et al. 1991; Marshall et al. 1998, 1999). 

Therefore, larger and older fish usually present higher egg 

Table 4.10 Summary of multiple regression models for egg quality 
(diameter and dry mass) against female size (length and gutted weight) 
and seasonal variation (month) of T. luscus female in actively spawning 
condition. 

 
 

Estimate 
 

std. Error 
 

t 
 

p-value 
 

n 
 

r2 
 

 
Diameter 185 0.12 

intercept 966.650 17.668 54.711 <0.001 

Weight 0.185 0.043 4.302 <0.001 

Month -9.145 4.388 -2.084 0.0386 

Weight:Month - - - - 

Egg dry mass 

intercept 0.030 0.001 33.528 <0.001 181 0.25 

Weight 7.69E-06 2.18E-06 3.519 <0.001 

Month -0.001 2.24E-04 -6.426 <0.001 
Weight:Month - 

 
- 
 

- 
 

- 
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production, both in absolute and in relative terms to body 

mass.  
Additionally, condition factor has been used to forecast a 

stock’s potential energy content and nutritional state (Lambert 

and Dutil 1997a; Marshall et al. 1999) and the condition 

indices K and HSI have also been used to improve fecundity 

 
Figure 4.11 Relationships and fitted curves between potential 
fecundity of T. luscus and a) total length and b) weight per 
year. 
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predictions and reproductive success (Kjesbu et al. 1991; 

Marshall et al. 2003; Trippel and Neil 2004). In conclusion, 

female size and condition are important parameters and that 

should be considered to accurately assess fecundity at the 

population level.  

 

 
Figure 4.12 Scatterplot of relationships between batch 
fecundity of T luscus female with a) total length and b) 
weight for all year data pooled and corresponding fitted 
curves following three different functions. 
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In order to properly estimate fecundity, knowing the 

follicle recruitment type is a prerequisite. Two types of 

follicle recruitment can be recognized (Hunter and Macewicz 

1985): determinate and indeterminate. These terms were first 

developed to define fecundity type, and since then they have 

been subject to no little controversy. The same author first 

proposing these terms has criticized their definition, as all 

fish show indeterminacy at some point in the reproductive cycle 

(Hunter and Macewicz 2003). But as pointed by Kjesbu (2009), 

these two concepts, determinate and indeterminate, are probably 

here to stay. One of the misconceptions in the use of these 

terms is the general belief that determinacy means the standing 

stock of yolked eggs can be considered representative of the 

annual realized fecundity. Although in general that is a 

reliable proxy, especially if estimated close to the spawning 

season (Murua et al. 2003), down-regulation of fecundity may 

alter considerably the fecundity estimated (Kjesbu 2009). 

Therefore, the aforementioned terms should be used exclusively 

as definitions of follicle recruitment strategy. They do bear, 

however, great importance for the assessment of fecundity in 

determinate species: as their recruitment ends before the 

spawning season, potential fecundity can then be estimated, and 

if down-regulation is weighed properly, then annual realized 

fecundity can be also estimated. In indeterminate species, on 

the contrary, only annual realized fecundity can be estimated, 

and that through a more elaborated method (Murua et al. 2003; 

see Chapter 6). Because of the wide use of determinate and 

indeterminate as types of fecundity, we will use them here both 

for purposes of fecundity and follicle recruitment. The 

differences between indeterminate and determinate fecundity 

species have been presented earlier on in this thesis and have 

been thoroughly analysed in Murua and Saborido-Rey (2003). 

Knowledge of pouting reproductive biology is generally sparse. 

Previous reproductive studies have been limited in scope 

(Labarta et al. 1982a; Desmarchelier 1985; Merayo 1996a) and 

assumed that pouting was a species with determinate fecundity, 

although no evidence of determinate fecundity had been 

previously provided, and this assumption needed to be proved.  
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Several methods are normally used to identify the type of 

fecundity (Hunter et al. 1989; Greer Walker et al. 1994; Murua 

and Saborido-Rey 2003; Murua and Motos 2006; Gordo et al. 

2008), in particular these five: i) the presence or absence of 

a distinct hiatus separating the yolked follicle stock from the 

 
Figure 4.13 Scatterplot of batch fecundity versus a) female 
total length and b) female weight per month within the 
spawning season of T. luscus. 
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reservoir of unyolked follicles, ii) the increase or decrease 

in the mean diameter of the vitellogenic follicles over the 

spawning season, iii) the progression of the number of the 

standing stock of vitellogenic follicles in the ovary during 

the spawning season, iv) the relationship between NDO and batch 

fecundity, and v) the incidence of atresia during the 

reproductive cycle.  
 

 
Figure 4.14 Scatterplot of T. luscus batch fecundity versus 
a) total length and b) weight per year. 
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Our results show that follicle size distribution does not 

present a well-developed hiatus between the stock of primary 

growth follicles and the standing stock of developing 

follicles, except for hydrated ones. According to method i), 

specified above, this should be indicative of indeterminate 

fecundity. However, the absence of hiatus is a common feature 

exclusive of asynchronous species (Murua et al. 2003) but not 

necessarily of the type of fecundity. As shown in this study, 

pouting is characterized by conspicuous asynchronous follicle 

development. Indeed, most species showing asynchronous follicle 

development have indeterminate fecundity, but some may have 

determinate fecundity (Hunter and Macewicz 1985; Greer Walker 

et al. 1994; Murua and Saborido-Rey 2003). There are several 

reasons for which a species showing asynchronous development 

might have determinate follicle recruitment, but most of those 

reasons are related to strategies for energy acquisition and 

allocation to reproduction (Saborido-Rey et al. 2010). 

Method ii) was therefore used to define pouting fecundity by 

monitoring changes to mean diameter of developing follicles 

over the spawning season. An initial increase in follicle 

diameter was observed before peak spawning, which suggests 

there is no de novo vitellogenesis after the onset of spawning, 

i.e. that fecundity is determinate (Murua et al. 2003). But 

mean follicle diameter decreased slightly over the spawning 

season from the maximum diameter found in March. This might be 

indicative of indeterminate fecundity (Hunter et al. 1989), 

although the occurrence of asynchronous ovary development makes 

it difficult to provide an interpretation of this result. Thus, 

in mackerel, a species with determinate fecundity, the diameter 

of the advanced yolked follicles (which are in vitellogenesis) 

remains constant or declines as the spawning season progresses 

(Greer Walker et al. 1994). The observed decrease after the 

peak of spawning might also be the consequence of the 

asynchronous development of follicles and the decrease in 

ovulation rates; thus, the proportion of larger vitellogenic 

follicles becomes lower in comparison to underdeveloped 

follicles, i.e. there is no further recruitment of follicles, 

but a decrease in the spawning fraction (see Chapter 3). The 
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fact that the largest follicle diameter was found in actively 

spawning females and the smallest in regressing ones also 

supports this idea. Additionally, the GSI peak was followed by 

a sharp decrease over the following two months, which indicates 

a rapid loss of eggs and no replacement, i.e. there is no 

 
 
Figure 4.15 Egg quality: egg diameter and egg dry mass-body size a) 
female total length and b) female weight relationships in T. luscus. 
Lines represent correspondent linear regression curves. 
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follicle recruitment during the spawning season. It is also 

worth mentioning the significant effect of length on follicle 

diameter. This could be indicative of changes in follicle 

growth rate, related to fish length as in other determinate 

species like turbot or cod (Bromley et al. 2000; Kjesbu et al. 

2010). This topic will be tackled in depth in Chapter 6.  
The conclusion presented above is also supported by the 

results from method iii), i.e. the monitoring of the relative 

number of developing oocytes (RNDO) within the ovaries during 

the spawning season (Murua and Saborido-Rey 2003). Pouting RNDO 

decreased throughout the spawning period, strongly indicating 

there was no replacement of the standing stock of follicles 

after every batch had spawned and thus supporting determinate 

fecundity (Hunter et al. 1989). 

The relative batch fecundity obtained in this research was 

47+31 eggs g-1 of female (fish weight range: 108 to 366 g). 

This value is in contrast with other indeterminate spawning 

species, which produce larger batches, such as Merluccius 

merluccius, M. capensis and M. paradoxus with 123, 160 and 306 

eggs g−1 of relative batch fecundity respectively, or clupeids 

like Sardina pilchardus, with ca. 350 eggs g−1 (Osborne et al. 

1999; Ganias et al. 2004; Murua et al. 2006). The ratio between 

the number of developing oocytes and batch fecundity (method 

iv) yielded an average value of 20. This means that if pouting 

is a determinate spawner, a female will spawn an average of 20 

batches during the spawning season: a similar figure to those 

obtained for other determinate species, like cod (Kjesbu 1989; 

Kjesbu et al. 1996). The experiment with captive pouting shows 

high individual variability in the number of batches, but at 

least one female produced more than 25 batches, with an average 

relative batch fecundity of 51+15 eggs g-1. However, the 

differences found between captivity and field studies might be 

due to the different approaches used: the individual level or 

the population level.  A possible explanation to the higher 

values observed in captive fish is that these fishes were fed 

ad libitum, hence likely increasing their condition and 

indirectly affecting egg production. 
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Figure 4.16 Temporal trends of T. luscus egg quality a) egg diameter and 
b) egg dry mass as a function of female body weight over the spawning 
season. Red and green planes represent 95% confidence interval for model 
predictions. 
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Ultimately, the levels of atresia varied considerably over 

the year. The highest levels of atresia were found at the end 

of the spawning season, May and June, associated to regressing 

females. Although the presence of high levels of atresia at the 

end of the spawning season is a typical pattern of 

indeterminate species, it also could be related to 

overproduction of vitellogenic follicles, as it has been noted 

for other determinate fecundity gadoids (Kjesbu et al. 1996; 

Kjesbu 2009). This resorption of the surplus production of 

vitellogenic follicles has been already described by Wallace 

and Selman (1981) and it is known as “mopping up”. 

HSI and K had a clear seasonal pattern related to 

reproduction (see Chapter 3). These trends suggest that there 

is a mobilization of reserves for gonad development and high 

energy investment in reproduction before the spawning season 

(Merayo 1996b; Murua et al. 2006). This may indicate that 

pouting is a capital breeder, for which energy stored is 

diverted to reproduction, rather than being derived from 

concurrent feeding (income breeders) (Sibly and Calow 1986; 

Henderson et al. 1996). Kjesbu (2009) pointed out that capital 

breeders seemingly tend to present determinate fecundity (this 

aspect is described in further detail in next chapter). If this 

is the case, the condition index could be used to forecast 

potential energy content and nutritional state in the stock, as 

it is done for other determinate species like cod (Lambert and 

Dutil 1997a). The condition factor index could also be used to 

predict the fecundity of the species and its reproductive 

success (Kjesbu et al. 1991; Marshall et al. 2003). 

Most of the evidence shown in this study indicates that 

pouting has determinate follicle recruitment. Merayo (1996a) 

already considered pouting as a determinate species, but did 

not provide any evidence to back it. In any case, this issue 

needed further research to be confirmed. This is a key aspect 

in order to understanding follicle recruitment and reproductive 

strategy; estimates could be made from individual potential 

fecundity if pouting were proven to be a determinate species, 

which would facilitate estimation of total egg production and 

future studies on stock recruitment relationships. Therefore, 
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total fecundity in pouting prior to the onset of spawning 

should then be considered equivalent to potential annual 

fecundity, but any subsequent atresia requires to be weighed 

for a proper estimation of realized annual fecundity (Murua and 

Saborido-Rey 2003; Kjesbu 2009). However, this classification 

in two fecundity types, or more correctly two follicle 

 
 
Figure 4.17 Individual egg quality variation over the spawning 
season of T. luscus under controlled conditions (13ºC) in 
captivity experiment: a) egg diameter and b) egg dry mass. 
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recruitment types, determinate and indeterminate, might prove 

to be too rigorous (Kjesbu 2009; and references therein). For 

instance, atresia levels at the end of the spawning season, 

also called the “mopping up” (Wallace and Selman 1981), could 

be related to an indeterminate period of follicle recruitment 

in response to surplus energy from feeding. It is necessary to 

take into account that capital and income breeding represent 

the extremes of a continuum, since fish can compensate for 

inadequate capital (lipid deposits) with income derived from 

feeding (Henderson et al. 1996). Consequently to this, 

Saborido-Rey et al. (2010) proposed new definitions of 

reproductive strategies in which the use of energy and 

allocation rules for growth and reproduction are incorporated. 

In this new classification, Trisoperus luscus is included in 

Strategy-B: reproduction is financed from stored energetic 

capital, but energetic provision through concurrent feeding 

during reproduction contributes to follicle development, i.e. a 

mixture of capital and income breeding. All these 

considerations and hypothesis will be explored in later 

sections (see Chapter 5 and 6).  
Homogeneity in size distribution of follicles should be 

verified in order to prevent the estimation of follicle density 

from being biased by the location of tissue sampling within the 

ovary (Kennedy et al. 2007; Witthames et al. 2009). In this 

respect, no evidence was found of differences in follicle 

distribution across the ovary in pouting. This situation seems 

common in many commercial species, regardless of ovarian 

development strategy; for instance, homogeneity has been 

demonstrated for asynchronous species like hake, Merluccius 

merluccius (Murua et al. 2006), whilst other related 

synchronous species like cod, Gadus morhua, and haddock, 

Melanogrammus aeglefinus, did not show differences in follicle 

density in relation to the location of sampling within the 

ovary (Kjesbu and Holm 1994). 

The objective of the fecundity method comparison made in 

this study was to assess the suitability of each method for 

purposes of devising fecundity estimation routines for pouting. 

Several methods were compared in this research: the 
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gravimetric, the stereometric and the auto-diametric methods. 

The gravimetric method (Hunter et al. 1989) was used as the 

point of reference for method comparison. Since the gravimetric 

method –although accurate-- is remarkably time-consuming, this 

work has applied a variation of the gravimetric method by 

combining an image analysis system for simultaneous measurement 

of follicle diameters (Domínguez-Petit 2007). This reduces the 

time required for counting tasks and provides fast and direct 

measurement of follicle size. The stereometric method, which 

uses stereological principles (Emerson et al. 1990), yields 

fast estimations of the number of different types of cells 

present in the ovary, providing important biological 

information that could be very useful for further analysis. The 

auto-diametric method has been proven to be largely useful to 

rapidly estimate fecundity for a variety of species with 

synchronous ovary development (Thorsen and Kjesbu 2001; 

Witthames et al. 2009; Alonso-Fernández et al. 2009). However, 

previous studies found certain differences in parameters 

estimated bewteen species and the variation accounted for by 

each calibration curve of the auto-diametric method was also 

variable. For instance, curves for species with asynchronous 

ovarian development, such as Merluccius merluccius and Scomber 

scombrus, exhibited relatively poor explanatory power in 

comparison with the curves developed for synchronous spawners, 

and this discrepancy was likely due to the greater dispersion 

in follicle diameters observed in asynchronous spawners 

(Witthames et al. 2009). That is the case of pouting, which 

shows a relatively sparse fit strength. In an attempt to deal 

with this problem, a more recent version of the auto-diametric 

method, based on a volume-based (follicle packing density) 

theory, has been developed (Kurita and Kjesbu 2009; Korta et 

al. 2010a), but it was not applied in T. luscus yet.  

 Although no significant differences were found between 

methods at the population level, the selection of procedures 

for fecundity estimation should be made on grounds of the 

purpose of the research. For instance, in the case of pouting, 

the auto-diametric method should not be used for individual 

fecundity assessment due to poor fitting of the correspondent 
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calibration curve. Stereology provides useful information when 

quantifying the number of oocytes by developmental stage within 

the ovary, but the combined use of the gravimetric method and 

an image analysis system yields direct follicle diameter 

estimations. Besides, stereology requires a previous 

theoretical background and a specific training period for 

correct identification of ovarian structures, as well as proper 

application of the stereological protocol. Despite these 

considerations, method comparison did not show significant 

differences between fecundity estimations; thus, all methods 

seem to be reliable and their results comparable at the 

population level.  

As forecast, potential fecundity significantly increases 

with female body size. Female size features explain a high 

proportion of fecundity variation as compared to other 

asynchronous species like hake in Galician waters: ca. 80% in 

pouting and 46% in hake (Domínguez-Petit 2007). A likely 

explanation to these differences was found in the fact that 

hake is an indeterminate fecundity species (Murua and Motos 

2006) and the presence of females that had already initiated 

spawning could increase individual variability. In fact, Murua 

and Motos (2006) and Domínguez-Petit (2007) apply the concept 

“number of developing oocytes” (NDO), considering the 

impossibility to calculate potential fecundity for an 

indeterminate fecundity species (Murua et al. 2003). The strong 

relationship between potential fecundity and female size is in 

agreement with the hypothesis supporting determinate fecundity 

strategy in pouting. 

A traditional mechanistic model (power equation) was 

developed for the relationship between PF and female size, in 

order to estimate the parameters and standard errors of the 

parameters, based on the allometric growth theory (Huxley and 

Teissier 1936). The estimate parameters of this equation 

provide important biological information that is easy to 

interpret. The main conclusion extracted from this analysis is 

that fecundity rate increase is not proportional to female 

size, with the allometric coefficient being significantly 

higher than 1. Consequently, larger females have higher 



EGG PRODUCTION DYNAMIC, FECUNDITY STRATEGY AND SPAWNING PATTERN   

 

 
149 

relative contributions to total egg production within a 

population. Therefore, a reduction in larger females in the 

spawning stock –as it is observed in many exploited stocks 

(Ottersen at al. 2006)— may have a negative impact on the 

stock’s reproductive potential, independently of stock size 

(Mehault et al. 2010). Subsequently, total egg production is 

not directly proportional to SSB, as it was generally assumed 

(Marshall et al. 1998 and 1999; Trippel 1999; Marteinsdottir 

and Begg 2002; Morgan and Brattey 2005; Scott et al. 2006), and 

the demographic features of the population may play a very 

important role in fishery management. This aspect will be 

thoroughly discussed in Chapter 6. 

 The present study found geographical differences between 

two areas of the North Western coast of Spain: Galicia and 

Asturias (Merayo 1996a). The main differences in potential 

fecundity were found for bigger female sizes, showing lower 

fecundity in Asturias. The source of variation for these 

differences could lie in interannual variability, stock 

differences or the methodological approach used for fecundity 

estimation (Murua et al. 2003; Alonso-Fernández et al. 2009). 

Condition index is expected to have positive influence on egg 

production (Kjesbu et al. 1991; Marshall et al. 1998 and 1999; 

Blanchard et al. 2003; Alonso-Fernández et al. 2009); however, 

a higher condition index was found in the Asturian region, 

which contradicts the lower fecundity found for this region. 

The stock structure of pouting along the North Western coast of 

Spain has not been described yet. Thorsen et al. (2010) found a 

latitudinal gradient in fecundity for cod. They suggest that a 

major source for these differences lies in the temperature 

regime, with higher fecundity in warmer waters. However, 

hydrographical conditions on the Galician coast (Álvarez-

Salgado et al. 1993) do not support this hypothesis, since the 

influence of the upwelling system results in lower temperatures 

than for the Asturian coast. The methodology for fecundity 

estimation in both studies was different and no comparison 

between these two approaches was made. While this study has 

used the gravimetric method as the reference for potential 

fecundity estimations (Bagenal and Braum 1978), Merayo (1996a) 
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used an automatic particle counter. Therefore, it might be 

difficult to relate fecundity changes across spatial locations 

to changes in population dynamics for this species.  

Pouting has markedly higher fecundity that other member of 

the genus Trisopterus, like T. smarkii, reported to have 31000 

eggs in a female of 18.6 cm of length (Dann 1983), i.e. 31% 

less than T. luscus. However, PF it is the same order of 

magnitude than other determinate fecundity members of the 

gadoid family, such as Merlangius merlangus, Melanogrammus 

aeglefinus or Gadus morhua – with a PF of 107700 eggs (20.2 cm 

of length), 120200 eggs (31.5 cm of length) and 358500 eggs (51 

cm of length) respectively (Hislop and Hall 1974; Hislop et al. 

1978; Pinhorn 1984). 

Potential fecundity in our study shows significant 

differences between years for the same location, although we 

compared only three consecutive years. Unbalanced sampling 

strategies among years could lead to misinterpretation of 

temporal trends in potential fecundity; it is hence crucial to 

have a similar female body size spectrum for every period 

compared and to avoid bias in the sampling effort to adequately 

compare curves. Fecundity has shown temporal variation for 

different species and stocks in relation to influential 

factors. Usually, annual differences are positively correlated 

to environmental conditions like temperature or food 

availability (Kjesbu et al. 1998; Kraus et al. 2000; Lambert 

and Dutil 2000; Blanchard et al. 2003; Thorsen et al. 2010). To 

this respect, the incorporation of condition indices could 

account for some interannual variability in egg production 

(Blanchard et al. 2003). Generalized Linear Models seem to be a 

useful tool to predict variations in potential fecundity, using 

significant influential factors as covariates to explain 

interannual variations in potential fecundity (Lambert 2008). 

Monitoring fecundity by using a consistent technique and 

assessing fecundity–somatic relationships on a regular basis is 

fundamental, as it enables the development of an extensive 

database that will permit following possible changes in 

reproductive potential, which can be used to enhance scientific 

advice in the process of fishery assessment, as a result of 
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establishing biological reference points for fishery 

management.  

Wootton (1990) suggests that in general batch fecundity and 

length are well-related; however, it is common for females of 

the same size to show different values of BF, and there are 

also temporal variations within the same individual. In 

agreement with this statement, batch fecundity in pouting 

showed a poor, although significant, relationship with female 

body size. Other member of the Trisopterus genus, like poor 

cod, T. minutus, also show a significant correlation with fish 

length and weight, but the explained variation is markedly 

higher (Metin et al. 2008). Batch fecundity is not necessarily 

proportional to potential or annual fecundity, which are 

strongly dependent on female size. In batch spawners, egg 

production is a function of batch fecundity and the total 

number of batches spawned in the season. In spite of this, 

batch fecundity-female size relationships are remarkably uneven 

among species. It is widely recognized that length and weight 

are good predictors of batch fecundity in cod (Kjesbu 1989; 

Trippel 1998). Several examples of the lack of such correlation 

may be found in some indeterminate species like Merluccius 

gayi, Scomber japonicus or Sardina pilchardus (Cerna and 

Oyarzún 1998; Lambert et al. 2003; Ganias et al. 2004).  

The weak relationship between batch fecundity and female 

size seems to be in accordance with the fact that batch 

fecundity did not exhibit a seasonal trend (neither for field 

sampling nor for the tank experiment), i.e. female size seems 

to exert a stronger influence on egg production through the 

number of batches than batch fecundity. Contrary to this, in 

group-synchronous and determinate fecundity species individual 

batch fecundity describes a dome-shaped curve during the 

spawning season in captivity conditions (Kjesbu 1989; Kjesbu et 

al. 1996; Trippel and Neil 2004; Treasurer and Ford 2010). 

Similarly, in hake --asynchronous and indeterminate fecundity 

species-- relative batch fecundity decreased over the year at 

the population level (Murua et al. 2006; Domínguez-Petit 2007). 

Additionally, Sardina pilchardus presents intra-annual 
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variation in batch fecundity (Zwolinski et al. 2001), a pattern 

that seems to be common to clupeoid fishes (Alheit 1993).  

It was also speculated that the main source of variation in 

batch fecundity estimations was likely to be post-ovulatory 

follicle (POF) aging. High spawning frequency in the peak of 

the reproductive activity, close to 1 batch released per day, 

makes it possible to find different cohorts of POFs in the same 

ovary, hampering the identification of individuals with 

hydrated follicles that have not yet spawned. Misclassification 

of POFs may lead to include in the estimation of batch 

fecundity individuals that already released some fraction of 

the concurrent batch, yielding a lower estimation of BF and 

consequently increasing variance in BF relationships. Captivity 

experiments can remove this bias, since fecundity activity is 

tracked for each individual and each batch is clearly 

identified. This seems to be our case, as the experiment 

yielded a lower variance for batch fecundity-body size 

relationships, despite the low number of females used in this 

experiment (n = 6). Experimental designs in captivity are also 

useful for a better understanding of the POF dynamic inside the 

ovary through serial biopsy. Other approaches have been 

developed in order to deal with this matter, such us three-

dimensional reconstructions of POFs in ovary samples using 

histological slides (Korta et al. 2010b).  

Traditionally, egg quality is defined as “the egg´s 

potential to produce viable fry” and several criteria have been 

used in assessing egg quality in marine teleosts, such as 

fertilization success (Kjorsvik et al. 1990). However, egg size 

is one of the egg features most commonly measured during the 

early life history of fish to be linked to fry viability 

(Chambers and Trippel 1997). In pouting, egg diameter and dry 

weight were significantly influenced by female size, indicating 

a clear maternal effect on egg quality, like in other gadoids 

such as cod (Valling and Nissling 2000). In addition, egg size 

showed a seasonal decreasing trend; although it was not 

confirmed by the experiment with captive pouting. This trend 

has been shown to have a physiological basis in other species 

(Kjesbu et al. 1991; Trippel and Neil 2004), i.e. as a female 
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successively releases eggs, the body’s protein and lipid 

reserves become depleted; as a result, near completion of 

spawning, the ability to mobilize material from somatic tissue 

to the ovary for final follicle development is considerably 

reduced. There are also environmental conditions inversely 

related to egg size, like temperature, which affect 

developmental rates during oogenesis (Chambers and Trippel 

1997; and references therein). To some extent, variation in 

condition and temperature throughout the spawning season could 

explain the differences found between the studies in the wild 

and the experimental results, since the fish in captivity were 

kept at constant temperature (13ºC) and fed to satiation, 

reducing the sources of variability in egg size. Although the 

relationships between egg size and larval characteristics that 

may influence survival (such as larval size, feeding activity, 

resistance to starvation and predator avoidance) are well 

documented (Chambers and Leggett 1996: Nissling et al. 1998; 

Saborido-Rey et al. 2003), there are still discrepancies in 

this respect (Kjorsvik et al. 1990; Brooks et al. 1997) As a 

consequence, these results should be interpreted with caution 

and further research on egg and larval viability is recommended 

in order to provide better knowledge on spawning quality 

variation. 

 

4.3.1 Concluding Remarks 
 

One of the most important findings in this study is that 

pouting exhibits determinate follicle recruitment. However, the 

possibility of an indeterminate period of follicle recruitment 

in response to surplus energy is also likely to occur. This is 

a key aspect to understanding follicle recruitment and 

reproductive strategy; to the extent that the current estimates 

of egg production based on potential fecundity may be wrong. 

Nevertheless, if pouting is not a determinate species, the 

number of developing oocytes seems to be rather close to total 

fecundity, and hence the use of potential fecundity to analyze 

trends and for simulation purposes may be adequate. 
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Maternal effects in potential and batch fecundity are 

clearly manifested through positive allometric coefficient of 

fecundity-female size relationships. Therefore, the relevance 

of the largest females in a population to total egg production 

should be considered in fishery management. At the same time, 

fecundity variation stressed the importance of fecundity 

monitoring and suggests the need to incorporate other proxies –

condition indices or environmental conditions— to account for a 

part of the interannual variability in egg production. Further 

effort in analyzing reproductive features and likely sources of 

variation is required to completely understand the reproductive 

strategy of Trisopterus luscus. 
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5.1 ENERGETIC COST OF REPRODUCTION IN FISH POPULATIONS 
 

A central assumption of life-history theory is the existence 

in iteroparous organisms of a trade-off between present 

reproduction and future reproductive output, this being the 

consequence of an ultimate trade-off among survival, growth and 

reproduction (Tyler and Callow 1985; Stearns 1992; Roff 1992). 

The energy required for survival varies as fish grows and 

changes after each reproductive episode. Species that reproduce 

only once (semelparous) invest all their energy in reproduction 

before dying. Those with repeated reproduction (iteroparous) 

save some energy for survival and possible further growth. 

Reproduction has energetic and physiological costs (for gamete 

production and reproductive behavior) that reduce somatic 

growth and hence future body weight, which can decrease future 

fecundity (Roff 1983). If reproductive investment is excessive, 

it may reduce the life-span, increasing parent mortality risks. 

This is especially evident under stress conditions, for 

instance limited resources for metabolic use (Tyler and Callow 

1985). If priority is given to growth, increased body size will 

likely reduce the risk of being predated and also improve 

feeding opportunities. This is reflected in size-dependent 

survival (Beverton and Holt 1959; Pauly 1980; Pepin 1991). 

However, if maturation is delayed there is increasing risk of 

individuals dying before reproduction. Thus, maximizing the 

lifetime production of viable offspring demands a decision on 

timing of maturation in order to optimize the age schedule of 

reproduction (Roff 1992). Roff (1992) divided this schedule 

into two components: age at first reproduction and reproductive 

effort. While maturation is a critical decision that will 

modify individual fitness, reproductive effort has egg 

production as its ultimate goal, as a measure of reproductive 

success. Thus, a compromise concerning the balancing of energy 

exists, and be reflected in specific growth and reproduction 

dynamics in the lifetime of an individual fish. This leads to 

an unavoidable trade-off between growth and reproduction, i.e. 

maturation and egg production, which determines the different 

female reproductive strategies (Saborido-Rey et al. 2010). 
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As a consequence of what has been presented above, the 

energetic costs of reproduction and the faculty to restore 

energy after each reproductive event influence both mortality 

and the ability to spawn in future years. Therefore the 

offspring, i.e. recruitment individuals, could be partially 

dependant on energy acquisition by the fish stock prior to 

spawning. This includes the replenishment of energy from the 

previous spawning (Henderson et al. 1996; Lambert and Dutil 

2000). 

Marine environment shows important seasonal and annual 

fluctuations in energy availability (food resources), and 

organisms have developed several strategies for energy 

acquisition and allocation to reproduction. The classical 

division of these types of strategies is made between capital 

and income breeders (Drent and Daan 1980; Stearns 1989). 

Capital breeders store energy to be used later on for 

reproduction, and thus storage constitutes the primary energy 

source for reproduction. In income breeders, reproduction is 

fully financed by means of current energetic income, i.e. 

current feeding activity, and there is no need (or mechanisms) 

for storing energy. These are the extremes of a continuum; 

certain species may compensate for inadequate energy deposits 

with income derived from feeding (Tyler and Callow 1985; 

Stearns 1989; Henderson et al. 1996). 

As a consequence, and as it stems from energy allocation 

rules, seasonal growth and energy storage cycles are common 

among cold and temperate fish and are related to environmental 

production cycles, usually reflecting the impact of 

reproduction on physiological condition (Tyler and Callow 1985; 

Stearns 1992; Aristizabal 2007). 

Body condition usually refers to an individual’s fitness as 

an expression of its energetic state (Green 2001; Schulte-

Hostedde et al. 2005), and its meaning may be of great interest 

for ecological studies. Previous papers have addressed the 

relationship between condition and several fitness parameters, 

such as reproductive investment or survivorship (Lambert and 

Dutil 1997b, 2000). Several criteria can be applied to assess 

fish condition, from simple morphometric measurement to direct 
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physiological and biochemical measures. Morphometric indices 

are gross measures, based on length-weight data. They assume 

that for a given length, heavier fish are those in better 

condition. Such kind of indices is commonly used, since weight 

and length oftentimes have better availability than other 

biological descriptors of the physiological status of fish. 

Physiological condition indices, like liver index, measure the 

energy reserves of fish more accurately than morphometric 

indices (Shulman and Love 1999). A more precise approach to 

describe fish condition is biochemical indices, such as lipid 

content. Lipids are critical to the survival and fitness of 

individuals; but also to reproductive success and recruitment 

within the population. Lipid storage and dynamics within the 

organism are particularly important because the energetic 

demands of fish are met primarily by lipid oxidation (Adams 

1999; Shulman and Love 1999). The source of fat reserves 

(muscle, liver or mesenteric fat) for gonad maturation is 

specific of each species. Therefore, the species object of 

study should be considered prior to selection of the condition 

index. In the case of the Gadidae family, the hepatosomatic 

index is considered the most useful one (Lambert and Dutil 

1997a, Yaragina and Marshall 2000). Subsequently, suitability 

of condition indices should be checked prior to their use in 

ecological studies. The biochemical composition and energy 

content of fish tissues should be analyzed and compared with 

simple condition indices, in order to evaluate the potential 

use of condition indices to monitor and quantify seasonal 

changes in energy reserves (Lambert and Dutil 1997a; Green 

2001).  

Our study makes use of a reasonable amount of biochemical 

data to properly address the bioenergetics dynamic of 

reproduction; however, we have still evaluated the suitability 

of different simple indicators of individual fish condition in 

pouting. As the estimation of biochemical indices is expensive 

and time-consuming, validation of simple indices would be 

valuable to monitor and assess changes in energy reserves on a 

routine basis. To analyse seasonal variation in energy 

allocation to reproduction, it is crucial to determine first 
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the reproductive modality of the species regarding energy 

allocation. Our hypothesis is that pouting females appear to be 

capital breeders, rather than income ones, as per the trends in 

condition indices throughout the year and as stated in 

preceding studies (Merayo 1996b). In order to test this 

hypothesis, three main objectives are addressed in this 

section: i) study of proximate composition and levels of energy 

stored in different fish tissues, ii) suitability of simple 

condition indices to study changes in energy reserves and iii) 

quantification of seasonal changes and energy dynamics as the 

mechanisms regulating reproductive development. Therefore, it 

should be possible describe when energy is acquired and how 

energy is allocated to reproduction in female pouting. 

 

5.2 RESULTS 
 

5.2.1 Proximate Composition and Energy Density if Females of 
Trisopterus luscus  

 

Proximate composition and energy density were analyzed in 

gonad, muscle and liver of female pouting. The average 

biochemical composition and energy density for the whole period 

studied (three years) was significantly different across 

tissues for all the components analyzed (Table 5.1 and Figure 

5.1). Seasonal differences in proximate composition and energy 

density are further analyzed in this chapter. Energy content 

and energy density are used as synonymous in this thesis. 
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Table 5.1 Summary of biochemical composition and energy density for 
gonads, liver and muscle of female T. luscus, in 2003-2006 (values are 
given as % of tissue wet weight and energy density, ED, in kJ/g). P-value 
corresponds to the ANOVA comparing composition among tissues. 
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5.2.1.1 Ovary  

 
The mean energy density value in gonad tissue was 5.03kJ/g. 

The minimum level of energy found in this tissue was 3.32kJ/g, 

and the maximum reached was 7.09kJ/g, which means 3.77kJ/g of 

variation in gonad energy content. Variation in gonad energy 

content is significantly associated to lipids and proteins 

(Table 5.2). Proteins represent 12.50-22.93% of the wet weight 

composition of gonad tissue, while lipids only represent 0.71-

3.87% (Table 5.1). Proteins are the major constituent of 

gonadic proximate composition, representing ca. 18% of tissue 

 
Figure 5.1 Mean values of five biochemical components and energy density 
in T. luscus gonad (g), liver (l) and muscle (m) tissues in 2003-
2006.Values are given as % of tissue wet weight, except for energy 
density, expressed in kJ/g.  Box: interquartile range. Whiskers: 1.5 
times the interquartile range from the box. 
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composition, which is around 80% of energy content in gonads. 

Although lipids amount to less than 5% of gonadic tissue 

composition, they average ca. 20% of energy content. In fact, 

the amount of variation in energy density purely related to 

lipids is not so far from the variation related to proteins; 

lipids account for 18% of energy variation, while proteins 

account for 26% (Table 5.2). Both components, proteins and 

lipids, shared almost 50% of the explained variation in gonad 

energy density. Results of glycogen content shown negligible 

concentrations, less than 0.2%, and energy variations in gonads 

due to changes in glycogen content are not appreciable and have 

not significantly contributed to explain energy density 

variation (Table 5.2). Thus, the resultant final model includes 

only lipids and proteins, and it is expressed as:  

 

Equation 5.1 OED = 0.3331 + 0.5197*OLC + 0.1956*OPC    
 

Where OED is Ovary Energy Density (kJ/g), OLC is Ovary Lipid 

Content and OPC is Ovary Protein Content (% of lipids and 

proteins on a wet-weight basis). 

The relative energy contribution of proteins and lipids is 

not stable (Figure 5.2). Higher gonad energy levels are found 

when the contribution of lipids increases, due to the high 

calorific content of lipids, around 39.5kJ/g. However, proteins 

were still the main component and energetic constituent of 

gonads, although lipid and protein concentrations showed 

Table 5.2 Results of the multiple linear regression between tissue energy 
density (ED) and biochemical components as explanatory variable in T. 
luscus. 

 
Partial Explained Variation (%) 

 
 

ED  
 

n 
 

df 
 

r2

 
p-value 

 
Lipid 

 
Protein 

 
Shared 

 
 
Gonad  27 4 0.924 <0.001 18.47 26.39 47.49 

Liver  43 4 0.973 <0.001 94.41 0.95 1.91 
Muscle  
 

76 
 

3 
 

0.450 
 

<0.001 
 

- 
 

44.97 
 

- 
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significant positive correlation in gonads (Pearson's p 

correlation, r=0.52, n=27, p-value<0.01). 

The inorganic composition of gonads, expressed as ash 

content, experienced small variations, 0.09-0.19% for wet 

weight. Most of the wet weight corresponds to water, 

 
 
Figure 5.2 Relationships and fitted linear regressions between 
gonad proximate composition (protein, lipid and glycogen) and 
gonad energy density in T. luscus. Values given as a) % of wet 
weight and b) % of energy density.  
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representing more than 70% of the total weight, ranging between 

73.27% and 86.08%. Besides, there was a significant inverse 

relationship between water content and concentration of lipids 

and proteins in gonads (Table 5.3 and Figure 5.3). Water 

content accounted for a large proportion of variation in 

gonadic lipids (45%), and especially for variation in energy 

density (86%) and proteins (95%) (Table 5.3 and Figure 5.4). 

 

5.2.1.2 Liver 

 
Liver was the tissue with the highest energetic levels as 

compared to gonad and muscle (Table 5.1), ranging between 3.85 

and 31.34kJ/g (27.49kJ/g of variation). Lipids can reach over 

65% of liver wet weight; however, in low-condition fish (as 

shown later on in this chapter) lipid content dropped even 

below 4% of wet weight (range 3.31-66.20). Consequently, energy 

density is strongly related to lipid concentration, still 

representing 80–90% of the energy total stored in the liver 

(Figure 5.5). Most of the energy variation detected in the 

liver is generated by lipid fluctuation, which accounts on its 

own for almost 95% of total energy, whilst proteins, although 

significant, account for less than 1% of total energy 

variation. Glycogen did not significantly contribute. Lipids 

Table 5.3 Results of linear regresion between lipid and protein 
concentrations and energy density (ED) versus water content for each 
tissue analyzed in T. luscus. Lipid/Protein/ED = +*Water 

 

n 
 

df 
 

r
2 

 
AIC 
 

p‐value 
 


 

Std.Error 
 


 

Std.Error 
 

 
Gonad  Lipids  27  3  0. 472  53.8  <0.001  16.693  3.030  ‐0.179  0.038 

Proteins  27  3  0. 955  49.8  <0.001  82.281  2.815  ‐0.810  0.035 

ED  27  3  0. 866  18.6  <0.001  25.094  1.578  ‐0.252  0.020 
 
Liver  Lipids  43  3  0.963  236.8  <0.001  89.848  1.840  ‐1.014  0.031 

ED  43  3  0.964  161.0  <0.001  40.115  0.762  ‐0.424  0.013 
 
Muscle  Proteins  76  3  0.973  ‐25.2  <0.001  96.253  1.466  ‐0.963  0.019 

ED 
 

76
 

3
 

0.406
 

69.7
 

<0.001
 

24.662
 

2.737
 

‐0.249 
 

0.035 
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and proteins share only 1.91% of the total information of the 

final model (Table 5.2), summarized in the following equation: 

 
Equation 5.2 LED = 0.0675 + 0.4216*LLC + 0.2198*LPC 
 

Where LED is Liver Energy Density (kJ/g), LLC is Liver Lipid 

Content and LPC is Liver Protein Content (% of lipids and 

proteins on a wet-weight basis). 

Protein content of the liver varied between 4.83% and 18.69% 

on a wet-weight basis. Protein contribution to total liver 

energy content ranged from 5.33% to 76.24% in an inverse 

relationship (Figure 5.5). Minor variations in glycogen content 

were observed, between 0.021% and 0.272% (wet weight basis). 

Therefore, lipid energy reserves are the capital source of 

energy in the liver; when lipids decrease, the relative 

importance of protein increases (Figure 5.5). 

Ashes in the liver, as for gonads, were present at low 

percentages, ranging between 0.041% and 0.160%. However, water

 
Figure 5.3 Linear relationships between water content, lipid and 
protein proportions in gonad, liver and muscle tissues in T. 
luscus. Upper and right axes correspond to liver compound 
content. 
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Figure 5.4 Linear relationships between energy 
density and water content for gonad, liver and 
muscle tissue in T. luscus. Parameter estimations 
for each linear regression are presented in Table 
5.3. 
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content varied between 26.3% and 85.76%, denoting the highest 

fluctuations in water content of all tissues analyzed. Water 

variation in the liver distinctly reflected changes in lipid 

concentration. A significant negative linear relationship 

between lipid and water content was observed (Figure 5.3), 

where water accounted for 96% of the variability (Table 5.3). 

Hence, energy density was also highly related to water content 

(Table 5.3 and Figure 5.4). 

 

 
 
Figure 5.5 Relationships and fitted linear regressions 
between liver proximate composition (protein, lipid and 
glycogen) and liver energy density in T. luscus. Values 
given as a) % of wet weight and b) % of energy density. 
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5.2.1.3 Muscle  

 
Muscle was the tissue with smallest energy variation found 

in all tissues analyzed (Table 5.1), only 2.25kJ/g (range 4.18-

6.43kJ/g). Proteins are the capital components of this tissue, 

averaging over 20% of the wet weight (range 18.13-23.63% of wet 

weight). In terms of energy, proteins represent at least 88% of 

total muscle energy content, but on average almost 95% (Figure 

5.6). 

 
 
Figure 5.6 Relationships and fitted linear regressions 
between muscle proximate composition (protein, lipid 
and glycogen) and muscle energy density in T. luscus. 
Values given as a) % of wet weight and b) % of energy 
density. 
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Smaller variations in lipid and glycogen content were 

recorded: lipid content varying between 0.28% and 1.36% and 

glycogen content between 0.02% and 0.18%. Lipid and glycogen 

levels remained relatively constant with muscle energy 

variation, and only changes in protein content significantly 

explained variations in muscle energy content (Table 5.2). Such 

relationship is described by the following equation: 

 
Equation 5.3 MED = -0.4674 + 0.2687*MPC 
 

Where LED is Muscle Energy Density (kJ/g) and MPC is Muscle 

Protein Content (% of proteins on a wet-weight basis). 

Ash content was in the same order of magnitude as gonads and 

liver, varying between 0.026% and 0.200%. Muscle water content 

is the less variable of all tissues analyzed, ranging between 

75.55% and 81.06%, only 5.51% of variation. There was a strong 

inverse relationship between water and protein content in 

muscle (Table 5.3 and Figure 5.3), where water accounted for 

97% of protein variation in muscle. Despite this high 

correspondence, and the fact that protein is the main 

constituent of muscle, water content accounted for a lower 

percentage (40%) of muscle energy variability, (Table 5.3 and 

Figure 5.4), although it was still significant. The relatively 

low explanatory power of this relationship is related to 

variation in lipid content, which although smaller, has higher 

energetic value.   

 

5.2.1.4 Correlation between Proximate Composition of Tissue and Energy 
Density in Trisopterus luscus  

 
Water content resulted in a good proxy in order to estimate 

proximate composition and energy content in the three tissues. 

Additionally, water content estimations are less time-consuming 

than proximate composition analysis. Both factors allowed 

increasing the number of samples for energetic studies used to 

compare and find correlations between components and tissues. 

Total fish energy content, i.e. total energy density stored 

in a single fish, was estimated via the sum of energy contents 
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in gonads, liver and muscle. From this total energy content, 

muscle and liver should act as the energy stock that fish can 

allocate during the sexual cycle or other physiological events. 

Energy reserves are mainly located in the liver, becoming the 

capital energy store at high somatic energy levels, while at 

low specific values of somatic energy content, muscle and liver 

contributed at similar levels. Changes in muscle energy content 

seem to account for a low fraction of somatic energy variations 

within the range observed (Figure 5.7). 

Gonad main components, lipid and proteins, were not 

correlated (Pearson's correlation, n=432, p>0.05) to the lipids 

in the liver, nor to the proteins in the muscle. This lack of 

paired correlation between tissue components could be due to a 

time shift in the mobilization of energy reserves and energy 

investment in gonad development, as it will be discussed later 

on in this chapter. The proteins in muscle and the lipids in 

the liver showed significant positive correlation (Pearson's 

correlation, n=432, p<0.05). Correlation between energy density 

of different tissues agrees with these patterns (Figure 5.8) 

and showed only significant correlation between liver and 

muscle energy. Although muscle energy levels remained 

relatively constant as compared to liver energy status (Figure 

5.7), the correlation between muscle and liver energy contents 

suggests that acquisition and mobilization of energy reserves 

in fish may occur simultaneously to a certain extent in both 

tissues studied. 

 

5.2.2 Study of Simple Condition Index Suitability in a Marine 
Temperate Teleost (Trisopterus luscus) 

 

Tissue energy contents were estimated from water content in 

those tissues where high correlations were observed (see 

previous section). This approach permitted to increase notably 

the number of samples available for these analyses. 
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The following indices were examined: gonadosomatic index 

(GSI), hepatosomatic index (HSI) and body condition factor (K). 

GSI was studied to search for possible energetic patterns in 

gonads during ovary development in pouting. In order to compare 

the dynamic of the energy flow and the appropriateness of the 

condition indices, the latter should be independent of fish 

size. However, GSI, HSI and K are not fully independent of 

total fish length (Figure 5.9). In consequence, ordinary least 

squares (OLS) linear regressions were conducted in order to 

obtain correspondent residuals, which were used in subsequent 

analyses. To fulfil linearity, parametric assumptions, gonad 

weight (GW), liver weight (LW), gutted weight (W) and length 

were log-transformed (Ln). Therefore, homogeneity of variances 

and normality of residuals satisfied parametric requirements. 

The OLS linear regressions are presented below: 
 
Equation 5.4 Ln(GW) = -29.358+ 5.525*Ln(TL)  n=558, r2= 0.57, p<0.001 
Equation 5.5 Ln(LW) = -21.092+ 4.129* Ln(TL) n=1171, r2= 0.65, p<0.001  
Equation 5.6 Ln(W) = -11.856+ 3.077* Ln(TL)  n= 660, r2= 0.98, p<0.001  
 

 
 
Figure 5.7 Relationships between tissue (gonad, muscle and 
liver) energy density and total fish energy content in T. 
luscus.  
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No statistical relationship was found between energy content 

and fish total length for any of the tissues analyzed: gonad, 

liver and muscle (p>0.05). 

 

5.2.2.1 GSI and Gonad-Length Residuals  

 
GSI and gonad mass-length residuals (GLR) were significantly 

related to gonad energy content (energy density), although the 

variance thus explained was considerably low, i.e. below 0.015 

(Table 5.4). Similarly, GSI and GLR were significantly related 

to total fish energy content (the sum of gonad, liver and 

muscle energy content, expressed as kJ/g), although, again, r2 

was very low, below 0.1. However, it should be mentioned that 

 
Figure 5.8 Correlation between energy density (kJ/g) of 
different tissues analyzed: gonad, liver and muscle. Lower panel 
show Pearson’s correlation coefficient. 
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GSI and GLR increased when gonadic energy density increased, 

but they decreased with increasing total fish energy (Figure 

5.10). This fact may reflect certain energy allocation of fish 

reserves to gonad development. In summary, it seems that gonad 

condition indices indicate variations in organ mass with 

respect to total body size, rather than the energetic status of 

the ovary; thus, both indices result useful in order to account 

for variations in gonad development over the sexual cycle, but 

not for energy allocation. 

 

5.2.2.2 HSI and Liver-Length Residuals  

 

Liver condition indices increase significantly with liver 

energy density and total fish energy density (Table 5.4 and 

Figure 5.11). But liver energy content explained more variation 

(ca. 50%) of condition indices than fish total energy content 

(about 33%), probably because liver indices and total energy do 

not relate linearly. At any rate, liver condition indices are 

related to liver energy density and total fish energy density, 

hence acting as good proxies for energetic status. 

 

5.2.2.3 K and Weight-Length Residuals  

 

Body condition indices, i.e. K and weight-length residuals 

(WLR), were significantly and positively related to energy 

content in muscle (Table 5.4). However, the prediction power of 

these models was considerably lower than in liver, as they 

presented high dispersion, very low coefficients (Table 5.4 and 

Figure 5.12). This might be due to the fact that K and WLR 

correspond to a greater extent to an increment in tissue mass 

than in energy content. Despite the apparent positive 

relationship between total body condition indices (K and WLR) 

and fish energy content, the increment in total fish energy 

content was mainly associated to liver energy reserves, as 

shown earlier on in this chapter (Figure 5.7). 
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5.2.3 Energy Allocation Related to Reproduction in a Marine 
Temperate Teleost (Trisopterus luscus)  

  
Delineating and quantifying seasonal and maturity changes in 

energy reserves is the third main objective of this chapter. 

Achieving this goal might allow us to describe bioenergetics 

dynamics as the mechanism regulating reproductive development. 

 

 

 

 
Figure 5.9 Correlation between condition indices and total 
fish length (mm) in T. luscus. Lower panel shows Pearson’s 
correlation coefficient. 
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5.2.3.1 Seasonal Dynamics of Condition Indices and Energy Content 

 

Seasonal trends in HSI and K were analyzed by pooling the 

data per month for all years sampled. GSI variation had already 

been studied to define the sexual cycle of pouting. Thus, only 

HSI, K, LLR and WLR are evaluated in this section, as well as 

their trends, in comparison with the sexual cycle described in 

a previous chapter (see Chapter 3) to assess how energy is 

acquired and allocated to reproduction. 

The liver has been revealed as the main source of energy 

reserves in pouting. Throughout an annual cycle, HSI and LLR 

undergo important variations, apparently connected with the 

dynamic of the sexual cycle: the maximum value of these 

condition indices occurred in January-February, just prior to 

the peak of the spawning season, while the lowest value was 

observed in April, when the spawning season has severely 

declined (Figure 5.13). The annual variation on a monthly basis 

resulted significant in a Generalized Additive Model (Table 5.5 

and Figure 5.13), for both HSI and LLR, as well as for liver 

Table 5.4 Results of linear regressions between different body condition 
indices (GSI, GLR, HSI, LLR, K, WLR) and total energy content (kJ/g) of 
fish and tissue (gonad, liver and muscle) in T. luscus.  

 
 
Relationship 
 

n 
 

df 
 

r2 

 
p-value 

 

 

Std.Error 
 


 

Std.Error 
 

 
Ln(GSI)~Gonad energy 559 3 0.015 0.004 -0.342 0.309 0.186 0.064 

Ln(GSI)~Fish energy 507 3 0.058 <0.001 2.067 0.270 -0.250 0.045 

GLR~Gonad energy 559 3 0.014 0.005 -0.752 0.270 0.158 0.056 

GLR~Fish energy 507 3 0.074 <0.001 1.482 0.232 -0.244 0.038 

Ln(HSI)~Liver energy 1172 3 0.462 <0.001 0.039 0.035 0.056 0.002 

Ln(HSI)~Fish energy 513 3 0.330 <0.001 -0.689 0.127 0.338 0.021 

LLR~Liver energy 1172 3 0.544 <0.001 -1.158 0.033 0.062 0.002 

LLR~Fish energy 513 3 0.337 <0.0001 -2.039 0.138 0.373 0.023 

Ln(K)~Muscle energy 661 3 0.007 0.029 -0.088 0.076 0.032 0.015 

Ln(K)~Fish energy 481 3 0.108 <0.001 -0.212 0.039 0.051 0.007 

WLR~Muscle energy 661 3 0.009 0.014 -0.186 0.075 0.036 0.014 
WLR~Fish energy 
 

481 
 

3 
 

0.107 
 

<0.001 
 

-0.292 
 

0.039 
 

0.051 
 

0.007 
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energy content, with up to 43% of deviance explained. This 

pattern is highly likely to respond to reproductive demands 

during the sexual cycle. Energy storage in the liver occurs 

immediately after the end of spawning season, from May to July, 

as indicated by daily net energy variation (Figure 5.14a). 

During the inactive period ensuing reproduction (August-

October), there is low storage activity in liver. Liver energy 

consumption (negative net energy variation) becomes apparent in 

December (Figure 5.14a), when vitellogenesis starts (Figure 

3.4), and the maximum consumption value occurs in March, at the 

end of the spawning season. 

Seasonal variability in K and WLR followed a very similar 

pattern to those of liver indices (Figure 5.15), with a 

significant GAM model, although the deviance explained was much 

lower as compared to liver indices (Table 5.5).This situation 

is also reflected in muscle energy density variation, which 

showed small changes over the year. Additionally, net daily 

energy variation in muscle showed a less defined pattern 

(Figure 5.14b). However, in spite of these patterns, the 

seasonality of body condition indices still reflects a trend, 

very likely related to the sexual cycle as shown in GAM models 

(Figure 5.15). 

Total fish energy density fluctuated over the year, 

following the same pattern as shown above: energy storage 

(positive net energy balance) occurred in May-August, when the 

Table 5.5 Summary of GAMs fitted to several condition indices by month 
for T. luscus. Gaussian distribution was adopted for all response 
variables. Degrees of freedom (df) for smoother.  

 

Response variable 
 

 
n 
 

df 
 

Deviance explained 
 

F 
 

p-value 
 

 
Ln(HSI) 1167 7 33.3% 82.81 <0.0001 

LLR 1167 7 40% 110.2 <0.0001 

Liver energy content 1150 6 42.6% 141.2 <0.0001 
 
K 656 4 16.6% 34.85 <0.0001 

WLR 656 4 19.9% 40.32 <0.0001 

Muscle energy content 639 4 18.4% 35.81 <0.0001 
 
Total fish energy content 
 

413 
 

4 
 

46.7% 
 

89.27 
 

<0.0001 
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highest energy density was recorded (Figure 5.14c). On the 

other hand, energy consumption (negative net energy balance) 

took place during the months of winter, reaching the lowest 

energetic values in April. The GAM model for total fish energy 

fitted significantly, with a 47% of deviance explained (Table 

5.5). According to all these patterns, it seems reasonable to 

think that total fish energy variations respond mostly to 

changes in liver energy content -liver being the main source of 

energy for reproduction in pouting. 

 

5.2.3.2 Energy Allocation through Sexual Cycle  

 

When conditions indices are estimated by reproductive 

phases, energy storage showed a clear fluctuation pattern, 

related to reproduction. As shown in Figure 5.16, the maximum 

values of K and HSI occurred in developing and recovering 

females, when the GSI is at its minimum levels. This could 

reflect the low investment of energy in gonad development made 

until that moment. As the ovary develops, energy reserves drop, 

i.e. K and HSI decrease while GSI increase (Figure 5.16). 

Ultimately, energy reserves are depleted when spawning cesses, 

i.e. in regressing females. 

Condition indices (GSI, HSI and K) of different reproductive 

phases are significantly different (GSI: p<0.001; HSI: p 

<0.001; K: p<0.001; Figure 5.16), but also energy content in 

gonads, liver and muscles varied significantly with maturity 

phase (Gonad ED: p<0.001; Liver ED: p<0.001; Muscle ED: p 

<0.001; Figure 5.17). As expected, energy content variations 

follow similar patterns to those of condition indices.  

 

5.3 DISCUSSION   
 

Gonads in female of T. Luscus are primarily composed of 

proteins and lipids. It is assumed that proteins and lipids 

work as energy sources for gonad development, among other fish 

requirements (Kamler 1992). Although proteins are the main 
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Figure 5.10 Relationships of GSI (Ln transformed) and gonad 
mass-length (GLR) residuals with total fish energy content 
(black dots) and gonad energy content (red stars) for T. 
luscus. 
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component in female gonadic tissue, changes in ovarian energy 

density are closely associated to lipid content variations. 

Both components have been shown as critically determinant for 

egg quality. For instance, proteins are an important component 

of the vitelline envelope (Patiño and Sullivan 2002), playing a 

key role during oocyte maturation by contributing with the free 

amino acids needed for hydration (Finn et al. 2002; Seoka et 

al. 2003). It is known that egg lipids are preferentially 

mobilized and catabolised to provide energy to the developing 

embryo; however, lipids carry out all the functions demanded 

for embryonic and larvae development, both at the energetic and 

structural levels (Wiegand 1996a; Tveiten et al. 2004). Bearing 

in mind our a priori hypothesis, i.e. that pouting is a capital 

breeder, there must exist an endogenous source of energy for 

gonad development, gained in advance of the reproductive 

period. Proximate composition of the fish tissue analyzed 

indicated two forecast stores of fuel for reproductive 

expenditure: muscle for proteins and the liver for lipids. 

Previous studies in pouting and other related species, like 

Gadus morhua, support this idea, indicating that muscle 

represents the main deposit of proteins and the liver is the 

main deposit of lipids (Kjesbu et al. 1991; Merayo 1996b; 

Lambert and Dutil 1997a). From a bioenergetics approach, the 

discrimination between lipid and protein reserves is not a 

trivial issue when we want to understand the dynamic of energy 

allocation. Mobilization of fat reserves results in the highest 

energetic yield as compared with other substrates, i.e., 

proteins (Bonnet et al. 1998; and references therein). To this 

respect, Dos Santos et al. (1993) denoted that most of muscle 

lipids in cod cannot be considered as lipid reserves. On 

grounds of all these considerations, it is well-founded to 

think of liver as the main source of energy reserves in 

pouting. 

It is widely accepted that reproduction comprises several 

endocrine and metabolic changes to mobilize and reallocate both 

materials and energy (Jobling 1995). Reproduction involves the 

development of secondary sexual characteristics, reproductive 

behaviour and, especially, gamete production; resources must be  
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Figure 5.11 Relationships of HSI and liver mass-length 
residuals (LLR) with total fish energy content (black dots) 
and liver energy content (blue stars) for T. luscus. 
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suitably allocated to meet all these energetic requirements 

(Wootton 1985). Therefore we can forecast the existence of 

important feedback mechanisms affecting the energy invested 

across survival, growth and reproduction (Tyler and Callow 

1985; Roff 1992). Energy allocation can vary, depending on the 

life-history strategy of a fish species. Thus, the reproductive 

effort in a semelparous species is predicted to be higher than 

in an iteroparous one, since iteroparous fish have to balance 

their energy reserves to ensure current and future reproduction 

(Wootton 1985). In some species it is possible to clearly 

distinguish two alternate phases regarding reproductive cycle, 

giving priority to body growth or ovarian growth (Kamler 1992). 

It is possible that the amount of food ingested during the 

spawning season may partially offset the cost of reproduction, 

for instance in Pagrus pagrus (Aristizabal 2007). However, when 

energy intake is not enough to cover the costs of ovarian 

growth and somatic maintenance, it is necessary to transfer 

resources from stored body energy (Adams et al. 1982; Henderson 

and Morgan 2002). 

One interesting finding is the strong inverse relationships 

found between energy content, content of main biochemical 

components and water content for all the tissues analysed: 

gonad, liver and muscle. In the case of gonads, water content 

(expressed as a percentage of wet weight) is a good indicator 

of protein content and energy density, and it could also be an 

acceptable proxy for lipid content; however, the predictive 

power of this relationship is relatively poor. For lipid 

content in liver and protein content in muscle, water was 

revealed as a reliable estimator for these biochemical 

components. For energy content estimations the results were 

disparate. In the case of the liver, predictions using water 

content should be useful, but for muscle the variation 

explained by the linear regression model was relatively poor, 

and hence it is a weak energy estimation tool in the case of 

pouting. This could respond to the fact that energy content 

changes in muscle were low (less than 2.5kJ/g) and mainly 

associated to proteins; therefore, small changes in the lipids 

deposited in muscle generate important variations. These 
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Figure 5.12 Relationships of K and mass-length residuals 
(MLR) with total fish energy content (black dots) and muscle 
energy content (green stars) for T. luscus. 
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inverse relationships between energy/proximate composition and 

water content are well known in fishes. Merayo (1996b) found 

similar results for liver and muscle tissue in pouting from the 

Cantabrian Sea (N Spain); however, no equations for later 

comparisons or predictive purposes were provided. Such 

relationships had not been assessed until now for gonad tissue 

in this species. In other gadoids, like cod, these 

relationships had already been described to study simple 

indicators of condition aptness or seasonal cycles in condition 

and energy reserves (Lambert and Dutil 1997a, 1997b). Pedersen 

and Hislop (2001) assessed relationships between the percent 

dry mass proportion and energy density of the fish  for a 

variety of species from the North Sea (including a 

representative of  the genus Trisopterus, T. smarkii, and other 

gadoids, Pollachius virens, Melanogrammus aeglefinus and 

Merlangius merlangus). That study showed that there were 

insignificant differences across species, indicating at some 

point that the usefulness of generalized models can be 

established, at least for genus or family. Contrary to this 

conclusion, Hartman and Brant (1995) recommended the use of the 

lowest taxon model possible, since they found species-specific 

differences in the energy density relationship. The existence 

of not only species-specific differences, but also ecosystem-

specific, was even suggested (Dubreuil and Petitgas, 2009). 

Despite this controversy, it has been suggested that once 

species-specific differences have been recognized, it may be 

possible to estimate body composition, and hence energy 

content, from general relationships belonging to more closely 

related taxa, especially for preliminary studies of rare 

species –sparing the time, cost and expertise required by the 

traditional proximate analysis (Hartman and Margraf 2008). Due 

to differences in the methodological approach of these studies, 

it is not possible to compare their results directly. Although 

there are different perspectives on the proper use of these 

relationships, the general trend is still there, i.e. water 

percentage is inversely correlated to energy content in fish 

tissue. Therefore, water/dry-mater relationships should be 

properly compared from a variety of tissues, taxa and 
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ecosystems, using normalized methodologies in an attempt to 

infer a general model for fish -if there is one to be found. 
Based on the aforementioned considerations, water content in 

pouting was used to obtain very accurate predictions of 

proximate composition (main components, protein and lipids) and 

energy content. Thus, it was possible to increase our database, 

in a fast and easy way, to perform other data analysis 

comprised in the objectives of this thesis, such as index 

suitability or seasonality of energy reserves. This 

relationship could be very useful for purposes of energy 

prediction by determining only water content in the liver, a 

very common and simple analytical procedure. 

In ecological studies and in fishery science in particular, 

body condition indices are widely used to express the amount of 

energy reserves stored within individual fish. This connection 

has been used and demonstrated in many studies where condition 

factor has been used as indicator of nutritional status, also 

affecting survival and reproductive success (Lambert and Dutil 

1997b and 2000; Marshall et al. 1999; Rideout and Rose 2006). 

Body condition indices are generally used in an attempt to 

determine the amount of mass in the individual, correlated to

 
Figure 5.13 GAM smoothing curves fitted to partial effects of explanatory 
variables (month) on HSI and LLR respectively in T. luscus. The shaded 
area represents 95% confidence intervals around the main effects. 
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Figure 5.14 Seasonal variations (by month) in energy content (kJ/g) and 
net daily energy variation (kJ/g*day) for a) liver, b) muscle and c) 
total fish in T. luscus. GSI monthly variation (red line) is showed to 
describe the sexual cycle. Standard error of the mean is represented by 
vertical bars. 
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energy reserves after removal of the structural body size 

effect. However, this is not always completely true, as certain 

extent of the variation in condition may indicate variation in 

all the constituents of body composition, not only in energy 

reserves (Schulte-Hostedde et al. 2005). Therefore, it is 

important to validate the link between condition indices and 

energy reserves. In our study, only HSI and LLR residuals 

clearly reflect an increase in the stock of energy reserves. 

This is related to the role of the liver as a deposit of 

lipids, already shown in pouting (Merayo 1996b). In addition, 

Marshall et al. (1999) pointed out the importance of liver 

condition indices as indicators of reproductive success, linked 

to the role of lipids, at least in cod. This fact supports the 

idea that the liver represents the main source of energy for 

pouting females. The incorporation of endogenous proteins as 

energy reserves entails the mobilization of large amounts of 

water, as compared to lipids in the liver; thus, this energy 

storage strategy seems to be more efficient (Bonnet et al. 

1998; and references therein). However, Lambert and Dutil 

(1997a) also showed that simple condition indices, such as K 

and HSI, are suitable as indicators of energy content, 

suggesting that the combined use of both indices could provide 

insights into the short-term and long-term responses to 

environmental conditions in cod. 
Reliability and usefulness of body condition indices has 

been under discussion in animal ecology (Jakob et al. 1996; 

Green 2001; Schulte-Hostedde et al. 2005). In this research 

paper, two traditional ratio body indices, HSI and K, were used 

to evaluate fish condition, and also GSIs were applied to 

estimate reproductive investment. These three ratio indices 

were correlated to body size, and thus could lead to 

misinterpretation of data by confounding condition and body 

size (Jakob et al. 1996). As an alternative, mass-length 

residuals (LLR, WLR and GLR) were used to remove size effect 

from condition indices, as proposed by Green (2001) and 

Schulte-Hostedde et al. (2005). Ultimately, residuals turned 

out to be the best index to discriminate between effects of 

condition and body size; additionally, they have a simple 
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biological interpretation, as positive scores represent better 

“fitness” —available energy reserves— than predicted (Jakob et 

al. 1996). Residual indices are comparable within a population, 

but not between populations. Jakob et al. (1996) noted that for 

purposes of description and interpopulation comparison, ratio 

indices are more suitable than residuals. For instance, K and 

HSI were previously used in pouting as evidence of habitat 

quality and latitudinal trends (Tanner et al. 2009). On the 

other hand, residual scores were used in the past to evaluate 

the influence of body condition on reproductive output (Madsen 

and Shine 1999). 

 All the body condition indices analyzed in the present 

study exhibit conspicuous seasonal variation, with the highest 

values being recorded immediately before the spawning season 

and followed by a steady decrease until the end of the spawning 

season. This variation was already shown in pouting, but only 

for HSI (Merayo 1996b). This pattern very likely describes 

energy allocation in relation to the trade-off between 

reproduction and somatic growth. Such kind of seasonality may 

reflect temporal variations in environmental conditions, 

spawning or feeding behaviour (Brown and Murphy 2004; Hidalgo 

 
Figure 5.15 GAMs smoothing curves fitted to partial effects of 
explanatory variables (month) for K and WLR, respectively, in T. luscus. 
The shaded area represents 95% confidence intervals around the main 
effects. 
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et al. 2008). It is well known that energy allocation 

strategies vary across organisms. A number of the studies on 

fish condition variations have been carried out in cold water 

species, where marked seasonal changes in food supply, 

temperature and photoperiod occur, and spawning usually takes 

place in periods of limited food availability. Consequently, 

vitellogenesis occurs during environmentally adverse periods 

and must rely on energy stored over the months preceding 

follicle development. That situation is characteristic of 

determinate fecundity species, like most gadoids, e.g. haddock, 

Melanogrammus aeglefinus, and cod, Gadus morhua, among others 

(Eliassen and Vahl 1982; Kjesbu et al. 1991; Lambert and Dutil 

1997a; Pedersen and Hislop 2001; Trippel and Neil 2004). 

However, in some temperate species condition indices fluctuate 

throughout the year with no clear seasonal pattern, as is the 

case of Merluccius merluccius and M. hubbsi, two indeterminate 

fecundity species (Méndez and González 1997; Domínguez-Petit et 

al. 2010). In contrast, tropical environments exhibit minimal 

seasonal variation of temperature and photoperiod; in 

consequence, it has been suggested (Junk 1985) that in 

neotropical areas only migratory fish display cycles of energy 

accumulation/depletion, whilst non-migratory species do not 

present this seasonality. However, recent studies suggest that 

even non-migratory tropical species may exhibit seasonal 

patterns of energy storage related to other environmental 

conditions (Arrington et al. 2006). All condition indices used 

for T. luscus in our study showed the same seasonal trends and 

no significant differences were detected between them, 

demonstrating that all of them can be used to detect seasonal 

variations. 

In some species, a protracted spawning season and population 

asynchronicity in spawning activity may difficult the 

ecological study of the dynamic of energy allocation and 

mobilization, as is the case of European hake (Domínguez-Petit 

et al. 2010). Although this does not seem to be the case of 

pouting, it was deemed convenient to analyze condition indices 

(and particularly HSI and K) by sexual cycle stages, i.e. by 

female maturity phases, rather than based on a temporal 
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pattern. This new analysis corroborates the observed seasonal 

pattern.  Low-condition fish were observed as females with 

fully developed gonads or at the end of spawning season 

(Actively Spawning and Regressing); whereas females with 

undeveloped gonads or at the beginning of the developmental 

process (Recovering and Developing) presented the highest 

condition indices. Similarly, total energy was higher in pre-

spawning females, and was significantly reduced as the spawning 

season progressed. This pattern suitably reflects the 

accumulation/depletion cycle of energy reserves and its direct 

relation with gonad development and reproductive activity in 

general. 

We hypothesised that Trisopterus luscus reproductive cost is 

afforded mainly at the expense of energy reserves stored in 

advance of breeding, i.e. following a capital breeding strategy 

(Drent and Daan 1980; Tyler and Callow 1985; Stearns 1989). It 

is known that energy storage and expenditure is an important 

component of life-history strategies, directly affecting the 

 
 
Figure 5.16 GSI, K and HSI values estimated by T. luscus female 
reproductive phases: 1=immature, 2=developing, 3=spawning 
capable, 4=actively spawning, 5=regressing, 6=recovering. 
Standard deviation of the mean is represented by vertical bars. 
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trade-off across current reproduction, survival and future 

reproduction (Stearns 1992; Roff 1992). In the context of this 

thesis, assessing the cost of reproduction and determination of 

the energy allocation strategy became an important issue, since 

reproductive potential may be dependent upon available 

energetic resources, rather than on food resources. The 

hypothesis that sets pouting as a capital breeder was 

formulated based on trends found for traditional condition 

indices like HSI and K. Merayo (1996b) already pointed out that 

pouting’s energy resources for gonad development may come from 

energy stored mainly in the liver, in form of lipids, prior to 

the spawning season. Therefore, reproduction in pouting appears 

to be dependent on energy reserves. 

Seasonal changes in fish energy content are normally 

associated to seasonal changes in food consumption, diet and 

the allocation of assimilated energy to the growth-reproduction 

dynamic (Jobling 1995; Pedersen and Hislop 2001). Our results 

are in agreement with previous studies in a variety of species 

(Henderson et al. 1996; Merayo 1996b; Xie et al. 1998), where 

the maximum values of energy reserves are found immediately 

before the onset of ripening and are depleted at the end of the 

spawning period. Hence, it seems that the energy to be 

allocated to reproduction is stored in advance and mobilized 

later on, to supply the energy required for physiological 

functions related to reproduction in pouting females. Changes 

in energy levels respond to mobilization of lipids and proteins 

stored in the liver and in muscle tissue, respectively, but 

liver lipids are the capital source of energy. The drastic 

variation in lipid concentration, especially of the lipids 

stored in the liver, provides evidence of the role of this 

source of energy, which is likely linked to reproductive 

activity. These differences in the degree of variation between 

biochemical components and tissues were also observed in other 

fish species, like Pleuronectes platessa, Micropteurs salmoides 

or Sarda sarda (Costopoulos and Fonds 1989; Brown and Murphy 

2004; Zaboukas et al. 2006). In some species there is a 

sequential mobilisation of energy reserves from different 

tissues. Protein reduction from muscle can be delayed as 
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Figure 5.17 a) Gonad, b) liver and c) muscle energy content estimated by 
T. luscus female reproductive phases. Standard deviation of the mean is 
represented by vertical bars. 
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compared to lipid decrease in liver, which may reflect a demand 

of extra energy supply or the need for structural biomolecules 

for gonadal development (Black and Love 1986; Costopoulos and 

Fonds 1989; Zaboukas et al. 2006). But some authors suggest as 

well that the liver acts as a buffer between the soma and the 

ovaries, in order to ensure ovarian maturation even at low 

rates of energy intake (Allen and Wootton 1982). 
Seasonal changes in feeding activity have not been observed 

in pouting, even during the spawning season (Merayo 1991; 

Hamerlynck and Hostens 1993). Therefore, the observed seasonal 

variation in energy reserves is not due to changes in food 

consumption and diet, and they may respond exclusively to 

changes in the energy requirements associated to the sexual 

cycle. This seems to support as well the hypothesis of T. 

luscus being a capital rather than income breeder (Drent and 

Daan 1980; Tyler and Callow 1985; Stearns 1989). As 

reproduction is costly, there is a variety of trade-offs that 

concern current reproductive effort: reproduction vs. survival, 

growth, condition and future reproductive output (Stearns 1992; 

Roff 1992). Hence, energy reserves may have some impact on 

reproductive potential. Knowledge of the strategy selected to 

meet energy demands is of the utmost interest in order to 

understand variations in the life history of a fish. Capital 

and income breeders represent the ends of a continuum, and some 

species are able to compensate for inadequate energy deposits 

with concurrent food intake (Henderson et al. 1996). It was 

suggested that in ectothermic organisms, including fish 

species, the strategy of capital breeding is the most 

widespread, because ectothermic features tend to pre-adapt 

organisms to store energy prior to its use (Bonnet et al. 

1998). Varpe et al. (2009) stress the importance of seasonality 

concerning the benefits of the strategy of capital breeding. 

Despite this apparent tendency to store energy, found in fish 

species under changing environmental conditions, there are few 

studies that relate the presence of income breeding species 

among teleostei (Aristizabal 2007; Domínguez-Petit and 

Saborido-Rey 2010). These two examples, Pagrus pagrus and 

Merluccius merluccius, exhibit a strategy based on lower energy 
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allocation and a higher dependence on food during the spawning 

time in order to ensure successful reproduction. Reproductive 

strategy may influence at some point which approach 

characterizes a fish species concerning energy allocation. 

Aristizabal (2007) argued that the females of asynchronous 

species invest relatively less body energy into the elaboration 

of gametes than synchronous species do. 

Our results indicate that energy stored is mainly allocated 

to oocyte recruitment rather than to vitellogenesis, as most of 

the stored energy is depleted before the onset of the spawning, 

when oocytes are already recruited (for determinate fecundity 

species), while most of the vitellogenesis occurs over the 

spawning season. In capital breeders, the stored energy allows 

individuals “to predict” the potential number of eggs to be 

spawned (determinate fecundity), but normally yolk accumulation 

is done at the expenses of stored reserves, leading to a 

modality of group-synchronous oocyte development. In income 

breeders, on the contrary, the lack of stored energy prevents 

the prediction of egg production and both oocyte recruitment 

and vitellogenesis is done at the expense of surplus energy 

from concurrent feeding, leading to asynchronous oocyte 

development (Saborido-Rey et al. 2010). Interestingly, pouting 

exhibits determinate –or night to determinate— fecundity, but 

also asynchronous oocyte development, indicating that it 

probably possesses an intermediate strategy, combining capital 

and income breeding. There are few studies on energy allocation 

related to reproduction with their focus set on income breeders 

(Aristizabal 2007; Dominguez-Petit et al. 2010). This fact 

derives from the assumption that the storage strategy for 

reproduction is more efficient, so capital breeding is the most 

common strategy in fishes (Bonnet et al. 1998). In capital 

breeders, potential fecundity is fixed in advance of the 

following spawning season, and only down-regulation can reduce 

it in relation to available energy reserves (Kurita et al. 

2003; Kennedy et al. 2007). In income breeders energy reserves 

play a limited role in egg production (Aristizabal 2007; 

Dominguez-Petit et al. 2010). However, females can use energy 

reserves to improve foraging capacity, mating performance, 
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reproduction behaviour or post-breeding survival rate. In 

between these end strategies, species that store large amounts 

of energy but which show important feeding activity during the 

spawning season are expected to be found. Ultimately, the 

females of T. luscus show a marked seasonal pattern concerning 

energy reserves, apparently exhibiting determinate fecundity, 

but also asynchronous oocyte development. Although oocyte 

recruitment is initiated a few months before spawning, 

vitellogenesis takes only a few weeks to be completed. 

Subsequently, it could be hypothesized that energy intake from 

feeding influences egg production, although the liver acts as a 

buffer for main reproductive requirements. What the role is for 

each component of the energy available for reproduction 

(feeding intake/energy stored) in female pouting is not clear 

yet. The extent to which this energetic balance affects 

reproductive potential (egg production/egg quality/timing of 

reproduction) in pouting will be explored in detail in 

following chapter. 

 

5.3.1 Concluding Remarks 
 

Summarizing, energy reserves in pouting females are mainly 

associated to the lipids stored in the liver. Water content 

appeared to be a useful index in order to obtain very accurate 

predictions of energy density, particularly for gonads and the 

liver. Condition indices, both the common ratio index and the 

residual index, are suitable to analyze nutritional status of 

fish, since they reflect changes in energy content and 

proximate composition in the different tissues studied. The 

seasonality of energy reserves was clearly detected and is 

closely related to the sexual cycle, indicating that pouting 

females display a period of energy storage, mainly through 

lipid deposition in the liver. Therefore, pouting should be 

considered a capital rather than an income breeder, as the fuel 

for reproduction comes essentially from stored energy. The 

level of energy reserves stored in fish is expected to exert 

certain influence on reproductive potential. However, it is 
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hypothesized here that a fraction of the direct intake of 

energy may also be allocated to reproduction. The extent of 

this influence on the reproductive output is yet to be 

assessed. 



 

6 Potential	Effects	of	Maternal	Factors	on	
Stock	Reproductive	Potential	in	a	
Capital	Breeder	(Trisopterus	luscus)	
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6.1 MATERNAL EFFECTS AS SOURCE OF VARIATION OF 

REPRODUCTIVE POTENTIAL  
 

The general assumption that total egg production (TEP) is 

proportional to spawning stock biomass (SSB) has been shown to 

be incorrect for a number of fish stocks (Marshall et al. 1998 

and 2003). The term stock reproductive potential (SRP) was 

firstly defined as “the annual variation in a stock’s ability 

to produce viable eggs and larvae that may eventually recruit 

to adult population or fishery” (Trippel 1999) and its 

unaccounted variation must explaine the inadequacy of most 

stock-recruitment models.  

Causes of variation in SRP are beyond the simple annual 

shifts in SSB and a number of studies have shown that maternal 

features influence SRP (Kjesbu et al. 1991; Solemdal 1997; 

Vallin and Nissling 2000; Marteinsdottir and Begg 2002; 

Marshall et al. 2003; Saborido-Rey et al. 2003; Marshall et al. 

2006; Lowerre-Barbieri et al. 2011a). Stock size and age 

composition,  sex ratio, sexual maturity, fecundity and 

condition have been pointed out as primary maternal features 

affecting SRP through such aspects as timing of reproduction, 

egg production or egg quality, directly affecting reproductive 

success and hence recruitment (Tomkiewicz et al. 2003a; Scott 

et al. 2006). 

The influence of fisheries in the demographic population 

structure of stocks is highly relevant due to their high 

selectivity by size, increasing mortality in the largest 

individuals and increasing the proportion of young and small 

individuals in the populations (Trippel et al. 1997; Jennings 

et al. 1999). Scott et al. (2006) provided evidence indicating 

that stock structure could account for high differences in SRP 

even for the same SSB, having a profound effect on reproductive 

success. Moreover, there is evidence that prolonged intense 

exploitation can cause genetic changes, modifying reaction 

norms for size and age at first maturity (Trippel 1995; 

Jorgensen et al. 2007; Pérez-Rodríguez et al. 2009). 

Additionally, fisheries, and especially fluctuating 

environments, often alter feeding opportunities, subsequently 

producing variations in fish condition and energy reserves. 
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Poor condition and low energy reserves have been shown to 

reduce reproductive success by means of lower fecundity and 

decreasing egg quality (Kjesbu et al. 1991), which imply  lower 

survival rates (Lambert and Dutil 1997b). Therefore, a 

truncated stock structure often has a reduced SRP, with 

recruitment being more sensitive to environmental variability 

and prone to overexploitation, even to the point of population 

collapse. In summary, it is a less resilient stock.  

This work analyzes the influence of maternal effects at 

three different levels: timing of reproduction (reproductive 

cycle), egg production (potential fecundity and batch 

fecundity) and egg quality (egg size). The information thus 

obtained is combined and analyzed together by means of a single 

model to describe the SRP variation due to female size and 

condition effects. Ultimately, pouting life history strategy is 

evaluated considering aspects as reproductive, growth and 

energy allocation strategies. 

 

6.2 RESULTS 
 

In accordance with the bioenergetics results obtained for T. 

luscus (Chapter 5), content of energy reserves in the liver was 

selected as the best indicator of fish nutritional status. 

Several indices of fish condition were used to assess the 

influence of female condition on reproductive potential: i) the 

amount of lipids in the liver and proteins in muscle, ii) total 

liver and muscle energy content and iii) liver mass-total 

length residuals (LLR) and weight-total length residuals (WLR). 

While i) and ii) should be considered as direct measures of 

fish condition, iii) is an indirect measure. The influence of 

these indices on the reproductive potential was analyzed 

factoring in female size (body length) and timing (month) –when 

suitable. 
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6.2.1 Maternal Influence on the Variation of the Reproductive 
Cycle  

 
There are two key moments in female reproductive cycle 

involving important physiological and behavioral changes: 

ripening and spawning. This section analyzes the influence of 

maternal features on the timing of those periods. 

 

6.2.1.1 Effects on Ripening  

 
In T. luscus, as a capital breeder (see Discussion Chapter 

5), it was hypothesized that a threshold of energy reserves 

should exist below which female ripening is not initiated, i.e. 

the onset of ripening requires exceeding a certain level of 

stored energy. This requirement should be met at some point at 

the beginning of the breeding season, i.e. around the first 

occurrence of the cortical alveoli follicle stage. The 

probability of ripening, i.e. presence of CA follicles (Early 

Development sub-phase), increases with any of the condition 

indices (Table 6.1). There is indeed a threshold below which 

the probability of a female undergoing ripening is negligible 

(Figure 6.1). However, this probability is significantly 

affected by the time of the year (month), with a higher 

explained variation (Table 6.1). Thus, the onset of ripening 

seems to be associated to a greater degree to the period of the 

year. The highest probabilities were found at the end of the 

year, immediately prior to the spawning season (Figure 6.2). 

Because timing bears high influence, the effect of female 

length and condition on the onset of the breeding season was 

explored under a seasonal perspective. The analysis was 

conducted only during the development period, when ovary 

recrudescence takes place (from September to December, see 

Chapter 3). The final model was built including only length and 

condition (liver and muscle components) as main effects.  
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Probability of ripening was not influenced by female size 

during the development period; only liver condition (LLR, liver 

lipids and liver energy) significantly affected the probability 

of ripening. For all female sizes, increasing liver condition 

increased the chances of the female of initiating the breeding 

season. Although the direct index of condition (liver 

condition) explains a higher percentage of variation, the 

amount of variation explained is still low (Table 6.2). Thus, 

in accordance with previous analysis, the seasonal component 

turned out to be the main triggering factor for follicle 

secondary growth (Table 6.1). Nevertheless, female nutritional 

status should still be considered, since it could act as 

limiting factor below a given threshold. 

 

 

Table 6.1 Summary of GLMs (binomial) for the probability of ripening 
during the sexual cycle of T. luscus (Early Development sub-phase) 
related to all the condition indices and season (month as a factor) 
separately. Lipids as percentage in a wet weight basis and energy 
expressed as kJ/g. 

 
 
n 
 

df 
 

Chi square 
 

p-value 
 

r2 

 
 
LLR 1236 1 72.6 <0.001 7.65 

WLR 1984 1 59.7 <0.001 3.76 
 
Liver lipids 1139 1 70.3 <0.001 8.86 

Muscle proteins 637 1 22.7 <0.001 3.67 
 
Liver energy 1139 1 70.3 <0.001 8.86 

Muscle energy 637 1 22.7 <0.001 3.67 

Month 
 

1999 
 

11 
 

228.1 
 

<0.001 
 

23 
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Figure 6.1 Scatterplot and fitted GLM curves of 
the probabilities of ripening of T. luscus 
females related to different indices of 
condition: a) LLR, liver lipid content and liver 
energy content; b) WLR, muscle protein content 
and muscle energy content. Vertical dotted lines 
represent estimated threshold values for each 
condition index. 
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6.2.1.2 Effects on Spawning  

 

 Timing of the 

spawning season, i.e. 

the probability of being 

undergoing spawning, can 

also be affected by 

maternal features such 

as length or condition. 

In order to evaluate 

maternal effects on the 

spawning season, those 

females in Spawning Ca-

pable and Actively 

Spawning reproductive 

phases were considered 

to be in spawning condi-

tion. There is a clear 

seasonal pattern in spawning activity (Figure 6.2 and Table 

6.3, see also Chapter 3), which is significantly correlated 

with female condition. Interestingly, and contrary to the 

results for probability of ripening, the coefficients for 

condition indices were negative (Table 6.3), i.e. lower female 

condition increases the chances of being in spawning condition. 

These results lead to suspect that condition, rather than 

reflecting the influence of energy reserves on spawning 

activity, is only a consequence of energy investment in 

reproduction; therefore, females in spawning condition steadily 

consume energy reserves.  

 
 
Figure 6.2 Monthly variation of the 
probabilities of ripening (black dots) and 
probability of spawning (grey dots) of T. 
luscus females. 
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Female size is expected to have significant influence on the 

timing of spawning. Therefore, a new model was developed to 

describe seasonal variation of spawning activity, including 

female total length as main maternal effect. Week was added in 

the model as temporal variable. The GLMs were applied in two 

different periods: the onset and the end of the spawning season 

(see Chapter 3). The results of the GLMs shows that the 

interaction term, length:week, was significant in both periods 

analyzed (p<0.05,Table 6.4). Therefore, in addition to the 

seasonal component, female length significantly influences the 

onset and duration of the spawning season. The spawning season 

shows a strong seasonal pattern with relatively high 

synchronicity at the population level (see Chapter 3); yet, the 

effect of female length clearly affects the onset and duration 

of the spawning season, i.e, the spawning season of the larger 

females begins earlier and last longer (Figure 6.3). The model 

shows that the onset of the spawning season starts 2.5 weeks 

later in a 20-cm-long female than in a 25-cm-long one. In 

addition, the duration of the season can be over 6 weeks longer 

in a 25-cm-long female. The week at which 50% of females were 

in spawning condition (S50) is related to female length (Figure 

6.3, inlets), with an especially long spawning season for 

larger females. However, these results should be interpreted 

with caution, due to the low number of fishes analyzed for 

these larger sizes (Figure 6.3, inlets). 

 

6.2.1.3 Timing of Reproductive Cycle 

Table 6.2 Summary of GLM (binomial) between female condition indices and 
the probability of ripening for T. luscus during Developing period. Only 
significant variables of the optimal model resultant are included in the 
table.  

 

df 
 

n 
 

r2 

 
AIC 

 
Estimate 

 
Std. Error 

 
Chi square 

 
p-value 

 
 
LLR 1 353 1.45 467 0.659 0.257 6.58 0.010 

Liver lipid 1 305 2.37 401 0.038 0.013 8.75 0.003 
Liver energy 
 

1 
 

305 
 

2.37 
 

401 
 

0.091 
 

0.031 
 

8.75 
 

0.003 
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In the light of these previous results, condition as 

triggering factor for the process of ripening and female 

length, affecting the timing of spawning, were identified as 

maternal factors affective reproductive cycle. In addition to 

these previous analyses, a more flexible approach was adopted 

to better describe the influential factors of reproductive 

cycle. Two different GAMs (quasi-binomial distribution) were 

carried out, one for recrudescence period (Early Development 

sub-phase) and other for spawning activity (Spawning Capable 

phase). In the “Early Development” model, month and condition 

were added as continuous explanatory variables. Liver energy 

was selected as condition index, as the best indicator of 

energy reserves. In the “Spawning Capable” model, the variables 

selected were month and female total length. A clear 

interaction among variables was observed in both models:  

between month and condition and between month and length, 

respectively (Table 6.5 and Figure 6.4). Despite de high 

seasonality of both processes, maternal factors exert a 

significant effect. Initially, it can be expected that those 

females initiating recrudescence earlier on in the season, also 

reach the spawning period earlier in the year. However, the 

onset of follicle secondary growth (ripening) is affected by 

condition. This means that females in better condition start 

the breeding season earlier, despite their total length. 

Conversely, spawning activity is significantly affected by 

female length, i.e. big females reach the spawning season 

earlier. This can be explained by different follicle growth 

rates; therefore, the existence of some kind of body size 

effect on follicle growth rate was hypothesized. This means 

that the time needed to reach complete follicle maturation (and 

subsequent egg batch) would be dependent on fish length, with 

higher follicle growth rates for bigger fish. 
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6.2.2 Influence of Nutritional Status on Egg Production in a 
Temperate Capital Breeder (Trisopterus luscus) 

 

Egg production-fish size relationships were already analyzed 

in Chapter 4; one step further is investigating the influence 

of condition on fecundity and hence on egg production, while 

considering the size effect. Consequently, the current analysis 

considers maternal effects, female size and condition, as 

likely sources of variation in fecundity. 

 

6.2.2.1 Effects of Condition on Potential Fecundity  

 
As in previous sections, the influence of all condition 

indices was evaluated. No significant results were found 

between potential fecundity and indirect condition 

Table 6.3 Summary of GLMs (binomial) for the probability of being in 
Spawning condition (Spawning Capable phase, including Actively Spawning 
sub-phase) related to different condition indices and season (month as a 
factor) for T. luscus. Lipids and proteins as percentage in a wet weight 
basis and energy expressed as kJ/g. 

 
 
n 
 

df 
 

Estimate 
 

Std. Error 
 

Chi square 
 

p-value 
 

r2 

 
 
LLR 1236 1 -0.487 0.109 19.96 <0.001 1.26 

WLR 1984 1 -4.590 0.554 68.55 <0.001 2.75 

Liver lipids 1139 1 -0.051 0.004 131.00 <0.001 9.90 

Muscle proteins 637 1 -0.890 0.106 70.96 <0.001 10.20 

Liver energy 1139 1 -0.122 0.011 131.00 <0.001 9.90 

Muscle energy 637 1 -3.437 0.408 70.96 <0.001 10.20 

Month 
 

1999 
 

11 
 

391.1 
 

<0.001 
 

44.10 
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Figure 6.3 Logistic regression model (Binomial GLM) for the estimate of 
the duration of spawning season of female T. luscus at two selected sizes 
(200 and 250 mm) fitted to the onset (a) and at the end (b) of spawning 
season. Week 1 in the graph represents week 45 of the year. Inlets show 
the number of females used in these analyses (bars) and the relationships 
between S50 and female size at the onset (upper panel) and the end (lower 
panel) of the spawning season. 
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indices, LLR and WLR (p>0.05; Table 6.6). However, the 

interaction between liver and muscle energy reserves in the 

full model yielded significant results (p<0.05). Therefore, 

both components of energy reserves, liver and muscle, seem to 

exert some effect on potential fecundity (Figure 6.5).  The 

final optimal model include: total length; liver and muscle 

energy; and their interaction (n=25, df=6, r2=0.91). Potential 

fecundity increases with female length for all energy content 

values; however, as liver energy increases, the effect of 

length on fecundity is considerably higher (Figure 6.5b). On 

the contrary, the body size effect on potential fecundity is 

more important at low levels of muscle energy reserves (Figure 

6.5a). Also liver energy reserves positively affect potential 

fecundity, especially at low levels of muscle energy reserves 

(Figure 6.5c).  

 

6.2.2.2 Effects of Condition on Batch Fecundity  

 
Direct condition indices do not significantly influence 

batch fecundity (p>0.05). Only LLR and especially WLR turned 

Table 6.4 Summary of GLM (binomial) between timing (week), female length 
and the probability of spawning for T. luscus. Explanatory variables: 
week and length as continuous. Two different periods were defined: i) 
Onset of spawning season and ii) end of spawning season. 

 

 

n 
 

df 
 

r2 
 

Estimate 
 

Std. Error 
 

F 
 

p-value 
 

 
Onset 689 4 64.6 

Week 0.084 0.273 0.094 0.759 

Length -0.003 0.009 0.106 0.745 

Week:Length 0.003 0.001 6.160 0.013 

End 1310 4 38.5 

Month -0.451 0.086 33.261 <0.001 

Length 0.011 0.004 2.764 0.002 
Week:Length 0.001 

 
0.000 

 
2.728 

 
0.003 
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out to be significant in the GLM model, including length as 

covariate (Table 6.6). Also the interaction term length:LLR was 

determined to be significant. The final optimal model includes 

total length, LLR, WLR and the interaction length:LLR (n=78, 

df=6, r2=0.39). Batch fecundity increases with female length 

for all condition values; however, as WLR increases, the effect 

of length in fecundity is considerably higher (Figure 6.6a). 

This seems to indicate that the main source of energy to 

produce a batch comes from somatic mass, i.e. muscle tissues. 

This idea seems to be corroborated by the fact that energy 

stores located in the liver (LLR) did not show any substantial 

effect on batch fecundity at a fixed length (Figure 6.6c). 

Moreover, size effect is even higher at lower values of LLR 

(Figure 6.6b). 

 

6.2.3 Influence of Nutritional Status on Egg Quality in a 
Temperate Capital Breeder (Trisopterus luscus) 

 

Two different response variables were selected as indicators 

of egg quality: hydrated follicle diameter and corresponding 

hydrated follicle dry mass. Both are representative of egg 

size, which is assumed to enhance their chance of survival. The 

maternal effect on egg quality was assessed by using female 

body length in all models and different condition indices as 

Table 6.5 Summary of GAM (quasi-Binomial) between timing (month), 
maternal features (body length and liver energy) and the probability of 
ripening (Early Development) and spawning (Spawning Capable) for T. 
luscus. 

n 
 

df 
 

 
Deviance 

Explained (%) 
 

F 
 

p-value 
 

 
Ripening  
(Month and liver energy) 1139 4 19.4 57.8 <2e-16 

Spawning  
(Month and total length) 
 

1999 
 

4 
 

44.6 
 

172.8 
 

<2e-16 
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explanatory variables, as in previous sections. These analyses 

were conducted only in those months with major spawning 

activity, i.e. January to June. 

 

6.2.3.1  Maternal Effects on Egg Diameter  

 
The influence of total length, liver energy reserves and 

muscle energy reserves (by means of indirect and direct 

condition indices) on egg diameter was analyzed, but the final 

model only included total length and muscle energy reserves 

(Table 6.7).  

Female length significantly affected egg diameter in the 

models used (Table 6.7). The first model, using indirect 

condition indices, included length and WLR as significant 

factors (n=185, df=5, r2=0.11), while LLR was not significant. 

When considering direct condition indices (energy content) 

besides female length, muscle energy (n=149, df=5, r2=0.11) 

showed significant influence on egg diameter (Table 6.7). Liver 

energy did not significantly affect egg diameter. No 

Table 6.6 Summary of GLM (negative binomial) between fecundity (potential 
and batch) and condition indices in T. luscus. 

 

Explanatory variable 
Estimate 

 
Std.Error 

 
Z 
 

p-value 
 

Potential fecundity Intercept -1.918 5.110 -0.375 0.707 

Length  0.020 0.002 12.781 <2e-16 

Liver energy 0.616 0.248 2.486 0.013 

Muscle energy 1.534 0.989 1.550 0.121 

Liver:Muscle -0.109 0.047 -2.308 0.021 

Batch fecundity Intercept 5.659 0.484 11.690 <2e-16 

Length 0.013 0.002 7.318 <0.001 

LLR 2.638 1.124 2.348 0.019 

WLR 3.111 0.732 4.251 <0.001 
Length:LLR 
 

-0.010 
 

0.004 
 

-2.415 
 

0.016 
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Figure 6.4 GAM model predictions for the probability of ripening (upper 
plot) and spawning (lower plot) in T. luscus as function of month and 
condition and month and length respectively for T. luscus.  
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significant interactions were detected. Although the proportion 

of variance accounted for by these models is low, only 11% in 

both models, larger females produced bigger eggs (Figure 6.7a); 

however, nutritional status (muscle energy) seems to be 

negatively related to egg diameter. This relationship probably 

indicates an allocation of energy to egg size from that stored 

in somatic mass -basically from proteins, which is in 

accordance with the findings presented above concerning batch 

fecundity. 

 

6.2.3.2 Maternal Effects on Egg Dry Mass 

 
As for egg diameter, total length and liver and muscle 

energy reserves were evaluated as factors affecting egg dry 

mass. As for egg diameter, the effect of female body length on

Table 6.7 Summary of Multiple Linear Regression between maternal features 
(length and condition indices) and egg quality parameters (diameter and 
dry mass) in T. luscus.  

 
Estimate 

 
Std. Error 

 
z 
 

p-value 
 

 
Diameter Intercept 864.212 32.965 26.216 < 2e-16 

Length 0.455 0.122 3.732 0.000 

WLR 149.917 65.509 2.289 0.023 

Intercept 1.16E+03 1.38E+02 8.413 0.000 

Length 4.64E-01 1.38E-01 3.376 0.001 

Muscle energy -5.94E+01 2.56E+01 -2.321 0.022 

Dry mass Intercept 2.36E-02 1.83E-03 12.889 <2e-16 

Length 1.72E-05 6.78E-06 2.543 0.012 

LLR 1.58E-03 7.43E-04 2.128 0.035 

Intercept 3.37E-02 5.70E-03 5.906 0.000 

Length -3.38E-05 2.16E-05 -1.56 0.121 

Liver energy -5.22E-04 3.21E-04 -1.626 0.106 
Length:Liver energy 
 

2.73E-06 
 

1.19E-06 
 

2.293 
 

0.023 
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Figure 6.5 Mesh plot of the GLM model predictions for T. luscus potential 
fecundity in relation to maternal features: a) total length, and muscle 
energy at a fixed liver energy of 20 Kj/g; b) total length and liver 
energy content at a fixed muscle energy of 5 KJ/g and c) muscle and liver 
energy content at a fixed total length of 25 cm. 
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egg dry mass was determined to be significant, (Table 6.7) when 

analyzing the effect of indirect conditions indices. In this 

case, together with female length, only LLR was significantly 

related to egg dry weight and no significant interaction 

existed (n=181, df=5, r2=0.06). Conversely, in the model 

developed for tissue energy there was significant interaction 

between female length and liver energy (n=177, df=6, r2=0.12; 

Table 6.7). This interaction is the consequence of the opposite 

effect of female length and liver reserves (lipids/energy) on 

egg dry mass (Figure 6.7b); in larger females, the effect of 

liver energy is clearly positive, but negligible in smaller 

females. Therefore, contrarily to egg diameter, egg dry mass is 

related to liver component of energy storage (lipids) and 

female body length. 

 

6.2.4 Assessment of Reproductive Output in Trisopterus luscus  
 

In this section the connection between reproductive 

potential and reproductive investment is evaluated. In order to 

achieve this, total egg production (TEP) is estimated from a 

hypothetical population as a function of two key features of 

stock reproductive potential: i) population structure and ii) 

individual egg production. Two different estimates of TEP are 

produced, assuming a determinate and an indeterminate fecundity 

pattern respectively. The first model (Determinate Model) was 

developed under the assumption of determinate fecundity in 

pouting, therefore considering potential fecundity as 

proportional to realized fecundity. In the second model 

(Indeterminate Model), pouting was considered as an 

indeterminate fecundity species; assuming that batch fecundity 

multiplied by spawning fraction is proportional to realized 

fecundity (Murua et al. 2003). 

For the simulation, two hypothetical populations with 

different size structure were defined (Figure 6.8). The fish 

size frequency distribution obtained from fish market samplings 

was adopted as the initial fish stock size structure, 

truncating the distribution into two: one biased towards small
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Figure 6.6 Mesh plots of the GLM model predictions for T. luscus batch 
fecundity in relation to maternal features: a) total length, and WLR at a 
fixed LLR of 0.02; b) total length and LLR at a fixed WLR of -0.02 and c) 
WLR and LLR at a fixed total length of 25 cm. 
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fish (“Smaller females” population) and the other towards large 

fish (“Larger females” population). Both populations have the 

same biomass (1000 t), corresponding approximately to the total 

annual landings of pouting in Galician fish markets during 2009 

(http://www.pescadegalicia.com/). Therefore, several simulated 

TEPs were generated for both populations (“Smaller” and 

“Larger”), with different size structure for each of the 

fecundity patterns: determinate and indeterminate. 

Additionally, different levels of nutritional status were 

introduced in the models for simulations. 

 

6.2.4.1 Determinate Model (DM) 

 
The model, assuming determinate fecundity, is defined as 

follows: 

 
Equation 6.1 TEPl,c = (Nl * SRl * Ml ) * (PFl,c - ALl )   

 
The first part of the model, which defines population 

structure, includes three components: 

 Nl is the number of individuals per size class following 

the two hypothetical size-frequency distributions (Figure 

6.8).  

 SRl is the sex ratio at length. As research sampling was 

focused on female reproductive potential, the sex ratio 

was not assessed in the present study. Constant sex ratio 

was assumed and we considered total biomass as belonging 

exclusively to females. 

 Ml is the expected proportion of mature females at length 

from general logistic regressions, based on the 

reproduction assessment study carried out since December 

2003 and spanning across 2004, 2005 and 2006 (see Chapter 

3). 
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Figure 6.7 Predicted values and fitted mesh plot from a multiple linear 
regression model between a) egg diameter, female length and muscle energy 
and b) egg dry mass, female length and liver energy in T. luscus. 
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Fecundity parameters were defined as follows: 

 PFl,c is the mean absolute potential fecundity at length 

and fish condition (lc, liver energy content; mc, muscle 

energy content), obtained from the potential fecundity 

model developed in this Chapter (Table 6.6 and Figure 

6.5). 

 Al is the atretic losses at length from the lineal 

relationship between average intensity of atresia (Figure 

3.13) and fish length, multiplied by a constant prevalence 

of 0.25. 

 

6.2.4.2 Indeterminate Model (IM) 

 
  The model is based on the total egg production model 

developed by Mehault et al. (2010) for an indeterminate 

fecundity species (Merluccius merluccius); with some 

modifications to deal with the specific biological features of 

the species object of this study. The resultant model was: 
 
Equation 6.2 TEPl,c = (Nl * SRl * Ml ) * (BFl,c * NBl)   

 
The differences from the previous model, DM, are located in 

the fecundity component, which is defined as follows: 

 BFl,c is the mean absolute batch fecundity at length and 

fish condition (WLR and LLR), obtained from the GLM 

relationships described in the present chapter (Table 6.6 

and Figure 6.6)  

 NBl is the average number of batches released at length 

during the spawning season. This data were obtained by 

multiplying the length of the spawning season (in days) at 

length by the spawning frequency. The experiment conducted 

in captivity showed that pouting females release one batch 

every 3 days on average (see Chapter 3); however, field 

sampling yielded higher spawning frequency, close to one 
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batch per day. This discrepancy may lead to very different 

estimations of individual egg production (Figure 6.9), yet 

for purposes of our model comparison and based on 

experimental results, the spawning frequency selected was 

one batch every three days. Spawning season was size-

dependent, as it has been shown in this chapter (Figure 

6.3). Although the model predicts protracted spawning 

seasons spanning beyond 5 months for the bigger fish, this 

is not likely to happen for pouting in the wild, as 

indicated by ovarian maturity stage frequency and the 

monthly variations in the gonadosomatic index (Figure 

3.6). Therefore, we assumed the GLM prediction as suitable 

for a determinate size range, 150-275 mm. For both ends of 

the fish size distribution, i.e. fish below 150 mm and 

above 275 mm, the length of the spawning season was 

considering constant, assuming the duration of the 

 
 
Figure 6.8 Simulated populations of T. luscus with different 
size structure used to estimate TEP. Bars represent number of 
mature females and areas the total number of fish.  
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spawning season to be 2.5 months for the females of the 

150-mm-long fish and 5.5 months for the females of the 

275-mm-long ones. In this manner, the maternal effect 

(female length) is reflected on NBl, and hence, on total 

egg production.  

There are some sources of uncertainty in the Indeterminate 

Model, mainly associated to the estimation of NBl (spawning 

frequency and duration of the spawning season). Thus, the 

values predicted for egg production should be interpreted with 

caution. However, both models, Determinate and Indeterminate, 

allow comparing and evaluating the effect of population 

structure and condition on reproductive potential under the 

assumption of two different spawning strategies. 

 

 
 
Figure 6.9 Relationships between fish size and individual annual 
fecundity in T. luscus estimated from determinate model (DM) and 
from indeterminate model (IM) using three different spawning 
frequencies or batch intervals (Bi). It was assumed an average 
spawning season length of 132 days. 
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6.2.4.3 Reproductive Output under Different Fecundity Assumptions: Model 
Comparison 

 
The first difference found between models concerns the 

estimation of individual annual fecundity (Figure 6.9). IM 

normally yields higher annual fecundity than DM, especially for 

larger body sizes. For the case of 1-day batch interval, annual 

fecundity is considerably higher in the IM model; for example: 

it was eight times larger for a range of 200-300 mm of TL. 

However, when using the spawning frequency observed in the 

experiments in captivity (3 days), annual fecundity is only 2.6 

times higher for the same size range. Both models yield similar 

annual fecundity when spawning frequency is set at 6 days. This 

last spawning frequency is the result of dividing average 

potential fecundity by average batch fecundity, i.e. it assumes 

pouting a determinate fecundity species. However, this value is 

very unlikely to occur in the wild. Therefore, the effect of 

spawning frequency on annual fecundity and, hence in total egg 

production (TEP) is critical. To test the effect of condition 

on TEP in the Determinate model, two levels of liver condition 

(lc) were defined (low lc=10kj/g and high lc=20kj/g) for a 

fixed muscle condition (mc); increasing lc represents an 

increment of 52% on stock TEP for both the “Smaller” and 

“Larger” populations (Figure 6.10a-b). In the Indeterminate 

model, a change in WLR from -0.02 to 0.02 generated an increase 

in TEP of 13% (Figure 6.10c-d). However, the effect of 

population size structure on TEP was notably stronger. TEP was 

higher as estimated by IM for all possible scenarios, since 

estimations of individual annual fecundity were also higher 

(Figure 6.10). TEP resulted always higher in the “Larger 

females” population than in the “Smaller females” one, 

irrespective of model or condition status (Figure 6.10). TEP 

increases by 61% on average with a change in population 

structure when using DM. In the case of IM estimations, the 

average increase in TEP was even higher, around 85%. However, 

because the maturity ogive is applied in the simulations, the 

“Larger” population contains a higher proportion of mature 

females than the “Smaller” population. To compensate for this 
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difference and in order to evaluate only the effect of the 

population structure of the spawning stock biomass on TEP, a 

new simulation was performed assuming that both populations, 

”Smaller” and ”Larger”, have the same SSB, i.e. 1000 tons of 

mature females, although with different size structure. For DM, 

lc was set at 20 kj/g and mc at 5 kJ/g WLR-0.02. For IM, WLR 

was set at 0.02 and LLR at 0.08. In the case of determinate 

fecundity, a SSB biased towards larger fish would yield 58% 

higher TEP than a population biased towards smaller fish 

(Figure 6.11a). In the case of indeterminate fecundity the 

increase in TEP for a population composed by larger fish would 

be even higher, around 81% (Figure 6.11b). 

 

 
 
Figure 6.10 Simulated TEP estimations for T. luscus populations 
with Determinate (a-b) and Indeterminate fecundity (c-d); with 
different size structure biased towards “Smaller female” (a-c) and 
“Larger female” (b-d); and different female condition (liver 
condition, lc; muscle condition, mc; Liver-length residuals, LLR 
and Weigth-length residuals, WLR).  
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6.3 DISCUSSION 
 

Although spawning stock biomass (SSB) has traditionally been 

used as a proxy for egg production, it is nowadays widely 

assumed that SSB does not account properly for changes in 

relative fecundity and egg viability, as a result of the effect 

of different factors such as age, size or condition (Kjesbu et 

al. 1991; Solemdal 1997; Trippel 1999; Marshall et al. 2003). 

In order to investigate the causes and factors that influence 

egg production and egg quality variation, it is crucial to 

develop better proxies for stock reproductive potential, thus 

allowing us to foment sustainable fishery management. The 

present research has focused on these factors and proxies. 

Maximizing the lifetime production of viable offspring 

demands a decision on reproductive timing, defined as the 

temporal pattern of reproduction over a lifetime (Lowerre-

Barbieri et al. 2011a). Several traits are related to 

reproductive timing, but they commonly occur at four temporal 

scales: lifetime, annual, intraseasonal or daily. Here we have 

analyzed the first three of these scales. At the lifetime 

scale, fish attain sexual maturity, optimizing the age schedule 

of reproduction (Roff 1992). Therefore, the size and age at 

which a fish becomes sexually mature is postulated to have a 

profound effect on its reproductive success being the life-

 
 
Figure 6.11 Simulated TEP estimations for “Smaller female” and “Larger 
female” populations of T. luscus with same SSB (1000t) using a) 
Determinate and b) Indeterminate fecundity model.  

a) b) 
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history trait considered to have the greatest impact on fitness 

(Stearns 1992). Unfortunately, the number of immature females 

collected in this study was not enough to analyze the factors 

influencing the maturation process –yet size at maturation was 

estimated and analyzed in Chapter 3. Nevertheless, the onset of 

maturation involves several endocrine and metabolic changes in 

order to mobilize and reallocate both materials and energy 

(Jobling 1995, Okuzawa 2002), and maturation is only triggered 

if the individual is on its course to surpass the threshold 

state by the time of spawning (Roff 1996), which may occur well 

in advance of the first spawning, i.e. puberty. Body growth and 

accumulation of energy stores are likely to act as early 

triggering signals for determining the onset of puberty 

(Hutchings and Jones 1998; Dufour et al. 2000). 

At the annual scale, there are two key components in fish 

exhibiting seasonality within the annual reproductive cycles:  

ripening and spawning (Lowerre-Barbieri et al. 2011a). Both the 

timing and duration of these reproductive traits are some of 

the main components defining stock reproductive potential. 

Ripening and spawning activity do not usually occur at the same 

time, either between species, individuals or annual sexual 

cycles: they are subject to some degree of variability, and 

hence the assumption that sexual cycles are constant is not 

generally appropriate. Causes, factors and variability of the 

spawning season have been thoroughly revised in Lowerre-

Barbieri et al. (2011a), but exogenous factors determining 

gonadic development and spawning activity are likely to entail 

the most significant constraint for the timing of the 

reproductive cycle. This is the consequence of a selection 

pressure to synchronize seasonal spawning activity with when 

offspring can survive, i.e. of a need to increase reproductive 

fitness (Bye 1984). Because oocyte development has a cost 

(vitellogenesis), ripening necessarily has to be synchronized, 

to some extent, with spawning. Photoperiod and temperature have 

been shown to be the main environmental cues affecting gonad 

development, although their relative importance may change 

across environmental regimes (Pankhurst and Porter 2003). 

Kjesbu et al. (2010) pointed out that the autumnal equinox is 
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the starting point of gonad ripening in Atlantic cod, Gadus 

morhua. 

However, despite the environment playing a major role in the 

cycle of gonad development, there is an obvious plasticity 

within the individuals of a population concerning response to 

environmental triggering signals (such as the photoperiod). 

This is so because there are endogenous factors, particularly 

endogenous rhythms and energetic thresholds that also influence 

the timing of reproduction. In fact, the present study has 

proven condition as a determinant factor in the onset of the 

reproductive cycle, i.e. ripening, indicated as the first 

appearance of cortical alveoli oocytes; while female body 

length does not have any influence on the timing of the 

ripening. From this perspective, it is widely accepted that the 

storage and expenditure of energy reserves is a major component 

of life strategy, which directly affects the balance between 

current and future reproductive success (Stearns 1992; Roff 

1992). Therefore, understanding the strategy of energy 

allocation is important to properly interpret variations in 

reproductive potential for a species and/or population. Merayo 

(1996b) suggested that gonadal development in pouting occurs at 

the expense of stored energy reserves before the spawning 

period, especially of energy stored in the liver in the form of 

lipids. Our results, i.e. the variation of somatic indices 

(HSI, K) together with seasonal variations in energy levels, 

support Merayo’s conclusion. The fact that the probability of 

spawning, which occurs months after ripening, is inversely 

correlated to the amount of energy reserves, points in the same 

direction, i.e. that reproduction takes place at the expenses 

of previously accumulated energy reserves. Therefore, although 

reproduction strategies based on accumulated energy reserves 

(capital breeding) or based on external energy capture during 

the reproductive period (income breeding) represent the ends of 

a continuum (Drent and Daan 1980; Tyler and Callow 1985; 

Stearns 1989), the results of this study suggest that pouting 

is closer to a capital breeder strategy. Oocyte development and 

spawning activity have considerable energetic costs, and hence 

the decision on the timing of the reproductive season may have 



POTENTIAL EFFECTS OF MATERNAL FACTORS ON STOCK REPRODUCTIVE POTENTIAL 

 

 
227 

important consequences on fitness. Thus, a direct connection in 

Gadus morhua between condition and adult fish survival or 

reproductive investment has been found (Lambert and Dutil 1997b 

and 2000). Therefore, the physiology of energy balancing is 

intimately linked to reproductive success. 

The influence of condition on timing of reproduction has 

been insufficiently studied, although Wright and Trippel (2009) 

include condition within the demographic factors that can alter 

the reproductive cycle. Thus, spawning may start earlier in 

periods of good feeding conditions, intimately linked to 

individual nutritional status (Wieland et al. 2000), but it may 

be delayed under conditions of low food ration (Cerdá et al. 

1994), probably due to the fact that oocyte growth rates are 

slower under restricting feeding regimes, as shown in turbot 

(Bromley et al. 2000). In extreme situations, oocyte 

development in mature females is arrested or even not 

initiated, i.e. there is skipped spawning; several reasons have 

been postulated as causes of this phenomenon, among them poor 

physiological condition (Rideout et al. 2005b). In pouting, 

oocyte development (ripening) has not been observed below 

certain levels of energy content, and a positive significant 

relationship between energy stored and the probability of being 

in developing stage it has also been found. Consequently, the 

present thesis advocates for the existence of a physiological 

limit, directly related to the energetic status, that interacts 

with environmental conditions (such as photoperiod, 

temperature, etc.) to trigger the annual ripening. In other 

words: there is a period of time within which pouting females 

must initiate the breeding season; but it is the level of 

available energy reserves, among other possible factors, what 

determines when exactly ripening is initiated within that 

period. In fact, Burton (1994) suggests the existence of a 

critical period for nutritional control of early gametogenesis 

in female Pleuronectes americanus during the post-spawning 

period. In reference to this, it has been demonstrated that 

several regulatory substances participate in the regulation of 

energy metabolism and reproduction (Schneider 2004). For 

instance, leptin has been suggested in mammals to be a link 

between food intake, energy expenditure, and reproductive 
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function (Magni et al. 2000; Spicer 2001), and there are 

evidences of leptin expression in fishes (Johnson et al. 2000). 

Growth Hormone (GH), prolactin (PRL) and somatolactin (SL) play 

a major role in fish metabolism (Company et al. 2001), and also 

the  expression of their encoding genes in the pituitary has 

been related to the gonadotropin-releasing hormone (GnRH), in 

particular seasons of growing and maturing masu salmon,  

Oncorhynchus masou (Bhandari et al. 2003). Although our study 

provides evidence on the role of condition on the timing of the 

sexual cycle, the confirmation of this effect for pouting 

should come from experiments with captive fish that would allow 

tracking at the individual level of the entire gonad 

development cycle under different feeding regimes. 

There is a latitudinal gradient in the spawning periods of 

pouting along the European Atlantic coast, occurring from 

December to April on the coast of Asturias (Merayo 1996b); from 

January to March in the British coast (Gherbi-Barre 1983),;  

from February to June in the English Channel; and in March in 

the North Sea (Desmarchelier 1985). Accordingly, the highest 

densities of pouting eggs were found in Galician waters during 

winter and spring ichthyoplankton surveys (Ferreiro and Labarta 

1988). Considering the short period of embryonic development 

described in the present study, 4.54±0.17 days at 13ºC 

(experimental results), the larvae develop during the peaks of 

reproductive activity. Thus, in the Irish Sea the peak of 

larval abundance occurs in April (Nichols et al. 1993; Fox et 

al. 1997) during the peak of the spawning season, which is 

delayed regarding Galicia due to the latitudinal gradient. The 

differences found along the European Atlantic coast, mainly in 

the delay of the spawning period, could be attributed to 

different temperature regimes during gonad maturation 

(Hutchings and Myers 1994; Wieland et al. 2000; Kjesbu et al. 

2010). Wieland et al. (2000) also suggested that this might be 

an adaptive response to the cycle of food production, which in 

turn would also be associated to temperature variations. In 

addition to this variability, marked by a latitudinal gradient, 

our results showed some temporal variation within the same 

population. Although the time series of data presented in this 
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research is short, the seasonal evolution of GSI, frequency of 

maturity phases and annual logistic models for the spawning 

season (see Chapter 3) evidenced small changes in the intensity 

and duration of the reproductive cycles. 

A significant correlation was found between spawning and 

fish condition in T. luscus. Although weak, this negative 

relationship may indicate that at the time of the onset of 

spawning there has been already a large investment of stored 

energy in reproduction, i.e. in oocyte recruitment and 

development. Aristizabal (2007) argued that the females of 

asynchronous species invest relatively less body energy into 

the elaboration of gametes than synchronous species do. 

However, we believe that energy allocation strategy is more 

closely related to fecundity strategy (determinate versus 

indeterminate) than to ovarian development organization 

(asynchronous vs. synchronous). Asynchronous oocyte development 

may be also present in determinate species (Greer Walker et al. 

1994; Grau et al. 2009; Reñones et al. 2010). Having all the 

oocytes recruited before the onset of spawning (determinate 

fecundity) demands a previous storage of energy, while in 

indeterminate species oocyte recruitment and hence egg 

production are fully financed by using current energetic 

income. As discussed in Chapter 3, pouting shows determinate 

fecundity, or at least recruits the majority of the oocytes 

prior to spawning.     

Among the demographic factors affecting the seasonal 

variability of the spawning period, perhaps the most important 

and studied ones are the effects of female size and age 

(Hutchings and Myers 1993; Secor 2000; Ganias et al. 2007; 

Wieland et al. 2000; Solemdal 1997; Claramunt et al. 2007). 

Overall, the results presented here pointed to a positive 

effect of female size on spawning activity, i.e. larger and 

therefore generally older females initiate the spawning season 

earlier and for a longer time. The difference in spawning 

duration can be drastic: ca. 6 weeks between a 25-cm-long 

female of T. luscus and a 20-cm-long one. Thus, our results 

provide further evidence on the strong positive correlation 

existing between size and timing and length of the spawning 

season for a number of fish species. One possible explanation 
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to this effect is that larger females are considerably more 

fecund (see later in this discussion) and they normally display 

a faster oocyte growth rate, as shown for cod (Kjesbu et al. 

2010). However, the ultimate reasons behind this dependence on 

size of the reproductive cycle are not clearly understood yet. 

Variations in the timing of spawning may have important 

consequences on the reproductive potential of a population. 

Fish reproduction should be synchronized with hydrographic 

cycles/events directly related to offspring survival, and thus 

further affecting recruitment processes. In situations in which 

environmental conditions are highly variable, a protracted 

spawning period may be an adaptive response in order to reduce 

the effect of specific events of high mortality (Cushing 1972; 

Cushing 1990; Mertz and Myers 1994). The ecosystem of the study 

area is characterized by an estuarine upwelling system 

(Álvarez-Salgado et al. 1993) in which the wind pattern acts 

like a really influential factor in the hydrographic conditions 

of the area forcing the seasonal cycles (Nogueira et al. 1997). 

These seasonal cycles influence the primary production which 

increases in January and reaches a peak in May (spring bloom) 

(Nogueira et al. 1997). Following the hypothesis of 

match/mismatch of Cushing (1990) it makes sense that the 

seasonal sexual cycle of pouting could be conditioned by such 

environmental conditions. Therefore changes in these production 

cycles of the ecosystem can produce a decisive impact on the 

recruitment processes as reported for sardine, Sardina 

plichardus, on the Galician coast (Guisande et al. 2001). 

Bearing in mind the aforementioned considerations, a 

truncated demography of populations can lead to a mismatch 

between reproductive events and appropriate conditions for the 

survival of eggs and larvae (Wright and Trippel 2009). Fishing 

is one of the factors modifying population demography more 

drastically, as fisheries are highly size-selective, with the 

majority of the mortality affecting the largest individuals and 

producing a rejuvenation of the population, i.e. an increment 

in the proportion of young and small fish in the population 

(Trippel et al. 1997; Jennings et al. 1999). There is even 

evidence that intense and prolonged exploitation over time can 
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cause genetic changes favoring smaller size/age at first 

maturity in several fish stocks (Trippel 1995; Jorgensen et al. 

2007; Pérez-Rodríguez et al. 2009). Therefore, fishery 

management should maintain a well balanced size/age composition 

of the stock in order to allow the reproductive window to last 

long enough and warrant that at least some of the reproductive 

events match the optimal conditions, ensuring reproductive 

success for future recruitment. This is a matter of great 

importance, especially when long-term changes in the 

environmental conditions of the ecosystem of T. luscus have 

been observed (Álvarez-Salgado et al. 2008). These authors 

reported a 30% reduction in the duration of the upwelling 

season and a 45% reduction in the intensity of upwelling over 

the past 40 years. In summary, the size structure of a fish 

population can have a profound effect on reproductive success 

and therefore not only the biomass of the population, but also 

the stock structure should be considered for sustainable 

fishery management. In addition, more effort should be invested 

in properly identifying the reasons behind this dependence of 

size upon the reproductive cycle, given the profound 

implications on the reproductive potential of a population. 

In fishes, a population’s annual egg production, or total 

egg production (TEP), is considered to be a key factor to 

understanding variations in population size, and hence it is a 

very relevant life-history trait to fishery management (Hilborn 

and Walters 1992; Marshall et al. 2003). Estimation of TEP 

requires fecundity relationships, as well as time series of 

female stock size (Tomkiewicz et al. 2003a), which permit a 

better understanding of observed fluctuations in reproductive 

output and enhances our ability to estimate recruitment and 

population growth rate (Roff 1992; Kraus et al. 2002; Lambert 

2008). However, fecundity is rarely estimated, which constrains 

the establishment of fecundity time series based on empirical 

data. This lack of fecundity data hampers the establishment of 

TEP time series, as well as more advanced indices of SRP 

incorporating the influence of the spawner’s characteristics on 

egg and larval viability (Tomkiewicz et al. 2003a). In spite of 

notable advances in methods for determining fecundity 

(Witthames et al. 2009), a number of studies have been 
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conducted to predict fecundity from factors such as food 

quantity and quality (Kraus et al. 2000; Bromley et al. 2000), 

but especially by using female body weight or length. Condition 

factor has also been used to forecast a stock’s potential 

energy content and nutritional state (Lambert and Dutil 1997b; 

Marshall et al. 1999) and the condition indices K and HSI have 

also been used to improve fecundity predictions and 

reproductive success (Kjesbu et al. 1991; Marshall et al. 2003; 

Trippel and Neil 2004). In the present study, the effect of 

nutritional status on egg production was investigated by using 

different indices of condition. Results showed that condition, 

and especially liver energy content has a significant effect on 

potential fecundity, i.e. potential fecundity increases with 

female length for all energetic content values; however, as 

liver energy increases, the effect of length in fecundity is 

higher. This influence was nonetheless lower than expectable 

for a gadoid like pouting, displaying evidence of determinate 

fecundity (see Chapter 4) and capital breeding (see Chapter 5) 

strategies. In cod, HSI was a good indicator of lipid energy 

reserves (Lambert and Dutil 1997b) with positive influence on 

egg production (Kjesbu et al. 1991; Marshall et al. 1998 and 

1999). Also condition factor, K, significantly increased the 

total explained variation of fecundity for cod and haddock 

(Blanchard et al. 2003), and was well correlated to energy 

storage in cod (Lambert and Dutil 1997a). Also the regression 

model adding HSI and K improved the relationship between 

potential fecundity and length in cod and haddock (Alonso-

Fernández et al. 2009). One possible explanation to the lower 

than expected relation of condition and fecundity is the use of 

condition indices measured shortly before the onset of 

spawning. The estimation of fecundity was done close to the 

commencement of spawning, as this minimizes the down-regulating 

effect on fecundity (Kennedy et al. 2007; Witthames et al. 

2009). However, it has been stated that fish condition 

influences fecundity well in advance of spawning, as at the 

time of spawning most of the energy has been already allocated 

to egg production. Thus, fecundity and condition should not be 

measured at the same time. Yet another plausible explanation is 
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the fact that energy reserves have a stronger influence on egg 

quality rather than on increasing individual fecundity. 

In a similar manner, liver weight, and especially, weight-

length residuals as indicators of body condition significantly 

improved the relationship between batch fecundity and female 

length. While liver energy reserves reflect the energy stored 

due to lipid accumulation, condition factor (or in our case, 

weight-length residuals) is more related to protein 

accumulation in the muscle (Lambert and Dutil 1997b), and both, 

lipids and proteins, are involved in the vitellogenic processes 

during oocyte maturation (Wiegand 1996a; Patiño and Sullivan 

2002). In cod, the combined use of K and HSI (weight–length 

residuals and liver energy as equivalents) could provide 

insights into the short- and long-term responses to 

environmental conditions (Lambert and Dutil 1997a). We 

hypothesize that in T. luscus (long-term) liver lipid reserves 

are the main source of energy involved in oocyte development, 

which defines potential fecundity; while muscle energy, which 

is more of a short-term accumulation of energy, acts as surplus 

energy storage involved in batch production, i.e. defining 

batch fecundity. 

It is widely accepted that the reproductive potential of a 

population it is not only referred to the total egg production 

of the stock but also to egg and larvae viability (Trippel 

1999). To this respect, the concept of egg quality is of great 

interest since it is expected that high quality eggs have more 

chances to produce viable offspring (Nissling et al. 1998; 

Kjorsvik et al. 1990). In this paper we refer to “egg quality” 

as “egg size” under the assumption that “bigger is better” (see 

discussion in Chapter 4), since larger eggs produce larger 

larvae with several survival advantages (Miller et al. 1988; 

Hutchings 1991; Marteinsdottir and Steinarsson 1998; Trippel 

1998). Egg diameter and egg dry mass (both grouped under the 

term “egg size”) were selected as “egg quality” indices; 

firstly because had already been shown in Chapter 4 that these 

two parameters are well correlated to  female body size; 

secondly, they show seasonal variation; and thirdly, they are 

easy-to-measure parameters and hence of wide use. Larger 

females produces bigger eggs (positive relationship), but as 
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the spawning season progresses, the size of the eggs decreases 

(negative effect). The latter effect could indicate the 

existence of a seasonal component directly linked to 

environmental conditions (temperature, photoperiod, salinity, 

etc.), while female size makes reference to maternal effects. 

However, the seasonal effect can also be the consequence of a 

progressively decreasing allocation of energy to egg quality, 

and hence also a maternal effect, as shown in captive cod and 

haddock (Saborido-Rey et al. 2003; Trippel and Neil 2004). It 

is generally accepted that environmental conditions, such as 

temperature or photoperiod, have a significant effect on egg 

quality (Kjorsvik et al. 1990; Brooks et al. 1997); however, in 

this study it was not possible to elucidate which, of all the 

environmental parameters involved in egg quality, is the most 

determinant one. The existence of a certain degree of maternal 

effect generated by female size was expectable and supported by 

previous studies (Valling and Nissling 2000; Marteinsddottir 

and Begg 2002; Macchi et al. 2006). Egg diameter is basically 

affected by female size and muscle energy reserves (basically 

proteins), but egg dry mass is also significantly influenced by 

liver energy content, as an indicator of nutritional status. 

Nutritional status, as a maternal effect, was proven to be an 

important constraint for egg quality (size, buoyancy or other 

indicators) in other species (Chambers et al. 1989; 

Marteinsddottir and Steinarsson 2002; Saborido-Rey et al. 2003; 

Gagliano and McCormick 2007). It is worthy of mention that in 

the complete model there was a significant interaction between 

female size and energetic status. It seems that there is a 

synergic effect of female size and availability of energy 

reserves. i.e. bigger females in better condition provide 

better quality eggs. The fact that liver energy reserves 

affected egg dry mass, but that egg diameter was related to 

muscle energy reserves can indicate a differential influence of 

lipids and proteins on oocyte maturation. Hydration of oocytes 

is directly linked to egg yolk protein hydrolysis (Finn et al. 

2002; Skoblina 2010), while egg lipids correspond to energetic 

reserves available for the embryo (Wiegand 1996a; Tveiten et 

al. 2004). Moreover, during final stage of oocyte maturation, 
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egg dry mass does not change (Kamler 1992), while egg diameter 

is more dependent on water intake. To properly interpret the 

present results, several sampling caveats should be considered: 

both parameters were measured on hydrated eggs from formalin- 

preserved ovaries; thus, some ovarian and egg shrinkage might 

have occurred, producing an artificial variation in egg 

diameter and masking or disturbing more subtle relations than 

those established with female condition. Besides, although 

histological slides revealed completed hydration, a variable 

amount of the hydrated eggs measured could not be completely 

hydrated yet, and therefore were smaller than expected. This 

can also explain the high variance observed in the relationship 

between egg diameter and egg dry mass. In our opinion, dry mass 

is a more reliable index of egg quality than diameter. 

Nevertheless, and taking into account all these considerations, 

we should consider female size and female liver condition as 

determinant maternal effects on egg quality. 

As mentioned above, the estimation of TEP involves a number 

of population and individual reproductive parameters, such as 

maturity ogive, fecundity relationships, spawning frequency and 

atresia. All of them have been estimated in this study. 

However, also time series of female stock size are required. 

Unfortunately, this data are not available for pouting and 

hence only through simulations exercises could stock 

reproductive potential be evaluated. Nonetheless, simulation 

models have the great advantage of testing the different 

hypothesis under different scenarios. The models used here 

compile information on reproductive parameters to estimate TEP, 

as done by Mehault et al. (2010). Although our results seem to 

classify pouting as a determinate fecundity species (see 

Chapter 4), certain uncertainty still remains concerning this 

aspect and some indeterminacy may be present, i.e. not all 

oocytes are recruited at the onset of spawning. To overcome 

this issue two different models were developed –one for each of 

the oocyte recruitment strategies, allowing us to compare both 

strategies in different scenarios and to formulate some 

hypothesis of major interest for fishery management. 

Both models yield very different estimations of annual egg 

production. This is a logical result in the case of pouting 
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being an indeterminate species, as potential fecundity, used in 

the determinate model, would then be underestimating annual 

fecundity. However, both models should produce similar results 

in the case of pouting being a determinate species. Yet, 

differences may arise from several assumptions made by the 

models, especially those related to spawning frequency (Hunter 

and Macewicz 1985). In fact, the main source of variability 

between models seems to lie with spawning frequency estimation. 

The present study found high intensity of spawning activity in 

the field, close to one batch per day –higher than for other 

members of the family (Kjesbu 1989; Rideout et al. 2005a). Some 

tropical species present very high spawning fractions (Alheit 

1993), which is likely related to high temperature regimes, but 

this is not the case. It is known that spawning frequency 

estimations can be biased due to sampling strategies based on 

commercial fishing, leading to an oversampling of actively 

spawning females (Motos 1996). Some strategies using POF aging 

have been suggested to correct this bias (Motos 1996), but for 

pouting there are no data on degeneration of POF; thus, no 

reliable tool was available to avoid this possible bias. The 

captivity experiment yielded a mean batch interval of 3 days 

(see Chapter 3), a measurement closer to the generality in the 

gadoid family. However, it was not possible to evaluate the 

effect of stress on spawning behavior, and consequently the 

estimations of spawning frequency should be interpreted with 

caution. It is then required to conduct a strategy combining 

field and captivity experiments in order to properly model all 

these sources of variation. Nevertheless, assuming a batch 

interval of 3 days, the annual fecundity curves do not differ 

so greatly, but models yield similar results only if pouting 

produces a batch every 6 days on average, which is unlikely to 

occur, or at least would differ notably from field 

observations. Therefore, a new question arises: is the 

fecundity of pouting indeterminate (in the classic sense) or 

there is simply a short indeterminate period of follicle 

recruitment in response to surplus energy from concurrent 

feeding? Traditionally, in reference to fecundity strategy, 

fish species are typified in two classes, determinate or 
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indeterminate (Hunter et al. 1992; Murua and Saborido-Rey 

2003). 

At this point we need to revisit the terms mentioned above. 

The same author first proposing them has criticized their 

definition, as all fish show indeterminacy at some point in the 

reproductive cycle (Hunter and Macewicz 2003). However, these 

terms are good descriptors of oocyte recruitment, rather than 

fecundity, suitably reflecting the dynamic of oocyte 

recruitment in terms of energy allocation. One of the 

misconceptions concerning the use of these terms is the general 

belief that determinacy means that the standing stock of yolked 

eggs can be considered representative of annual realized 

fecundity. Although generally speaking this is a good proxy, 

especially if estimated close to the spawning season (Murua et 

al. 2003), down-regulation may alter considerably the estimated 

fecundity (see Kjesbu 2009). Although those terms should be 

used only as definitions of oocyte recruitment strategies, they 

have great importance for the assessment of fecundity and in 

this thesis we use them ito refer to both oocyte recruitment 

and fecundity strategy alike. In indeterminate species, 

normally few egg batches are concurrently present in the ovary, 

as developing oocytes and oocyte recruitment occur in regular 

events over the spawning season and they are normally 

associated to the income breeder strategy (Korta 2010). 

However, our results show that pouting evidences a certain 

degree of of indeterminacy, but still being a capital breeder; 

thus, the classification of fecundity into two classes could be 

too strict. 

Most of the studies on fecundity and oocyte development have 

traditionally been focused on species inhabiting high 

latitudes, which are characterized by cold waters, restricted 

photoperiod and clear seasonality in environmental conditions, 

which constrains energy allocation and the spawning season, and 

hence the reproductive strategy –the most common of which is, 

by far, exhibiting a determinate fecundity and capital breeding 

strategy. However, this represents one of the extremes in a 

continuum of reproductive strategies. The other extreme, the 

indeterminate strategy, is well illustrated by small pelagic 

species inhabiting temperate-warm waters, like anchovy or 
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sardine, that are not subject to such drastic changes in 

environmental conditions and can benefit from feeding 

opportunities concurrently to the spawning season, leading to 

indeterminate oocyte recruitment. Thus, fecundity types are 

directly linked to energy allocation strategies: whereas in 

determinate species reproduction is based on energy reserves 

acquired during the feeding season, i.e. a typical capital 

breeder strategy, indeterminate species are greatly influence 

by feeding conditions during the spawning season (Murua and 

Motos 2006), i.e. an income breeder strategy. 

However, the gradient in environmental conditions could lead 

to species adopting different strategies. In this case, pouting 

lives in an highly-productive ecosystem that may ensure good 

feeding conditions throughout the whole year, bu it is also 

characterized by marked seasonality, an upwelling season (see 

Chapter 3), that seems to exert a constraint on reproductive 

success. We hypothesize that pouting in Galician waters 

exhibits an intermediate strategy, both in terms of oocyte 

recruitment and energy use: Most of the oocyte recruitment 

takes place in considerable advance of the spawning season and 

it is done at the expense of energy stored in the liver –

fundamentally lipids. This first pulse of recruitment is large 

enough to ensure minimum levels of reproductive success. 

Following this first reproductive investment, called the 

determinate component of fecundity, and once the spawning 

season has been initiated, if feeding conditions are good 

enough to generate a surplus of energy another pulse or pulses 

of oocyte recruitment(s) may occur, but at the expense of 

concurrent energy intake. This is called the indeterminate 

fraction of fecundity. It permits an increase in total egg 

production in response to environmental conditions. Generalized 

atresia at the end of the spawning season allows removing 

surplus production of oocytes (Murua and Saborido-Rey 2003). 

The lower levels of atresia observed prior to or during the 

spawning season, could be associated to down-regulation of the 

determinate component of fecundity (Kurita et al. 2003; Kennedy 

et al. 2007). This mixed strategy optimizes the resources 
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available enhancing reproductive investment, i.e. the use of 

available energy for total egg production. 

In summary, reproduction in T. luscus is financed from 

stored energetic capital, but energetic provision through 

concurrent feeding during reproduction may also contribute to 

egg production, i.e. pouting exhibits a mixture of 

determinate/indeterminate fecundity and capital/income breeding 

strategies. Therefore, it is necessary to revise the 

reproductive strategy classification as described in Murua and 

Saborido-Rey (2003) in accordance with this new perspective, 

i.e. considering life-history patterns (Winemiller and Rose 

1992) and incorporating the use of energy and the allocation 

rules for growth and reproduction (Saborido-Rey et al. 2010). 

Nevertheless, obtaining a clear picture of fish species 

reproductive strategies requires increasing the reproductive 

biology knowledge of species inhabiting a wide range of 

ecosystems (including freshwater one) in order to comprise as 

much environmental variability as possible. Despite the 

complexity of the reproductive strategy we just mentioned, 

following the most conservative approach and from a practical 

perspective, this thesis suggests the convenience to assess 

annual fecundity of pouting by using potential fecundity 

estimations for assessment and management purposes, at least 

until no new evidence to this respect is available and a better 

method to estimate spawning frequency is developed. 

As mentioned above, the simulation models have the great 

advantage of testing the different hypothesis under different 

scenarios. This advantage allowed testing the effect of 

population structure and the demographic effect on TEP by using 

two theoretical populations with the same SSB but different 

size composition. Individual female size influences 

reproductive biology at different levels, as discussed 

previously in this chapter: timing and length of spawning and 

fecundity (potential and batch). Therefore, it is not 

surprising that the simulation model has verified that a 

population biased towards larger fish can produce a 

considerably higher TEP, up to 60%, than a population with the 

same SSB but biased towards smaller females. These huge 

differences clearly support the inadequacy of the assumption of 
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direct proportionality between egg production and SSB, as shown 

in other species (Marshall et al. 1998; Scott et al. 2006; 

Mehault et al. 2010). Additionally, and as shown in our study, 

larger fish not only contribute disproportionally to SRP in 

terms of quantity but also of quality (Birkeland and Dayton 

2005). 

Consequently, effective and sustainable fishery management 

requires considering several aspects of fish reproductive 

strategies to better preserve a stock’s reproductive potential. 

Firstly, proper knowledge of the oocyte recruitment process is 

required to avoid misestimating egg production. At this point 

it is important to recognize the existence of alternative 

reproductive strategies rather than the accepted traditional 

models used in fishery assessment. The use of energy on an 

individual basis and how it affects SRP should be incorporated 

to SRP indexes. Ultimately, current fishery exploitation 

patterns, removing larger fish and selecting smaller and 

earlier maturing fish are reducing notably stock productivity, 

with serious consequences in terms of catch reduction and 

ecosystem damage. To preserve a balanced population structure 

(size and age class composition), it is of vital importance to 

support sustainable levels of SRP under the hypothesis that 

“bigger is better”. Ongoing and future research should address 

these questions through the modification of Harvesting Control 

Rules or the implementation of measures, such as Marine 

Protected Areas, to ensure the conservation of sufficient 

reproductive potential and promote sustainable fisheries. 



Conclusions	

 
“Everything should be as simple as it is, 

but not simpler.” 
Albert Einstein 
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The present study analyses sources of variation of the 

reproductive potential of Trisopterus luscus in the coastal 

waters of Galicia (Northwestern Iberian Peninsula). 

Reproductive potential of an exploited fish stock is a direct 

function of the abundance of spawners, but it is highly 

influenced by age, size and condition of mature females. This 

thesis has conducted a thorough revision of the reproductive 

strategy of T. luscus followed by the investigation of ovarian 

development and sexual cycle, oocyte recruitment, energy 

allocation scheme, egg production and variations in 

reproductive potential. Several important conclusions emerge 

from these analyses and, although these were applied to a 

single species, T. luscus, some of them are of general interest 

in the field of fish reproductive ecology applied to fishery 

management. 

 

Histological Assessment of Gonad Development and Sexual Cycle 

in Trisopterus luscus on the Galician Shelf 

 

1. Histological study of T. luscus ovaries revealed 

asynchronous ovarian development.  

2. Vitellogenesis commences in mid- late autumn, followed by 

a protracted spawning season spanning from January to 

May, with a peak of spawning activity in February, when 

the spawning frequency yields a production of almost one 

batch per day.  

3. The seasonal pattern of the gonadosomatic index suitably 

reflects the sexual cycle of pouting. The highest values 

of HSI and K were recorded prior to the beginning of the 

spawning season, then sharply decreasing down to their 

minimum at the end of the season.  

4. Female length-at-maturation (L50): using microscopic 

analysis, ogives were estimated at 150.6 mm, which is 

well below the minimum landing size, established at 200 

mm. Therefore, current regulations seem to be sustainable 

in spite of decreasing commercial catch rates. 

5. Macroscopic and microscopic maturity ogives yielded 

different results, demonstrating the need to estimate 

ogives by using histological methods. 
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6. The current work presents the first successful attempt at 

natural spawning of T. luscus in captivity. For the first 

time ever, the development of T. luscus eggs was 

described from spawning to hatching. The development of 

pouting eggs was divided into six stages, based on 

artificially reared material. Under artificially 

controlled conditions at a constant 13ºC, hatching time 

was estimated in approximately 4.54+0.17 days. 

 

Egg Production Dynamic, Fecundity Strategy and Spawning Pattern 

in an Asynchronous Ovarian Development Species (Trisopterus 

luscus) 

 

7. T. luscus exhibits a determinate follicle recruitment 

strategy. However, in response to surplus energy during 

spawning, new oocyte recruitment pulses may occur, 

leading to indeterminate follicle recruitment. 

8. The present research reports for the first time to date 

the fecundity-size relationships for T. luscus on the 

Galician shelf. Potential and batch fecundity is 

positively and allometrically related to female size.  

9. The allometric coefficient of fecundity-size 

relationships for T. luscus is large enough to 

demonstrate the maternal effect in total egg production, 

which should be seriously considered in fishery 

management. 

 

Proximate Body Composition and Energy Content in a Marine 

Temperate Teleost (Trisopterus luscus): Does Reproductive 

Investment Constrain Energy Allocation Strategy? 

 

10. Water content in tissue is hereby proven to be an 

excellent proxy to determine i) lipids and energy density 

in the liver, ii) muscle proteins and iii) proteins and 

energy density in the ovary. 

11. Liver lipids act as the main source of energy reserves 

devoted to reproduction.  
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12. All condition indices investigated are suitable to 

determine nutritional status of fish in different 

situations, since they reflect changes in energy content 

and proximate composition in the different tissues studied.  

13. Seasonal variation in energy reserves responds to changes 

in energy requirements, associated to the sexual cycle. 

Therefore, T. luscus should be considered a capital rather 

than an income breeder, because fuel for reproduction comes 

essentially from stored energy 

14. We however hypothesize that certain energy intake during 

spawning can be also allocated to reproduction. 

 

Potential Effects of Maternal Factors on Stock Reproductive 

Potential in a Temperate Capital Breeder (Trisopterus luscus) 

 

15. Female size and condition have an important influence on 

reproductive timing (ripening and spawning), on potential 

and batch fecundity, as well as on egg quality. Therefore, 

changes in the stock’s demography and condition have a 

profound effect on SRP. 

16. Pouting does not fit into any of the two classical 

fecundity strategies: determinate and indeterminate, 

showing this classification is perhaps too rigorous. 

Results show that reproduction in T. luscus is financed 

from stored energetic capital, but energetic provision 

through concurrent feeding during spawning may contribute 

also to egg production, i.e. a mixture of capital/income 

breeding and determinate/indeterminate fecundity s is 

displayed.   

17. We hypothesize that in this intermediate strategy, most 

of the oocyte recruitment takes place prior to the spawning 

season at the expense of stored energy; this is the 

determinate component of fecundity. During the spawning 

season, and provided that feeding conditions are good 

enough to generate a surplus of energy, another pulse or 

pulses of oocyte recruitment(s) can be produced, but at the 

expense of concurrent energy intake, which is denominated 

the indeterminate fraction of fecundity. 
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18. We demonstrate, by using simulations, that a truncated 

size distribution of the stock produces considerably lower 

total egg production. Larger fish not only contribute 

disproportionally to SRP in terms of quantity, but also of 

quality. To achieve sustainable fishery management and to 

preserve sufficient reproductive potential, it is required 

to preserve a balanced population size structure. 
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INTRODUCCIÓN 
 

La faneca, Trisopterus luscus (Linnaeus 1758) (Figura 1), es 

un miembro de la familia de los gádidos de gran importancia 

comercial para la flota artesanal de algunos países europeos, 

principalmente Francia, Portugal y 

España. En la costa Gallega se ha 

observado una paulatina disminución 

de las capturas de esta especie 

desde los años 1960 y 1970 (promedio 

de las descargas anuales alrededor 

de las 3000 toneladas) hasta 

alcanzar niveles inferiores a 1000 t 

en los últimos años. A pesar de esta 

disminución, la única herramienta de 

gestión aplicada en Galicia ha sido 

la restricción en la talla de 

captura (tamaño mínimo legal: 20 cm 

de longitud total). Además, el 

conocimiento de la biología de esta 

especie es escaso. Especialmente, la 

biología reproductiva de la faneca 

ha sido poco estudiada (Labarta et 

al. 1982a; Desmarchelier 1985; 

Merayo 1996a).  

El conocimiento de la biología reproductiva de una especie 

de peces es esencial para una gestión eficaz de la pesquería 

(Marshall et al. 2003). Existe una conciencia creciente de que 

los indicadores tradicionales de la viabilidad de una población 

de peces son insuficientes, ya que la capacidad de una 

población para producir huevos y larvas viables cada año es 

especialmente importante para su viabilidad y recuperación 

(Kraus et al. 2002; Murua et al. 2003). Por lo tanto la mejora 

de las estimaciones del potencial reproductivo de una población 

debería llevar a desarrollar mejores modelos que los 

actualmente utilizados en la gestión pesquera (Marshall et al. 

1998). Los modelos actuales no hacen suficiente hincapié en la 

importancia del estado fisiológico en los procesos de 

maduración, producción de huevos o calidad de los mismos, tanto 

 
Figura 1 Trisopterus luscus: 
a) T. luscus en el medio 
y b) descarga en la lonja de 
Vigo. 
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a nivel individual como del stock reproductor. El estado 

fisiológico de los individuos es posiblemente uno de los 

factores desencadenantes del proceso de maduración y determina 

además la energía destinada para cada evento reproductivo. La 

selección natural tiene como objetivo maximizar las 

oportunidades de supervivencia de la descendencia hasta que 

alcance la madurez sexual y se reproduzca con éxito. Existe 

siempre un equilibrio entre el número de eventos reproductivos 

y el rendimiento de cada uno de ellos (por ejemplo, la 

fecundidad y la calidad de los huevos); no podemos olvidarnos 

que la reproducción tiene un costo en términos de energía. Los 

peces distribuyen la energía asimilada siguiendo unas normas 

que vienen regidas por su estado fisiológico, equilibrando los 

gastos entre mantenimiento, crecimiento y reproducción. 

La presión pesquera puede reducir el número de reproductores 

más viejos y grandes. Los individuos más viejos, y más grandes, 

desempeñan un papel más influyente en la producción de huevos 

que los más jóvenes y pequeños, y por lo tanto el potencial 

reproductivo de una población se puede reducir de forma 

desproporcionada en relación a la reducción experimentada por 

biomasa del stock reproductor (Scott et al. 2006; Mehault et 

al. 2010). Por lo tanto, el éxito reproductivo y el posterior 

reclutamiento están influenciados por una serie de parámetros 

reproductivos, a saber: maduración, producción y calidad de los 

huevos, y tiempo de reproducción. Todos ellos se ven 

directamente afectados por las características de las hembras 

que constituyen el stock reproductor, tales como la edad, talla 

y/o condición. Esto es de gran importancia para la gestión 

pesquera. Así, la presente tesis doctoral pretende, bajo la 

perspectiva de la bioenergética; resolver ciertas cuestiones 

acerca de los efectos maternales en el Potencial Reproductivo  

de un Stock. 

El objetivo general de esta tesis fue determinar de qué 

manera el potencial reproductivo se ve afectado por las 

características de las hembras desde una perspectiva 

bioenergética en el caso de Trisopterus luscus, como modelo 

para testar la hipótesis central de este trabajo: el estado 

energético de un pez puede afectar de diferentes maneras a su 
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potencial reproductivo a través de i) el proceso de maduración 

y ciclo sexual ii) la producción de huevos y iii) la calidad de 

los huevos. 

Al abordar el objetivo central de la presente tesis, varios 

objetivos fueron investigados a fin de construir una imagen 

completa y detallada de la inversión energética que se produce 

durante la reproducción, en T. luscus, y su influencia en el 

potencial reproductivo: 

 Descripción del desarrollo del ovario, el ciclo 

reproductivo y puesta, el desarrollo embrionario, y la 

talla de primera maduración de Trisopterus luscus a través 

de la histología, los índices de condición y 

experimentación con individuos en cautividad. 

 Descripción del proceso de reclutamiento de los folículos 

en el ovario y la caracterización del tipo de fecundidad 

que presenta T. luscus. Investigación de la variación 

estacional e interanual en la producción de huevos y 

calidad de los mismos. 

 Explicación del reparto energético en relación con el 

ciclo reproductivo, además de la identificación de 

aquellos componentes y tejidos que intervienen en el 

almacenamiento de energía. Asimismo, investigar la 

idoneidad de los  índices de condición como indicadores 

del status energético de los individuos. 

 Mejora de la estimación de la capacidad reproductiva bajo 

una perspectiva bioenergética. Debido a la naturaleza de 

este objetivo, esta sección será una recapitulación de 

todos los objetivos anteriores, tratando de ofrecer una 

imagen completa del proceso reproductivo de T. luscus.
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MATERIAL Y MÉTODOS 
 

El trabajo realizado durante esta investigación fue apoyado 

por el Ministerio español de Ciencia e Innovación en el marco 

del proyecto ECOPREST (VEM2003-20081-C02-02). Además la fase de 

experimentación en cautividad se desarrolló dentro del Proyecto 

DETEPRE de la Xunta de Galicia (08MMA010402PR). 

La estrategia de muestreo fue seleccionada para lograr una 

distribución adecuada de individuos interanual, estacional y 

por tamaños, siempre dependiendo de la disponibilidad en lonja 

(Tabla 1). Las muestras de faneca se obtuvieron de las 

descargas realizadas por la flota comercial en las lonjas de 

Ribeira y Vigo (Galicia, España). Los puntos de captura se 

distribuyeron en los principales caladeros a lo largo de las 

aguas costeras de la plataforma gallega (Figura 2). 

En cada muestreo fue recopilada la siguiente información de 

cada individuo: longitud total (TL mm), peso total y peso 

eviscerado (TW y W 0.01 g), sexo, fase reproductiva y el peso 

de la gónada y del hígado (GW y LW, 0.01 g). Los ovarios fueron 

extraídos y un lóbulo se fijó inmediatamente en formol 

tamponado al 10% para el estudio histológico y estimación de la 

fecundidad. El otro lóbulo del ovario, una parte del hígado y 

una submuestra de músculo  fueron congelados a -80 º C para el 

análisis de la composición (bioenergética) de los tejidos.  
La histología fue utilizada en cada individuo como 

herramienta fundamental para el estudio de la reproducción. Los 

estados de desarrollo de los folículos se clasificaron en base 

a criterios histológicos (West 1990; Tyler y Sumpter 1996; 

Saborido-Rey y Junquera 1998; Murua y Saborido-Rey 2003). La 

asignación de la correspondiente fase reproductiva en la que se 

encontraban las hembras se basó en el trabajo de Brown-Peterson 

et al. (2011). La clasificación macroscópica sólo se utilizó 

para diferenciar cada hembra como inmadura o madura. 

 En el presente trabajo se ha conseguido por primera vez el 

desove natural de esta especie, T. luscus, en cautividad. Los 

individuos utilizados para este estudio fueron obtenidos con 

anzuelo, con artes deportivas convencionales, y con nasas de la 
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pesca comercial en la Ría de Vigo. Los peces fueron separados 

en parejas, macho y hembra. Las parejas se distribuyeron en 

seis tanques bajo las mismas condiciones (flujo de agua, 

fotoperiodo y alimentación). Los tanques fueron inspeccionados 

diariamente para detectar presencia de huevos. Posteriormente 

los huevos fueron incubados y se tomó una foto con una cámara 

de vídeo conectada al microscopio estereoscópico cada doce 

horas para la descripción de su etapa de desarrollo 

embrionario. Las etapas de desarrollo embrionario fueron 

adaptadas de Trisopterus esmarkii, descripción elaborada por 

Friðgeirsson (1978). 

Para estimar la fecundidad se utilizaron tres métodos 

diferentes: 

 Método gravimétrico: es el método más común. Se basa en la 

relación entre el peso del ovario y la densidad de 

folículos en el ovario (Hunter et al. 1989). Para estimar 

el número de ovocitos se utilizaron dos métodos: i) Conteo 

manual, utilizado sólo para estimar la fecundidad parcial 

(número de ovocitos hidratados) y ii) Análisis de 

imágenes, contando el número de ovocitos en desarrollo con  

 
Figura 2 Puntos de captura de Trisopterus luscus (puntos rojos). Las 
flechas señalan las lonjas de origen de los individuos muestreados. 
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Tabla 1 Resumen del esfuerzo de muestreo de hembras de Trisopterus luscus. 

Año 
 

 
Mes 
  

 
Individuos (n) 

 
Lotes 

 
Rango de talla (cm) 

 
Rango de peso eviscerado (g) 

 
 
2003 Dec 18 1 23.5 - 28.2 155.10 - 244.70 

2004 Jan 24 1 16.9 - 40.0 55.44 - 914.15 

 Feb 13 1 19.8 - 29.5 75.16 - 261.75 

 Mar 78 7 17.1 - 39.7 50.50 - 652.63 

 Apr 81 4 18.4 - 33.1 59.50 - 368.22 

 May 97 3 16.5 - 33.7 47.55 - 439.66 

 Jun 35 1 17.9 - 41.7 65.19 - 861.25 

 Jul 47 2 17.6 - 33.5 55.86 - 466.71 

 Aug 0 0       

 Sep 22 8 16.2 - 31.1 37.00 - 352.50 

 Oct 24 2 21.4 - 32.5 97.84 - 388.50 

 Nov 40 2 18.9 - 29.7 69.35 - 299.66 

 Dec 32 1 21.2 - 35.1 98.11 - 441.89 

2005 Jan 40 1 18.7 - 30.4 70.46 - 319.85 

 Feb 63 2 17.9 - 35.1 61.65 - 295.67 

 Mar 31 2 19.2 - 31.4 58.60 - 352.48 

 Apr 40 1 18.1 - 24.6 59.25 - 144.96 

 May 40 1 17.2 - 33.1 54.44 - 320.40 

 Jun 40 1 18.2 - 24.6 65.20 - 158.47 

 Jul 0 0       

 Aug 30 1 17.8 - 27.6 46.72 - 214.58 

 Sep 29 1 18.0 - 30.4 63.96 - 328.48 

 Oct 0 0       

 Nov 80 2 16.2 - 28.7 45.42 - 223.39 

 Dec 79 2 15.9 - 35.9 40.55 - 597.29 

2006 Jan 95 2 16.7 - 38.7 48.21 - 571.19 

 Feb 156 3 13.9 - 35.0 26.07 - 458.13 

 Mar 40 1 18.1 - 32.6 44.45 - 374.91 

 Apr 189 4 14.8 - 33.6 30.99 - 429.73 

 May 156 4 16.5 - 32.5 46.80 - 347.90 

 Jun 82 2 17.0 - 29.0 38.41 - 267.45 

 Jul 80 2 17.2 - 26.0 53.52 - 198.38 

 Aug 77 2 16.6 - 30.7 52.58 - 325.12 

 Sep 40 1 18.2 - 26.6 67.83 - 217.96 

 Oct 71 2 16.9 - 30.3 49.35 - 317.37 

 Nov 55 2 15.2 - 28.0 40.92 - 248.92 

 Dec 70 2 13.6 - 28.8 28.96 - 310.20 

2008 Oct 5 1 11.9 - 16.8 16.44 - 47.63 

          
TOTAL 

  
2099 

 
75 
 

11.9 - 
 

41.7 
 

16.44 - 
 

914.15 
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la ayuda de un sistema de análisis de imagen digital 

automatizado. 

 Método estereológico: la estereología es la interpretación 

tridimensional de una estructura a través de secciones bi-

dimensionales, cortes histológicos (Weibel 1979). Permite 

determinar el número de diferentes tipos celulares, por 

ejemplo folículos previtelogénicos o vitelogénesis 

(Emerson et al. 1990). 

 Método auto-diametrico: Thorsen y Kjesbu (2001) 

desarrollaron un nuevo método para estimar la fecundidad 

potencial mediante un sistema automatizado de análisis de 

imagen basado en las relaciones entre el diámetro y la 

densidad de los folículos en el ovario. 

El diámetro y peso seco de los ovocitos hidratados se 

utilizaron como indicadores de calidad de los huevos y, por 

tanto, del éxito reproductivo (Kjorsvik et al. 1990; Brooks et 

al. 1997). 

El análisis de la composición de los tejidos (gónada, 

hígado, músculo), dado que es costoso y consume mucho tiempo, 

se llevó a cabo sólo en una submuestra del total de individuos 

muestreados. La selección de muestras para el análisis 

bioquímico se realizó teniendo en cuenta la fecha de muestreo, 

tamaño y fase reproductiva del individuo. Se analizaron 

contenido en lípidos (modificado de Bligh y Dyer 1959), 

proteínas (Lowry et al. 1951) y glucógeno (Strickland y Parsons 

1968). También se estimaron el agua y el contenido en cenizas. 

Todos los análisis estadísticos se realizaron mediante el 

paquete de software R (R Development Core Team 2008). 
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EVALUACIÓN HISTOLÓGICA DEL DESARROLLO GONADAL 

Y CICLO SEXUAL DE TRISOPTERUS LUSCUS EN LA 

PLATAFORMA CONTINENTAL DE GALICIA 
 

El conocimiento apropiado de la gametogénesis representa un 

objetivo principal en la comprensión de las estrategias 

reproductivas (Murua y Saborido-Rey 2003). Por lo tanto, una 

correcta evaluación del desarrollo del ovario es crucial para 

describir el proceso de maduración, el momento de la 

reproducción o el reclutamiento de los folículos. Todos estos 

aspectos reproductivos son de especial interés para conseguir 

estimaciones precisas del potencial reproductivo de un stock 

(Marshall et al. 2003; Morgan 2008; Lowere-Barbieri et al. 

2011). 

El propósito de este estudio fue estimar la talla de primera 

maduración, utilizando métodos histológicos, el ciclo 

estacional de la maduración sexual, cuantificación de la 

atresia, el momento de desove, y el desarrollo embrionario en 

las hembras de T. luscus. Toda esta información es de interés 

esencial para la futura gestión de esta especie. 

La faneca sigue la ovogénesis normal en teleósteos: de la 

etapa de crecimiento primario a la ovulación para la posterior 

fertilización externa, a través de los alvéolos corticales, 

vitelogénesis y núcleo migratorio (Figura 3) (West 1990; Tyler 

y Sumpter 1996; Saborido-Rey y Junquera 1998; Murua y Saborido-

Rey 2003).  

Los niveles de atresia varían considerablemente a lo largo 

del año. Los niveles más altos de atresia se encuentran al 

final de la temporada de desove, característico de especies de 

fecundidad indeterminada, o por lo menos los que muestran el 

desarrollo asincrónico de los ovocitos (Murua y Saborido-Rey 

2003). Por lo tanto, el pico de intensidad relativa de la 

atresia durante todo el año parece indicar el final de la 

temporada de desove a nivel poblacional. Las variaciones en el 

máximo de atresia durante los años de muestreo coinciden con 

las diferencias encontradas en los ciclos sexuales, siempre 

respondiendo al final de la temporada de desove.  
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El examen histológico de las gónadas reveló que la faneca 

tiene el desarrollo ovárico asincrónico, es decir, todos los 

estados de desarrollo de los folículos están presentes en el 

ovario sin cohortes dominantes. Esto se refleja en la 

distribución continua de tamaño del folículo (Wallace y Selman 

1981; Murua y Saborido-Rey 2003).  

 
 
Figura 3 Estados de desarrollo del folículo en T. luscus: a) Crecimiento 
primario; Crecimiento secundario: b) Alveolos corticales, 
c)Vitelogénesis; Maduración del folículo: d) Núcleos migratorios y e) 
Folículos hidratados. 
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T. luscus presenta a nivel poblacional una época de desove 

prolongada, de aproximadamente 5 meses, con la mayoría de las 

hembras en desove de enero a abril, y el pico de desove entre 

febrero y marzo confirmado por la histología y el patrón 

estacional  del índice gonadosomático (Figura 4). 

Respecto a la prolongada puesta de desove, la faneca en 

cautividad corrobora las observaciones realizadas en el medio, 

con más de 3 meses de puesta, incluso a nivel individual. La 

frecuencia de desove estimada a partir de un muestreo de campo 

es muy intensa durante el pico de actividad con una puesta por 

día aproximadamente, muy superior a otros miembros de la 

familia (Kjesbu 1989; Rideout et al. 2005b). Esto indica una 

rápida tasa de ovulación, además, el fuerte aumento del GSI y 

del porcentaje de hembras activas de diciembre a enero indica 

una rápida tasa de deposición de vitelo en el folículo.  
Las variaciones del índice de condición, K, y del índice 

hepatosomático, HSI, sugieren que se produce una movilización 

de las reservas para el desarrollo gonadal y la inversión de 

energía en la reproducción (Figura 5) (Merayo 1996b; Murua et 

al. 2006). 

 
Figura 4 Frecuencia de los diferentes fases de desarrollo del ovario (eje 
izquierdo) y media mensual del índice gonadosomático (GSI; eje derecha) 
en hembras de T. luscus. 
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 Los índices de condición, HSI y K, podrían ser utilizados para 
predecir el contenido de energía potencial y valorar el estado 

nutricional en la población, como se hace para otras especies 

de fecundidad determinada como el bacalao, Gadus morhua 

(Lambert y Dutil 1997a). Los índices de condición también 

pueden ser usados para predecir la fecundidad y el éxito 

reproductivo de ciertas especies (Kjesbu et al. 1991; Marshall 

et al. 2003).  
Este estudio determinó, en base a métodos histológicos, la 

talla de primera maduración (L50) en 150.6 mm (Figura 6). Por 

lo tanto, la talla mínima de captura establecida en 200 mm para 

Galicia, parece apropiada con respecto a la presente 

estimación. Sin embargo, se detectaron varias fuentes de 

variación en la estima de L50: diferencias anuales y 

diferencias en el método de estimación, histológico-

macroscópico. La clasificación histológica proporciona 

estimaciones menos sesgadas de este parámetro (Hunter et al. 

1992; Stark 2007). Las diferencias entre las ojivas de madurez 

histológica y macroscópica normalmente surgen de la dificultad 

de distinguir los peces inmaduros de los que se encuentran en 

fase de reposo (Saborido-Rey y Junquera 1998). Las 

consecuencias de estos errores en la evaluación de las 

poblaciones están directamente vinculadas a la estimación de la 

biomasa del stock reproductor (SSB), generando habitualmente 

una subestimación de la SSB. Por lo tanto, se recomienda el uso 

de la histología para determinar la L50 y/o calibrar la 

 
Figura 5 Media mensual del HSI, K y GSI de hembras de T. luscus. Las 
barras verticales representan el error estandar. 
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clasificación macroscópica en base a criterios histológicos 

(Murua et al. 2003; Domínguez-Petit et al. 2008).  
Este estudio fue el primero en lograr la reproducción en 

cautividad de esta especie. La faneca desovó espontáneamente, 

dando lugar a huevos viables sin inducción hormonal artificial. 

El desarrollo embrionario de los huevos se dividió en seis 

etapas (Friðgeirsson 1978). 

Bajo condiciones controladas de tem-

peratura constante 13ºC, el tiempo 

de eclosión se estimó en aproximada-

mente 4.54  0.17 días (Figura 

6), mientras que Ehrenbaum (1905-

1909) determinó que este período 

asciende a 10-12 días en 

el suroeste del Mar del Norte. 

En resumen, el estudio histológico 

de las gónadas de T. luscus reveló desarrollo asincrónico del 

ovario. Este estudio demuestra que la faneca en la plataforma 

gallega presenta una prolongada época de desove de enero a mayo 

con un pico de actividad en febrero. Se encontró cierta 

variabilidad interanual en la duración de la época de desove, 

probablemente relacionada con la estructura de tallas de la 

población estudiada. La talla de primera maduración, 150.6 mm, 

fue menor que la estimada previamente, y parece estar en 

concordancia con el tamaño mínimo de captura establecido, de 

200 mm. El desarrollo de los huevos y eclosión de las larvas se 

ha descrito por primera vez en este estudio. La consecución de 

la primera puesta en cautividad para esta especie abre un nuevo 

camino para futuros diseños experimentales. 

 
Figura 6 Larva eclosionada 
de T. luscus, después de 109 
horas a 13ºC. a) Vista 
ventral de la larva; b) 3.18 
mm de longitud total.  
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DINÁMICA DE PRODUCCIÓN DE HUEVOS, ESTRATEGIA 

REPRODUCTIVA Y  PATRÓN DE PUESTA EN UNA ESPECIE DE 

DESARROLLO  ASINCRÓNICO (TRISOPTERUS LUSCUS) 
 

En los peces, la producción anual de huevos -a menudo 

referido como la fecundidad- se considera un factor clave para 

entender las variaciones en las poblaciones y por lo tanto es 

un rasgo muy importante de la historia vital de una especie 

para la gestión de la pesquería (Hilborn y Walters 1992; 

Marshall et al. 2003). Entender y estimar correctamente la 

fecundidad es crucial ya que está directamente relacionada con 

el reclutamiento (Roff 1992; Kraus et al. 2002; Lambert 2008). 

Resulta por lo tanto esencial estimar de forma rutinaria la 

producción de huevos, es decir, la fecundidad (Lambert 2008). 

El conocimiento de la biología reproductiva de la faneca es 

escasa, y siempre bajo la asunción de que se trata de una 

especie de fecundidad determinada (Merayo 1996a), a pesar de 

que presenta desarrollo asincrónico del ovario -una 

característica común de las especies indeterminadas (Murua et 

al. 2003). Así, el propósito del presente estudio fue el de 

identificar el tipo de fecundidad que presenta la faneca. 

Además se estudiaron las variaciones anuales y estacionales de 

la fecundidad para esta especie en aguas gallegas. 

Se pueden identificar dos tipos de reclutamiento de 

folículos (Hunter y Macewicz 1985): determinado e 

indeterminado. Estos términos se desarrollaron por vez primera 

para definir el tipo de fecundidad, y desde entonces han sido 

objeto de controversia. Pero como ha señalado Kjesbu (2009), 

estos dos conceptos, determinado e indeterminado, están aquí 

probablemente para quedarse.  

Para identificar el tipo de fecundidad se utilizan varios 

métodos (Hunter et al. 1989; Greer Walker et al. 1994; Murua y 

Saborido-Rey 2003; Murua y Motos 2006; Gordo et al. 2008), en 

particular, estos cinco: i) la presencia o no de un hiato que 

separa las distintas poblaciones de folículos, de crecimiento 

primario y secundario, ii) aumento o disminución en el diámetro 



Alonso-Fernández 2011 - Bionergetics approach to fish reproductive potential 

 

xvi 
 

medio de los folículos vitelogénicos durante la temporada de 

desove, iii) la evolución del número de folículos vitelogénicos 

en el ovario durante la época de desove, iv) relación entre 

número de ovocitos en desarrollo y la fecundidad parcial, y v) 

la incidencia de la atresia durante el ciclo reproductivo. 

Nuestros resultados muestran que la frecuencia de tamaños 

del folículo no presenta un hiato bien desarrollado entre los 

folículos en crecimiento primario y el stock de folículos en 

desarrollo, excepto en los hidratados. A pesar de que la 

ausencia de hiato es una característica común de las especies 

asincrónicas (Murua et al. 2003), no necesariamente tiene 

porque referirse al tipo de la fecundidad. El hecho de que el 

mayor diámetro del folículo se encuentra en hembras activas y 

los más pequeños en hembras en regresión indican lo contrario, 

es decir, fecundidad determinada. Además, el pico de GSI fue 

seguido por una fuerte disminución en los meses siguientes, lo 

que indica una rápida pérdida de huevos sin que se produzca 

reemplazo, es decir, no hay reclutamiento de folículos durante 

la época de puesta. 

La conclusión anterior se apoya en los resultados de la 

tendencia del número relativo de ovocitos en desarrollo (RNDO) 

dentro de los ovarios 

durante la temporada de 

desove (Murua y Saborido-Rey 

2003). RNDO disminuyó a lo 

largo del período de desove 

(Figura 7), probablemente 

indica que no hubo reemplazo 

del total de los folículos 

después de cada puesta 

parcial (Hunter et al. 

1989). 

La relación entre el 

número de ovocitos en 

desarrollo y la fecundidad 

potencial (método iv) arrojó 

un valor promedio de 20. 

Esto significa que en caso 

 
Figura 7 Curva suavizada del efecto 
parcial del mes sobre RNDO (Modelo 
Aditivo Generalizado, grados de 
libertad=6). Área sombreada: 95% 
intervalo de confianza.  
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de presentar fecundidad determinada, una hembra pondría en 

promedio 20 puestas durante la época de desove, una cifra muy 

similar a la de otras especies de fecundidad determinada, como 

Gadus morhua (Kjesbu 1989; Kjesbu et al. 1996). 

Por último, los niveles de atresia variaron 

considerablemente a lo largo del año, este criterio (v método) 

por lo tanto debe ser interpretado con precaución. Los niveles 

más altos de la atresia se encuentran al final de las épocas de 

puesta, mayo y junio, asociadas a las hembras en regresión. A 

pesar de que los altos niveles de atresia hacia el final de la 

temporada de desove son un patrón típico de especies de 

fecundidad indeterminada, podrían también estar relacionados 

con la sobreproducción de folículos vitelogénicos, como en 

otros gádidos de fecundidad determinada (Kjesbu et al. 1996; 

Kjesbu 2009). 

Por lo tanto, los resultados mostrados en este estudio 

indican que la faneca presenta un reclutamiento de folículos 

determinado. Sin embargo esta clasificación en dos tipos de 

fecundidad, o más bien dos tipos de reclutamiento de los 

folículos, determinada e indeterminada, podría ser demasiado 

riguroso (Kjesbu de 2009, y sus referencias). Por ejemplo, los 

niveles de atresia al final de la temporada de desove, también 

llamada "mopping-up" (Wallace y Selman 1981), podrían estar 

relacionados con un período indeterminado de reclutamiento de 

folículos en respuesta al exceso de energía proveniente de la 

alimentación. Se utilizaron tres métodos para estimar la 

fecundidad: método gravimétrico, estereológico y auto-diamé-

trico. Los dos primeros procedimientos están bien desarrollados 

y no hay información nueva al respecto en este estudio. No se 

encontraron diferencias significativas entre los diferentes 

métodos, por lo tanto, los resultados pueden ser comparables a 

nivel de población. 

Como era de esperar, la fecundidad potencial aumenta 

significativamente con el tamaño de la hembra (Figura 8). Las 

características maternales, talla y peso, explicaron una alta 

proporción de la variación de la fecundidad en comparación con 

otras especies de desarrollo asincrónico como la merluza 

Merluccius merluccius, el 80% en faneca y el 46% en la merluza 
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aproximadamente (Domín-

guez-Petit 2007). Estas 

diferencias probablemente 

radiquen en el hecho de 

que la merluza es una es-

pecie de fecundidad inde-

terminada (Murua y Motos 

2006). La buena relación 

entre la fecundidad poten-

cial y tamaño de la hembra 

está de acuerdo con la 

hipótesis de que la faneca 

presenta una estrategia de 

fecundidad determinada.  
Con un coeficiente alo-

métrico significativamente 

mayor que 1 en las rela-

ciones fecundidad-tamaño 

de la hembra, se demuestra 

que el aumento de la fe-

cundidad no es proporcio-

nal al tamaño de la hem-

bra. En consecuencia, las 

hembras más grandes tienen 

una mayor contribución relativa a la producción total de huevos 

dentro de una población. Por lo tanto, una reducción de las 

hembras más grandes, como respuesta a la selectividad de las 

artes de pesca (Ottersen et al. 2006), puede tener un impacto 

negativo en el potencial reproductivo de una población, 

independientemente del tamaño mismo de la población (Mehault et 

al. 2010). Es decir, la producción total de huevos no es 

directamente proporcional a la SSB  y las características 

demográficas de la población pueden desempeñar un papel muy 

importante y deben ser tenidas en cuenta en la gestión pesquera 

(Marshall et al. 1998, 1999; Trippel 1999; Marteinsdottir y 

Begg 2002; Scott et al. 2006).  

Wootton (1990) sugiere que en la fecundidad parcial está 

generalmente bien relacionada con la talla. Sin embargo, en la 

Figura 8 Relación entre la fecundidad 
potencial de T luscus con a) longitud 
total y b) peso eviscerado. Cada línea 
corresponde con el ajuste realizado con 
diferentes modelos estadísticos (ver 
leyenda). 
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faneca la fecundidad par-

cial mostró una mala rela-

ción, aunque significa-

tiva, con el tamaño de la 

hembra (Figura 9). Otros 

miembros del género como 

T. minutus, también mues-

tran una correlación sig-

nificativa con la longitud 

del pez y el peso, pero la 

variación explicada es 

claramente superior (Metin 

et al. 2008). Se ha espe-

culado también que la 

principal fuente de varia-

ción en las estimaciones 

de la fecundidad parcial 

radica en la identifica-

ción de los folículos 

post-ovulatorios (POF). La 

elevada frecuencia de 

desove en el pico de 

puesta hace posible que se 

encuentren en el mismo 

ovario diferentes cohortes de POF, lo que dificulta la iden-

tificación de individuos con folículos hidratados que no hayan 

liberado ya parte de la puesta. Los resultados del experimento 

en cautividad, a pesar del pequeño tamaño muestral, obtuvieron 

una mejor relación fecundidad parcial-tamaño de la hembra 

(Figura 10).  
Tradicionalmente, la calidad de los huevos se define como 

"el potencial de los huevos para producir crías viables". Se 

han utilizado varios criterios para evaluar la calidad del 

huevo en teleósteos marinos (Kjorsvik et al. 1990). Sin 

embargo, el tamaño del huevo es una de las características 

registradas más comunes de los huevos como indicadores de 

viabilidad. En la faneca, el diámetro de los huevos y su peso 

seco estuvieron influenciados significativamente por el tamaño 

 
Figura 9 Relación entre la fecundidad 
parcial de T luscus con a) longitud total 
y b) peso eviscerado. Cada linea 
corresponde con el ajuste realizado con 
diferentes modelos estadísticos (ver 
leyenda). 
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de la hembra, lo que indica un claro efecto maternal sobre la 

calidad del huevo. También el tamaño del huevo mostró una 

tendencia estacional decreciente (Figura 11); aunque esta 

tendencia no fue confirmada por los resultados obtenidos en el 

experimento en cautividad. Sin embrago, esta tendencia se ha 

demostrado que tiene una base fisiológica en otras especies 

(Kjesbu et al. 1991; Trippel y Neil 2004).  

Uno de los hallazgos más importantes de este estudio es que 

la faneca presenta un reclutamiento de los folículos 

determinado. Sin embargo, es probable la existencia de un 

período indeterminado de reclutamiento folicular en respuesta 

al exceso de energía. Este es un aspecto clave para entender el 

reclutamiento folicular y la estrategia reproductiva de tal 

forma que las estimaciones de la producción de huevos a través 

de la fecundidad potencial pueden resultar erróneas. 

 El efecto de las características maternales sobre la 

fecundidad potencial y parcial se manifiesta claramente a 

través del coeficiente alométrico positivo de las relaciones 

del tamaño de la hembra con la fecundidad. Por lo tanto, la 

 
Figura 10 Relación entre la fecundidad parcial de T luscus en  
cautividad con  la longitud total y el peso total.  
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importancia relativa de las hembras más grandes en la 

producción total de huevos de la población total debe ser 

considerada dentro de la gestión pesquera.  

 
Figura 11 Tendencias temporales de la calidad de los huevos en T.  
luscus: a) diámetro y b)peso seco en function del tamaño corporal de la 
hembra durante la época de puesta. Los planos verde y rojo representan 
los intervalos de confianza al 95%. 
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COSTES ENERGÉTICOS DE LA REPRODUCCIÓN EN TRISOPTERUS 

LUCUS 
 

En los organismos iteróparos existe un balance entre la 

reproducción presente y futura, siendo la consecuencia de un 

equilibrio entre la supervivencia, crecimiento y reproducción 

(Tyler y Callow 1985; Stearns 1992; Roff 1992). Por lo tanto, 

los costes energéticos de la reproducción y la facultad para 

recuperar energía después de cada evento reproductivo influyen 

tanto en la mortalidad como en la capacidad reproductiva en los 

próximos años. En consecuencia, el reclutamiento, podría ser 

vulnerable en parte, a la adquisición de energía antes y 

después del desove (Henderson et al. 1996; Lambert y Dutil 

2000).  
En nuestro estudio se utiliza una cantidad razonable de 

datos bioquímicos para abordar adecuadamente la dinámica 

bioenergética asociada a la reproducción. Debido a que la 

estimación de los índices de condición bioquímicos es costosa, 

la validación de los índices de condición tradicionales  es muy 

valiosa ya que permiten ser usados de forma rutinaria en 

programas de monitoreo. Para analizar las variaciones 

estacionales en la distribución de las reservas energéticas 

durante la reproducción es crucial determinar la estrategia 

elegida por la especie respecto al reparto de la energía. 

Nuestra hipótesis es que la faneca responde más como “capital 

breeder”, atendiendo a las tendencias de los índices de 

condición observados en estudios previos (Merayo 1996b). Para 

probar esta hipótesis tres objetivos se abordaron en esta 

sección i) estudio de la composición y los niveles de energía 

almacenados en los diferentes tejidos de T. luscus, ii) 

idoneidad de los índices de condición tradicionales para 

estudiar los cambios en las reservas de energía y iii) 

cuantificación de los cambios y la dinámica energética como 

mecanismo de regulación del desarrollo reproductivo. Debería 

ser posible describir cuando se adquiere la energía y cómo se 

destina a la reproducción en las hembras de T. luscus. 
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Teniendo en cuenta nuestra hipótesis a priori, en la faneca 

como “capital breeder”, debe existir una fuente endógena de 

reservas de energía para el desarrollo gonadal, adquirida 

previamente a la época reproductiva. La composición de los 

tejidos analizados indica dos fuentes de combustible: las 

proteínas del músculo y los lípidos del hígado. Estudios 

previos en T. luscus y 

otras especies 

relacionadas, como Gadus 

morhua, apoyan esta idea 

mostrando que el músculo 

representa el depósito 

principal de proteínas y 

el hígado de lípidos 

(Kjesbu et al. 1991; 

Merayo 1996b; Lambert y 

Dutil 1997a). 

Resulta interesante la 

fuerte relación inversa 

entre el contenido de 

energía, el contenido de 

los principales 

componentes bioquímicos y 

el contenido de agua en 

todos los tejidos 

analizados: gónada, hígado 

y músculo. En el caso del 

contenido de agua en las 

gónadas es un buen indi-

cador del contenido de 

proteínas y la densidad de 

energía. El agua se reveló 

como un buen estimador de 

los lípidos en el hígado y 

proteínas en el músculo. 

Para el contenido 

energético, los resultados 

fueron dispares, en el 

 
Figura 12 Relaciones lineales entre la 
densidad energética y el contenido en 
agua para gónada, hígado y músculo en T. 
luscus.  
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caso de hígado estas predicciones resultaron especialmente úti-

les, pero para el músculo la variación explicada por el modelo 

fue relativamente baja (Figura 12). Así, el contenido de agua 

en faneca fue utilizado para obtener predicciones muy precisas 

del contenido de energía en varios tejidos.  
Los índices de condición en general, tratan de determinar la 

cantidad de masa en relación con las reservas de energía 

después de la eliminación de efecto estructural del tamaño del 

individuo. Sin embargo, esto no siempre es del todo cierto ya 

que algunas de las variaciones en la condición pueden indicar 

la variación en todos los 

componentes, no sólo en 

las reservas de energía 

(Schulte-Hostedde et al. 

2005). Por lo tanto, es 

importante validar la 

relación entre índices de 

condición y las reservas 

de energía. En nuestro 

estudio, sólo el HSI y 

residuos de la relación 

peso hígado-longitud total 

(LLR) reflejan claramente 

un incremento de las exis-

tencias de las reservas 

energéticas (Figura 13). 

Este hecho apoya la idea 

de que el hígado repre-

senta la principal fuente 

de energía para T. luscus.  
Todos los índices de 

condición corporal anali-

zados en el presente estu-

dio mostraron una clara 

variación estacional con 

valores más altos regis-

trados justo antes de la 

temporada de desove y se-

 
Figura 13 Relación entre HSI y LLR con la 
energía total del individuo (círculos 
rojos) y la energía contenida en el 
hígado (estrellas azules) para T. luscus. 



RESUMEN 

 

xxv 
 

guidos por un descenso constante hasta el final de la época de 

puesta. Este tipo de estacionalidad puede reflejar las 

variaciones temporales en las condiciones ambientales, zonas de 

desove o incluso de  la conducta alimentaria (Brown y Murphy 

2004; Hidalgo et al. 2008). Partimos de la hipótesis de que en 

T. luscus el gasto energético asociado a la reproducción se 

realiza principalmente a partir de las reservas de energía 

almacenadas antes de la época reproductiva, es decir, 

estrategia “capital breeder” (Drent y Daan 1980; Tyler y Callow 

1985; Stearns 1989). Los cambios estacionales en el contenido 

energético muestran una correlación con el ciclo reproductivo 

(Figura 14). Nuestros resultados están de acuerdo con estudios 

previos (Merayo 1996b; Xie et al. 1998.), donde los valores 

máximos de las reservas energéticas se encuentran justo antes 

del inicio de la maduración y se agotan al final del período de 

desove para una variedad de especies. Por lo tanto, en faneca 

la energía que se asigna para la reproducción se almacena por 

adelantado y se moviliza para suministrar la energía necesaria 

para las funciones fisiológicas relacionadas con la 

reproducción. Los cambios en los niveles de energía responden a 

la movilización de los lípidos y las proteínas almacenados en 

el hígado y el músculo, respectivamente, pero los lípidos del 

hígado son la fuente principal de energía.  
En resumen, las reservas de energía en las hembras de faneca 

están principalmente asociadas a los lípidos almacenados en el 

hígado. El contenido de agua resulta una eficaz herramienta 

para obtener predicciones muy precisas de energía, en 

particular para las gónadas y el hígado. Los índices de 

condición, tanto los tradicionales como los derivados de los 

residuos, parecen ser adecuados para analizar el estado 

nutricional de los peces, ya que reflejan los cambios en el 

contenido de energía y la composición en los tejidos 

estudiados, principalmente en el caso del hígado. La 

estacionalidad de las reservas de energía se detectó de forma 

clara y están estrechamente relacionadas con el ciclo sexual; 

lo que indica que las hembras de faneca tienen un período de 

almacenamiento de energía a través de depósito de lípidos en el 

hígado. Por lo tanto, se debe considerar un “capital breeder”,
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Figura 14 Variaciones estacionales en el contenido energético (kJ/g) y la 
variación diaria neta de energía (kJ/g*día) para a) hígado, b) músculo y 
c) total del individuo en T. luscus. La línea roja representa las 
variaciones estacionales del GSI para mostrar el ciclo reproductivo. Las 
barras verticales representan el error estandar. 
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porque el combustible para la reproducción proviene 

esencialmente de la energía previamente almacenada. Se espera 

que el nivel de las reservas de energía almacenada tenga alguna 

influencia sobre el potencial reproductivo; sin embargo, cual 

es esa influencia y como afecta al potencial reproductivo debe 

ser todavía evaluado.  
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EFECTOS MATERNALES EN EL POTENCIAL REPRODUCTIVO EN 

UN “CAPITAL BREEDER” (TRISOPTERUS LUSCUS) 
 

La asunción de que la producción total de huevos (TEP) es 

proporcional a la biomasa reproductora (SSB) ha resultado ser 

incorrecta para una serie de poblaciones de peces (Marshall et 

al. 1998, 2003). El término Potencial Reproductivo de un Stock 

(SRP) se definió en primer lugar como “la variación anual en la 

capacidad de un stock para producir huevos y larvas viables que 

pueden llegar a formar parte de la población adulta o de la 

pesquería " (Trippel 1999) y su variación puede ser la 

principal causa de la ineficiencia de la mayoría de los modelos 

de Stock-Reclutamiento.  

En este trabajo se analiza la influencia de efectos 

maternales a tres niveles diferentes: ciclo reproductivo 

(maduración y desove), producción de huevos (fecundidad 

potencial y parcial) y la calidad de los huevos (el tamaño del 

huevo). El resultado de los análisis realizados a lo largo de 

esta tesis se combina y se analiza en conjunto en un solo 

modelo para describir la variación de SRP en función de los 

efectos maternales, tales como el tamaño y la condición. 

A escala anual, hay dos componentes principales en los 

ciclos reproductivos en peces: la maduración y la puesta 

(Lowerre-Barbieri et al. 2011). La maduración y el desove no se 

producen por lo general, al mismo tiempo, tanto a nivel de 

especie o individual y los ciclos anuales están sujetas a 

cierto grado de variabilidad. Por lo tanto, la asunción de que 

los ciclos sexuales son constantes no es adecuada. A pesar de 

que el medio ambiente juega un papel importante en el ciclo 

reproductivo, existe cierta plasticidad manifiesta en los 

individuos de una población. Esto es así porque hay factores 

endógenos, en especial los niveles de energía, que también 

influyen en el momento de la reproducción. De hecho, el 

presente estudio demuestra que la condición actúa como un 

factor determinante en el inicio del ciclo reproductivo (Figura 

15). Desde esta perspectiva, es ampliamente aceptado que los 
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Figura 15 Predicciones del Modelo Generalizado Aditivo para la 
probabilidad de estar madurando (Ripening) y en puesta (Spawning) en T. 
luscus en función del mes y la condición y el mes y la talla, 
respectivamente.  
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niveles de las reservas energéticas son un componente 

importante en la estrategia vital, afectando directamente al 

equilibrio entre el éxito reproductivo actual y futuro (Stearns 

1992; Roff 1992). La influencia de la condición en el momento 

de la reproducción ha sido poco estudiada, a pesar de que 

Wright y Trippel (2009) incluyen la condición dentro de los 

factores demográficos que pueden alterar el ciclo reproductivo. 

Así, el desove puede comenzar antes en períodos de buenas 

condiciones de alimentación, íntimamente vinculados con el 

estado nutricional de los individuos (Wieland et al. 2000); 

pero se puede retrasar con tasas de alimentación bajas. Esto 

puede ser debido a que las tasas de crecimiento de los ovocitos 

son más lentas en situaciones de régimen restrictivos de 

alimentación, como se muestra en el Scophthalmus maximus 

(Bromley et al. 2000).  

Se observó una correlación negativa significativa entre los 

individuos en puesta y la condición de T. luscus. Aunque débil, 

esta relación negativa puede indicar que en el momento del 

desove ya ha habido una gran inversión de la energía 

almacenada. Tal vez, entre los factores demográficos que 

afectan a la variabilidad estacional del ciclo sexual uno de 

los más importantes sea el efecto de tamaño de las hembras 

(Hutchings y Myers 1993; Secor 2000; Ganias et al. 2007; 

Wieland et al. 2000; Solemdal 1997; Claramunt et al. 2007). Los 

resultados encontrados en el presente estudio señalan un efecto 

positivo del tamaño de la hembra en la actividad de desove, es 

decir, las hembras de mayor tamaño inician la época de puesta 

antes y la extienden por más tiempo que las menores (Figura 

15). Esto se puede deber a una tasa de crecimiento de los 

ovocitos mayor en hembras grandes, como se muestra en el 

bacalao (Kjesbu et al. 2010). 

Las variaciones en el ciclo sexual pueden tener 

consecuencias importantes sobre el potencial reproductivo de 

una población. La reproducción en los peces debe estar 

sincronizada con los ciclos hidrográficos directamente 

relacionados con la supervivencia de los huevos y larvas. En 

situaciones en las que las condiciones ambientales son muy 

variables, un periodo de desove prolongado puede ser una 
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respuesta adaptativa para reducir el efecto de eventos 

específicos con una alta tasa de mortalidad (Cushing 1972; 

Cushing 1990; Mertz y Myers 1994). Una estructura poblacional 

truncada (por desaparición de los individuos más grandes a 

través de la pesca) puede conducir a un desequilibrio entre los 

eventos reproductivos y las condiciones apropiadas para la 

supervivencia de huevos y larvas (Wright y Trippel 2009). 

Los resultados mostraron que la energía contenida en el 

hígado tiene un efecto significativo sobre la fecundidad 

potencial (Figura 16). Sin embargo, esta influencia fue menor 

de lo esperado para un gádido como la faneca. De forma similar 

los residuos de la relación longitud-peso (WLR), como 

indicadores de la condición corporal, mejoraron 

significativamente la relación entre la fecundidad parcial y la 

longitud de las hembras (Figura 17). Mientras que las reservas 

de energía del hígado reflejan la energía almacenada debido a 

la acumulación de lípidos, el factor de condición (o en nuestro 

caso, los residuos de longitud-peso) están más relacionados con 

la acumulación de proteínas en el músculo (Lambert y Dutil 

1997a) y ambos, lípidos y proteínas, participan en la 

vitelogénesis durante los procesos de maduración de los 

ovocitos (Wiegand 1996a; Patiño y Sullivan 2002). Nuestra 

hipótesis es que en T. luscus las reservas (largo plazo) de 

lípidos del hígado son la principal fuente de energía 

involucrada en el desarrollo de los ovocitos, que definen la 

fecundidad potencial, mientras que la energía del músculo, 

refleja más una acumulación de la energía a corto plazo, 

actuando como un excedente de energía que participa en la 

fecundidad parcial. 

Está ampliamente aceptado que el potencial reproductivo de 

una población no sólo se refiere a la producción total de 

huevos de la población sino también a la viabilidad de los 

huevos y larvas (Trippel 1999). A este respecto, el concepto de 

calidad de los huevos es de gran interés ya que se espera que 

los huevos de alta calidad tengan más posibilidades de producir 

descendencia viable (Nissling et al. 1998; Kjorsvik et al. 

1990). En este estudio nos referimos a la "calidad de los 

huevos" como el tamaño del huevo, bajo el supuesto de que
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Figura 16 Predicciones del Modelo Lineal Generalizado para la fecundidad 
potencial de T. luscus en relación con las características maternales: a) 
longitud total y energía del músculo a una energía del hígado fija a 20 
Kj/g; b) longitud total y energía del hígado a una energía del músculo 
fija a 5 KJ/g y c) energía contenida en el músculo e hígado a una 
longitud total fija de 25 cm. 
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"cuanto más grande mejor"; ya que los huevos más grandes 

producen larvas más grandes y con mayor tasa de supervivencia 

(Miller et al. 1988; Hutchings 1991; Marteinsdottir y 

Steinarsson 1998; Trippel 1998). 

El diámetro de los huevos se vio afectado básicamente por el 

tamaño de la hembra y las reservas de energía en el músculo 

(básicamente proteínas), pero el peso seco del huevo estuvo 

significativamente influenciado por el contenido de energía del 

hígado, como un indicador del estado nutricional (Figura 18). 

El estado nutricional, como efecto maternal, resultó un 

condicionante importante para la calidad de los huevos, tal y 

como ocurre en otras especies de teleósteos (Chambers et al. 

1989; Marteinsdottir y Steinarsson 1998; Saborido-Rey et al. 

2003; Gagliano y McCormick 2007). En el modelo generado para la 

calidad del huevo se encontró una interacción significativa 

entre tamaño de la hembra y el estado energético. Parece 

entonces que hay un efecto sinérgico de la talla de las hembras 

y las reservas de energía disponibles, es decir, de hembras 

mayores, con mejor condición obtenemos huevos de mejor calidad. 

Los modelos de simulación tienen grandes ventajas a la hora 

de testar diferentes hipótesis en distintos escenarios. Los 

modelos utilizados aquí recopilan toda la información generada 

sobre los parámetros reproductivos de la faneca  para estimar 

la TEP, tal y como lo llevan a cabo Mehault et al. (2010). A 

pesar de que nuestros resultados parecen indicar que la faneca 

es una especie de fecundidad determinada, todavía hay cierta 

incertidumbre sobre este aspecto. Aunque la mayoría de los 

ovocitos son reclutados en el inicio del desove puede existir 

cierto grado reclutamiento de ovocitos posterior al comienzo de 

la puesta; pero siempre en menor medida. Ante esta 

incertidumbre se desarrollaron dos modelos diferentes, uno para 

cada una de las estrategias de reclutamiento de ovocitos, 

determinada e indeterminada, lo que nos permitió comparar ambas 

estrategias en diferentes escenarios de especial interés para 

la gestión pesquera. 

Ambos modelos producen estimas muy diferentes de la 

producción total anual de huevos (Figura 19). Este es un 

resultado lógico en el caso de que la faneca resulte una 
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Figura 17 Predicciones del Modelo Lineal Generalizado para la fecundidad 
parcial de T. luscus en relación con las características maternales: a) 
longitud total y WLR a un valor fijo de LLR de 0.02; b longitud total y 
LLR a un valor fijo de WLR de -0.02 y c) WLR y LLR a una longitud total 
fija de 25 cm. 
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especie de fecundidad indeterminada, ya que la fecundidad 

potencial, que se utiliza en el modelo determinado, 

subestimaría la fecundidad anual. Ambos modelos deben producir 

resultados similares en el caso de ser una especie de 

fecundidad determinada. No obstante, las diferencias pueden 

surgir a partir de varios supuestos del modelo, especialmente 

las relacionadas con la frecuencia de la puesta (Hunter y 

Macewicz 1985).  

En este punto tenemos que revisar los términos antes 

mencionados de fecundidad determinada e 

indeterminada. Estos términos son buenos descriptores del pro-

ceso de reclutamiento de ovocitos, en lugar de la 

fecundidad, reflejando así la dinámica de reclutamiento de 

ovocitos en términos de asignación de la energía.  

Una idea no del todo acertada cuando hablamos de especies 

determinadas es creer que la población de huevos vitelogénicos 

presentes en el ovario es representativa de la fecundidad anual 

realizada. Aunque por lo general es un buen indicador, sobre 

todo si se  estima cerca de la época de puesta (Murua et 

al. 2003), procesos como la “down-regulation” pueden alterar 

considerablemente la fecundidad estimada 

(Kjesbu 2009). Aunque los términos determinado e indeterminado 

se deben utilizar sólo como definición de la estrategia 

de reclutamiento de ovocitos,  tienen una gran importancia para 

las estimaciones de fecundidad y durante el desarrollo de esta 

tesis los usamos tanto para referirnos al reclutamiento de 

ovocitos como al tipo de fecundidad. 

Nuestros resultados muestran que la faneca evidencia cierto 

nivel de indeterminación, a pesar de que se trata de un 

“capital breeder”, por lo que la clasificación de 

la fecundidad en estas dos únicas categorías puede resultar 

demasiada estricta. El gradiente de las condiciones ambientales 

podría conducir a la adopción de diferentes estrategias. En 

este caso, la faneca vive en un ecosistema de alta 

productividad que permite disponer de una buena alimentación a 

lo largo de todo el año, pero, también se caracteriza por una 

gran estacionalidad, épocas de aflotramiento, que parecen 

ejercer una fuerte influencia sobre el éxito reproductivo.  
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Nuestra hipótesis es que T. luscus en aguas gallegas posee 

una estrategia intermedia, tanto en términos de reclutamiento 

de ovocitos como en el uso de la energía: la mayor parte de la 

captación de ovocitos se realiza mucho antes de la temporada de 

desove a expensas de la energía almacenada en el hígado, 

fundamentalmente en forma de lípidos. Este primer impulso en el 

reclutamiento de ovocitos es lo suficientemente grande como 

para garantizar un nivel mínimo de producción de huevos. A raíz 

de esta inversión reproductiva, fracción determinada de la 

fecundidad, y una vez que la época de puesta haya comenzado, si 

las condiciones de alimentación son lo suficientemente buenas, 

pueden generar un excedente de energía que dé lugar a nuevos 

pulsos de reclutamiento de ovocitos, fracción indeterminada de 

la fecundidad. Esto permitiría un aumento de la producción 

total de huevos en respuesta a las condiciones ambientales. 

Gracias a los modelos de simulación fue comprobado el efecto 

de la estructura de una población, el efecto demográfico, en la 

TEP. Para ello se utilizaron dos poblaciones teóricas con el 

mismo SSB, pero con una composición de tamaños totalmente 

diferente. El tamaño de la hembra influye en su biología 

reproductiva a diferentes niveles, según lo discutido 

previamente en este capítulo: ciclo sexual y la fecundidad 

(potencial y parcial). Por lo tanto, no es de extrañar que el 

resultado de las simulaciones demostrara que una población 

sesgada hacia individuos más grandes produce una mayor TEP de 

forma considerable, hasta el 60%, de una población con el mismo 

SSB, pero sesgada hacia las hembras más pequeñas. Esto indica a 

las claras la inexactitud de la asunción de proporcionalidad 

directa entre la producción de huevos y la SSB, tal y como se 

demostró en otras especies (Marshall et al. 1998; Scott et al. 

2006; Mehault et al. 2010). Además, y como se muestra en 

nuestro estudio, los peces más grandes no sólo contribuyen de 

manera decisiva al SRP en términos de cantidad sino también en 

calidad (Birkeland y Dayton 2005). 

Por lo tanto, una gestión de las pesquerías eficaz y 

sostenible requiere considerar varios aspectos dentro de las 

estrategias reproductivas de las diferentes poblaciones de 

peces para lograr conservar y/o mejorar el potencial 
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Figura 18 Relación entre a) el diametro del huevo, la longitude total de 
la hembra y la energía del músculo y b) el peso seco del huevo, la 
longitud total de la hembra y la energía del hígado en T. luscus. 
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reproductivo de un stock. En primer lugar, el conocimiento 

adecuado del proceso de reclutamiento de los ovocitos es 

imprescindible para una correcta estimación de la producción de 

huevos. En este punto, es importante reconocer la existencia de 

estrategias alternativas a las tradicionalmente establecidas, 

fecundidad determinada e indeterminada. Saber cómo una especie 

hace uso de la energía disponible y cómo esto afecta al SRP es 

importante para poder mejorar los índices de SRP. Por último, 

el patrón actual de explotación pesquera, con la extracción 

selectiva de los individuos más grandes, lleva a la reducción 

paulatina de la productividad de las poblaciones de peces con 

graves consecuencias en términos de capturas. Conservar una 

estructura equilibrada de la población (composición de clases 

de talla/edad) es de vital importancia para mantener unos 

niveles adecuados del SRP, en base a la hipótesis de que "más 

grande es mejor". Las futuras líneas de investigación deberían 

abordar estas cuestiones a través de la modificación de las 

normas de explotación o la aplicación de medidas como áreas 

marinas protegidas, garantizando de este modo la conservación 

de un potencial reproductivo adecuado y promover una pesca 

sostenible. 
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CONCLUSIONES 
 

El presente trabajo analiza las fuentes de variación del 

potencial reproductivo de Trisopterus luscus en las aguas 

costeras de Galicia (noroeste de la Península Ibérica). Varias 

conclusiones importantes surgen de estos análisis y, aunque 

estas se aplicaron a una sola especie, algunos de ellos son de 

interés general en el campo de la ecología reproductiva 

aplicada a la gestión pesquera. 

 

Evaluación histológica del desarrollo gonadal y ciclo sexual de Trisopterus 

luscus en la plataforma continental de Galicia 

 

1. Trisopterus luscus muestra un desarrollo asincrónico del 

ovario, en base a los resultados del estudio histológico. 

2. La vitelogénesis en esta especie se inicia a mediados de 

otoño seguida por una prolongada época de desove, de enero a 

mayo, con un pico de actividad en febrero, aproximadamente con 

una puesta diaria. 

3. El patrón estacional del índice gonadosomático refleja 

así el ciclo sexual de la faneca. Los valores de HSI y K más 

altos se registraron antes del comienzo de la temporada de 

desove, seguidos de un acusado descenso hasta llegar a su 

mínimo al final de la época de puesta. 

4. La talla de primera maduración para las hembras de faneca 

(L50) se estimó en 150.6 mm utilizando ojivas microscópicas, lo 

que es muy inferior a la talla mínima de captura establecida en 

Galicia en 200 mm.  

5. Las ojivas de maduración macroscópica y microscópica 

dieron resultados significativamente diferentes, poniendo de 

manifiesto la necesidad de estimar dichas ojivas por métodos 

histológicos. 

6. Este trabajo presenta la primera puesta natural de T. 

luscus obtenida en cautividad. El desarrollo embrionario de los 

huevos de T. luscus fue descrito desde la puesta hasta la 
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eclosión de las larvas. El desarrollo embrionario de los huevos 

de faneca se dividió en seis etapas. Bajo condiciones 

controladas artificialmente y a una temperatura constante de 

13ºC, las larvas eclosionaron a los 4.54 + 0.17 días. 

 

Dinámica de producción de huevos, estrategia reproductiva y  patrón de 

puesta en una especie de desarrollo  asincrónico (Trisopterus luscus) 

 

7. Trisopterus luscus exhibe estrategia determinada para el 

reclutamiento de los ovocitos. Sin embargo, en respuesta a la 

energía excedente durante la puesta, pueden ocurrir nuevos 

pulsos de reclutamiento de ovocitos. 

8. Se presentan por primera vez las relaciones fecundidad-

tamaño corporal de la hembra para T. luscus en la plataforma 

gallega. La relación de la fecundidad potencial y parcial con 

el tamaño de la hembra es positiva y alométrica. El coeficiente 

alométrico es lo suficientemente grande como para demostrar que 

existe un efecto maternal significativo sobre la producción de 

huevos, lo que debería ser considerado en las estrategias de 

gestión pesquera. 

9. Las relaciones alométricas positivas entre la fecundidad 

y el tamaño de las hembras demuestra la existencia de 

un efecto materno en la producción total de huevos, lo 

que debería ser considerado en una adecuada gestión pesquera. 

 

Costes energéticos de la reproducción en Trisopterus luscus  

 

10. El contenido de agua en el tejido resultó ser un 

excelente indicador del contenido i) de lípidos y energía en el 

hígado, ii) de proteínas en el músculo y iii) y de proteínas y 

energía en el ovario. 

11. Los lípidos del hígado actúan como la principal fuente 

de reservas de energía dedicadas a la reproducción. 

12. Todos los índices de condición investigados resultan 

buenos indicadores del estado nutricional de los individuos 
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para T. luscus, ya que reflejan los cambios en el contenido de 

energía y la composición de los diferentes tejidos estudiados. 

13. La variación estacional de las reservas de energía 

responden a los cambios en las necesidades energéticas 

asociadas al ciclo sexual de la faneca. Por lo tanto, T. luscus 

debe ser considerado un “capital breeder”, porque el 

combustible necesario para la reproducción proviene 

esencialmente de la energía almacenada de forma previa a la 

época de puesta. 

14. Sin embargo, es posible que parte de la energía 

adquirida durante la época de puesta pueda ser destinada para 

mejorar el “output” reproductivo. 

 

Efectos maternales en el potencial reproductivo en un “Capital Breeder” 

(Trisopterus luscus) 

 

15. El tamaño de la hembra y su estado fisiológico tienen 

una influencia significativa sobre el ciclo sexual. También 

afectan a la fecundidad potencial y parcial, así como a la 

calidad del huevo. Por lo tanto, cambios demográficos o del 

estado nutricional de las poblaciones  pueden tener un profundo 

efecto en el SRP. 

16. La faneca no se puede clasificar dentro de las 

estrategias de fecundidad clásicas: fecundidad determinada e 

indeterminada. Dicha clasificación  resulta demasiado rigurosa 

en algunos casos. Los resultados obtenidos para T. luscus 

indican que la reproducción es financiada a partir de la 

reservas energéticas previamente almacenadas, pero el 

suministro energético a través de la alimentación durante la 

puesta puede contribuir también a la producción de huevos, es 

decir, una mezcla de “capital/income breeder” y fecundidad 

determinada/indeterminada. 

17. Nuestra hipótesis es que en esta estrategia intermedia, 

la mayor parte del reclutamiento de los ovocitos se realiza 

antes de la época de puesta a partir de la energía almacenada, 

este es el componente determinado de la fecundidad. Durante la 

época de puesta, y si las condiciones de alimentación son lo 
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suficientemente buenas para generar un excedente de energía, se 

puede producir un nuevo pulso(s) de reclutamiento de ovocitos, 

componente indeterminado de la fecundidad. 

18. Se demuestra, mediante simulaciones, que una población 

con distribución de tallas truncada produce una cantidad 

considerablemente menor de huevos. Los peces más grandes no 

sólo tienen un papel preponderante en el SRP en términos de 

cantidad sino también de calidad. Para lograr una pesca 

sostenible y la conservación de un potencial reproductivo de 

las poblaciones adecuado es necesario preservar una estructura 

poblacional equilibrada. 
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