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The present thesis starts from the premise that the knowledge of 
reproductive strategies of species is a fundamental tool for the understanding 
of ecological system characteristics (Giangrande et al., 1994). The deep sea 
(>1000 m depth) is the largest ecosystem on Earth and, although a large effort 
has been made in its exploration, it is still one of the least known habitats in 
the planet (Ramirez-Llodra et al., 2010). Our understanding in diversity, 
distribution and ecology aspects of deep-sea fish populations has increased 
considerably, however, the reproductive aspects of most of the fishes 
inhabiting these unique environments is still poorly understood. This lack of 
information represents a great opportunity to explore and further investigate 
these important topics to better understand, following a comparative 
approach, the ecological processes that shape the life-history patterns of 
deep-water fishes in the Mediterranean Sea. But first, we must have a well 
knowledge of species specific life strategies.  

1.1 Deep-sea environments 

Deep sea is characterized by its relative constant physic characteristics (Forbes 
et al., 1859; Menzies, 1965). Except light and pressure, which co-vary with 
depth, many of the physical factors on deep sea floor remain constant. 
Temperature is stable between -1 to 4⁰C (Svedrup et al., 1942), except in the 
Mediterranean and in the Red Sea where the temperature is higher during the 
whole year (close to 13⁰C and 21.5⁰C respectively). Similarly, salinity also 
presents relative constant values around 34.8 ‰. The Mediterranean Sea is 
also an exception with a higher salinity (38.0-39.5 ‰) because it is a basin 
where evaporation exceeds precipitation (Miller et al., 1970; Hopkins, 1985; 
Sardà et al., 2004a). Oxygen values in deep-sea ecosystems dependent on the 
amount of oxygen at the origin of deep-water masses and the consumption by 
metabolic processes of deep-sea organisms (Nybakken and Bertness, 2005). 
Most deep-sea habitats show oxygen concentrations close to saturation 
(Svedrup et al., 1942) because of the low density of organisms respiring the 
available oxygen, but some areas are characterized by oxygen minimum zones 
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that may intersect with the benthic systems (Levin, 2003). The major factor 
that makes the deep sea unique is the lack of solar radiation usable for 
photosynthesis below 200 m depth and the total absence of light below 1000 
m depth (Jerlov, 1950; Gage and Tyler, 1992). Because of the lack of primary 
production in deep-sea ecosystems, with the exception of 
chemosynthetically-driven communities found in hydrothermal vents or cold 
seeps amongst others (Van Dover, 2000; Tunnicliffe et al., 2003), these 
ecosystems are heterotrophic and the trophic chain depends ultimately on 
the arrival of organic matter produced in the photic zone. Food inputs arrive 
to deep seafloor through different pathways reviewed in Gage (2003) (Fig. 
1.1), including the active biological transport by vertical migration of 
organisms (Sardou et al., 1996; Sutton et al., 2008), passive fall of organic flux 
of different size particles, from large food falls such as animal carcasses and 
terrigenous and large plants (Smith and Baco, 2003) to fine particulate organic 
matter composed by fecal pellets and phytoplankton (Billett et al., 1983; 
Lampitt, 1985), and downward lateral advection on continental slopes and in 
canyons (Canals et al., 2006; Tesi et al., 2010).  

Fig 1.1 Schematic representation of the various food resources to the deep-sea floor  
(from Gage and Tyler, 1992). 
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The apparent lack of variability in the physical parameters affecting the deep-
sea led early ocean scientists believe that deep sea was a monotonous cold 
and dark environment (Thomson, 1873). However, the observed variation in 
seasonal and diurnal bottom currents, benthic storms, seasonal inputs from 
the surface and cascading events, provide evidence that deep-sea systems 
have in fact energetic hydrodynamic regimes and prominent episodic 
processes (Lampitt, 1985; Canals et al., 2006) that shape and sustain a variety 
of biological patterns and processes on the benthic deep sea (Gage and Tyler, 
1991; Gooday, 2002; Priede et al., 1994, 2003; Thistle, 2003; Ruhl and Smith, 
2004). 

1.2 The deep Mediterranean Sea 

Several aspects of reproduction are shaped by environmental factors and it is 
thus essential to understand well the topographic, oceanographic and 
biological characteristics of the study area. All the research conducted during 
this thesis took place in the Mediterranean Sea. The Mediterranean Sea is the 
largest semi-enclosed sea in the word (Tyler, 2003; Sardà et al., 2004a), 
spreading over 4000 km, with an average depth of 1500 m and a maximum 
depth of 5121 m depth on the Calypso deep in the Ionian Sea (Vanney and 
Gennesseaux, 1985). It is divided into two main basins (the western and 
eastern depressions) of nearly equal size, connected by the shallow strait of 
Sicily (400 m depth). The Mediterranean Sea is connected with Atlantic Sea by 
the Strait of Gibraltar on the western limit and to the Black sea on the eastern 
basin (Margalef, 1985). The main physical features of the Mediterranean are a 
high and relative constant temperature below 200 m (12.5-14.5 °C), high 
salinity (38.0-39.5 ‰) and high oxygen levels (4.5-5 ml/l) (Hopkins, 1985; Bas, 
2002; Sardà et al., 2004a). Moreover, compared to other oceans, the 
Mediterranean Sea is considered oligotrophic. The concentration of nutrients 
decreases from west to east, being the eastern basin one of the poorest 
marine areas of the world (Psarra et al., 2000; Danovaro et al., 2010). 
The NW Mediterranean Sea, where all the samples used in this study were 
obtained, is characterized by a narrow continental shelf, which represents 
most of the photic zone and it is the place where most of the extractive 
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processes occur (i.e. fisheries). The continental slopes are the connecting 
habitat between the shelf and the deep basins or abyssal plains. They include 
a collection of different habitats such as sedimentary slopes canyons and 
seamounts, where strong vertical habitat gradients are found. Cline factors 
are not only physical (e.g. light intensity, hydrodynamism or temperature), but 
also geological (e.g. bottom geomorphology and steepness, sediment grain 
size, organic and inorganic matter sedimentation and re-suspension rates) 
(Stanley and Wezel, 1985; Levin and Dayton, 2009). The continental margin of 
the NW Mediterranean is characterised by a complex submarine canyon 
network, with the presence of several canyons along the slope, such as Foix, 
Berenguera, Blanes, Fonera and Cap de Creus canyons, to name only the most 
studied (reviewed in Company et al., 2012). These topographic features are 
important channels of suspended particulate organic matter and sediment 
distribution from shelves to abyssal plains. Moreover, canyons play an 
important role in modifying the local circulation of water masses (Canals et 
al., 2006; Flexas et al., 2008). On the biotic side, they contribute in 
maintaining high levels of biodiversity with respect to outer slope regions (De 
Leo et al., 2010; Tecchio et al., 2013) and represent preferential areas for the 
recruitment of megafauna species (Stefanescu et al., 1994; Sardà et al., 
2009b). 
Temperature and salinity define the density of any water mass, and thus its 
position in the water column. The unique characteristics of the Mediterranean 
Sea, with high and constant temperature below the thermocline and high 
salinity shape the distribution and circulation of water masses in the 
Mediterranean Sea (Fig. 1.2). The hydrographic patterns of the Mediterranean 
are composed by three major meridional belts. The shallower belt (0-200 m) is 
associated with the less saline surface inflow of Atlantic Water (AW), which 
flows into the Mediterranean from the Strait of Gibraltar. The Atlantic Water 
is transformed into more saline Levantine Intermediate Water (LIW, 200-700 
m) in the eastern Mediterranean basin (review in Pinardi and Masetti, 2000). 
Bottom water masses are formed in the western basin, named Western 
Mediterranean Deep Water (WMDW) in the Gulf of Lyons during severe 
winter conditions (Chu and Gascard, 1991). These processes of deep-water 
formation do not occur every year, only in exceptional cold and windy winter 
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by two main processes: cascading of dense shelf water masses and open 
ocean convections (Canals et al., 2006, 2013; Puig et al., 2013). In the Western 
Mediterranean basin, when the cold northwesterly winds are persistent, they 
can cool the Atlantic Water, which becomes denser and sinks, producing the 
Western Intermediate Water (WIW) (Conan and Millot, 1995) which can be 
detected below the AW and over the LIW, mainly in winter. Because of its 
intermediate characteristics, the Western Mediterranean Water plays an 
important role in the mixing of AW and LIW (Millot, 1999; Pinardi and Masetti, 
2000).  

Fig. 1.2 Schematic diagram of NW Mediterranean water mass circulation, the dense 
shelf water cascading and open sea convection processes (Canals et al., 2013).  

Despite its image of a calm sea, the Mediterranean Sea shows strong 
temporal and spatial environmental variations, which are likely to influence 
also the reproductive parameters. Because of the space-time structure of 
meteorological forcings along the Mediterranean basin, seasonal variability of 
water masses occur (Pinardi and Masetti, 2000). These seasonal changes can 
have important implications in the biology and, in particular, in the 
reproductive biology of certain species. Seasonal migration of several species 
(Massutí et al., 2008; Aguzzi et al., 2013; Tecchio et al., 2013) and recruitment 
(Company et al., 2008; Massutí et al., 2008) process has been associated to 
changes in water masses. 
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The present study focused on the fish community found on the Catalan 
margin, and in particular the Blanes canyon and its adjacent slope, in the NW 
Mediterranean (see Chapter 2 for details). Particulate matter fluxes in this 
area present two well defined seasonal periods (Heussner et al., 2006; Zúñiga 
et al., 2009; López-Fernández et al., 2013). Mass fluxes increase during the 
autumn-winter months, in response to both floods of the local Tordera River 
and to major coastal storms. During spring and summer water stratification 
occurs, and there is a second but smaller peak in particulate fluxes (Heussner 
et al., 2006; Zúñiga et al., 2009; López-Fernández.,2013).  

1.3 Fish reproductive strategies 

Reproductive strategies play a key role in the evolution of the life history of 
species. The traits of reproductive strategy of any species are selected to 
maximize reproductive output and offspring survival in a particular set of 
environmental variables  to guarantee the maintenance of the 
species(Wootton, 1984; Roff, 1992; Wright and Tyler, 2009). In order to 
maximize fitness under different environmental conditions, fishes have 
develop an amazing array of reproductive options, including different 
breeding opportunities, fertilization, sex distribution, spawning season, 
fecundity and size of eggs amongst others (Potts and Wootton, 1984).  
Although in general fish show external fertilization, copulation (internal 
fertilization) has also been observed in several species (Wourms, 1998). In 
that case, male introduce the sperm into the female, close to the yolked eggs, 
to guarantee fertilization. Most fish species are gonochoric (i.e. they have 
separated males and females), but some species are hermaphrodite, where 
ovarian and testicular tissues are present simultaneously (i.e. syncronous 
hermaphrodites) or the adults revert sex during the reproductive life (i.e. 
consecutive hermaphrodites) (Siiapiro, 1980). In fishes, most of the species 
are iteroparus, with multiple spawning events in their lifetime. There are also 
exceptions, and a small number of species are semelparous, spawning once 
and dying, such as for example pacific salmons and eels (Wootton, 1984). 
From shallow water to the deep sea, fish species show similar phases of 
gonadal development along the reproductive cycle. Gametogenesis in fish is 
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the biological process by which precursor cells undergo cell division and 
differentiation to form mature haploid gametes. The production and 
maturation of oocytes is known as oogenesis (Fig. 1.3). All the species start 
with oogonia and go through differentiation to previtellogenic oocytes. The 
previtellogenic oocytes growth and prepare organelles to accumulate vitellum 
(yolk nutrients). The oocytes undergo different stages during vitellogenesis, 
increasing in size as yolk accumulates in the cytoplasm until ovulation occurs. 
The vitellogenetic processes involve the storage of nutrients in the eggs that 
will ensure the development of the embryo and therefore is the longest and 
most energetically expensive process during oogenesis (Wallace and Selman, 
1981). At the end of the proccess, during ovulation, follicles break and release 
the eggs into the ovarian lumen. 

Fig. 1.3 Schematic diagram showing the sequential stages of oocyte development 
during oogenesis in fishes (from McMillan, 2007). 

Knowing the patterns of oocyte recruitment is essential to understand the 
mode by which eggs develop and spawn and, therefore, to calculate fecundity 
(Hunter et al., 1989). Based on the oocyte pattern of development, three main 

http://en.wikipedia.org/wiki/Gamete
http://en.wikipedia.org/wiki/Cell_division
http://en.wikipedia.org/wiki/Precursor_cell
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ovarian types have been described: synchronous, group-syncronous and 
asynchronous (Wallace and Selman, 1981) (Fig. 1.4). 

 Syncronous: in species with synchronous ovarian organization, a single 
batch of oocytes develops at anyone time. In these species, all the oocytes 
develop at the same time, so they spawn only once during their lifetime and 
then die (i.e. coho salmon, Oncorhynchus kisutch) (Fig. 1.4A). 

 Group synchronous: most marine fish species have group synchronous 
ovarian organization. In this case, two cohorts of oocytes develop in the 
ovaries of mature females. Accordingly, the ovaries of mature females present 
a group of small oocytes, which are the recruited oocytes for the following 
spawning period and, separate by a gap, another “cluch” of larger oocytes, 
which are the ones that will be spawn during the current breeding season. 
This type of ovaries is characteristic of species with short reproductive 
seasons along the year, where vitellum accumulation mostly depends on body 
reserves (i.e. Atlantic cod, Gadus murhua). This ovarian organization is also 
often found in species inhabiting cold waters (Murua and Saborido-Rey, 2003) 
(i.e. round-nose grenadier, Coryphaenoides rupestris) (Fig. 1.4B).  

 Asyncronous: the presence of all stages of oocytes in the ovary is 
characteristics of species with asynchronous ovarian organization (Wallace 
and Selman, 1981). Such ovaries are present mostly in species with many 
breeds that take place during a long spawning season. In species with 
asynchronous ovaries, the variability of food availability in the environment 
plays an important role in vitellum accumulation in the eggs (Korta et al., 
2010). This ovarian organization is common in small pelagic species from 
temperate waters (i.e. Engraulis sp, Merluccius merluccius) (Fig. 1.4C). 
The consequences of these three different ovarian organizations in life-history 
strategies of fish are discussed in the following chapters.  
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Fig. 1.4 Examples of oocyte size frequency distribution for the three types of ovarian 
organization: (A) Synchronous, (B) Group synchronous and (C) Asyncronous. Axes 
values represent a hypothetical example. 

The specific type of meiosis that results in the formation of sperm cells is 
called spermatogenesis. Despite the importance of spermatogenesis in eggs 
fertilization and, hence, survival of the species, little attention has been given 
to the male reproductive processes (Schulz et al., 2010). Although the present 
thesis is focused mainly in female reproductive strategies, the histology of the 
male reproductive systems of two species (Nezumia aequalis and Coelorinchus 
mediterraneus) has been conducted obtaining interesting results. Male in 
immature phase are characterized by the presence of spermatogonia in the 
germinal epithelium, which, after meiosis become primary spermatocytes. 
These spermatogonia divide into secondary spermatocytes (Schulz and Miura, 
2002). Each of them undergoes mitosis divisions producing two spermatids 
that develop into mature spermatozoa during the spawning season. 
Two types of spermatogenetic patterns can be distinguished: cystic and semi-
cystic spermatogenesis (Mattei et al., 1993). In the cystic type, during the 
entire spermatogenesis, the germ-cells are protected by cysts and only at the 
end of the process these cysts break down and spermatozoa are released into 
the lumen of the tubules. In contrast, in the semi-cystic type, the cysts open at 
a certain moment during maturation of germ-cells before the end of 
spermatogenesis, which is then completed in the lumen of the lobule. 

1.4 Influence of the environmental variables in fish reproduction 

The spermatogenetic and vitellogenic patterns of organisms are 
phylogenetically constrained and therefore species-specific. However, several 

A. Syncronous B. Group syncronous C. Asyncronous

Oocyte diameter Oocyte diameter Oocyte diameter

Fr
eq

ue
nc

y
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environmental variables can influence basic life-history traits as timing and 
duration of spawning, fecundity and eggs size (Munro and Scott, 1990). In 
relation to the timing of reproductive cycles of fish, temperature (Morgan et 
al., 2013) and food availability (Yoneda and Wright, 2005) are commonly 
viewed as the principal environmental factors shaping these processes. The 
increasing number of studies based on laboratory experiments (i.e. salmon 
and trout) and long-term monitoring of fish populations in their natural 
environment (i.e. cod, hake, herring) have demostrated that temperature is a 
fundamental physical factor in the control of all reproductive processes from 
gamete development and maturation, spawning, to larval and juvenile 
development and survival (Hutching, 1994; Pankhurst and Porter, 2003; 
Kjesbu et al., 2010). Lower temperatures slow the maturation process and 
thereby delay spawning by reducing the rate of gonadal development 
(Lambert, 1987; Kjesbu et al., 2010). Additionally, favourable feeding 
conditions can result also in individuals maturing earlier (Kjesbu, 1994). 
Fecundity and egg sizes have been recognized as two of the main variables in 
life-history strategies (Winnemiller and Rose, 1992). Because female fish 
retain their oocytes internally during their development, maximum 
reproductive output will be subjected to morphological constraints. In this 
sense, several studies have demonstrated a relationship between fish length 
(Merrett, 1994; Lambert et al., 2005; Rideout and Morgan, 2010) and weight 
(Bagenal, 1969; Johnston and Leggett, 2002). Besides the determinant 
influence of female size, potential fecundity is also modulated by 
environmental conditions. Numerous studies have shown relationships 
between potential fecundity, food availability and temperature. A decrease in 
food availability can cause a decrease in energy transfer to the gonads, 
resulting in a decrease in vitellum accumulation (e.g. smaller eggs) or a 
decrease in the number of eggs produced (Marshall et al., 1999; Yoneda and 
Wright, 2005). Additionally, several studies associate high temperature with 
higher fecundity (Kjesbu et al., 1998; Kraus et al., 2000). 
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1.5 Reproductive patterns of deep-sea megafauna 

The relationship between life-history characteristics and deep-sea 
environmental variables has been studied mainly in invertebrates. Because of 
the assumed physical and chemical stability of deep-sea environments, the 
reproductive patterns of deep-sea species were considered continuous from 
the earliest days of deep-sea biology. The Orton rule predicted aperiodic 
reproduction on deep-sea species because of the constant thermal conditions 
of the habitat (Orton, 1920). Later, Thorson proposed that non pelagic eggs 
must be the predominant strategy in deep-sea organisms because of the low 
temperatures and low food availability (Thorson, 1950; Mileikovsky, 1971). 
Nevertheless, these theories began to be inadequate when seasonal 
fluctuations of the deep-sea processes were observed (Billett et al., 1983; 
Lampitt, 1985; Tyler, 1988). Today, we know that the periodic arrival of 
organic matter to the deep seafloor is a widespread phenomenon and has 
important consequences in the life histories of deep-sea organisms (Billett et 
al., 2001; Glover et al., 2010). In fact, evidence for the temporal relationship 
between reproductive cycle and vertical fluxes of several species of echinoids 
has been described (Tyler et al., 1984; Tyler, 1988; Campos-Creasey et al., 
1994; Ruhl and Smith, 2004). 
Fecundity is one of the most plastic (i.e. variable) parameters in life-history 
strategies and, thus, has been broadly studied to try to understand how 
species have adapted to their environment. The evolution of offspring 
production has been analyzed under two different approaches: size and 
number of eggs (Stearns, 1992). Species mainly tend to develop one of the 
following two alternatives: i) the production of many small eggs or ii) the 
production of few but large eggs. The productions of large eggs that hatch 
into advanced larvae seem to be the dominant pattern in deep-sea species 
(Thorson, 1950; Marshall, 1953; King and Butler, 1985). What is clear from 
current evidence is that there is no single pattern of deep-sea life history 
(Young, 2003).
The first detailed study of deep-sea fish reproduction was made by Mead et 
al., (1964), who elaborated a comprehensive review on reproduction of the 
major deep-sea groups along phylogenetic lines. Thirty years later, Merrett 
(1994) updated the available information on the deep-sea ichthyofauna and 
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described different reproductive patterns. This author observed a variety of 
reproductive trends along all the analyzed taxonomic groups.  
In the 1990s, because of the increasing pressure of deep-sea fisheries, the 
understanding of reproductive strategies of commercially exploited species 
has increased considerably. In the Atlantic and Pacific Oceans, some fish 
families such as the macrourids and morids, have been broadly studied, partly 
because of their commercial interest, but also because of their abundance on 
continental slopes (Bergstad, 1990; Alekseyev et al., 1992; Kelly et al., 1996; 
Coggan et al., 1999; Murua and Motos, 2000). Although different reproductive 
strategies are found within each of these families, most of the macrurid and 
morid species show late maturity and produce large and yolk filled-eggs, 
characteristic of species inhabiting low-energy environments such as the deep 
sea (Koslow, 2000; Clark, 2001; Clark et al., 2003). Our knowledge on life 
histories of deep-sea fish from the Mediterranean Sea also has increased 
during the last years. The reproductive strategies of some species such as 
Alepocephalus rostratus (Morales-Nin et al., 1996; Follesa et al., 2007), 
Bathypterois mediterraneaus (Fishelson and Galil, 2001; Porcu et al., 2010) 
and Cataetyx alleni (Follesa et al., 2011) have been described. Additionally, 
comparative studies have been conducted within macrourids (Massutí et al., 
1995; D'Onghia et al., 1999; D'Onghia et al., 2008) and gadiform families 
(Rotllant et al., 2002). 
The results from these studies show that the life-history traits of deep-sea 
fishes vary widely worlwide. The factors and processes that ultimately control 
and shape the reproductive timing of well-studied commercial species is still 
being discussed (i.e. cod and hake). Because of the limited information 
availale on long-term reproductive data for deep-sea fishes, understanding 
the links between environment and deep-sea fish life-cyles is still in its 
infancy.  
In most fishes, because they are higher in the trophic chain and thus do not 
feed directly on the organic matter sinking from the photic zone, it is difficult 
to relate the reproductive response of fish to these seasonal organic fluxes 
(Gooday, 2002). The few data available suggest that the majority of the 
studied deep-sea fish have synchronized their spawning peak to coincide with 
the seasonal increase in surface production (Gordon, 1979; Merrett and 
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Headrich, 1997; Coggan et al., 1999). Such observations indicate a close link 
between reproduction, recruitment and survivorship with variations in surface 
production. However, our little knowledge of the role played by the physico-
chemical factors of the environment and of the interaction with other species 
limits our ability to develop a theoretical model that adequately encompasses 
the observed variety in reproductive patterns.  
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Research framework 

The present thesis was conducted in the framework of three multidisciplinary 
deep-sea research projects, covering a depth range between 300 and 2200 m 
on western Mediterranean Sea: RECS, PROMETEO and DOS MARES. All three 
projects had a common and complementary goal: to study the environmental 
factors and biological communities in the area of Blanes canyon and its 
adjacent open slope to understand the biological response to the observed 
environmental variability. In particular, the present research focused on the 
study of the reproductive variability of deep-sea fish under a bathymetric and 
seasonal approach. The study was especially aimed to demersal fish species, 
defined as species that live and feed on or near the bottom. Demersal fish can 
be divided into two main types: 1) strictly benthic fish that can rest on the 
seafloor and 2) benthopelagic fish that can swim in the water column just 
above the seafloor. Most of demersal species are benthopelagic and the 
Mediterranean fish community is not an exception.  
The NW Mediterranean basin is one of the five regions in our planet where 
deep-sea biology has been better described (Tyler, 2003; Sardà et al., 2004a). 
This area has been so widely studied mainly because the presence of intensive 
fisheries for the red shrimp Aristeus antennatus. The Marine Sciences Institute 
of the High Council for Scientific Research in Spain (ICM-CSIC) in collaboration 
with other research centers has developed several research projects to study 
different aspects of the biology of the red shrimp, as well as information on 
the associated faunal community. Through these studies, the reproductive 
strategies of several species of decapod crustaceans (Abelló and Cartes, 1992; 
Sardà and Cartes, 1993; Company and Sarda, 1997, 1998; Company et al., 
2001; Ramirez-LLodra et al., 2007) and fish (Massutí et al., 1995; Morales-Nin 
et al., 1996; Rotllant et al., 2002) have been described. With the increasing 
data available on biological patterns of deep Mediterrnean decapod 
crustaceans and fish, the first attempts to find general patterns in 

http://en.wikipedia.org/wiki/Water_column
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reproductive processes with depth were conducted. In decapods crustaceans, 
a decrease in reproductive duration with depth was observed in species 
distributed between 200 and 1000 m depth (Company et al., 2003). These 
authors hypothesized that the observed progressive decrease in the duration 
of the reproductive periods was related to the decrease of matter input with 
depth.  
Identifying recruitment areas has also been a major challenge in deep-sea 
biology. In a study on several species of decapod crustaceans from the NW 
Mediterranean Puig et al. (2001) have found that distribution of juveniles was 
related to the presence of permanent nepheloid layers on the mid-slope. 
According to this theory, in fish a bathymetric segregation of juveniles and 
adults was found for some species. In Trachyrincus scabrus (Massutí et al., 
1995), Phycis blennoides (Massutí et al., 1996) and Alepocephalus rostratus
(Morales-Nin et al., 1996), the smaller size individuals were found at their 
shallower depth of distribution, while adult individuals were found in deeper 
areas, evidencing an ontogenic migration. Nonetheless, the investigation of 
reproductive strategies and, especially, the temporal and spatial distribution 
of recruits of deep-sea organisms are still in a preliminary phase, mainly 
because of the logistics and economical costs involved.  
A comprehensive review of the reproductive strategies of Mediterranean 
deep-sea organisms including fish can be found in Sardà et al. (2009a). 
However, as these authors suggest, the absence of information on 
reproductive strategies has limited the description of general reproductive 
patterns. The incomplete availability of information on deep-sea 
Mediterranean fish reproduction motivated us to undertake the curret thesis.  
As modern industrial fisheries develop, their trawling capacity to deeper 
habitats increases (Swartz et al., 2010), with a potentially significant but 
unknown impact on the deep-water fish community and associated fauna. A 
part from the ecological approach to understand communities, in fish, some 
reproductive aspects such as time of spawning, fecundity and egg size are 
very relevant factors for the study of variations in population structure and, 
hence, for fisheries management (Marshall, 2003; Lambert, 2008). We 
consider that any assessment of this impact requires the establishment of a 
complete dataset on the life-history processes of the species. This knowledge 
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is fundamental to develop conservation options of these populations and for 
management of ongoing and potential future exploitations.  
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Aims and structure of the research 

The overall objective of this thesis was to analyze the reproductive patterns of 
several deep-sea fishes using the data collected seasonally along a wide 
bathymetric range on the NW Mediterranean continental margin. The 
following specific aims that were addressed are: 

(1) To describe accurately the population distribution, reproductive cycle 
and gonad morphology of selected deep-sea fish species for which 
there was not data available. 

(2) To provide new data on the reproductive output of a variety of deep-
sea fish species and to explore the patterns of fecundity and size of 
eggs with depth. 

(3) To assess interspecies variation in the timing and duration of the 
spawning season based on the bathymetric distribution of species in 
relation to the environmental factors that influence it.  

(4) To describe the size distribution patterns and identify preferential 
recruitment areas of NW Mediterranean fish populations. 

Following this General Introduction (Chapter 1) and overall Material and 
Methods (Chapter 2), specific detailed background information, methods 
used, results obtained and discussions of specific topics on fish reproduction 
are presented in six different chapters, covering from species-specific studies 
(chapter 3 and 4) to community comparative approaches (chapter 5 and 6). 
Chapters 3 to 6 have been structured to be published as scientific papers in 
peer-reviewed journals, therefore they are self-contained and can stand alone 
when prepared in the article-format and published. Nevertheless, in this 
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thesis, the order of these chapters follows a specific thread, starting with the 
life-histories of specific key species and finishing with the reproductive 
patterns of the whole fish community. Each chapter is related to the others, 
providing a global and detailed vision of the population structure and 
reproductive biology of the NW Mediterranean deep-sea fish community. In 
detail; 

Chapter 2 describes in detail the sampling strategy used. It also defines the 
data obtained from each fish individual and the methodology used for the 
study of reproductive strategies. 

Chapter 3 defines the seasonal and bathymetric trends in population 
structure and reproductive biology of one of the most abundant species in the 
NW Mediterranean fish community, Trachyrincus scabrus, and its relation 
with environmental variables. 

Chapter 4 describes the reproductive cycle, timing of spawning and fecundity 
obtained from histological analyses of closely related taxa (species from the 
same family) distributed at different bathymetric ranges: Nezumia aequalis 
and Coelorinchus mediterraneus.  

Chapter 5 analyzes the bathymetric patterns of the W Mediterranean fish 
community focusing on two reproductive traits: fecundity and eggs size.  

Chapter 6 characterizes the temporal pattern of reproductive processes of the 
most abundant species in the deep-sea fish community from the NW 
Mediterranean and their relationship with the environmental conditions 
associated with depth. It also addresses recruitment preference areas of 
deep-sea fishes. 

Chapter 7 summarizes the main conclusions obtained during the present 
research.

Chapter 8 includes all the references used in the present Doctoral research.  
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Chapter 9 includes a summary of the thesis in Spanish language. 

Chapter 10 shows as appendix the characteristics of each trawl conducted 
during the three research projects from which the samples for this study were 
obtained.  
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2.1 Sampling strategies 

The research conducted in this thesis focused on the study of reproductive 
patterns of deep-sea fishes and their relation with season and depth. In order 
to achieve the main objectives (see Chapter 1), it was necessary to take into 
account a number of aspects of sampling strategy, which are detailed below:  

1) Temporal sampling was required for certain reproductive studies such as: 

 gonadal development cycle. 
 seasonal variations of size frequency distribution.  

2) Continuous sampling along a wide depth range was needed to determine 
how the bathymetric distribution of species influences their reproductive 
biology. For example: 

 Variability on reproductive period by depth. 
 Variation of sex ratio with depth. 
 Size pattern distribution by depth. 
 Fecundity and egg size patterns with depth. 

3) Regional/latitudinal variation can be related to certain aspects of the 
reproductive biology of species (Threser 1988; Kock and Kellermann 1991). 
Hence, sampling have to be limited to a specific area to avoid possible bias of 
data because of geographical variation. 

The biological and environmental data used in this study were collected in the 
framework of 3 multidisciplinary deep-sea research projects (RECS, 
PROMETEO and DOS MARES). All three projects were conducted by the 
DeepMed Research Group in the Institute of Marine Sciences (ICM-CSIC), led 
by Dr Joan B. Company and supported by the Spanish Ministry of Science and 
Innovation. Although the three projects focused on different bathymetric 
ranges (between 300 and 2200 m depth) and hence the study encompassed 
various and diverse fish assemblages, all projects had a common goal: to 
assess the relationships between life-history characteristics of deep-water fish 
species and environmental conditions. The study area for the 3 projects was 
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northern part of the Catalan continental margin (NW Mediterranean) and, in 
particular the Blanes canyon and adjacent slope (Fig. 2.1). The sampling 
conducted during these projects covered the whole bathymetric range of the 
Catalan continental slope from 300 to 2250 m depth, which was sampled 
seasonally. In total, 167 successful bottom trawls were conducted, providing a 
correct seasonal and bathymetric coverage of deep-sea fish populations in the 
study area. The characteristics of all hauls conducted during the three projects 
are summarized in Appendix 1. 
The research conducted in this thesis was developed mostly based on the 
PROMETEO research project (2008-2010). During PROMETEO, 5 cruises were 
conducted on board R/V García del Cid to sample the Blanes canyon and its 
adjacent middle and lower slope between 900 and 1500 m depth, at intervals 
of 150 m (Fig. 2.1, Appendix 1). The sampling was conducted seasonally 
between autumn 2008 and autumn 2009, with at least one cruise in each 
season. Two additional trawls were conducted during autumn 2009 at 1750 m 
and 2000 m depth. 
In order to include the upper distribution range of some species, data from 
the RECS project (2002-2004) were also used. During RECS, the upper slope, in 
and around the Blanes canyon was sampled between 300 and 900 m depth in 
seven cruises (Fig. 2.1; Appendix 1). Samples were obtained every month and 
half between April 2003 and May 2004, and included cruises on board the R/V 
García del Cid and sampling on board the fishing vessels F/V Montse III and 
Verge del Pilar. 
Finally, in the last year of this thesis (2012-2013), four additional cruises were 
conducted in the framework of the DOS MARES project. DOS MARES sampled 
seasonally during March 2012 and April 2013 the deepest part of the study 
area, between 900 and 2250 m depth, again at 150 m depth intervals. 
Additionally, 7 hauls were conducted at shallower depths (between 400 and 
700 m depth). The data obtain during these cruises was included to study 
fecundity patterns with depth (Chapter 5).  
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Fig. 2.1 Map of the Blanes canyon and the adjacent open slope showing in different 
colors the location of fishing trawls conducted during the three projects (RECS, 
PROMETEO and DOS MARES; bathymetric data from Canals et al., 2004). 

2.2 Fish sampling 

The benthic and benthopelagic megafauna, including fish, was sampled using 
two different bottom trawls. During the sampling conducted on board the R/V 
García del Cid (i.e. PROMETEO, DOS MARES and 18 trawls of the RECS 
project), the megafauna was sampled using a modified commercial fishing net 
called Otter Trawl Maireta System (OTMS). On board the commercial fishing 
vessels during RECS, the local commercial fishing net Otter Trawl Bottom 
System (OTBS) was used. The OTMS is similar to the commercial fishing net 
but smaller and presents some modifications in order to improve catches in 
deeper areas (Sardà et al., 1998). The gear is towed by a single wrap attached 
to 2 wires on a crowfoot, which is in turn connected to two 450 kg iron otter 
boards. It has a 12.4 m spread by 1.4 height, with bridles adapted for trawling 
on the deep seafloor (Sardà et al., 1998) with cod-end of 12 mm stretch mesh.
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The catch-ability of these two different gears (OTBS and OTMS) does not 
differ significantly in either the catch composition or the size frequencies of 
the species sampled (Sardà et al., 2002). 
The speed of fishing was on average 2.7 knots for all trawls. At depths 
shallower than 1200 m, the arrival and departure of the net from the bottom 
and the horizontal and vertical opening was obtained by the SCANMAR 
sensors fitted to the trawl. For trawls deeper than 1200 m, the SCANMAR 
sensor could not be used. Therefore, data on net opening were obtained from 
the average of the trawls conducted at depths shallower than 1200 m. The 
period between the end of cable paying out and the start of cable retrieval 
was used to calculate the bottom times of trawl. 
In order to compare the results of the samples obtained from different trawls, 
all samples were standardized to km2 of swept seabed area, which was 
calculated using the following equation:  

Swept area= S х BT х H х1852 / 106 

Where S was the vessel speed (knots), BT was bottom time (hours) and H was 
the average horizontal opening of the gear’s doors (meters). 

2.3 Acquisition of environmental data 

In addition to biological sampling (including from meiofauna to megafauna), 
the sampling strategy of the 3 projects considered included the 
characterization of the external forcing and abiotic conditions of the 
environment. This approach included the simultaneous acquisition of 
particulate matter flux by sediment tramps, sediment and organic matter 
content analyses from multicorer samples, and hydrographic data obtained by 
Conductivity-Temperature-Depth (CTD). The particulate matter fluxes, 
sediment characteristics and organic matter content were analyzed by the 
geosciences research team from the University of Barcelona. The physical 
oceanographic characteristics of the study area were investigated by research 
teams from the Polytechnic University of Barcelona and Maritime Engineering 
Laboratory (LIM/UPC).



  2. Sampling and analytical framework 

31 

2.4 Selected species and biological parameters studied 

The reproductive biology of the most abundant fish species from the 
Mediterranean continental slope was analyzed. In total, different aspects of 
reproduction (see below) of 21 species were studied. Table 2.1 summarizes 
the list of the selected species, including their taxonomic position, 
bathymetric range, and the number of individuals used for each analysis. The 
information included in Table 2.1 was extracted from previously published 
studies (Moranta et al., 1998) and from unpublished data of the research 
group available in the DeepMed Research Group Database (ICM-CSIC). 
On board, all individuals were sorted to species level. Each fish was measured 
to the nearest 0.1 cm and weighed to the nearest 0.1 g. The standard length 
was considered in all species except in macrourids and notocanthids, where 
pre-anal length was measured. The sex was defined and a distinction was 
made between indeterminate individuals (juvenile fish with undifferentiated 
gonads) and larger individuals in which it was not possible to study the gonads 
because the samples were in poor conditions. The reproductive 
developmental stages of gonads were classified macroscopically into five 
different levels of maturation according to the color and size of the ovaries; i, 
pre-growth (thin and transparent); ii, developing (larger and granular of 
whitish color); iii, spawning-capable (large volume and some translucent 
oocyte); iv, actively spawning (many visible eggs); and v, regressing-
regenerating (flaccid and bloodshot with visible empty spaces of spawned 
oocytes) (see details at the end of this chapter). 
Additionally, the ovaries and testes of all the species obtained during the 
PROMETEO and DOS MARES cruises were removed and fixed immediately in 
10% formalin buffered with Na2HPO4*2H2O (0.046 M, molar concentration)
for histological and fecundity analyses.  
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Based on the data obtained during the sampling the following reproductive 
aspects were studied:  

 Seasonal gonadal development.  
 Seasonal changes in gonad weight.  
 Total fecundity and Relative fecundity. 
 Size of eggs (hydrated oocytes). 
 Sex ratio. 
  Size frequency distribution by sex, depth and season. 

Within this chapter, an overview of the most used techniques is given, while 
in the following chapters, a detailed description of the specific material and 
methods used for each analysis is provided. 
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Table 2.1 Depth range and number of individual measured, macro and 
microscopically analyzed and number of females from which fecundity was studied of 
the 21 species used in this Doctoral research. The taxonomical list was obtained 
following the criterion of Nelson (2006). 

Species Depth 
range (m)

Individuals 
measured

Macrosco
pical 
analysis

Microsco
pical 
analysis

Fecundity 
analysis

Orden Notacanthidae
Family Notacanthidae

Notacanthus bonaparte 300-2250 1151 131 125 30
Orden Anguilliforme
Family Nettastomatidae

Nettastoma melanurum 700-1400 52 52 25 9
Orden Argentiniformes
Family Alepocephalidae

Alepocephalus rostratus 300-2300 4242 1269 32 32 
Orden Aulopiformes
Family Ipnopidae

Bathypterois mediterraneus
Orden Gadiformes
Family Macrouridae

900-3300 3007 3007 63 35

Coelorinchus caelorhincus 300-700 101 101
Coelorinchus mediterraneus 1000-2200 1417 1417 210 28 
Hymenocephalus italicus 300-900 1194 1194
Nezumia aequalis 300-1500 1517 1517 162 27
Trachyrincus scabrus 400-1500 3239 3239 250 25
Coryphaenoides guentheri 1200-3000 736 763 72 5

Family Phycidae
Phycis blennoides 300-1300 1714 1714 30 11 
Gaidropsarus biscayensis 300-700 277

Family Gadidae
Gadiculus argenteus 300-700 661

Family Moridae
Mora moro 400-1500 873 873 30 1
Lepidion lepidion 400-2300 5085 3083 30 2

Orden Ophiidiformes
Cataetyx alleni 700-2000 53 24 24 12
Cataetyx laticeps 1200-3000 47 13 13 7

Orden Perciformes
Family Epigonidae

Epigonus denticulatus 200-700 219
Epigonus telescopus 800-1200 10 10 6 2

Orden Pleuronectiormes
Family Cynoglossidae

Symphurus ligulatus 200-600 352
Symphurus nigrescens 300-1200 505

http://en.wikipedia.org/wiki/Cynoglossidae
http://en.wikipedia.org/wiki/Epigonidae
http://en.wikipedia.org/wiki/Perciformes
http://es.wikipedia.org/wiki/Phycidae
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2.5 Histological analysis and follicle development 

Histology is an essential tool in reproductive studies (Wallace and Selman, 
1981; West, 1990; Brown-Peterson et al., 2011). The effectiveness of this 
technique has been corroborated by many authors and it is used regularly to 
determinate the sex, reproductive stage and specific morphological 
characteristics of species (McMillan, 2007). For this thesis,a small piece of 
ovary from the middle of the gonad was taken, dehydrated in ascending 
solutions of alcohol and embedded in paraffin wax. Subsequently, 7 μm 
sections were cut using a microtome and the thin sections were stained using 
Harri’s Haematoxylin and Eosin staining process. Hematoxylin and eosin stain
process (H&E stain or HE stain) is a commonly-used method in fish gonads 
analysis. Within this process, eosin colors the eosinophilic structures of the 
cells, generally composed of protein, in different grades of pink. The rest of 
the structures of the cytoplasm obtain a darker blue-purple coloration 
because of the hematoxylin staining.
Once the samples are stained, it is possible to identify the different 
gametogenetic stages. In ovaries, the oogenetic stages are described based on 
the oocyte sizes and the differential coloring of the cytoplasm, which is 
related to the accumulation of vitellum in the oocyte. During the last years, an 
effort has been made to standardize the terminology used in studies of 
oogenesis and hence facilitate the comparison of reproductive strategies 
between different species (Murua and Saborido-Rey, 2003; Brown-Peterson 
et al., 2011; Lower-Barbieri et al., 2011). In this study, the following staging 
system was adopted following the terminology used by Brown-Peterson et al. 
(2011) with some modifications: 
Primary growth stage (PG): this stage appears after the oogonium meiosis 
and, histologically, it is characterized by cells of small size with large 
nucleus/cytoplasm ratio. During this phase of gamete differentiation, 
proliferation and growth are gonadotropin independent (Fig. 2.2A). 
Cortical alveoli stage (CA): the presence of CA necessarily indicates that the 
female has started ovary maturation. During this developmental stage, the 
oocytes are characterized by an increase in size and appearance of yolk 
proteins (cortical alveoli vesicles) in granules or organelles in the 
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cytoplasm(Fig. 2.2/A). The cell wall also acquires its characteristic multilayered 
structure during this phase, and it becomes clearly distinguishable (Fig. 2.2A).  
Early vitellogenic stage (EVtg): The presences of small eosiphil yolk droplets in 
the periphery of the cytoplasm indicated that the vitellogenesis has begun. 
Teleost pituitary gonadotropins enhance the transfer of vitellogenic from the 
blood into vitellogenic oocytes with the corresponding high energy 
requirement. The follicle grows constantly and yolk droplets are larger and 
more visible, although they remain in a peripheral position (Fig. 2.2B). 
Advanced vitellogenic stage (AVtg): during this phase, yolk granules gradually 
increase in size and are distributed through the entire cytoplasm. Cell size 
increases (small nucleus/cytoplasm ratio) and at the onset of vitellogenesis 
the granules fuse to form large yolk granules covering homogenously the 
entire cytoplasm. During this stage, chorion increases also in size and 
becomes increasingly eosinophilic (Fig. 2.2C). 
Germinal vesicle migration stage (GMV): the appearance of the germinal 
vesicle migrating to the pole of the oocytes is the first visible event associated 
to the end of the oocyte maturation process. The envelope of the germinal 
vesicle breaks down, and the nuclear contents blend in the cytoplasm (Fig. 
2.2D). 
Hydration stage (H): the hydrolysis of yolk proteins during ovulation indicates 
that ovulation is about to take place. Follicles increase in size markedly 
because of water accumulation, become transparent and are released to the 
environment. The massive hydratation of follicles is characteristic of species 
with pelagic eggs and does not occur in all fish species (Grier et al., 2009) (Fig. 
2.2E). 
Post-ovulatory follicles (POFs): after ovulation, the empty follicles produced 
by the expulsion of the eggs remain in the ovarian lumen. Therefore, the 
presence of POFs indicates that the fish has already started the spawning 
event (Fig. 2.2F).  
Atretic follicles: these structures can be distinguished in the ovaries as a 
result from the degeneration of non-spawned oocytes and their reabsorption 
by phagocytosis. 
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Fig. 2.2 Histological sections of the phases of oocyte in different species. A, An 
example of PG and CA oocyte of Coryphaenoides guentheri; B, An example of EVtg 
stage oocyte of Coelorinchus mediterraneus; C, An example of AVtg stage oocyte of 
Notacanthus bonaparte; D, An example of GVM stage oocyte of Lepidion lepidion; E 
An example of Hydrated oocyte of Nezumia aequalis; F, An example of a recent POF 
of Phycis blennoides. 

2.6 Female maturity phase and reproductive cycle  

The reproductive stage of females was described based on the seasonal 
variation of female’s maturity stage. The morphological and histological 
criteria used to distinguish the reproductive stage of females are presented in 
Table 2.2. Early stage II and stage VI could not be differentiated at using the 
gross morphology of the ovary, so histological sections were needed to 
identify the maturity stage of ovaries at these stages. However, because not 
all the samples were classified microscopically, and because misclassifications 
could have occurred in the macroscopic staging, stages II and VI were merged 
for the analysis of the seasonality of spawning. Note that during the RECS 
project, the gonads of fish were not collected and the reproductive stage of 
females was determined only macroscopically on board. 
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Table 2.2 Macroscopic and microscopic descriptions of the developmental stages in 
the reproductive cycle of female fishes. AVtg = advance vitellogenic oocyte; CA = 
cortical alveolar; EVtg = early vitellogenic oocyte; GVM = germinal vesicle migration; 
PG = primary growth oocyte; POF = postovulatory follicle. 

Stage Macroscopic features Microscopic features

I. Pre-growth Ovaries small and translucent Only present PG oocytes
II.Developing- Larger and thicker ovaries,

whitish in color 
Presence of PG, CA and EVtg 
characterized by early small 
proteinaceus granules in the periphery 
and appearing after a small oil droplets 
in the center of the cytoplasm 

III. Spawning 
capable

Ovaries increase considerably in 
volume. Oocytes visible to the 
naked eye 

Most of the ovary occupied with AVtg. 
Big size proteinaceous granules 
distributed randomly in the cytoplasm 
mixing around the oil droplets. PG also 
present 

IV. Actively
spawning

Full ovary with hydrated 
oocytes visible

Presence of PG, GVM and hydrated 
stage oocytes 

V. Regressing Ovary flaccid and reddish. 
Predominant blood vessels and 
empty space

Characterized by presence of PG 
oocytes, recent POF and widespread 
atresia 

VI. Regenerating Ovary closer and pinkish Oogonia and PG. Few atresia and old 
POF presented

A rapid method to corroborate the timing of the spawning season of a species 
is to follow seasonal changes in gonadal weight expressed as gonadosomatic 
index (GSI). The GSI gives an idea of the reproductive status of individuals and 
helps in the determination of the breeding period of fish, as well as providing 
a gross estimation of the amount of energy invested in reproduction.  
To calculate GSI, all the ovaries were weighed to nearest 0.01 g. The 
gonadosomatic index (GSI) was calculated as the ratio between gonad weight 
(Wg) and the gonad-free weight of the individual, where Tw was the total 
individual weight, as follows:

GSI= (Wg)/(Tw - Wg)×100 
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2.7 Fecundity strategy and spawning patterns  

The patterns of oocyte recruitment into the oocyte standing stock offer an 
evidence for the type of fecundity of the species. Species present two types of 
fecundity, determinate and indeterminate. Species with group-syncronous 
ovarian organization have determinate fecundity, while indeterminate 
fecundity is found mainly in species with asynchronous ovarian organization 
(Murua et al., 2003). However, during the last year, some studies have 
demonstrated that species with asynchronous ovarian organization can 
present also determinate fecundity (Alonso-Fernández et al., 2008). In species 
with determinate fecundity, the number of eggs to be released during the 
spawning season is fixed before the onset of spawning. In contrast, species 
with indeterminate fecundity do not have a fixed annual fecundity, because 
pre-growth oocytes are continually maturing to be spawn (Hunter et al., 
1992).  
Taking into account previous considerations, for the calculation of total 
fecundity (TF) on species with group synchronous ovarian organization, the 
total numbers of advanceve vitellogenic oocytes (AVtg) present in the ovary 
that will (potentially) be spawned throughout the forthcoming reproductive 
season were counted. In the species where no marked hiatus separated the 
primary growth (Pg) and advance vitellogenic oocytes (Vtg) (i.e. asynchronous 
ovarian organization), only oocytes larger than a critical minimum diameter 
were counted. This diameter was the average size of oocytes in cortical alveoli 
stage (CA). 
There are several methods for the calculation of fecundity (Murua et al., 
2003). In this study, the gravimetric method was used. This is the most 
common method used in fecundity calculations and it was described for the 
first time by Bagenal and Braum (1978). It is based on the relation between 
the number of oocytes and ovary weight. Therefore, the fecundity is the result 
of the product of the number of oocytes per gram present in subsample of 
ovarian tissue and ovary weigh.  
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With the gravimetric method, two types of fecundity can be calculated using 
the following equations:  

Total fecundity= [Oi/Wi]×Wo 
Batch fecundity= [Oh/Wi]×Wo 

Where Oi is the number of oocytes in the advanced vitellogenic stage and all 
the following stages on species with groups synchronic ovarian organization 
or number of cortical stage and all the following stages for species with 
asyncronic ovarian organization, Oh is the number of hydrated oocytes, Wi is 
the weight of the ovary subsample, and Wo is the ovary weight.  
In addition, relative total fecundity and batch fecundity were estimated by 
dividing the two parameters by the gonad-free weight of the fish. 
In order to estimate the number of oocytes in the ovary subsamples for 
fecundity calculations, two methods were used: 
I) Manual counting: It was used for calculation of batch fecundity in species 
where the histological analysis showed the presence of hydrated oocytes and 
the absences of POFs. In these individuals, a subsample of about 0.1 g was 
weighed and the number of hydrated oocytes was counted manually under 
the binocular microscope.
II) Image analysis: It was used to calculate total fecundity of species. The 
number of developing oocytes was calculated using and image analysis 
software (ImageJ, Thorsen and Kjesbu, 2001). A small subsample of about 0.08 
g was preserved in 10% buffered formalin and stained with Rose Bengal to 
increase contrast. Then, the subsample was filtered through a 125-μm sieve. 
The filtered subsamples were photographed using a Canon camera attached 
to a binocular (Leyca MZ12) microscope. These photographs were analyzed by 
ImageJ (Fig. 2.3).
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The software counted and measured all oocytes by using a semiautomatic 
image analysis routine, consisting in different algorithms. First, the pixels 
occupied by the oocytes are defined manually by the user. Oocyte diameter 
was defined as the mean between the longest and shortest diameter. 

Fig. 2.3 Example of a picture of oocytes used with image analysis software for 
fecundity estimation in B. mediterraneus. 

2.8 Analytical and graphical tools 

The detailed methodologies, analytical and statistical measures and graphical 
results are described in the Material and Methods sections of each of the 
following results and discussion chapters (Chapters 3-6). 
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3.1 Introduction 

Macrourids are one of the most abundant fish families found on continental 
slopes worldwide (Marshall, 1965; Bergstad, 1990), playing an important role 
in the bathyal food web (Merrett and Haedrich, 1997). Most research has 
concentrated on a few species because of their commercial interest, such as 
Macrourus berglax (Eliassen and Falk-Petersen, 1985; Haedrich and Merrett, 
1988; Murua and Motos, 2000) and Coryphaenoides rupestris (Bergstad, 1990; 
Gordon and Swan, 1996; Kelly et al., 1996). The overall ecology of the family, 
however, is still largely unknown despite its relevance in terms of biomass. 
There are eight macrourid species in the Mediterranean Sea, which inhabit 
depths between 200 m and 3000 m (Moranta et al., 2007). Some aspects of 
the diets (Macpherson, 1979; Carrasson and Matallanas, 2002; Papiol et al., 
2013), distributions (Stefanescu et al., 1993; Moranta et al., 2007), longevity 
(Morales-Nin, 1990; Massutí et al., 1995; D'Onghia et al., 2000; Sion et al., 
2012) and reproduction (Massutí et al., 1995; D'Onghia et al., 1996, 1999, 
2008) of these species have already been studied. However, information on 
the reproductive patterns of most grenadiers in the Mediterranean Sea is 
scarce.  
Trachyrincus scabrus occurs at depths between 300 and 1600 m in the 
Mediterranean Sea (Stefanescu et al., 1992) and is one of the most important 
continental slope species in terms of abundance and biomass (Stefanescu et 
al., 1993; Tecchio et al., 2011). This species constitutes an important fraction 
of the total discards generated by deep-sea bottom trawling in the 
northwestern Mediterranean (Sánchez et al., 2007). Like other macrourids, 
Trachyrincus scabrus feeds on epibentic and infaunal invertebrates down to 
800 m depth (Macpherson, 1979), while below 1000 m depth, individuals 
exhibit a preference for benthopelagic prey (Carrasson and Matallanas, 2002). 
As detailed in the general introduction (Chapter 1) the water masses of the 
Mediterranean Sea are considered oligotrophic and are characterized by a 
constant high temperature (~13ºC) below 200 m depth, high salinity, and no 
oxygen limitation (Hopkins, 1985; Sardà et al., 2004a). These physico-chemical 
factors are thought to condition the success of adaptive processes of species 
that inhabit deep-sea environments, leading to slow growth, low metabolic 
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rates and low fecundity (Childress, 1995; Merrett and Haedrich, 1997; 
Company et al., 2003; Priede et al., 2003). These biological characteristics 
translate into less plasticity and higher vulnerability to environmental change 
and fishing pressure (Koslow et al., 2000; Roberts, 2002). In this context, T. 
scabrus highlights the increasingly significant impact that fishing has on deep-
sea fish populations. A clear decrease in body size of this species at higher 
latitudes has been observed in the Mediterranean Sea as a result of the 
intensive trawling carried out by the fishery targeting the deep-sea red shrimp 
Aristeus antennatus at depths down to 900 m and thus partially coinciding 
with the bathymetric range of T. scabrus (Moranta et al., 2007). In contrast, in 
the Alboran Sea (SW Mediterranean), where the open slope remains 
unexploited below 500 m depth, T. scabrus has a broader length range in 
which larger individuals predominate (Moranta et al., 2007). 
There is little information on seasonal phenomena in deep-water fish species 
due to the difficulty of repeating sampling consistently at such great depths 
and the high economical costs involved in studying deep-sea ecosystems. 
However, it is very important to determine the seasonality and duration of the 
reproductive processes of a species as well as fecundity in order to 
understand its population dynamics and evolutionary adaptation to the 
environment (Marshall and Browman, 2007; Lowerre-Barbieri et al., 2011). 
Although T. scabrus is important both in terms of abundance and biomass, its 
reproductive characteristics are still mostly unknown. Motais (1960) analyzed 
the variation of the annual gonadosomatic index of T. scabrus in the Ligurian 
Sea, showing high values in February. Additionally, two more studies included 
data on reproduction: D’Onguia et al. (1996) for the Ionian Sea and Massutí et 
al. (1995) for the western Mediterranean Sea. However, the reproductive 
period of this species was not clearly defined in either of these two studies 
because of the small number of mature individuals captured. No data related 
to reproductive strategy and fecundity was available prior to our study.  
The main objective of this Chapter was to define the seasonal trends in 
population structure and reproductive biology of T. scabrus in the 
northwestern Mediterranean Sea. The research is based on the analysis of the 
bathymetric size distribution, spawning period, ovarian organization and
fecundity type and fecundity values. These data can be used to develop 
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appropriate management measures to ensure the sustainability of this species 
as a potential deep-sea fishery resource in the Mediterranean Sea.

3.2 Materials and methods 

3.2.1 Sampling 

The samples were collected in 87 bottom trawls carried out in the Blanes 
canyon (41º34´N, 02º50´E) and on the adjacent open slope (41º15´N, 02º48´E) 
as part of two multidisciplinary nationally funded projects, RECS and 
PROMETEO (see chapter 2 section 2.1 for details on cruises and sampling 
strategy). The bathymetric range covered was from 300 to 1500 m, and thus 
the entire depth range interval of this species was sampled. All individuals 
were measured to the nearest 0.1 cm anal length (AL) and weighed to the 
nearest gram using a marine scale (P15 S-182/5). Sex was determined by 
macroscopic examination of the gonad. The individuals collected during the 
PROMETEO project were used to analyze reproductive biology and population 
structure processes, while the samples from RECS were used only for 
population structure analysis. The gonads were macroscopically classified into 
a five-stage maturity scale according to their external appearance and using 
the standardized terminology described in Chapter 2 (section 2.6): I, 
immature; II, developing; III, spawning capable; IV, active spawning; V, 
regressing. Gonads were then dissected and preserved in 10% buffered 
formaldehyde for histological analyses.  

3.2.2 Data analyses 

Size-frequency distributions of individuals were plotted in relation to depth 
and season. After standardization of samples from each trawl to a 1 km2, data 
was pooled by the bathymetric ranges used in this study (i.e. every 150 to 175 
m) and by season. 
All data were tested for normality using the Shapiro-Wilk’s test. For data that 
did not satisfy the assumptions of normality, even after transformation, non-
parametric Kolmogorov-Smirnov tests were used to determine differences in 
size distribution by depth. Differences in size between males and females 
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were determined using a Mann-Whitney U test and the sex ratio by depth was 
analyzed with a Yates corrected chi-square test. In the laboratory, all the 
gonads were weighed to the nearest 0.001 g and the gonadosomatic index 
(GSI) was calculated. Seasonal variations in gonad maturity were investigated 
pooling all the mature females from the PROMETEO project. 
The length at first maturity was defined as the anal length at which 50% of the 
females were mature, considering all females in the developing stage (stage II)
and onwards, to be mature. The relationship between maturity and length 
was fitted to a logistic equation (Ashton, 1972):

P= e^(α+βL)/(1+e^(α+βL)

Where P is the predicted mature proportion, α and β are the coefficients of 
the logistic equation and L is the anal length in cm.  

3.2.3 Histological analysis 

In order to confirm the macroscopic determination of maturity stage, a 
subsample of gonads was analyzed histologically. Samples (n = 200) were 
embedded in paraffin blocks and sectioned at 7 μm. These sections were 
stained with Harris’ Haematoxylin and Eosin. In addition, to obtain a more 
comprehensive understanding of the gonad anatomy, 50 ovaries were 
embedded in resin, cut at 3 μm intervals and stained with periodic acid 
Schiff's hematoxylin metanil yellow (Quintero-Hunter et al., 1991). The 
diameters of 100 oocytes from each developmental stage were measured 
with Sigma Scan Pro4 and the size range of the different oocyte 
developmental stages was calculated. 

3.2.4 Oocyte analysis and fecundity 

A total of 53 gonads, covering all ovary developmental phases, were selected 
for analyzing the oocyte-size frequency distribution. Total fecundity was 
defined as the total number of advanced vitellogenic oocytes present in the 
ovary at any time (Hunter et al., 1992). Twenty five individuals in the 
spawning capable (III) and actively spawning (stage IV) phases were selected 
to estimate total fecundity and batch fecundity with the gravimetric method 
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(see chapter 2 for more details on fecundity calculations). In addition, relative 
total fecundity and batch fecundity were estimated by dividing the two 
parameters by the gonad-free weight of the fish.

3.3 Results 

3.3.1 Distribution and size composition 

A total of 3239 individuals were collected, ranging between 2 and 20 cm anal 
length (AL) (Table 3). The population had a “V-shape” structure in relation to 
increasing depth (Fig. 3.1A). The largest fish were found at intermediate 
depths of the distribution range between 900 and 1050 m. An increase in 
individual size with depth was observed from 300 to 1050 m depth, while 
below this depth the individual size slightly decreases. The Kolmogorov-
Smirnov test showed significant differences in the size-frequency distribution 
between all depths except in the individuals distributed between 900 and 
1050 m and 1200 m and 1350 m depths (Table 3.2). In addition, adults and 
juveniles had different bathymetric distribution patterns (Fig. 3.1A): the 
juveniles were concentrated between 300 m and 800 m depth, while adults 
were distributed mainly between 900 m and 1500 m. Individuals where the 
sex could not be defined by macroscopic examination of the gonads were 
considered as immature and, hence, juveniles. Females were significantly 
larger than males (Mann-Whitney U-test, U=436433, N1=915, N2=1076, P= < 
0.0001). No significant differences in sex ratio were observed at any depth 
(Yate corrected chi-square, p > 0.05). Males predominated in individuals 
between 10 and 16 cm, whereas females were predominant in the larger size 
classes (>16 cm) (Fig.3.1B). The sex proportions for each depth are shown in 
percentages in Table 3.3. The overall sex ratio was 1:0.85 for females’ vs. 
males.  
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Table 3.1 Depth range, dates, number of hauls and number of Trachyrincus scabrus 
specimens caught during the oceanographic cruises conducted within the RECS and 
PROMETEO scientific projects. 

Cruise Data Depth 
range m)

No. of
hauls

No. of 
individuals

RECS I 14 April 2003 584-600 2 3
RECS II 29 May 2003 576-667 3 74
RECS III 7-8 June 2003 500-854 4 65
RECS IV 20 August 2003 364-700 3 85
RECS V 30 September 

2003
502-631 3 48

RECS VI 28 October-
12 November 
2003

300-1315 9 237

RECS VII 17 December 
2003

402-512 3 111

RECS VIII 3 February 2004 384-384 3 27
RECS IX 10 March 2004 567-640 2 29
RECS X 21 April 2004 585-695 2 43
RECS XI 12-13 May 2004 540-1100 4 192
PROMETEO I 30 October-

2 November 2008
900-1500 4 270

PROMETO II 28 February-
8 March 2009

900-1500 12 552

PROMETEO III 11-14 May 2009 900-1500 9 455
PROMETEO IV 7-9 September 

2009
900-1500 14 640

PROMETEO V 24-31 October 
2009

900-1500 10 408

Table 3.2 Kolmogorov-Smirnov distance (d) for the comparison of Trachyrincus 
scabrus size frequencies between depth ranges. Significant values are indicated by *.

Depth (m) 300-450 450-625 625-800 900 1050 1200 1350
450-625 0.39*
625-800 0.77* 0.46*

900 0.97* 0.72* 0.30*
1050 0.97* 0.69* 0.30* 0.21
1200 0.96* 0.57* 0.30* 0.52* 0.38*
1350 0.79* 0.47* 0.31* 0.57* 0.46* 0.23
1500 0.87* 0.52* 0.55* 0.80* 0.73* 0.40* 0.31*
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Fig. 3.1 Length distribution of Trachyrincus scabrus (A) bathymetrically and (B) by sex 
ratio proportion. White bars = sex indeterminate; grey bars = females; blacks bars = 
males. 

Table 3.3 Percentage of females and males over total mature individuals captured of 
Trachyrincus scabrus by each sampling depth. 

Depth (m) 300-450 450-625 625-800 900 1050 1200 1350 1500
Female (%) 25 51 55 57 57 51 47 61
Male (%) 75 49 45 43 43 49 53 39
No individuals 4 68 40 783 537 512 32 18

3.3.2 Reproductive patterns and size at first maturity 

The characteristics of each gonad developmental stages for T. scabrus species 
are shown in Fig. 3.2. The seasonal evaluation of female maturity stages 
showed that T. scabrus females have a highly seasonal reproductive cycle. 
Mature females (III-IV) are present from autumn to winter (Fig. 3.3A). During 
autumn, most of the females had started the vitellogenic process and there 
was a high percentage of females in the spawning capable stages (III). The 
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actively spawning females (IV) were observed mainly in winter and 
constituted up to 43% of the population. Developing-regenerating (II-VI) 
females occurred mainly in spring and summer. In all seasons, except winter, 
individuals with stage II-VI gonads represented more than 50% of the sampled 
population. The highest gonadosomatic index (GSI) values were observed in 
winter (Fig. 3.3B), coinciding with the spawning period. The bathymetric 
distribution of the different female developmental stages during the 
reproductive period (winter) showed that the highest percentage of active 
spawning females was found at 1050 m depth. However, females showed 
gonads with other developmental stages were most abundant at 900 m 
depth, where the highest number of individuals was found (Table 3.4).  

Fig. 3.2 Oocyte development in Trachyrincus scabrus in different reproductive 
phases: pre-growth stage (a); developing stage (b,c) spawning capable stage (d); 
actively spawning stage (e); regressing stage (f). PG, primary growth oocytes (59-158 
µm); CA, cortical alveoli oocyte (153–216 µm); EVtg, early vitellogenic oocyte (173–285 
µm); AVtg, advanced vitellogenic oocyte (275–571 µm); GVM, germinal vesicle 
migration oocyte (519-747 µm); POF, postovulatory follicle; c, cytoplasm; ch, chorion; 
mn, migratory nucleus; n, nucleus; o, oil droplets; y, yolk vesicles. Scale = 0.50 µm.  
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Fig. 3.3 Percentage of ovary maturity stages (A) and Gonadosomatic index (GSI: mean 
± SD) (B) values by season for Trachyrincus scabrus. II-VI: developing-regenerating 
stage, III: spawning capable stage, IV: actively spawning stage, V: regressing stage. 

Table 3.4 Percentage of maturity stages in relation to depth of capture of 
Trachyrincus scabrus during winter (i.e., the season in which there are most mature 
females) 

Maturity stage 
(%)

Depth intervals (m)
300-450 450-625 625-800 900 1050 1200 1350 1500

Stage II 0 2 6 70 11 11 0 0
Stage III 0 0 11 44 22 11 0 11
Stage IV 0 0 0 34 46 15 5 0
Stage V 0 0 0 68 24 8 0 0
No. of 
individuals

0 1 4 73 33 15 2 1
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Fig 3.4 Seasonal length-
frequency distribution of 
Trachyrincus scabrus. White 
bars = sex indeterminate; grey 
bars = females; blacks bars = 
males

On the other hand, the individual size 
distributions by season are in agreement with 
the reproductive characteristics of the species. 
Early recruitment individuals were observed in 
spring, 2-3 months after the end of the 
spawning period (winter). During the next 
autumn, this cohort was sampled and the 
individual size of recruits was in the range of 4-
7 cm AL (Fig. 3.4). 
The size of first maturity was estimated as 
follows: the proportion of mature females 
(stages II, III, IV and V) (Fig. 3.5) was fitted to a 
logistic curve. The estimated mean anal length 
(L50) at which 50% of females was mature was 
11.8 cm.
The oocyte size-frequency distribution is 
shown in Fig. 3.6. Females with gonads in 
developing stage (II) had a single cohort of 
oocytes with diameters from 125 to 275 μm 
(Fig. 3.6A), including oocytes in primary 
growth, cortical alveoli and early vitellogenic 
oocyte stages. 

Females with gonads in spawning capable stage (III) (Fig. 3.6B) had a single 
cohort of larger oocytes (375-675 μm) composed of advanced vitellogenic 
oocytes and germinal vesicle migration oocytes, when present. In contrast, 
gonads in actively spawning stage (IV) (Fig. 3.6C) showed a bimodal 
distribution: smaller oocytes (500-675 μm) were composed of advanced 
vitellogenic oocytes, and larger oocytes (775-925μm) were in the germinal 
vesicle migration or hydration stages, corresponding to the next batch of 
oocytes to be spawned. There was therefore group synchronous oocyte 
development within the ovary. 
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Fig. 3.5 Size at first maturity represented as a logistic curve of mature females (%) as 
a function of size class. 

Fig. 3.6 Oocyte diameter distribution in (A) the developing stage, II, (B) the spawning 
capable stage, III, and (C) the actively spawning stage, IV. Each figure corresponds to 
an individual fish. 

3.3.3 Fecundity 

The fecundity of 25 individuals was calculated by counting all oocytes with 
diameters larger than 337 µm (average size of advanced vitellogenic oocytes), 
which clearly marks the oocyte development threshold that determines the 
potential fecundity. The fecundity values ranged from 4187 to 26111 oocytes 
in all females between 13 cm and 18 cm length, except in one female of 16 cm 
that had higher fecundity (43643 eggs). The fecundity values ranged from 
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4187 to 26111 oocytes in all the females except one female of 16 cm that had 
higher fecundity (43643 eggs). Batch fecundity was estimated to be in the 
range of 2582 to 9489 oocytes. Relative total fecundity and relative batch 
fecundity were estimated at 83 and 34 oocytes per gram of female (gonad 
free weight) respectively (Table 3.5). The results indicate that fecundity is not 
size dependent (r2 = 0.50, F1,23 = 1.23, P = 0.45) as there was high individual 
variability in the fecundity-size relationship. In contrast, there was a 
significant positive correlation between gonad weight and total fecundity (r2 = 
0.46, F1,23 = 19.71, P < 0.001: including all individuals; r2 = 0.61, F1,22 = 34.71, P 
< 0.001: except for the above-mentioned outlier). No relationship was 
observed between batch fecundity and size (r2 = 0.02, F1,10 = 0.18, P = 0.68). 

Table 3.5 Fecundity data for Trachyrincus scabrus species 

Parameters No. of individuals Range X ± SD
Total fecundity 25 4187-43644 14191 ± 8998
Relative total fecundity 25 22-174 83 ± 52
Batch fecundity 12 2582-9489 5571 ± 2098
Relative batch fecundity 12 18-76 34 ± 16
Total fecundity (number of advance oocytes/female), batch fecundity (hydrated 
oocyte/female), relative total fecundity (number of advance oocytes/g of female gonad free), 
relative batch fecundity (number of hydrated oocytes/gr of female gonad free) 

3.4 Discussion 

A seasonally and bathymetrically extended trawl survey was carried out in 
order to collect a large number of specimens of the macrourid fish species 
Trachyrincus scabrus. The results of the study show that the reproductive and 
population characteristics are related to the depth range of this species. We 
present here, for the first time data on size at first sexual maturity, entire 
gonad maturity cycle, reproductive strategy and fecundity for this species 
contributing to a better understanding of the biology and ecological role of 
this important species. The population structure showed a clear depth-related 
pattern in size distribution: the average individual size increased down to 
1100 m depth. The increase of individual size by depth was described as a 
“bigger-deeper” phenomenon and has been observed in many deep-sea fish 
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species (Polloni et al., 1979; Stefanescu et al., 1992; Merret and Headrich, 
1997; Sardà et al., 2009a). However, below 1100 m depth, this species 
showed a slight “smaller-deeper” trend. There are two possible causes for the 
observed change in size trends around 1100 m. First, fish might migrate 
ontogenetically from shallow to deep waters, as has been observed in other 
continental margin species (Macpherson and Duarte, 1991; Massutí et al. 
1996; Moranta et al., 2007). Company et al. (2001) and Puig et al. (2001) 
suggest that the bathymetric size structure of several decapod crustacean 
species could be related to the presence of high concentrations of particulate 
matter within the nepheloid layers at around 400 m depth, which could 
generate a favorable area for the recruitment of these crustacean species. In 
the area where T. scabrus samples were taken, an intermediate bottom 
nepheloid layer was recorded at 400-600 m depth (Zúñiga et al., 2009). The 
fact that T. scabrus recruits are mainly concentrated at 400-600 m suggests 
that the frontal system could play an important role in the population 
structure of T. scabrus in our study area. The second possible explanation 
could be related to the fact that there is less food availability below 1100 m 
(Sardà and Cartes 1993; Stefanescu et al., 1993), resulting in the decrease in 
size down to 1500 m depth (maximum depth distribution of the species). In 
fact, T. scabrus changes its feeding habits below 1000 m depth (Carrasson and 
Matallanas, 2002), which coincides with the change in the size distribution 
pattern. From 200 to 800 m depth, the diet of T. scabrus is rather 
stenophagous, feeding heavily on decapods that live buried in the mud 
(Macpherson, 1979). However, below 1000 m depth, this species shows a 
benthopelagic diet with a slight preference for bathypelagic prey such as 
copepods and mysids (Carrasson and Matallanas, 2002). 
The concept of continuous biological processes linked to the theoretically 
constant deep-sea environment has been revised over the last decades, and 
both seasonal and continuous reproductive patterns have been found in 
continental slope fish species (Morales-Nin et al., 1996; Rotllant et al., 2002; 
Porcu et al., 2010). Tyler et al. (1982) and Gage and Tyler (1991) postulated 
that seasonal reproductive processes are a response to the natural 
fluctuations in environmental factors. In the study area, several authors 
(Heussner et al., 2006; Zúñiga et al., 2009; López-Fernández., 2013) have 
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shown that there is high seasonal variability in downward fluxes of particulate 
matter, with higher values in autumn and winter. T. scabrus has a marked 
seasonal reproductive cycle, and spawning females are mainly present in the 
winter months, coinciding with the seasonal fluxes of organic matter from the 
photic zones. Massutí et al. (1995) found post-spawning females in the 
western Mediterranean in the spring months. Although these authors did not 
find spawning females, their data on the reproductive period of T. scabrus in 
the western Mediterranean are in agreement with our data. In contrast, a 
study conducted in the central Mediterranean Sea found spawning females in 
August and January (D'Onghia et al., 2000), which suggests that the breeding 
season differs depending on the region. This implies that environmental 
conditions could play an important role in determining the reproductive 
processes of this deep-sea species. Based on the assumption that 
reproductive cycles have adapted, amongst others, to fluxes of organic matter 
from the photic zone (Herring, 2002; Company et al., 2003), autumn is the 
period in which energy reserves are accumulated to enhance fish condition 
for the reproductive phase. Accordingly, the highest gonadosomatic index 
values and number of spawning females were mainly observed in winter. 
However, the low levels of nutrients sinking down to the deep sea from the 
euphotic layers may not be enough for fish to invest in reproduction every 
year. A high percentage of non-spawning females (30%) were found also 
during the spawning period. Massutí et al. (1995) did not find spawning 
females even though the sampling was conducted in the depth range at which 
reproductive females of T. scabrus are more abundant. Taking into account 
the data from the two studies, we suggest that not all individuals of this 
species breed every year. This phenomenon has been described in other 
deep-sea fish species, such as Hoplostethus atlanticus (Bell et al., 1992) and 
the macrourid Coryphaenoides acrolepis (Drazen, 2002). Biannual spawning 
could be an adaptive response to the low food availability in deep-sea 
habitats and, particularly, in the oligotrophic Mediterranean Sea (Margalef, 
1986). 
The highest percentage of active spawning females was found at 1050 m (46% 
of total females), but the other female maturity stages (i.e. reproductive 
stages II, III, IV and V) were mainly concentrated at 900 m depth, indicating 
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that females may migrate to deeper areas (from 900 to 1050 m) to spawn. 
However, our knowledge of the role played by environmental factors and of 
species interactions in the deep sea is still too limited to describe a spatio-
temporal correlation between the environmental conditions and the 
biological response (Aguzzi et al., 2010). 
The reproductive strategy of T. scabrus shows discontinuous oogenesis with 
synchronous development of vitellogenic oocytes. Image analysis shows that 
there is one cohort of oocytes in mature ovaries. Two groups of oocytes are 
only observed when final maturation of oocytes occurs: a group of large 
oocytes in the hydration phase and a group of smaller oocytes in the 
advanced vitellogenic and germinal vesicle migration stages that form the 
next batch to be spawned during the following spawning event. However, it is 
highly possible that primary growth oocytes, due to their small diameter, 
could have escaped through the mesh (<125 µm) used to process the samples 
for image analysis. This is corroborated by the histological characteristics of 
females in stage IV (Fig.3.2d, e), in which primary growth oocytes were found. 
Therefore, this species could be considered a batch spawner with group-
synchronous oocyte development, in which two distinct populations of 
oocytes appear at the same time: one forming the potential fecundity for the 
current spawning season and the other forming the oocyte population for 
future spawning seasons (Murua and Saborido-Rey, 2003). This type of 
ovarian organization has also been found in other macrourid species, such as 
Coryphaenoides rupestris (Alekseyev et al., 1992; Kelly et al., 1996) and 
Macrourus berglax (Murua and Motos, 2000), and is related to species with a 
relatively short spawning period, in which the accumulation of yolk depends 
mainly on body reserves (Murua et al., 2003).  
Deep-sea fish generally show lower fecundity in comparison with shallower 
species (Gage and Tyler, 1991; Merrett and Haedrich, 1997; Herring, 2002). T. 
scabrus has determinate fecundity and batch spawning with values between 
4187 and 43643 eggs. Two macrourid fish that are larger than T. scabrus,
Coryphaenoides rupestris and Macrourus berglax, show fecundity ranges 
between 11083 and 55175 oocytes (Kelly et al., 1996) and between 14400 and 
73220 oocytes (Murua and Motos, 2000) respectively. In contrast, the 
absolute individual fecundity of smaller macrourid species, such as 
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Coelorinchus coelorhincus and Nezumia sclerorhynchus, has been estimated 
between 1320 and 8897 and between 964 to 3553 oocytes per female 
respectively in the eastern Mediterranean Sea (D’Onghia et al., 2008). 
Fecundity values are related to several factors, such as food supply (Yoneda 
and Wright, 2005), population density (Bagenal, 1973), allocation of energy to 
reproduction (Kennedy et al., 2007) and fish size (Merrett, 1994). In the 
present study, in contrast to the results obtained in other macrourids species 
(D’Onghia et al., 2008), no significant relationship between fish size and 
fecundity was observed. Similarly, Alekseyev et al. (1991) did not find a clear 
positive relationship between length and relative fecundity in Coryphaenoides 
rupestris, but rather they found relatively high variability in fecundity for the 
same size range. This could be because sampling was conducted during the 
spawning season and some of the fish sampled could have spawned at least 
one batch of oocytes before they were sampled (Murua et al., 2003). In our 
study, the results indicate a strong correlation between gonad weight and 
total fecundity, as the gonad weight explained 61% of the individual variability 
in fecundity. Hence, gonad weight appears to be an appropriate indicator for 
quantifying the reproductive condition of T. scabrus. 
Small-medium hydrated oocytes with a large oil globule usually have pelagic 
development (Merrett and Haedrich, 1997). In our study area, mature T. 
scabrus females were found to spawn their eggs in the winter season at their 
intermediate depth range (900-1050 m). Based on our results, early recruits 
(individuals of 2 to 3 cm AL) first appear in spring, 3-4 months after the 
spawning period (winter), at their shallowest distribution depth (400-600 m). 
Immature individuals (4-7 cm AL) were most abundant in autumn and also at 
shallow depths nine months after the spawning period. This species was 
found to migrate ontogenetically to deeper depths, where reproduction takes 
place.  

3.5 Conclusions 

In this Chapter, we characterized the population and reproductive biology of 
T. scabrus. This species shows a peak of spawning coinciding with the 
maximum arrival of organic matter from the surface layers during winter. 
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Additionally, the juveniles of this species appear in April at shallower depths 
of distribution of the species just before the spring bloom. These results 
suggest that the reproductive cycle of T. scabrus is greatly influenced by 
seasonal change of the surrounded environment. Analyzing population 
parameters in relation to reproduction is essential for understanding the 
biology of any species and developing effective fisheries management 
measures (Kjesbu, 2009). Although T. scabrus is currently not of commercial 
value, an integrated management strategy for a potential future fishery 
should be developed under an ecosystem approach.  
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4.1 Introduction 

In the previous Chapter, a detailed study of the reproductive patterns of one 
of the most abundant fish species in the NW Mediterranean Sea was 
conducted. However, our knowledge on the ecology of macrourid species in 
the Mediterranean is still scarce, in particular for species living at depths 
between 1500 and 3000 m, such as Coelorinchus mediterraneus, 
Coryphaenoides guentheri and Coryphaenoides mediterraneus. Coelorinchus 
mediterraneus has been re-described recently by Iwamoto and Ungaro (2002).  
Although the Mediterranean is an oligotrophic sea, seasonal variability is 
apparent in organic carbon fluxes (Zúñiga et al., 2009; Miquel et al., 2011). 
Temporal changes in fluxes can affect the biomass and abundance of seabed 
communities (Sardà et al., 1994; Cartes, 1998) as well as on the reproductive 
activity of fish (Chaper 3). However, to date, the influence of increasing depth 
and its associated environmental variables (e.g. light, pressure, food 
availability) on the reproductive activity of deep-sea species has been difficult 
to determine, especially in fish (Childress et al., 1980; Gooday, 2002). In 
general, gametogenic pathways are phylogenetically constrained within taxa, 
but reproductive output (fecundity and size of eggs) may be affected by 
environmental factors (Eckelbarger and Watling, 1995; Ramirez Llodra, 2002; 
Ramirez-Llodra et al., 2002; Young, 2003).  
Nezumia aequalis and Coelorinchus mediterraneus have similar body 
morphology and feeding patterns, with diets consisting largely on polychaetes 
and amphipods (Macpherson, 1979; Carrasson and Matallanas, 1989, 2002). 
However, these two species of the same family differ in their depth 
distributions. Nezumia aequalis is abundant on the Mediterranean upper and 
middle slopes (i.e. 400-1200 m), while C. mediterraneus is distributed mainly 
on the lower slope (1200-2000 m) (Stefanescu et al., 1993, 1994; Moranta et 
al., 1998, 2007). Although the reproductive activity of N. aequalis has been 
studied in the NE Atlantic (Coggan et al., 1999) and the Mediterranean Sea 
(Carrasson and Matallanas, 1989; Massutí et al., 1995), some of its 
reproductive characteristics are still unknown(e.g. microscopic gonad 
morphology, oocyte size diameter, spermatogenesis). Previous knowledge of 
the reproduction of C. mediterraneus is limited to a description of its 
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spawning period (Massutí et al., 1995). Therefore, the comparative study 
between these two species represents a great opportunity to analyze the 
effects of different energy availability in the two bathymetric ranges of 
distribution on the reproductive capacity of these two macrourids. 
Taking into account previous consideration, this Chapter presents new data 
on the reproductive biology of N. aequalis and C. mediterraneus, focusing on: 
1) population distribution; 2) reproductive timing and histological descriptions 
of gametogenetic processes (oogenesis and spermatogenesis), and 3) 
reproductive capacity by quantifying fecundity and egg size. The results are 
discussed in relation to the environmental characteristics of the study area 
with depth. 

4.2 Materials and methods 

Indiviuals of Nezumia aequalis and Coelorinchus mediterraneus were collected 
in 122 bottom trawls conducted on the Catalan margin (41⁰34´N, 02⁰50´E to 
41⁰15´N, 02⁰48´E) during the RECS (2003-2004) and PROMETEO (2008-2009) 
projects (see Chapter 2 for details on sampling strategy)(Table 4.1). All 
individuals were measured to the nearest 0.1 cm, weight to the nearest 0.1 g 
and sexed by morphological observations of the gonads. The ovary maturity 
phase was described macroscopically based on the terminology of Brown-
Peterson et al. (2011) (see Chapter2 section 2.6 for more details). I, immature; 
II, developing; III, spawning capable; IV, active spawning and V, regressing.
Ovaries and testes of both species were dissected from specimens collected 
between 900 and 2000 m depth and preserved in 4% buffered formaldehyde 
(Hunter et al., 1985). In the laboratory all gonads were weighed to the nearest 
0.001 g. 
The bathymetric distribution of abundance and biomass of Nezumia aequalis 
and Coelorinchus mediterraneus was calculated after standardizing all samples 
for trawled area (km2) using data from the Scanmar system (see Chapter 2 
section 2.1). The size distribution for both species was plotted by season. The 
relationship between mean anal length (AL) (averaged by trawl) and depth 
was tested by regression analysis using the previously calculated mean size for 
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each trawl. Differences in size between males and females were determined 
using a Mann-Whitney U test.  
In the laboratory, 162 ovaries of Nezumia aequalis and 210 ovaries of 
Coelorinchus mediterraneus were analyzed histologically. The proportion of 
fish macroscopically incorrectly classified for each reproductive stage was 
calculated, resulting in stage-specific error (McPherson et al., 2011). The
testes (n=20 for each species) were also embedded in paraffin wax, sectioned 
at 7 μm, and stained with Harris’ Haematoxylin and Eosin and Schiff's 
Haematoxylin metanil yellow (Quintero-Hunter et al., 1991).
The spawning period of N. aequalis and C. mediterraneus was studied using 
the gonadosomatic index (GSI), as well as based on the percentage of the 
different maturation phases analyzed histologically. The diameters of 100
oocytes that had been cut through the nucleus were measured with Sigma 
Scan Pro4 image analysis software. The sizes of hydrated oocytes could not be 
measured histologically because of the shrinkage during histological 
processing. However, mean size was estimated by image analysis of preserved
ovaries. The development stages of the testicular germinal cells were 
identified based on the spermatogenic differentiation described by Brown-
Peterson et al. (2011). 
The oocyte-size frequency distribution was plotted from a total of 38 gonads 
of N. aequalis and 52 gonads of C. mediterraneus, covering all ovary 
developmental phases. Fecundity was estimated as total fecundity (TF) and 
batch fecundity (BF). Total fecundity can be influence by the size of females, 
therefore in order to compare fecundity between the two species the relative 
fecundity was also calculated (number of oocytes per gram of female).

4.3 Results 

4.3.1 Population distribution and sex ratio 

A total of 1517 Nezumia aequalis and 1417 Coelorinchus mediterraneus were 
caught between 300 and 2000 m depth. Figure 4.1 summarizes the 
bathymetric distribution of both species showing no overlap in the depths of 
maximum abundance and biomass. N. aequalis showed a peak of abundance 
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between 600-900 m depth, while the peak of biomass was found between 
900-1050 m depth. In C. mediterraneus, abundance and biomass values 
followed similar patterns with depth, showing their maximum between 1200 
and 1500 m.  

Table 4.1 Number of individuals of Nezumia aequalis and Coelorinchus mediterraneus
collected in each survey, depth range sampled and number of hauls conducted 
during the RECS and PROMETEO projects.  

Cruise Depth range 
(m)

No. of
hauls

No. of 
Na

No. of 
Cm

RECS I 584-600 3 225 0
RECS II 576-667 3 334 0
RECS III 500-1500 9 28 1
RECS IV 364-700 3 62 0
RECS V 502-631 3 118 0
RECS VI 300-1418 10 50 118
RECS VII 402-512 3 169 0
RECS VIII 384-384 3 19 0
RECS IX 567-640 3 49 0
RECS X 585-695 2 84 0
RECS XI 540-1500 6 37 46
PROMETEO I 900-1500 6 38 151
PROMETO II 900-1500 14 55 448
PROMETEO III 900-1500 15 95 219
PROMETEO IV 900-1500 21 99 263
PROMETEO V 900-2000 18 55 171

N. aequalis showed a significant positive relationship between depth and anal 
length (Fig. 4.2A) (r2 = 0.59, F1.62 = 90.42, P < 0.001), with the juveniles 
distributed in the first half of the species distribution range (300-750 m). In 
contrast, C. mediterraneus did not show a significant relationship between 
depth and size distribution (Fig. 4.2B) (r2 = 0.11, F1.54 = 6.94, P > 0.001). In both 
species, females were significantly larger than males at all depths (Mann-
Whitney U-test, U= 205824.5, p< 0.001; Mann-Whitney U-test, U= 32400.5, p< 
0.001). The sex ratio of N. aequalis was near to parity (1:1.2, males vs 
females), while C. mediterraneus had an overall sex ratio of 1:1.9 for males vs
females. The smallest mature female caught measured 3.5 cm (AL) in N. 
aequalis and 5.5 cm (AL) in C. mediterraneus.  
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Fig. 4.1 Bathymetric distribution of abundance (ind.km-2) and biomass (kg.km-2). (A) 
Nezumia aequalis; (B) Coelorinchus mediterraneus. Black circles, abundance; open 
triangles, biomass. 

Fig 4.2 The mean size of individuals in each trawl as function of depth for N. aequalis
(A) and C. mediterraneus (B).

4.3.2 Oogenesis  

Histological sections of ovaries showed similar overall morphologies in both 
species, but with a larger size of germinal cells in N. aequalis. The specific 
microscopic characteristics of each maturity stage for N. aequalis and C. 
mediterraneus are shown in Figure 4.3. The mean oocyte diameter calculated 
from the histological analysis of the 6 oocyte stages is represented in Table 
4.2.
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Fig 4.3 Histological sections of ovaries of Nezumia aequalis (A, B and C) and 
Coelorinchus mediterraneus (D, E and F) in different reproductive stages: (A, D) 
developing phase; (B) spawning capable phase; (E) actively spawning phase; (C, F) 
regressing phase. PG, primary growth oocyte; CA, cortical alveoli; EVtg, early 
vitellogenic oocyte; AVtg, advanced vitellogenic oocyte; GVM, germinal vesicle 
migration oocyte; POF, postovulatory follicle; Atr, atresic oocytes; mn, migratory 
nucleus; o, oil droplets; y, yolk vesicles. Scale bars = 0.50 µm. 

Table 4.2 Mean oocyte size (µm) and standard deviation in each development stage 
of Nezumia aequalis and Coelorinchus mediterraneus following the description of 
Brown-Peterson et al. (2011). The oocyte sizes were calculated from the histological 
sections. 

PG CA EVtg AVtg GVM Hid*
Nez.aeq. 120±33.3 212.9±49.5 283±39.6 381.7±54.9 608.5±102.56 1314.5±154.7
Coe.med 116.5 ±19.9 154,9±28.8 250.23 ±37.9 365.8±56.6 528.3±134.8 1126.5±134
*The hydrated size values were measured from fresh gonad washings (see section 2.4 for more details). 
AVtg, advance vitellogenic oocyte; CA, cortical alveolar; EVtg, early vitellogenic oocyte; GVM, germinal 
vesicle migration; Hid, Hydrated; PG, primary growth oocyte. 

In both species, the stage specific error between macroscopic and microscopic 
classification was higher than 50%, except for N. aequalis in immature and 
developing phases (0% and 29% respectively) and C. mediterraneus in the 
immature phase (37%). Because of this, for the reproductive cycle study, we 
only used the data of the individuals analysed histologically. Nezumia aequalis
showed a continuous reproductive cycle, with spawning and regressing 
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females present all year around (Fig. 4.4A). A peak in reproductive effort was 
observed in the winter months, when the highest values of GSI (2.39 g) and 
the greatest number of spawning females were found (48%) (Fig. 4.4A). The 
lowest GSI values occurred in summer. In contrast, C. mediterraneus showed a 
semi-continuous reproductive cycle (Fig. 4.4B). Although spawning females 
were present all year round, most spawning occurred in autumn and winter. 
In spring, most females were reproductively inactive (regenerating phase, 
51%). The GSI was in accordance with the seasonal trend of female oocyte 
development. It was highest during autumn and winter, where the greatest 
abundance of females in spawning capable and actively spawning stages (61 % 
and 46 % respectively) were observed. The spawning activity and GSI values 
decreased in spring and recovered again during summer (Fig. 4.4B).

Fig. 4.4 Percentage frequency of the different reproductive stage of females and 
gonadosomatic index (GSI) by season. (A) Nezumia aequalis, (B) Coelorinchus 
mediterraneus. II, developing phase; III, spawning capable phase; IV, actively 
spawning phase; V, regressing phase; VI, regenerating phase. 

Juveniles of N. aequalis were present all year round. However, the greatest 
abundance of juveniles (i.e. 2-3 cm AL) was found during spring (Fig 4.5A). In 
contrast, populations of C. mediterraneus showed similar size-distribution 
patterns throughout the year. Only two juveniles (2-4 cm AL) were caught 
during summer (Fig. 4.5B). 
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Fig. 4.5 Seasonal length-frequency distribution of Nezumia aequalis (A) and 
Coelorinchus mediterraneus (B). AL, Anal Length. White bars, sex indeterminate; grey 
bars with lines, unsexed individuals; grey bars, females; blacks bars, males. 

4.3.3 Testis structure

Microscopic observations of the testes showed that individuals of both 
species were in the same reproductive phase (i.e. developing phase) (Fig. 4.6). 
Nezumia aequalis showed a restricted testicular organization, with
spermatogonia and spermatocytes limited to the area close to the tunica 
albuginea. The testes were well organized in lobes and the spermatids were 
the most abundant cells (Fig. 4.6A). Only a few cysts were found with 
spermatogonia and Sertoli cells (Fig 4.6B). It was not possible to distinguish 
cysts of spermatocytes and spermatids in the lumen (Fig 4.6C). Coelorinchus
mediterraneus had spermatogonia along all the lobules of the testis, indicating 
that this species presents an un-restricted testis organization (Grier, 1981). 
This species also showed testes grouped in lobes. Spermatocytes and 
spermatogonia were restricted to cysts (Fig. 4.6D). Spermatids were not seen 
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in cysts in the histological slides (Fig. 4.6E) and spermatocytes where 
concentrated in the ventral area of the testis (Fig. 4.6F). 

Fig. 4.6 Histological images of the testes of Nezumia aequalis (A, B and C) and 
Coelorinchus mediterraneus (D, E and F). Spg, spermatogonia; Spc, spermatocytes; 
Spm, spermatids; Spz, spermatozoa; Sc, Sertoli cells; L, seminiferous lobule; Ta, tunica 
albuginea; It, interstitial tissue; Dr, dorsal region of testis; Vr, ventral region of testis.  

4.3.4 Ovarian organization and fecundity 

Oocyte size-frequency distributions were continuous in N. aequalis and C. 
mediterraneus (Fig. 4.7A and 4.7B). There was no hiatus between the different 
stages of oocytes in either species. Only when spawning was evident did the 
hydrated oocytes (> 1000 µm) develop and form a separate group, 
corresponding to the next batch of eggs to be spawned (Fig. 4.7A and 4.7B). In 
C. mediterraneus, although the overall oocyte size distribution indicates a 
relatively continuous oocyte development, there is an indication of two 
modes with: 1) the initial vitellogenic stage (oocytes between 150 and 250 
µm, corresponding to the average diameter of cortical alveoli and early 
vitellogenic stages respectively) and 2) final vitellogenic stage (oocyte 
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diameters between 365 and 530 µm which are the mean values of advance 
vitellogenic oocytes and germinal vesicle migration stage respectively) (Fig. 
4.7B). 
The fecundity results of the two species are summarized in Table 4.3. For N. 
aequalis, the results of the fitted power function did not show a significant 
relationship between size and total fecundity (r2 = 0.00, F1.26 = 0.02, p>0.1), or 
between size and batch fecundity (r2 = 0.00, F1.31= 0.07, p> 0.1). In contrast, C. 
mediterranus showed a significant relationship between size and total 
fecundity (r2= 0.19, F1,26= 6.23, p< 0.05). The relation between batch fecundity
and size of this species was not assessed because only 3 individuals were 
available. 
The size of hydrated oocytes measured from image analysis of fixed gonads 
was higher for N. aequalis (1314.5 ± 154.7 μm) than for C. mediterraneus
(1126.5 ± 134 μm). These differences were statistically significant (Mann-
Whitney U-test, U= 26008, p< 0.001).  

Fig. 4.7 Oocyte-diameter distribution in actively spawning females (A) Nezumia 
aequalis (n=10) and (B) Coelorinchus mediterraneus (n=10).  
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Table 4.3 Total fecundity (TF) and batch fecundity (BF) of Nezumia aequalis and 
Coelorinchus mediterraneus. 

Species Nezumia aequalis Coelorinchus mediterraneus
N range X ± SD N range X ± SD

Total fecundity 27 3408-20552 10630±4850 28 2127-17377 7693±3692
Batch fecundity 27 91-348 193.2±62.0 3 136-416 236.5±158.7
Relative total 
fecundity

27 78-454 215.6±59 28 31-476 243±102.1

4.4 Discussion  

4.4.1 Population structure and size distribution 

Nezumia aequalis and Coelorinchus mediterraneus are distributed along the 
continental margin, showing maximum of abundance and biomass on the 
upper slope (400-1050 m) for N. aequalis and middle slope (1200-1500 m) for 
C. mediterraneus. The environmental factors associated with depth ranges 
and diverse feeding habits appear to be a driver in the distribution of N. 
aequalis and C. mediterrraneus (Macpherson, 1979; Coggan et al., 1999; 
Carrasson and Matallanas, 2002).  
Many deep-sea fish species show depth-related size trends, with a general 
pattern of increasing size with depth. This phenomenon is called deep-bigger 
phenomenon (Polloni et al., 1979) and has been observed both in the 
Mediterranean Sea and in the Atlantic Ocean. This tendency is not well 
established in the two species analyzed here. N. aequalis presented an 
increase in size with depth coinciding with previous published results 
(Macpherson and Duarte, 1991; Massutí et al., 1995; Merrett and Haedrich, 
1997; Moranta et al., 2007). However, the juveniles of these species are found 
at the shallower depth of distribution and, thus, the increase in size with 
depth observed is reflecting an ontogenetic migration and not an increase in 
the overall size of the adult individuals in the species (Coggan et al., 1999). 
This has also been noted for T. scabrus in Chapter 3. In contrast, the deeper 
species, C. mediterraneus, showed the opposite trend, with a slight decrease 
in size with depth which has been observed also by Stefanescu et al. (1992). 
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4.4.2 Gametogenesis and spawning period 

The reproductive patterns of both species follow similar trends, with 
asynchronous gametogenesis and similar gonad morphology. The seasonal 
percentage of spawning females and the gonadosomatic index indicate that
N. aequalis has a continuous reproduction, with a peak of spawning during 
winter, similar to what has been shown in previous studies (Carrasson and 
Matallanas, 1989; Massutí et al., 1995). However, this temporal pattern is 
different from that of N. aequalis in the NE Atlantic, where reproductive 
development is greatest during spring and summer and the ovary recovers 
during autumn (Coggan et al., 1999). The factors which cause these 
differences in the timing of the maximum reproductive activity of N. aequalis
between NW Mediterranean and NE Atlantic populations are still unclear. 
However, seasonality in food supply might be a contributing factor in the 
control of reproduction of this species (Coggan et al., 1999). 
Coelorinchus mediterraneus has semi-continuous reproduction with higher 
reproductive activity during autumn and winter. There is a greater proportion 
of regressing females in spring. Similarly, Massutí et al. (1995), in a study 
conducted on specimens collected from the upper part of the species 
distribution range (around 1200 m), observed spawning females in autumn 
and winter. However, we also observed spawning females during summer, 
although in smaller proportions than in autumn/winter. This suggests that 
spawning in C. mediterraneus is more prolonged over the year than previously 
described.  
Food availability, temperature and light are major environmental drivers 
influencing life traits of deep-sea species (Childress et al., 1990; Childress, 
1995; Company et al., 1997, 2003, 2008; Drazen and Seibel, 2007; Drazen and 
Haedrich, 2012). The main factors that control the spawning timing of N. 
aequalis and C. mediterraneus are not clear. Although sinking organic matter 
is not directly consumed by adult fishes (Gooday, 2002), seasonal timing in 
food supply from the surface could be a driver for megabenthic species 
reproduction coinciding with the timing of larval hatching and larval 
settlement (Tyler et al., 1982; Campos-Creasey et al., 1994; Wigham et al., 
2003). On the north-western Mediterranean continental margin, contrasting 
with other more oceanic deep-sea areas, the main input of organic matter to 
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the seafloor is through down-slope advection caused by re-suspension of 
sediment and riverine input during storms in autumn and winter (Palanques 
et al., 2005; Canals et al., 2006; Zuñiga et al., 2009). In our study area, two 
well-defined seasonal periods of particulate matter fluxes were observed 
below 200 m depth, with a significant increase in the downward flux of 
particulate organic matter (POM) in autumn and winter (Heussner et al., 
2006; Zúñiga et al., 2009). N. aequalis and C. mediterraneus showed greatest 
reproductive activity (higher proportion of spawning females) in winter and 
autumn respectively, coinciding with the greatest downslope POM fluxes. 
Temporal links between POM flux from the shelf downslope and reproductive 
activity have been observed also in Trachyrincus scabrus during this thesis 
(see Chapter 3), as well as in other species from the Atlantic Ocean (Glover et 
al., 2010; Gordon et al., 1999). These results suggest that some species exploit 
periods of enhanced POM input during spawning. Additionally, N. aequalis
and C. mediterraneus might increase its reproductive efficiency by spawning 
just before the phytoplankton bloom, which will then provide a high food 
supply for developing larvae in the surface layers (Cushing, 1990). In this 
study, greater abundances of juvenile individuals of N. aequalis were found 
during spring at the shallower depth of distributin of the species, three 
months after the main spawning season. The juveniles of N. aequalis were 
distributed mainly between 400-600 m depth (Fig 5.6) coinciding with the 
preference recruitment depth found for Trachyrincus scabrus (see Chapter 3). 
At these depths, a permanent nepheloid layer is found, providing high food 
supply for larvae and juveniles (Puig et al., 2001). 

4.4.3 Spermatogenesis 

Spermatogenesis in deep-sea fish has been poorly studied, especially for 
Mediterranean macrourids. The structures found in males of N. aequalis and 
C. mediterraneus are different from the structures described for other deep-
sea gadiform fish. Previous studies on reproductive patterns in male 
gadiforms found “cystic spermatogenesis”. Developing germ cells were 
enclosed within germinal cysts formed by Sertoli-cells, and mature sperm 
were released from the cysts directly into the tubule lumen (Rotllant et al., 
2002; Almeida et al., 2008). In contrast, in the present study, an unusual 
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organization was found in both species. In N. aequalis, only spermatogonia 
were observed in cysts, while the spermatocytes and spermatids were found 
free in the lobule lumen. Coelorinchus mediterraneus had spermatogonia and 
spermatocytes enclosed in cysts, while the spermatids were released free into 
the lobule lumen. Mattei et al. (1993) postulated that in some species, cysts 
released free germ-cells at various stages into the lumen of lobules, calling 
this type of spermatogenesis ‘semi-cystic’. Our results with males of N. 
aequalis and C. mediterranues also seem to show semi-cystic 
spermatogenesis. However, to confirm this pattern, further analyses using 
transmission electron microscopy are needed. Semi-cystic spermatogenesis 
has been observed only in a few fish species (Yoneda et al., 1998; Muñoz et 
al., 2000, 2002). Mattei et al. (1993) speculated that this type of process may 
lead to asynchronous spermatogenesis through the accumulation of germinal 
cells in different maturity phases in the lumen. In our study, spermatids were 
the most abundant germinal cells, and spermatozoa were rarely observed. 
This lack of spermatozoa in the lumen suggests an asynchronous production 
of sperm.  

4.4.4 Reproductive strategy and fecundity 

Our results showed that N. aequalis and C. mediterraneus have asynchronous 
oocyte development, with oocytes in all stages of development present at the 
same time (Murua and Saborido-Rey, 2003). Our results for N. aequalis match 
with previous analyses conducted by Coggan et al., (1999) in the Atlantic, and 
by Carrasson and Matallanas (1989) in the Mediterranean Sea, where the 
mature ovaries contained oocytes in various stages of development. For C. 
mediterraneus, the overall oocyte size frequency results indicate 
asynchronous oocyte development, but the pattern is not as clear as in N. 
aequalis. In C. mediterraneus, two slightly discrete modes of oocyte sizes were 
observed between early vitellogenic and advanced vitellogenic oocytes. The 
presence of these two modes, together with the observed regressing phase of 
females in spring, suggests that C. mediterraneus has some kind of seasonal 
modulation in the production of oocytes.  
Following the general trends observed in the reproductive output of deep-sea 
fish, N. aequalis and C. mediterraneus have low fecundity and large eggs (> 1 
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mm). The average fecundity of N. aequalis (10630 oocytes per individual) is 
similar to the average fecundity values obtained previously by Carrasson and 
Matallanes (1989) in the Mediterranean Sea (9483 oocytes per individual). In 
contrast, the fecundity of Atlantic populations of N. aequalis is higher (15713 
oocytes per individual) (Coggan et al., 1999). D’Onghia et al. (2008) postulated 
that the difference in fecundity between Mediterranean and Atlantic 
grenadier could be caused mainly by differences in the size of individuals in 
the different geograhic regions. However, the individuals of N. aequalis
sampled in this study have a similar size to the individuals from Atlantic 
populations (Coggan et al., 1999). Fecundity can vary with physiological 
condition of individuals, their population density, individual size and the age 
of the fish (Murua et al., 2003; Lambert, 2008). Production of eggs is an 
energy-demanding process and a shortfall in food supply may cause a 
decrease in fecundity (Eckelbarger and Watling, 1995; Ramirez-Llodra et al., 
2002). The Mediterranean is an oligotrophic sea and, thus, the low values of 
fecundity of N. aequalis in the Mediterranean could be related to limited food 
availability. In contrast to previous studies (Carrasson and Matallanas, 1989; 
Coggan et al., 1999), we did not find a relationship between individual size of 
N. aequalis and total fecundity, nor batch fecundity. This lack of relationship 
could be a methodological issue caused by the difficulty of obtaining intact 
ovaries of females in mature phases, when some hydrated oocytes may have 
been lost during sampling and laboratory analysis. Thus, the fecundity data 
could be an underestimation of the true fecundity of N. aequalis.
Our results represent the first data on the fecundity of C. mediterraneus. As in 
other macrourid species, the fecundity of C. mediterraneus was related to 
individual size (D’Onguia et al., 2008). Total and relative fecundity values were 
similar between two species. However N. aequalis showed larger egg size and 
higher gonadosomatic index than C. mediterraneus, suggesting that the higher 
food availability in the shallower water layers could allow females to invest a 
larger amount of energy in reproduction. 
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4.5 Conclusions 

The results of this study showed that N. aequalis and C. mediterraneus have 
similar reproductive strategies and spermatogenesis, suggesting that gonad 
organization is phylogenetically constrained. Both species have low fecundity 
and large egg size, typical of deep-sea species. Nevertheless, differences in 
energy availability between the depth strata distributions of N. aequalis and C. 
mediterraneus could be an important driver in the lower reproductive output 
of the deeper species, C. mediterraneus.  
The results of the present study as well as the results of chapter 3 suggest that 
the spatial and temporal variability of abiotic conditions (i.e. variability of flux 
of organic matter and nepheloid layers formation) are influencing the 
population structure and spawning season of deep-sea species. However, a 
comparative approach including a greater number of species over a wider 
depth range is necessary to understand better how species respond to the 
environmental variability associated to depth. 
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5.1 Introduction 

The assessment of fecundity and eggs size is imperative to understand the 
life-history evolution and the adaptation of species to their environment 
(Stearns, 1992). For this reason, many authors have studied the latitudinal and 
bathymetrical patterns of fecundity and eggs sizes among either closely 
related species and/or between different taxa (Orton, 1920; Mead et al., 
1964; Fleming and Gross, 1990; Haedrich, 1996; Thorsen and Kjesbu, 2001; 
Johnston and Leggett, 2002; Pearse and Lockhart, 2004; Laptikhovsky, 2006). 
Additionally, the study of spawning periods and fecundity are fundamental 
topics in the study of biology and population dynamics (Wright and Trippel, 
2009) as the productivity of the species will determine in some extent the 
resilience of the population to exploitation (Morgan, 2008). In the last 20 
years, many important fish stocks have collapsed and, because of this, 
significant efforts are been directed to the study of fecundity of the most 
important exploited species (Bergstad, 1990; Alekseyev et al., 1992; Clark et 
al., 1994; Koslow et al., 2000; Tomkiewicz et al., 2003; Murua and Motos 
2006; Recasens et al., 2008; Norse et al., 2012; Domínguez-Petit et al., 2013; 
Ganias, 2013; Saborido-Rey and Trippel, 2013). Furthermore, the increasing 
need to understand climate change forcing on marine ecosystems has 
promoted also the development of studies on the influence of environmental 
factors in fish fecundity (Kjesbu et al., 1998; Pörtner et al., 2001; Rideout and 
Morgan, 2010; Morgan et al., 2013). Although the objectives and 
implementation of these two branches of research (i.e. theoretical ecology 
and resource management) are different, the aims are related: to define 
which factors affect the reproductive capacity of any given species. 
The development of new methods to reduce the time spent for the 
calculation of fecundity values has also favored the increase of these types of 
studies in the last years (Thorsen and Kjesbu, 2001). The estimation of 
fecundity usually refers to calculation of number of vitellogenic oocytes (i.e. 
potential fecundity) (Murua et al., 2003). Potential fecundity can be expressed 
as number of oocytes per female (Total Fecundity) and/or as number of 
oocytes per gram of female (Relative Fecundity). When comparing fecundity 
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between different species, it is more accurate to use the relative fecundity as 
number of eggs related to female body weight (Ramirez-Llodra et al., 2000). 
However, the reproductive capacity of most fish species is still unknown, both 
in shallow waters and in the deep sea, and few reproductive data is gathered 
routinely worldwide (Tomkiewicz et al., 2003). Based on available published 
knowledge (reviewed, amongst others, in Murua et al., 2003; Kamler, 2005; 
Lambert, 2008; Kjesbu, 2009), it is apparent that potential fecundity is 
strongly influenced by the combination of female attributes (size, age, trade-
off between eggs-size and fecundity, reproductive strategy and spawning 
patterns) and environmental factors (mainly by temperature and food 
availability).  
Because of the transitional nature of continental margins, the study of the 
biological gradients occurring along continental slopes offer a good 
opportunity to understand the influence of factors related to depth on the life 
histories of species (Company et al., 1997). The role of depth-related 
environmental variables on fecundity and egg size has been studied mainly in 
invertebrates. Because of the lower temperature and food availability in 
deep-sea ecosystems, Thorson (1950) predicted that benthic deep-sea 
invertebrates would show lower fecundity and larger egg sizes with non-
pelagic larvae than shallow water species. Accordingly, the most observed 
pattern in deep-sea invertebrates is the production of a lower number of 
larger eggs (reviewed in Ramirez-Llodra, 2002; Young, 2003). In fishes, Drazen 
and Headrich (2012) described a negative correlation between fecundity and 
depth in species from the Atlantic Ocean. Additionally, a general relation of 
fecundity with female size and weight has been observed in several deep-sea 
fish orders and families (Merrett, 1994; Merret and Headrich, 1997). On the 
other hand, the life history theories predict that the quality of the habitats 
where the offspring emerge may act as selective force on the size of eggs. In 
fact, in fish, an increase in eggs size towards higher latitudes and depths with 
lower temperature and food availability has been observed in some orders 
(Marshall, 1953; Hutchings, 1997; Johnston and Leggett, 2001; Murua and 
Motos, 2000). Therefore, based in the previous research, we predicted that 
eggs size would be larger for deeper distributed species. 
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The Mediterranean Sea, because of its constant temperature below 200 m 
depth, offers a unique environmental setting for the study of ecological 
patterns along bathymetric gradients, where one of the most influential 
variables (i.e. temperature) remains constant at about 13 ºC below the 
thermocline. Despite the low number of studied species, apparently similar 
bathymetric trends are evident along invertebrate species (Company et al., 
1997; Sardà et al., 2009). However, in the Mediterranean Sea, there have 
been few studies focusing on fecundity of demersal fish (Muñoz et al., 2003, 
2005, 2010; D'Onghia et al., 2008; Recasens et al., 2008; Reñones et al., 2010; 
Porcu et al., 2010). Commercial fishing is occurring at increasing depths 
around the globe (Gordon, 2001; Morato et al., 2006; Swartz et al., 2010; 
Norse et al., 2012). To understand population resilience and thus increase our 
predictive power for the management and conservation of marine 
ecosystems, it is crucial to have a sound knowledge of life-history strategies 
(Koslow et al., 2000; Murua et al., 2003; Jørgensen et al., 2007) and, in 
particular, the reproductive capacity of the species involved.  
Taking into account these considerations, a comparative study on the 
reproductive output of nine different orders of West Mediterranean fish, as 
well as within one of these orders (Gadiformes), has been conducted along a 
wide depth range (50-3000 m) addressing 3 main objectives: 1) to provide 
new data on fecundity and eggs size of 11 deep-sea species and review 
existing information on other species; 2) to explore patterns and test the 
previously observed decrease in fecundity with depth of Atlantic fish species 
in the Mediterranean species; and 3) to describe the egg-size traits with 
depth.  

5.2 Materials and methods  

For the fecundity and egg size studies, the samples obtained during the 
PROMETEO project were used and complemented with samples collected 
during the DOS MARES cruises that took place during 2012-2013 (see Chapter 
2 for details). No gonads were dissected out from the fish samples obtained 
during the RECS project and, thus, no data from this project could be included 
in the fecundity and egg size analyses. 



5. Bathymetric patterns of fecundity and egg size 

84 

In total, 125 bottom trawls were conducted seasonally between 300 and 2250 
m depth. During the PROMETEO project, the benthopelagic community was 
sampled between 900 and 1500 m. The shallowest sampled depth (400-700 m 
m) and the deepest bathymetric range (1500 to 2250) were covered during 
the DOS MARES project. On board, fish individuals were measured, weighed 
and the reproductive developmental stage of female gonads was classified. 
The percentage of gonad maturation stage of each species was calculated by 
season to establish the population spawning season. Mature females were 
defined as females in spawning capable (iii) and actively-spawning stage (iv) 
and regressing-regenerating (v). However, for the estimation of fecundity and 
egg size analysis, only mature females in spawning capable and actively-
spawning stage were used. Reproductive stages and the absence of 
postovulatory follicles, which indicate that the spawning has not already 
started, were confirmed by histological screening. The number of individuals 
studied for all species is given in Table 5.1. 
Species present two types of fecundity, determinate and indeterminate. 
Species with synchronous and group-synchronous ovarian organization are 
considered to have determinate fecundity (Hunter et al., 1992), while 
indeterminate fecundity is found mainly in species with asynchronous ovarian 
organization (Hunter et al., 1985). As such, oocyte-size frequency distribution 
was calculated to provides information on type of fecundity. Additinally, the 
size of each oocyte development stage was calculated by measuring the 
diameters of 100 oocytes. For the calculation of total fecundity (TF), the total 
numbers of advance vitellogenic oocytes present in the ovary that will be 
(potentially) spawned throughout the forthcoming reproductive season were 
counted (Hunter et al., 1992). In the species where no marked hiatus 
separated the primary growth and advance vitellogenic oocytes, only oocytes 
larger than a critical minimum diameter were counted (see section 2.7 in 
Chapter 2 for more details) (Table 5.2). Relationships between total fecundity 
with fish length and fish weight were assessed using linear regression. This 
was only done for species from which over 10 mature females were available 
(A. rostratus, N. bonaparte, N. melanurum, B. mediterraneus and P. 
blennoides).
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Additionally, a comparative approach across 9 fish Orders was performed to 
evaluate the biological or environmental influence on total and relative 
fecundity and the size of eggs (H) for each species. The size of eggs, using as a 
proxy the size of hydrated oocytes, was measured by image analyses on fixed 
ovaries and not from histological sections, because tissue shrinkage during 
processing may cause an underestimation of the oocyte diameter (Turner and 
Lawrence, 1979). 
Egg sizes and total and relative fecundities were regressed on maximum depth 
of distribution and maximum length of species. For the overall analysis, the 
specific data obtained during this study was combined with data available for 
other species from previously published studies. Fecundity and egg size can 
vary between species distributed at different latitudes (Thresher, 1988; Kock 
and Kellermann, 1991; Kokita, 2003). Therefore, to avoid possible bias of data 
because of different sampling areas, we decided to include in the analysis all 
the data available from demersal species distributed only along the W 
Mediterranean continental margin. Pelagic species and Chondrichthyes were 
excluded from this study. Additionally, only one order, Gadiformes, was 
represented across a wide bathymetric range on the W Mediterranean 
continental margin. This order provides a unique opportunity to study 
bathymetric patterns of fecundity on phylogenetically-related species.  

5.3 Results 

5.3.1 Type of fecundity  

Oocytes-size frequency distribution shows that most of the species analyzed 
present group-syncronous ovarian organization (i. e. N. bonaparte, N. 
melanurum, A. rostratus, M. moro, L. lepidion, C. guentheri,  C. laticeps and C. 
alleni) and, therefore, determinate fecundity, which means that the number 
of oocytes to be spawned is fixed before the onset of spawning.  
In contrast, oocyte size-frequency distributions were continuous in P. 
blennoides and E. telescopus. There was no hiatus between the different 
stages of oocytes in either species. Only when spawning was evident did the 
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hydrated oocytes develop and form a separate group, corresponding to the 
next batch of eggs to be spawned (Fig. 5.1).  
In some species (e.g. B. mediterraneus, C. guentheri and C. laticeps), primary 
growth oocytes might have escaped through the mesh (<125 µm) due to their 
small diameter. 

Table 5.1 Number of individuals measured, the number of ovaries analyzed 
macroscopically and microscopically and the number of females whose fecundity has 
studied. 

Species Species 
code

Ind.
measured

Ovaries 
macroscopically 
analyzed

Ovaries 
microscopically 
analyzed

Females 
fecundity 
analyzed

Orden Notacanthiformes
Notacanthus 

bonaparte
Not.bon 214 131 125 30

Orden Anguilliformes
Nettastoma 

melanurum
Net.mel 52 25 25 9

Orden Argentiformes
Alepocephalus 

rostratus
Ale.ros 3980 1269 32 32

Orden Aulopiformes
Bathypterois 

mediterraneus
Bat.med 3007 3007 63 35

Orden Gadiformes
Coryphaenoides 

guentheri
Cor.gue 736 311 72 5

Phycis blennoides Phy.ble 505 180 30 11
Mora moro Mor.mor 654 307 30 1
Lepidion lepidion Lep.lep 3211 1258 30 2

Orden Ophiidiformes
Cataetyx alleni Cat.all 53 24 24 6
Cataetyx laticeps Cat.lat 47 13 13 7

Orden Perciformes
Epigonus telescopus Epi.tel 10 6 6 2

Total 12469 6225 450 146
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Fig. 5.1 Oocyte size frequency distribution in actively spawning females of 11 species 
from W Mediterranean deep-sea fish community. Note that the values of axis are not 
equal between species. 

Table 5.2 Mean diameter and standard deviation of oocyte developmental stages in 
11 species of NW Mediterranean deep-sea fish community. In italics diameters 
obtained from Follesa et al., 2011. Species sorted according to Nelson (2006). 

PG CA EVtg AVtg GMV
mean std mean std mean std mean std mean std 

Not.bon 107.7 19.6 194.4 27.4 335.7 67.7 461.5 58.4
Net.mel 124.3 34.0 157.7 2.5 255.6 30.6 465.5 83.7 630.4 75.2
Ale.ros 148.5 2.1 235.2 4.2 565.3 20.3 1401.1 50.0 1709.3 55.1
Bat.med 76.7 17.6 133.7 27.6 196.6 51.1 421.9 75.7 555.9 46.9
Cor.gue 95.8 16.6 200.3 57.0 265.7 43.0
Phy.ble 67.2 18.7 174.0 21.0 256.6 8.3 328.4 24.4 365.5 2.7
Mor.mor 89.2 12.9 447.4 37.2 471.7 34.5
Lep.lep 108.5 15.0 269.9 24.3 627.3 58.6
Cat.alle 92.0 26.5 233.5 34.7 380.5 45.1 489.1 71.1
Cat.lat 104.9 27.3 198.5 39.8 273.1 40.9 326.5 59.5 562.7 84.2
Epi.tel 78.9 14.4 245.9 13.2 353.1 63.2 391.2 25.9
AVtg, advance vitellogenic oocyte; CA, cortical alveolar; EVtg, early vitellogenic oocyte; GVM,
germinal vesicle migration; Hid, Hydratated; PG, primary growth oocyte. 
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5.3.2 Fecundity values and bathymetric patterns  

From the species analyzed, the lowest total fecundity (TF) was found in C. 
alleni with 101-1507 eggs per female, while the highest TF was calculated for 
P. blennoides with 684505-4209000 eggs per female (Table 5.3). Highest 
relative fecundity (RF) was found in P. blennoides with a maximum of 3960 
eggs.g-1, while A. rostratus had the lowest RF with only a maximum of 9 
eggs.g-1 (Table 5.3). Near half of the species showed average RF lowest than 
120 eggs.g-1. However, high inter-specific variation in TF and RF were found in 
all species. In A. rostratus, N. bonaparte, N. melanurum, B. mediterraneus and 
P. blennoides fecundity was positively related to female length and weight 
(Table 5.4). 
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Table 5.3 Depth distribution range, length range and Total and Relative fecundity values of W Mediterranean fish community. 

Depth Length
Total fecundity
(eggs/females)

Relative fecundity
(egg/g)

Species range (m) range (mm) Range mean±std Range x±std Source
O. Notacanthiformes

Not. bon 300-2250 69-125 1378-12387 3870±2188 110-402 119±71 This Chapter
O. Anguilliformes

Net.mel 700-1400 222-830 2025-53132 35459±15474 96-325 222±64 This Chapter
O. Argentiformes

Ale.ros 300-2300 270-380 1003-3869 1687±693 2-9 4±1 This Chapter
O. Aulopiformes

Bat.med 900-3300 69-180 1829-15528 6780±3670 109-564 326±139 This Chapter
O. Gadiformes

Nez.aeq 300-1500 42-60 3408-20552 10630±4850 78-454 215.±105 Chapter 4.
Tra.sca 400-1500 130-181 4189-43644 14191 ± 8998 22-174 82 ± 52 Chapter 3
Coe.med 1000-2200 55-98 2127-17377 7693±3692 31-476 244±102 Chapter 4
Cor.gue 1200-3000 52-71 1835-14975 4657±5162 123-412 203±107 This Chapter
Mer.mer 100-200 340-653 17296-681489 12035±100547 53-462 204±88 Recasens et al., 2008 
Phy.ble 300-1300 266-540 684505-4209000 1643898±115944 1036-3960 1942±882 This Chapter
Mor.mor 400-1500 304 181256 622 This Chapter
Lep.lep 400-2300 212-285 1609-9733 5670±4062 26-49 37±12 This Chapter

O. Ophiidiformes
Cat.alle 700-2000 75-123 101-1507 844±636 7-273 61±52 This Chapter
Cat.lat 1200-3000 302-490 6445-28029 20107±19904 22-174 45±26 This Chapter

O. Lophiiformes
Lop.bud 100-800 460-650 87569-398986 65-149 Colmenero et al., 2013
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Depth Length
Total fecundity
(eggs/females)

Relative fecundity
(egg/g)

Species range (m) range (mm) Range mean±std Range x±st Source
O. Scorpaeniformes

Asp. obs 30-200 31-207 6819-22525 80-334 Muñoz et al., 2003
Hel.dac 100-400 163-224 11274-87438 93-330 Muñoz et al., 2003
Sco.not 50-700 94-151 6026-32756 70-397 Muñoz et al., 2005 

O. Perciformes
Epi.mar 0-250 386-915 65424-7984835 42000-913000 Reñones et al., 2010
Epi.tel 800-1200 309-405 100312-603599 351955±251643 72-571 321±249 This Chapter
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Table 5.4 The equation of the fitted model resulted from fitting a linear model to 
describe the relationship between fecundity with length and weight from 5 species of 
NW Mediterranean continental margin. 

Species Total fecundity in relation to length (mm) Total Fecundity in relation to weight (cm)
Not.bon y=-6678.98 + 115.808x;  r2= 34.78** y= 48.3265 + 173.715x;  r2= 65.55 **
Net.mel y= -16124.6 + 85.1067x;  r2=74.44 ** y= 6164.38 + 176.477x;  r2= 65.55 **
Ale.ros y=-1392.0+ 9.25x;  r2=22.72 * y= 299.537 + 3.30826x; r2=28.10**
Bat.med y= -1599.76 + 63.5917x;  r2=34.77 ** y= -2904.97 + 450.819x; r2=42.42***
Phy.ble y= -1599.76 + 63.5917x;  r2=59.23* y= -109808.0 + 2056.17x; r2=51.60*
*p<0.5; **p <0.1; ***p<0.001 

Fig. 5.2 Total fecundity (number of hydrated oocytes per female) as a function of 
maximum depth of distribution of species (A), maximum length of species (B) and 
relationship between maximum length and maximum depth of species (C). 

Besides the species analyzed in this thesis, fecundity values of 5 other species 
were obtained from the literature (Table 5.3). The comparative analysis across 
all orders showed that TF values declined significantly with depth (r2=0.38, 
p<0.01) (Fig 5.2A). TF is positively related to fish length (r2=0.50, p<0.001) (Fig 
5.2B). A decreasing trend was found between length and maximum depth of 
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distribution although it was not statistically significant (r2=0.15, p=0.08) (Fig 
5.2C). Significant relationship between relative fecundity (RF) and depth or 
length were not observed (depth: r2=0.17, p=0.07; length: r2=0.02, p=0.3). 
When considering only the order Gadiformes, the patterns of TF and RF 
related to depth and female length showed similar trends to those observed 
across all orders (Fig 5.3). In the Gadiformes, TF presented a negative 
relationship with depth (r2=0.68, p<0.01; Fig 5.3A) and a positive relationship 
with length (r2=0.76, p<0.01; Fig 5.3B). RF did not present a significant 
relationship to any of the studied parameters (depth: r2=0.19, p>0.05; length: 
r2=0.16, p=0.08). The only different pattern observed within the Gadiformes in 
comparison to the analysis across all orders was a significant decrease in 
female length with depth (r2=0.56, p<0.05; Fig 5.3C).  

Fig. 5.3 Relationship between Total Fecundity (number of hydrated oocytes per 
female) with depth of species distribution (A) and length of species (B). Length of 
individuals as a function of depth (C) within Order Gadiformes.
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5.3.3 Egg size values and bathymetric patterns 

Eggs showed a wide range of sizes (0.5-2.3 mm) depending on the species 
(Table 5.5). In the comparative approach across all orders, only the species in 
which eggs (hydrated oocytes) were measured were included (n=17). 
Therefore, it was not possible to compare the relationship between eggs and 
depth within Gadiformes, because no eggs were found in L. lepidion, M. moro
and C. guentheri. Egg size was positively related with maximum depth of 
distribution of species (r2=0.37, p<0.05; Fig 5.4A). Also, a negative relationship 
between egg size and TF (r2=0.35, p<0.05; Fig 5.4B) and RF (r2=0.41, p<0.01 Fig 
5.4C) was observed. No relationship between egg size and species length was 
found (r2=0.06, p=0.36).  

Fig. 5.4 Linear regression between egg size of species with depth (A), Total fecundity 
(B) and Relative fecundity (C).
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Table 5.5 Summary of maximum diameter of oocyte, type of oocytes distribution and 
spawning season from W Mediterranean fish community. E, external fertilization; I, 
internal fertilization. 

Species Oocyte size Ovarian
organization

Fertilization Spawning 
season

Sources

Not.bon 1.27 GS E Summer This Chapter
Net.mel 0.98 GS E Autumn This Chapter
Ale.ros 2.30 GS E Summer-

autumn
This Chapter

Bat.med 1.28 GS E Winter This Chapter
Nez.aeq 1.7 A E Winter Chapter 4

at al., 2013Tra.sca 1.04 GS E Winter Chapter 3
at al., 2012Cor.med 1.4 A E Autumn-

winter
Chapter 4
at al., 2013Cor.gue **0.55 GS E Autumn This Chapter

Mer.mer 1.05 A E Summer-
autumn

Recasens et al., 2008
Phy.ble 0.81 A E Autumn This Chapter
Mor.mor *0.66 GS E Winter This Chapter
Lep.lep *0.85 GS E Autumn This Chapter
Cat.all *1.11 GS I Summer-

autumn
This Chapter

Cat.lat *1.1 GS I Spring This Chapter
Lop.bug 1.38 GS E Winter Colmenero et al., 2013
Tri.lyr 0.90 GS E Winter Muñoz M, PhD
Asp.obs 1.00 A E Winter-

spring
Muñoz et al., 2003

Hel.dac 0.64 A I Winter Muñoz et al., 2010
Sco.not 0.50 A E Summer-

autumn
Muñoz et al., 2005

Epi.mar 0.50 A E Summer Reñones et al., 2010
Epi.tel 0.95 A E Winter-

spring
This Chapter

* diameter originate from oocyte in initial migration phase; ** diameter originate from oocyte 
in advance vitello phase. 

5.4 Discussion 

The study of fecundity and eggs size is essential to understand the life history 
of any species and to improve our understanding of the adaptation of the 
species to their habitats (Chamber and Trippel 1997). In the present study, the 
reproductive capacity of 11 deep-sea demersal fish species from the NW 
Mediterranean continental margin was analyzed. The results were completed 
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with literature data of species distributed in the same geographic area but 
extending along a larger depth ranges. Our observations support the presence 
of a variety of reproductive patterns of fish living along a wide bathymetric 
range.  

5.4.1 Fecundity patterns with depth  

All the species, analyzed except P. blennoides and E. telescopus, showed group 
synchronous ovarian organization developing a hiatus in the oocyte-size 
frequency distribution during spawning. This strategy, in contrast to 
asyncronic species, is often found in species living in cold or oligotrophic 
waters (Domínguez-Petit, 2007). The presence of the hiatus has been 
considered as evidence of determinate fecundity. Recent studies suggest the 
presence of a relationship between fecundity pattern and energy allocation 
(Rijnsdorp and Witthames, 2007; Kjesbu and Witthames, 2007; Alonso-
Fernández, 2011; Alonso-Fernández and Saborido-Rey, 2012). According to 
this approach determinate fecundity is related to capital breeders in which 
compensatory feeding takes place in advance of breeding, so that 
reproduction may be financed from stored energy (Ganias, 2013). 
In general, lower fecundity is typical of deep-sea species (Gage and Tyler, 
1991; Merrett and Haedrich, 1997; Allain, 2001; Herring, 2002; Young, 2003) 
and cold-water species (Kock and Kellerman 1991; Kokita, 2003). Our results 
showed that total fecundity of deep-sea fishes is low in most of the species 
when compared to published data of demersal fish species (Kara et al., 1997; 
Kraus et al., 2000; Murua and Motos, 2006; Alonso-Fernández, 2008; 
Recasens et al., 2008). In fact, from the analyzed species fecundity only 
exceeded 100000 eggs in the shallower and larger species P. blennoides and E. 
telescopus. All the Mediterranean species analyzed showed a similar general 
size-fecundity pattern as the one observed in Atlantic species (Merrett, 1994), 
with an increase in total fecundity with size and weigth of females. 
In the present study, a general pattern of decreasing fecundity with depth in 
the W Mediterranean fish community was observed. Similar results were 
found by Drazen and Headrich (2012) in Atlantic fish species, where maximum 
fecundity decreased gradually from the shelf to the abyssal plain. These 
authors suggest that species depth of occurrence explains most of the 
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variability in fecundity values, even when taking into account the phylogeny of 
the species. However, in both areas (Mediterranean Sea and Atlantic Ocean), 
phylogeny may play an important role. The most abundant families found in 
deep water are different than those dominating the shallower areas. This 
difference in bathymetric distribution of families is even more marked in the 
Mediterranean Sea where only one Order, the Gadiformes, is present along 
the whole continental margin, from the shelf to the deep basin. Within this 
order, the same general pattern of bathymetric decreasing fecundity trends as 
across all orders was observed. However, when we calculated the number of 
eggs per weigh of female (relative fecundity), both in Gadiformes and in the 
whole fish community, this decreasing pattern in number of eggs with depth 
was not significant. This lack of relationship suggests that depth might be 
masking the role of morphological and reproductive characteristics of species.  

5.4.2 Egg-size patterns with depth 

As well as fecundity, egg size showed a depth-related pattern. In 
Mediterranean fish, egg size increased significantly with species distribution 
depth. Large egg sizes are also characteristic of Antarctic and Atlantic benthic 
species (Kock and Kellermann, 1991; Merret and Headrich, 1997). The unique 
conditions of the Mediterranean Sea, with a constant and relatively high 
temperature (13 ºC) below 200 m depth, suggest that rather than 
temperature, other environmental factors related to depth (e.g. low food 
availability, competition) would favor the larger eggs size as preferential 
reproductive traits in deep-sea species. 
Fecundity and egg size are intimately related in life-history strategies, because 
the combination of these two parameters represents the maternal investment 
on reproduction. The evolution of life-history strategies in different species 
has resulted in different patterns of energy investment in order to maximize 
fitness (Ramirez-Llodra, 2002). Because the energy intake by an organism is 
limited, there is a trade-off between the number of eggs produced and their 
size. Thus, if there is an increase in the energy assigned to an individual 
offspring, the number of offspring that can be produced decreases (Fleming 
and Gross, 1990). In our study, however, although relative fecundity was not 
related to depth, the species from the lower bathymetric ranges studied 
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produced larger eggs. These results suggest that these deep-sea species are 
investing a higher amount of energy in the production of offspring. Some of 
the species studied here do not reproduce every year (see Chapter 2), 
potentially allowing for a higher investment per offspring. Based on the 
different fish life-history strategies proposed by Winemiller and Rose (1992), 
most of the species analyzed in the present study appear to have adopted an 
intermediate strategy, lying between species with periodic strategies (delay 
maturation and high relative fecundity) and species with equilibrium strategy 
(K-strategy adaptation of medium or small size fish to live in resource-limited 
environments producing large and few eggs). Evolutionary constraints may 
produce a general trend among deep-living species, resulting in greater 
energetic investment on reproduction by producing larger eggs. Only one 
species, Alepocephalus rostratus, produces few large eggs, being an example 
of a typical K-strategy species.  

5.5 Conclusions 

The results of this study present, for the first time, a bathymetric investigation 
of fecundity and eggs size patterns along an isothermal environment. The 
results show a general pattern of decreasing fecundity (eggs/female) with 
depth. However relative fecundity (egg/g) does not show variability with 
depth, suggesting that the observed decrease in fecundity might be related to 
size of females rather than depth of occurrence of individuals.  
Additionally, larger egg sizes were found in species distributed at deeper 
areas, suggesting than rather than temperature, other environmental factors 
related to depth (e.g. low food availability, competition) would be influencing 
the preferential reproductive traits of larger eggs in Mediterranean deep-sea 
fish species.  
The present study provides a step forward in our knowledge of reproductive 
output of deep-sea fishes. However, it evidences the need for further 
investigations based on fecundity and egg size, particularly in shallow-living 
species, to corroborate the observed pattern.



5. Bathymetric patterns of fecundity and egg size 

98 



99 

6 
Reproductive biology and recruitment 

of deep-sea fish community: a 
comparative approach



100 



6. Reproductive biology and recruitment of deep-sea fish community 

101 

6.1 Introduction 

Reproductive strategies are a direct result of animals adapting to their 
environment (Gage and Tyler, 1991; Herring, 2002; Young, 2003; Brown-
Peterson et al., 2011), although certain reproductive variables appear to be 
phylogenetically constrained (Eckelbarger and Watling, 1995). Gonad 
morphology, gametogenesis and yolk storage are under strict genetic control. 
However, the temporization of such phenomena appears to be under an 
exogenous control. Environmental factors, such as organic matter flux from 
the surface, seem to play a role in regulating both the timing and duration of 
gametogenesis and spawning periods (Tyler et al., 1982; Company et al., 2001, 
2003; Wigham et al., 2003).  
Within the framework of complementary endogenous and exogenous 
regulation, the study of the reproductive biology of fish along the continental 
slope (i.e. from 300 to 1750 m depth) may offer a good opportunity to 
characterize the variability of reproduction along a habitat gradient. 
Continental slopes are transitional environments between the shelf, and the 
abyssal plains, where strong gradients in pressure, temperature, oxygen, food 
supply, substrate stability and light have been reported (Carney, 2005; Levin 
and Dayton, 2009). Consequently, the species inhabiting these habitats 
present biochemical and physiological adaptations (Childress, 1995; Company 
and Sardà, 2000; Company et al., 2003; Drazen, 2007; Drazen and Yeh, 2012). 
Moreover, the presence of geomorphologic structures such as submarine 
canyons locally modify the hydro-dynamic patterns and water characteristics 
(Sardà et al., 2004a; Canals et al., 2006; Flexas et al., 2008), which may also 
influence biological processes (Stefanescu et al., 1994; Company et al., 2008; 
Sardà et al., 2009b). 
Inter-species data analysis is an important tool to characterize the occurrence 
of common responses to habitat changes (Company et al., 2003). In the 
Mediterranean, there are major gaps in our knowledge of the reproductive 
characteristics of deep-sea fishes. The information available is limited to 
descriptive studies of some key species (Massutí et al., 1995; D’Onghia et al., 
1999; Rotllant et al., 2002; Porcu et al., 2010), work on trophic linkages 
(Carrassón et al., 1997; Carrassón and Matallanas, 2002; Fanelli and Cartes, 
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2010; Tecchio et al., 2013b), size-structure (Stefanescu et al., 1992; Morales-
Nin et al., 2004; Moranta et al., 2004) and biodiversity patterns (Danovaro et 
al., 2010; Tecchio et al., 2011, 2013a).The role of habitat parameters as 
regulators of the reproductive timing is becoming more important in our 
understanding of species ecology. As has been described in the Chapters 3 
and 4, and in previously published data, there is increasing evidence that 
seasonal changes in particulate organic matter flux from surface to deep-
ocean waters contribute to the control of reproduction of deep-sea species, 
even at abyssal depths (Tyler et al., 1993; Campos-Creasey et al., 1994; 
Company et al., 2003; Wigham et al., 2003; Glover et al., 2010). In the 
Mediterranean Sea, organic carbon fluxes present high seasonal variability 
(Heussner et al., 2006; Zúñiga et al., 2009; Miquel et al., 2011), and seasonal 
changes are found in the biomass and density of fish (Sardà et al., 1994; Papiol 
et al., 2012; Tecchio et al., 2013a). However, direct links between the 
reproductive activity of megafauna and the pulse-like food inputs are difficult 
to establish as these organisms do not directly consume phytodetritus. Thus, 
their responses tend to be less immediate and obvious than those of smaller 
organisms (Gooday et al., 1990). The arrival of new water masses and their 
associated changes in physico-chemical parameters might also be a driver in 
species life history (Massutí et al., 2008; Aguzzi et al., 2013). 
In the Mediterranean, a link between the presence of nepheloid layers and 
the recruitment of decapod crustaceans has been observed (Puig et al., 2001). 
These authors suggest that the permanent nepheloid layers may be providing 
a significant food supply to larvae and juveniles and thus act as nursery areas. 
However, the early developmental phases and the spatio-temporal 
recruitment processes of most of deep-sea species, including fishes, are still 
poorly understood (Young, 2003; Lin et al., 2012). Apparently, adult fishes 
spawn near the bottom and the buoyant eggs move upward to the warmer 
surface waters (Marshall, 1973; Morales-Nin, 1990; Massutí et al., 1995, 1998; 
D’Onghia, 2006; Lin et al., 2012), where the larvae grow feeding on available 
food supply in the water column, and then later undertake an ontogenic 
migration to deeper realms. However, the role played by seasonality and 
associated environmental variables on these process has been difficult to 
determine. 
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In this study, we conduct a comparative analysis of the reproductive patterns 
of the deep-sea fish community of the NW Mediterranean continental margin 
to better understand their specific responses to the physico-chemical 
characteristics of their habitat. The main objectives were as follows: (1) to 
assess the temporal pattern in the reproductive process of the most abundant 
species and its relationship with depth and (2) to identify the preferential 
recruitment areas of the continental-margin dwelling species. 

6.2 Materials and methods 

6.2.1 Sampling  

Following the same sampling strategy used in the Chapters 3 and 4, 129 
bottom trawls were carried out during the RECS and PROMETEO projects: 42 
in the upper slope (300-800 m) with a total swept area of 8.01 km2, 46 trawls 
in the middle slope (800-1350 m) with a total swept area of 3.2 km2, and 41 
trawls in the lower slope (1350-1750 m) with a total swept area of 1.21 km2. 

6.2.2 Bathymetric distribution analyses 

Fish densities (number of specimens per km-2) were plotted according to 
sampling depth. The chosen depth ranges corresponded to the upper (i.e. 
300–800 m), middle (i.e. 800-1350 m) and lower (i.e. 1350-1750 m) slope, 
where different fish assemblages have been already identified (Stefanescu et 
al., 1993; Moranta et al., 1998; Massutí et al., 2004). Differences in species 
density between depth strata were tested by Dunn's multiple comparison test 
following a Kruskal-Wallis test. 
Only demersal fish species were used for the analyses. The most abundant 
species for each sampled depth stratum were determined by a quantitative 
analysis of species composition. Helicolenus dactylopterus was not included in 
the analyses because biological data was available only for 20 specimens of 
the 174 individuals caught and the specimens were no longer available at the 
time of analysis. Also, although Macroramphosus scolopax constituted 6.31% 
of the total density of the upper slope community, this species was not 
included either in the analysis as it was caught only in a single trawl. Density
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descriptors (i.e. median, quartiles, maximum and minimum) were box-plotted 
by depth strata for the most abundant species.  

6.2.3 Reproduction analyses 

Fish individuals were sorted onboard to species level, measured to the 
nearest 0.5 cm and weighed to the nearest 0.1 g. For most species, sex was 
determined. Gadiculus argenteus, Gaidropsaurus byscayensis and Epigonus 
denticulatus could not be included in the reproduction studies because the 
sex data was not available (not recorded during collection).  
The maturation phase of female gonads was classified into five different levels 
according to the color and size of the ovaries as previous chapters: I, pre-
growth (thin and transparent); II, Developing (larger and granular of whitish 
color); III, spawning-capable (large volume and some  translucent oocyte); IV, 
actively-spawning (many visible eggs); and V, regressing (flaccid and 
bloodshot with visible empty spaces).The maturation phase of female gonads 
was plotted against seasonal period and bathymetric gradient. Additionally, 
the average number of spawning months was estimated separately on 
individual species inhabiting the upper, middle and lower slopes and 
integrated using the following expression: 

∑Xm/n 
Where Xm is the number of months where more than 30 % of spawning-
capable and actively-spawning females were found, and n is the total number 
of species in each depth stratum. 
The individual size distribution for each species was plotted by depth and sex 
for each season, and the resulting spatio-temporal variability was studied. 

6.2.4 Environmental data 

Seasonal patterns of particulate matter flux (PMF) have been analyzed during 
the RECS II and PROMETEO projects (Zuñiga et al., 2009; López-Fernández et 
al., 2013) and used here as a proxy of the energy available to the fish 
community along the margin. The annual chlorophyll-a (maximum, minimum 
and average) was recorded by SeaWIFS and were obtained from the Marine 
Information System (EMIS) of the European Commission. 



6. Reproductive biology and recruitment of deep-sea fish community 

105 

The physico-chemical characteristics of the benthic boundary layer along the 
margin, and, in particular, the intermediate nepheloid layer (INL) profile were 
characterized by transmissivity sing a Seatech 600 nm 20 cm transmissometer 
mounted into a MK-III Conductivity-Temperature-Depth (CTD) instrument. A 
hydrographic section based on 6 stations was performed across the 
continental slope, in an N-S direction (from 41.65ºN to 41.20ºN) along 
longitude 3ºE, from 100 m to 2000 m depths. Hydrographic profiles were 
performed from the surface to 5-10 m above the seafloor. In March 2003, 
June 2003, and March 2004, pre-processed using the Sea-Bird Electronics Data 
Processing software and averaged to obtain a time-average section. The 
relation between the spatial distribution of juveniles (i.e. immature young 
individuals with undifferentiated gonads) of 8 species (H. italicus, P. 
blennoides, N. bonaparte, N. aequalis, T. scabrus, M. moro, L. lepidion and A. 
rostratus) and INLs was plotted. For the analysis we used only species for 
which over 100 juveniles had been sampled (see Table 6.1 for more details on 
number of individuals measured). 

6.3 Results 

6.3.1 Fish assemblage description 

A total of 96229 fish from 79 different species were caught. Full species lists 
are available in Ramirez-Llodra et al., (2010) for RECS II samples (upper slope) 
and in Tecchio et al., (2013) for PROMETEO samples (middle and lower slope).  
The number of individuals studied and the bathymetric distribution for all 
species are given in Table 6.1. The overall bathymetric fish density distribution 
by trawl depth showed a maximum of density at middle-slope depths (i.e. 
800-1350 m) (Fig 6.1). 
The density values were significantly higher on the middle slope (Kruskal 
Wallis, KW126,2=32.33, P< 0.005). The upper slope (300–800 m) assemblage 
was characterized by a high number of species, most of which showed low 
numbers of individuals (Table 6.2). In contrast, in the middle and lower slopes 
(800-1350 m and 1350-1750 m respectively), the fish community showed a 
lower number of species with higher density (Table 6.2).  
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Table 6.1 Species code, depth range, and number of individuals sampled of the 16 
species used in this study. The taxonomical list where obtained following the 
criterion of Nelson (2006). The species’ depth range was obtained from our database 
(DeepMed Research Group Database, ICM-CSIC) and previously published data 
(Moranta et al., 1998; Stefanescu et al., 1993).  

Species Species 
code

Depth 
range (m)

No. 
individuals 
measured

No. individuals 
sexed

I           F           M
Orden Albuliformes
Family Notacanthidae

Notacanthus bonaparte Nb 300-2250 1151 88 345 326
Orden Argentiniformes
Family Alepocephalidae

Alepocephalus rostratus Ar 300-2300 4242 247 1109 1538
Orden Aulopiformes
Family Ipnopidae

Bathypterois 
mediterraneus
Orden Gadiformes
Family Macrouridae

Bm 900-3300 1191

Coelorinchus 
caelorhincus

Cc 300-700 101 16 42 30

Coelorinchus 
mediterraneus

Cm 1000-2200 1406 15 416 797

Hymenocephalus 
italicus

Hi 300-900 1194 314 468 369

Nezumia aequalis Na 300-1500 1517 663 348 293
Trachyrincus scabrus Ts 400-1500 3239 672 1079 915

Family Phycidae
Phycis blennoides Pb 300-1300 1714 642 291 355
Gaidropsarus 

biscayensis*
Gb 300-700 277

Family Gadidae
Gadiculus argenteus* Ga 300-700 661

Family Moridae
Mora moro Mm 400-1500 873 330 269 258
Lepidion lepidion

Orden Perciformes
Ll 400-2300 5085 1594 1492 716

Family Epigonidae
Epigonus denticulatus* Ed 200-700 219

Orden Pleuronectiormes
Family Cynoglossidae

Symphurus ligulatus Sl 200-600 352 12 185 120
Symphurus nigrescens Sn 300-1200 505 11 260 163

I= Indeterminate; F= Female and M= Male; * sex data was not available (not recorded during collection).

http://en.wikipedia.org/wiki/Cynoglossidae
http://en.wikipedia.org/wiki/Epigonidae
http://en.wikipedia.org/wiki/Perciformes
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Fig 6.1 Total fish density standardized by swept area of trawls collected during RECS 
and PROMETEO projects. Dots indicate single trawls. 

Table 6.2 Density composition (in %) in relation to depth strata expressed as a 
percentage of the total catch at each depth range. Only the species represented by 
more than 2% of the total catch appeared in the list.  

Upper slope 
(300 - 800 m) %

Middle slope 
(800 – 1350 m) %

Lower slope
(1350 – 1750 m) %

P. blennoides 7.37 T. scabrus 23.38 A. rostratus 29.77
L. lepidion 7.15 L. lepidion 19.31 C. mediterraneus 21.30
S. nigrescens 6.80 A. rostratus 18.53 L. lepidion 19.41
M. scolopax 6.31 P. blennoides 6.25 B. mediterraneus 16.95
H. italicus 5.73 B. mediterraneus 5.83 C. guentheri 3.13
T. scabrus 5.69 C. mediterraneus 5.58 T. scabrus 2.32
G. argenteus 5.27 M. moro 4.25
N. aequalis 4.74 N. aequalis 3.56
N. bonaparte 3.78
H. dactylopterus 3.11
G. biscayensis 2.23
C. caelorhincus 2.11
S .ligulatus 2.11
E. denticulatus 2.10
Sum 62.41 86.69 96.02
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The bathymetric distribution of the 16 most abundant species showed the 
occurrence of three main fish assemblages (Fig. 6.2): i) upper slope: 
Gaidropsarus biscayensi, Gadiculus argenteus, Epigonus denticulatus, 
Symphurus nigrescens, Hymenocephalus italicus, Coelorinchus caelorhincus, 
Symphurus ligulatus, Phycis blennoides, Notacanthus bonaparte and Nezumia 
aequalis; ii) middle slope: Trachyrincus scabrus, Mora moro and Lepidion 
lepidion, and iii) lower slope: Alepocephalus rostratus, Coelorinchus 
mediterraneus and Bathypterois mediterraneus. The species from the upper 
and lower slopes showed a narrow bathymetric range, while those from the 
middle slope were sampled over a much wider depth range (Fig. 6.2).

Fig. 6.2 Bathymetric distribution of the 16 most abundant fish species. The 
rectangular part of the plot extends from the lower to the upper quartile and the 
center lines represent the bathymetric median. Bathymetric groups were identified 
by the median depths of the species, resulting in: Group A, upper slope (300-800 m); 
Group B, middle slope (800-1350 m); and Group C, lower slope (1350- 1750 m). 
Species-name codes as in Table 6.1. 
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6.3.2 Reproductive cycle versus depth gradient 

The seasonal variability of ovary maturation was analyzed in 13 of the 16 most 
abundant species. Ovary data was not available in three of these species (see 
the 6.2.2 Materials and Methods section) and were thus not included. There 
was a general trend in duration of the reproduction period associated to the 
depth gradient (Fig. 6.3). In the upper slope (300-800 m), a prolonged 
spawning period was the predominant reproductive pattern. H. italicus had a 
similar percentage of spawning females throughout the year. N. aequalis and 
N. bonaparte also spawned all year round. However, they had a spawning 
peak in autumn-winter and spring-summer, respectively, when more than 
60% of the females were in spawning-capable and actively-spawning stages. 
C. caelorhincus and S. ligulatus had spawning females all year round, except in 
spring and winter, respectively. S. nigrescens and P. blennoides were the 
exceptions, presenting strong seasonality in their spawning activity. Females 
of S. nigrescens spawned in autumn-summer and P. blennoides showed a 
maximal spawning period in autumn. However, it is worth mentioning here 
that all spawning females of P. blennoides were caught in the lower part of 
the bathymetric distribution range of this species (900 m depth, on the middle 
slope). 
In the middle slope (800-1350 m), where the maximum of total fish density 
was observed (Fig. 6.1), an overall apparent seasonal reproductive pattern 
was found, with females reproductively activity only during a few months (Fig. 
6.3). T. scabrus, the most abundant species at these depths, showed a marked 
seasonal reproductive cycle with the presence of spawning females mainly in 
winter. Although a high number of adult females of L. lepidion and M. moro 
were found all year round (1492 and 269, respectively), only few spawners 
(i.e. reproductive stage IV) were caught (6 and 9, respectively). Therefore, 
these results need to be interpreted with caution. To further assess the 
apparent seasonal reproductive pattern for T. scabrus, L. lepidion and M. 
moro, their populations size-structure distributions were analyzed (Fig. 6.4). 
The three species exhibited a well-defined recruitment period, with a seasonal 
arrival of juveniles in spring for T. scabrus and M. moro and in summer for L. 
lepidion. The cohort of juveniles for the 3 species could be followed increasing 
size along the year. These observations of seasonal recruitment are in 
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agreement with the presence of a highly seasonal reproductive strategy and, 
thus, help explain why few spawners were caught in our sampling. 

Fig. 6.3 Seasonal distribution of the percentage of female maturity stages for the 13 
species analyzed from the upper, middle and lower slope. II, developing; III, spawning 
capable; IV, actively-spawning; V, regressing. Species-name codes as in Table 6.1 

In the lower slope (1350-1750 m), the most abundant species, A. rostratus
and C. mediterraneus, showed a quasi-continuous (non-seasonal) pattern in 
ovary maturity (Fig. 6.3). These species had spawning females all year round 
except in spring, where less than 5% of the females where in the spawning 
stage (stage IV). In contrast, the hermaphrodite B. mediterraneus spawned 
mainly in winter (80% of sampled females), but females with mature gonads 
were also observed in autumn and spring. 
When all the analyzed species were combined, the average number of 
spawning months by depth showed a “hourglass” shape, with a decrease in 
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the duration of the reproductive period from the upper slope (9 months) to 
the middle slope (3 months), followed by an increase in the lower (7.5 
months) (Fig. 6.5A). In relation to the timing of spawning (stages III and IV), 
there was no specific pattern in the upper slope, with spawning females 
present in the community throughout the year (Fig. 6.5B). In contrast, all 
seasonal species in the middle and lower slope fish assemblages (below 800 m 
depth) spawned mainly in autumn and/or winter. For all species, the 
reproductive activity decreased considerably in spring (Fig. 6.5B). Note that 
although most of the population of P. blennoides occurred in the upper slope, 
this species was included in the middle slope group to analyze the percentage 
of spawning females because all spawning females were caught at a depth of 
900 m.  

Fig. 6.4 Seasonal size-frequency distribution of the analyzed middle slope dwelling 
species. White bars: sexually indeterminate individuals; grey bars: females, black 
bars: males. n, number of individuals; AL, anal length; SL, standard length.  
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Fig. 6.5 Duration (A) and period (B) of spawning season. A) Average number of 
spawning months for the entire fish community from the upper to the lower slope. B) 
Percentage of spawning females (III and IV) for each species. White, black, and gray 
bars are <30%, 30-60% and >60% of combined females on stages III and IV, 
respectively. (*) season with maximum number of spawning females of Mora moro. 
Species-name codes as in Table 6.1. 

6.3.3 Size distributions as function of depth  

In the upper slope (Fig. 6.6A), recruitment (identified as presence of juveniles) 
was observed in four of the ten species. H. italicus showed adults and 
juveniles along its whole depth range. Juveniles of N. aequalis and N. 
bonaparte cohabit with adults at their shallowest depths of distribution, while 
the deepest range was dominated only by adults. In P. blennoides, the 
juveniles were restricted to the shallowest depth strata while adults were 
found mainly below 900 m depth. The smaller individuals of G. biscayensis, G. 
argenteus, E. denticulatus, S. nigrescens, C. coelorhincus, and S. ligulatus were 
not observed, with the whole population presenting a similar size throughout 
the bathymetric strata. The three middle-slope dwelling species (T. scabrus, L. 
lepidion and M. moro) have the largest individuals at their deepest depth of 
distribution (Fig. 6.6B), while their recruits were found in the upper slope, i.e. 
at their shallowest depth distribution between 300 and 800 m depth. 
Additionally, in the lower slope, A. rostratus show the presence of juveniles in 
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the shallowest range of depth distribution (400-600 m), bathymetrically 
coinciding with the spatial distribution of juveniles of the upper and middle 
slope dwelling species (Fig. 6.6C), while larger females were found at deepest 
stratum. Juveniles of the two remaining lower-slope dwelling species (B. 
mediterraneus and C. mediterraneus) were not caught (Fig. 6.6C). 

Fig. 6.6 Seasonal size-frequency distribution of the analyzed middle slope dwelling 
species. White bars: sexually indeterminate individuals; Grey bars: females, black 
bars: males. n, number of individuals; AL, anal length; SL, standard length. Species-
name codes as in Table 6.1. 
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6.3.4 Particulate matter distribution vs juvenile distribution 

An intermediate depth (400 to 650 m) low-transmissivity layer was registered 
all year round indicating the presence of a nepheloid layer at this depth range 
(Fig. 6.7A). This intermediate nepheloid layer spatially coincides with the 
maximum density of juveniles of H. italicus, P. blennoides, N. bonaparte, N. 
aequalis, T. scabrus, M. moro, L. lepidion and A. rostratus (Fig. 6.7B). 

Fig. 6.7 Relation between juvenile distribution and the intermediate nepheloid layer. 
(A) Transmissivity diagram (in Nephelometric turbidity units, NTU) across the study 
area. (B) Density of juveniles (young individuals with undifferentiated gonads) as a 
percentage of the total number of individuals at each depth range. Note that the 
presence of the INL coincides with the highest density of juveniles. Species-name 
codes as in Table 6.1. 

6.4 Discussion  

This study analyzed the size structure and reproductive cycle of the fish 
community between depths of 300 to 1750 m in the NW Mediterranean Sea. 
The fish species were grouped into three different depth assemblages based 
on their maximum density: upper slope (300–800 m), middle slope (800-1350 
m) and lower slope (1350–1750 m), which is consistent with previous studies 
(Stefanescu et al., 1993; Moranta et al., 1998; Morales-Nin et al., 2004). These 
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bathymetric species assemblages were then used for all analyses on 
reproductive patterns and their possible control by environmental processes. 

6.4.1 Duration of spawning season  

Continental margins are characterized by complex clines in environmental 
variables, such as temperature, pressure and light (Levin and Dayton, 2009). 
Fishes and invertebrates are gradually adapted to these clines from the shelf 
to the abyssal plains (Childress et al., 1990; Childress, 1995; Company et al., 
2008; Drazen and Haedrich, 2012). In this sense, our observations support the 
presence of diverse reproductive adaptations in fish inhabiting the different 
depth strata on the slope. The duration of spawning showed a general 
hourglass pattern, with an increase in seasonality from the upper to the 
middle slope, followed by an increase in the duration of spawning in the lower 
slope. NW Mediterranean decapod crustaceans collected from depths of 150 
and 1100 m showed similar depth-dependent reproductive patterns, with an 
increase in seasonality with depth down to the middle slope (Company and 
Sarda, 1997; Company et al., 2001, 2003). The progressive decrease in mature 
females of decapod crustaceans created a marked seasonal signal and was 
related to the bathymetric decrease in organic matter input (Company et al., 
2003). In turn, the longer spawning period in deeper waters agrees with the 
continuous reproduction reported as being the most common pattern for 
lower bathyal and abyssal species (Young, 2003). However, episodic spawning 
also occurs in abyssal species in relation to environmental stimuli, such as 
organic matter fluxes (Tyler et al., 1982; Tyler, 1988; Gooday, 2002; Wigham 
et al., 2003; Glover et al., 2010). Nevertheless, the determinants of the 
duration of spawning period are still under debate. Phylogenetic constraints, 
affecting mainly gonad morphology and vitellogenic processes, also play an 
important role in controlling the reproductive capabilities of species 
(Eckelbarger and Watling, 1995). 
Macrourids are the dominant species in the upper slope and are characterized 
by continuous reproduction (D’Onghia et al., 2008). At these depths, organic 
matter inputs are highly seasonal and mostly related to the lateral advection 
of particles from the shelf. Nevertheless, the amount and quality of food 
supply may be high enough throughout the year to sustain continuous 
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spawning. In fact, our results showed that the total mass flux at upper slope 
(600 m) was from two to four times higher than the total mass flux of the 
middle slope (1200 m) (see Fig. 6.8). Therefore, the shallower species do not 
face energetic constraints in their investment for reproduction.  
Phycis blennoides follows the same reproductive seasonal pattern as other 
middle slope Gadidae, such as Moro moro and Lepidion lepidion. Although we 
defined Phycis blennoides as an upper-slope species, all mature females were 
found in the middle-slope (depth of approximately 900 m). Specific 
physicochemical drivers should favor species with seasonal reproductive 
cycles at middle-slope depth strata and, consequently, the reproductive cycles 
of T. scabrus, M. moro and L. lepidion show a highly seasonal spawning 
activity. Despite the small number of spawning females caught, especially of 
M. moro and L. lepidion, the population size-structure corroborates the 
reproductive results that indicated an early recruitment in spring for T. 
scabrus and M. moro and in summer for L. lepidion. The early recruitment 
cohort grew in the following seasons, as reported previously (Moranta et al., 
2008). Although the entire bathymetric range of the species was sampled 
(300- 1500 m), few spawning females were found, which suggests a very 
narrow spawning period. In the middle slope, total mass flux are lower than in 
the upper slope because there are fewer advective fluxes, but the percentage 
of organic carbon is higher due to less dilution by lithogenic particles (Fig. 6.8) 
(Zúñiga et al., 2009). Thus, the middle slope depths in our study area (Blanes 
Canyon and adjacent slope) may have an optimal equilibrium between 
quantity and quality of food with a highly seasonal signal (López-Fernández et 
al., 2013), allowing for the development of marked seasonal reproductive 
traits of certain species. 
Down in the lower slope, the fish had a more extended spawning period and 
different reproductive strategies, including hermaphroditism in B. 
mediterraneus (Fishelson and Galil, 2001; Porcu et al., 2010), asynchronous 
ovarian organization in C. mediterraneus (Chapter 4) and group synchronous 
ovarian organization in A. rostratus (Morales-Nin et al., 1996; Follesa et al., 
2007). It seems that the energy available to the lower slope fish community is 
low but relatively constant and results in a homogenous environment favoring 
the diversification of reproductive strategies. 
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Both crustaceans and fish (the most abundant megafauna taxa in the deep 
Mediterranean Sea) show similar reproductive patterns along the bathymetric 
gradient of the continental margin, with seasonal reproductive periods on the 
middle slope. These observations have led us to propose a general pattern of 
an hourglass shape timing of reproduction with depth for the NW 
Mediterranean megafauna dwelling along the continental margin. 

Fig. 6.8 Box plot showing year average of (A) total mass flux (mg m-2d-1, above) and 
(B) organic carbon concentration by depth. The caps at the end of each box indicate 
the extreme values, the box is defined by the lower and upper quartiles, and the line 
in the center of the box is the median. Light grey area: optimal balance of quantity vs
concentration of food. 

6.4.2 Timing of spawning season 

Although the density and size structure of the megafauna appear to be 
influenced by surface productivity (Priede et al., 1994; Cartes and Carrason, 
2004; Carney, 2005; Tecchio et al., 2013b), the reproductive response to 
energy inputs derived from downward organic fluxes is difficult to measure 
(Gooday, 2002). In our study area, particle fluxes vary seasonally as a result of 
meteorological forcing (López-Fernández et al., 2013). Large off-shelf particle 
transport occurs yearly in autumn-winter (from late November to early April) 
(Fig. 6.9), caused by increasing river discharge, strong storms and cascading 
events (Canals et al., 2006; Company et al., 2008). In addition, the typical 
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seasonal phytoplankton bloom in spring triggers the arrival of particles that 
sink directly from surface waters late spring, however because of the 
stratification the arriving of imputs is lower during the second part of the year 
(Zúñiga et al., 2009; López-Fernández et al., 2013). The fact that similar results 
were found during an 8 year experiment in the Gulf of Lions (Heussner et al., 
2006) suggests that the observed Total mass flux patterns are characteristic of 
the region. The downward flow of energy through the water column (i.e. 
particulate organic carbon from primary producers) is essential for the deep-
sea food webs. However, in highly dynamic environments such as continental 
margins (Carney, 2005; Company et al., 2008; Levin and Dayton 2009), the 
increased off-shelf lateral transport of particles may provide an additional 
flow of energy to the system. 
In our study, we observed differential timing of spawning in the fish 
populations of the upper, middle and lower slopes. In the upper slope, there 
was no preferential season for spawning females. Thus, no relation with the 
two peaks of total mass flux was observed (Fig. 6.9). In contrast, in the middle 
and lower slope populations (below a depth of 800 m), all species with 
marked seasonal reproduction (P. blennoides, T. scabrus, M. moro, L. lepidion, 
and B. mediterraneus) spawned in autumn–winter at the time of the 
maximum total mass flux. These data also showed an absence of reproductive 
activity of all species below 800 m in spring, after the phytoplankton bloom, 
which coincides with the end of the stormy period. This result contrasts with 
the spawning period of shallow-water fishes, where most species spawn 
between April and August (spring and summer months) (Tsikliras et al., 2010). 
The presence of more than 90% of juveniles located at shallower depths 
suggest that some species (e.g. P. blennoides, T. scabrus, M. moro, L. lepidion
and A. rostratus) increase their reproductive efficiency by spawning when the 
surface-water layers are enriched in food (zooplankton blooms) available to 
larvae. The availability of such resources would increase their survival rate 
(Cushing, 1990). 
Seasonal changes in deep-water masses could also affect reproductive activity 
(Massutí et al., 2008; Aguzzi et al., 2013). Two water masses are present in the 
study area: the Levantine Intermediate Water (LIW) from 300–500 down to 
600-700 m and the Western Mediterranean Deep Water (WMDW) at greater 
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depths (Millot, 1999; see Chapter 1). These water masses have been spatially 
correlated with the occurrence of the Intermediate Nepheloid Layer (INL) at 
the upper limit of the LIW (Ribó et al., 2012). The LIW water mass presents 
marked seasonal changes, increasing in both temperature and salinity during 
autumn, the maximum spawning period of most of the studied species. At 
deeper ranges, changes in temperature and salinity in early spring have been 
observed in the study area (Tecchio et al., 2013a) and suggest the arrival of a 
different water mass coming from deeper layers (identified as the new 
Western Mediterranean Deep Water). The arrival of this new water mass in 
spring matches the end of reproduction in all species at depths below 800 m. 
Consequently, seasonal changes in the physical characteristics of the LIW and 
WMDW appear to be among the factors controlling the timing of the 
spawning activity of certain fish species, although no clear evidence could be 
highlighted from the results of our study. 

Fig. 6.9 Temporal variation of chlorophyll-a concentration (green line in A), total mass 
flux (black line), organic carbon flux (red line) and the associated variation in 
reproductive activity of the most abundant species in the upper (B), middle (C) and 
lower slopes (D). White, gray, and black bars indicate <30%, 30–60% and >60% of 
females in stages III and IV, respectively. Species-name codes as in Table 6.1. 
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6.4.3 Depth-distribution of recruits 

Little is known about the larval ecology and selection of recruitment areas by 
post-larvae (or young juveniles) in deep-sea species. The wide bathymetric 
range of distribution of fish species, such as P. blennoides, T. scabrus, M. 
moro, L. lepidion and A. rostratus provided a unique case study to assess the 
biological response of fish populations to environmental factors. Our results 
showed the presence of juveniles of the species analyzed at the shallower 
depths of distribution, while the larger females were found mainly at deeper 
depths. As it has been proposed by several authors for other deep-sea fish 
species (Marshall, 1973; D’Onguia et al., 2006; Li et al., 2012), the species 
analyzed here might reproduce near the seafloor and the fertilized eggs float 
to the mixed layer or shallower waters. After a pelagic larval phase at 
shallower depths, juveniles may migrate down to adult living depths. 
Additionally, at shallower depths, the observed suspended matter distribution 
shows two main high particle-concentration layers: an intermittent (not year-
round) upper layer at the shelf break at 150 m, and a year-round 
intermediate-depth layer from 450 to 650 m, coinciding with the area where 
the slope front intersects the local bathymetry (Puig et al., 2004). According to 
Puig et al. (2001), the NW Mediterranean front system may guide the oceanic 
larvae of decapod crustacean species to the seabed, concentrating the larvae 
at the front base. This front system would favor the detachment and 
development of the intermediate nepheloid layers (INL) and would retain 
organic rich particles and aggregates along isopycnals, mainly near the 
seafloor. These processes would thereby generate a favorable habitat for 
settlement of the decapods’ post-larval stages at a depth of approximately 
400 to 600 m (Puig et al., 2001). Among the fish species studied here, high 
concentrations of juveniles were similarly found in the upper slope (mainly 
between depths of 450-650 m). This high density of juveniles coincides with 
the formation of frontal systems, which supports the hypothesis that INLs 
favor recruitment by providing a greater food supply. These results, together 
with those of Puig et al. (2001) on decapods, attest the influence of these 
hydrographic formations in the population biology of deep-sea species and 
allow us to define the affected areas as potential deep-sea megafauna nursery 
habitats. 
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In contrast to the patterns of species with wide distribution ranges, we did not 
find any recruits of species with restricted depth distributions in the upper or 
lower slopes (Fig. 6.6). The juveniles of the upper slope species are most likely 
distributed near the upper limit of distribution (i.e. shelf habitats, not sampled 
in this study). In the case of species restricted to the lower slope, the juveniles 
were not found along their entire distribution range. Therefore, we suggest 
that submarine canyons in the area could act as an essential habitat for the 
recruitment of some of these species. Submarine canyons concentrate organic 
matter downward (Canals et al., 2006) and could act as nursery areas for small 
decapods (Company et al., 2008; Sardà et al., 2009b) and fish (Stefanescu et 
al., 1994; Moranta et al., 2008). Although we sampled the benthic community 
in the Blanes Canyon at depths of 900 and 1500 m, the specific 
geomorphological features of the canyon prevented us from performing a 
comprehensive survey inside the canyon. Thus, further sampling using 
complementary gear such as ROVs would be needed to test the canyon fish 
nursery hypothesis.

6.5 Conclusions 

In this study, we observed seasonal reproductive patterns in different deep-
water fish species of the continental margin, which followed an overall 
bathymetric pattern of spawning duration with an hourglass shape (Fig. 6.5). 
We also found a preferred recruitment depth for certain species that can be 
associated with the spatial distribution of organic matter within the 
permanent INL (Fig. 6.7). The observed seasonal spawning patterns appear to 
be ultimately related with changes in the downward transport of organic 
particles as well as with seasonal changes in the physicochemical 
characteristics of the relevant water masses. Therefore, these results suggest 
a complex relationship between environmental characteristics and the 
temporal synchronization of reproductive activity in deep-water NW 
Mediterranean fishes. 
Our results highlight the importance of comparative studies within 
communities and along the entire depth range of the continental margin to 
understand specific responses to the physico-chemical characteristics of 
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habitats. This study can be considered the first comparative analysis of the 
reproductive patterns of the deep-sea fish community in the Mediterranean 
continental slope. However, there are still important gaps in our 
understanding of the life histories of these fish, such as their larval biology 
and ecology. Once studied, this information might enhance our ability to 
describe global biological patterns and provide essential information for the 
development of sound management and conservation options. 
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These investigations provided the first comparative study on the reproductive 
strategies of the most abundant species dwelling along the Mediterranean 
deep continental margin. The goals of this PhD research project were to 
obtain a better understanding on the life-history strategies of in relation to 
environmental factors. Different aspects of the reproductive biology of 20 
species of fish from the Mediterranean continental slope were analyzed. The 
spawning period of 6 species were defined for the first time in the 
Mediterranean Sea: Notacanthus bonaparte, Epigonus telescopus, Cataetyx 
laticeps, Symphurus nigrescens, Nettastoma melanurum and Coryphaenoides 
guentheri. The reproductive cycle of 3 species (Trachyrincus scabrus, 
Coelorinchus mediterraneus and Nezumia aequalis) were obtained by 
histological screening and the values of fecundity and oocyte size of 14 
species (N. bonaparte, N. melanurum, Alepocephalus rostratus, Bathypterois 
mediterraneus, C. guentheri, C. mediterraneus, T. scabrus, N. aequalis, Phycis 
blennoides, Mora moro, Lepidion lepidion, Cataetyx alleni, C. laticeps and E. 
telescopus) were calculated. 
Additionally, a first attempt to correlate biological processes of the fish 
community with environmental variability in the habitat was conducted. 
Despite the variability of the reproductive strategies of the deep-sea 
Mediterranean fish, common patterns in the timing and reproductive capacity 
were found related to the depth distribution of the species. However, we 
could not verify the ultimate link between abiotic conditions and the observed 
reproductive responses, opening the door for future investigations. 

The main conclusions obtained from this Doctoral research are: 

1) The species distributed at the shallower depth range of the continental 
slope (300-800 m) (C. coelorinchus, H. italicus, S. ligulatus, N. bonaparte 
and N. aequalis) present spawning females throughout most of the year,
with the absence of a common pattern on reproductive season. Only S. 
nigrescens showed seasonal reproduction.
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2) The reproductive activity increase during autumn-winter for most of the 
studied species from middle and lower slope (P. blennoides, L. lepidion, M. 
moro, T. scabrous, C. mediterraneus, C. guentheri, B. mediterraneus, E. 
telescopus and N. melanurum) temporally correlating with the time of the 
maximum total mass flux.  

3) Spring was the period when the species that distribute mainly below 900 m 
depth were not reproductively active (i.e. most of the females are in 
regression state). This lack of reproductive activity during spring was 
observed in 11 of the 12 studied species. Only Cataetyx laticeps showed 
females in the active spawning stage during spring. The spring months 
coincide with the maximum of surface production and food supply in the 
upper layer that can be used by larvae and juveniles released earlier during 
the year. Around this period, changes in temperature and salinity of the 
local water mass occur because of the arrival of a new water mass (new 
Western Mediterranean Deep Water) formed after a vertical convection in 
the open basin and coming from deeper layers. It has been suggested that 
these physico-chemical changes may also provide a signal for the timing of 
spawning, but furher analyses are required to confirm this hypothesis.

4) Within the most abundant species from the middle slope assemblage 
between 900 and 1350 m depth (i.e. P. blennoides, M. moro, L. lepidion, T. 
scabrus), a marked seasonal reproduction was found. The environmental 
processes that generate this seasonal reproduction are not well 
understood. However, it seems to be driven by the optimal equilibrium 
between quantity and quality availability of food arriving from the photic 
zone and its highly seasonal signal in the middle slope. 

5) It is often assumed that iteroparus species spawn at least once per year. 
However, the small number of mature females (i.e. in spawning capable or 
active spawning stages) found for several deep-sea fishes (i.e. L. lepidion, 
M. moro, T. scabrus and C. guentheri) suggest that skipped spawning (non-
annual reproduction) is a more common reproductive strategy than 
previously trough. This phenomenon could be an adaptive response to the 
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low food availability in deep-sea habitats, particularly in the oligotrophic 
Mediterranean Sea. 

6) Histological analysis revealed that 10 of the 14 studied species have group 
synchronous ovarian organization. Only C. mediterraneus, N. aequalis, P. 
blennoides and E. telescopus have asyncronous ovarian organization. Thus, 
most of the deep-sea fish in the Mediterranean may be capital breeders, in 
which compensatory feeding takes place in advance of breeding and 
financed from stored energetic capital.

7) The spermatogenesis patterns of N. aequalis and C. mediterraneus
showed the presence of free germ-cells at various stages into the lumen of 
lobules before the end of spermatogenesis. The observed process 
suggests that both species have semi-cystic spermatogenesis.

8) In this study, species phylogenetically close (i.e. same family) but with 
different bathymetric distribution (N. aequalis and C. mediterraneus; M. 
moro and L. lepidion; C. alleni and C. laticeps) present similar gametogenic 
mechanisms, suggesting that gonad organization is phylogenetically 
constrained. Nevertheless, the highly energetically demanding processes 
such as the production of eggs (fecundity and eggs size) and spawning, 
showed different values and are free to vary in function of environmental 
factors.  

9) The total fecundity of the 14 species studied indicates a significant 
decrease in the total number of eggs per female as function of the 
increasing depth of distribution. However, relative fecundity (egg/g) did 
not show any pattern versus depth.  

10) Despite the lack of a bathymetric temperature gradient in the 
Mediterranean Sea, an increase in egg size versus depth of female 
distribution was found in the studied fish species. The presence of large 
eggs in deep-sea species is a well-known pattern and this has been 
postulated as an adaptation to the low temperatures and the low food 
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availability typically found in these ecosystems. Our results suggest that 
temperature is not related with the size of the eggs in the Mediterranean 
deep-sea species and other environmental or phylogenetical drivers must 
be taken into account. 

11) The smaller individuals of the species for which the juveniles were sampled 
(H. italicus, P. blennoides, N. bonaparte, N. aequalis, T. scabrus, M. moro, L. 
lepidion and A. rostratus) were found on the upper slope (around 400-650
m depths). The largest females of all these species were caught at their 
deeper depth of distribution (from 900 to 1500 m depth, depending on the 
species bathymetric range). An ontogenetic migration of juveniles to 
deeper water is defined for these 8 species, corroborating previous results 
for P. blennoides, A. rostratus , T. scabrus.

12) Juveniles of Mediterranean deep-sea fish showed a preferred recruitment 
area associated with the formation of the intermediate nepheloid layer 
(INL) that spatially coincides with the upper limit of the Levantine 
Intermediate Water (LIW). These results attest the influence of these 
hydrographic formations in the population biology of deep-sea species and 
strengthen the concept of the INL as a potential nursery habitat for deep-
sea megafauna, as has been previously described for the decapod 
crustacean community of the NW Mediterranean Sea. 

13) Despite the great effort made during the three projects related to this 
thesis (RECS, PROMETEO and DOSMARES), both under spatial and temporal 
scales, we did not find juveniles of most of the species dwelling on the 
lower slope of the Catalan continental margin from 1300 down to 2200 m 
(i.e. B. mediterraneus, C. mediterraneus and C. guentheri). The 
understanding of the early stage of species is needed to complete the life 
cycle of species and offers a wide field for future research. 

These results provide a step forward in our knowledge of deep-sea ecosystem 
functioning. In particular, our research has obtained novel data on the 
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reproductive aspects of Mediterranean deep-sea species, which where in a 
preliminary phase prior to this thesis. The complexity of the processes 
involved and the limited information on certain deep-sea biological processes 
such as reproduction worldwide evidences the need to continue exploration 
and investigations of the largest ecosystem on Earth. Identifying the factors 
that mostly influence the observed reproductive response of key species is 
essential to develop and implement sustainable policies in the exploitation of 
deep-sea biological resources and offers a wide field for future research. 
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Introducción general 

El mar profundo ocupa alrededor del 70% de la superficie oceánica 
constituyendo el hábitat más amplio del planeta. Se caracteriza por unas 
relativas constantes condiciones físico-químicas. Su temperatura no 
sobrepasa los 4°C (Svedrup et al., 1942), excepto en el Mediterráneo que 
presenta temperaturas más elevadas, el oxígeno se encuentra próximo a la 
saturación y la salinidad presenta valores constantes próximos a 34.8 ‰. Los 
valores de presión y luz varían con la profundidad (Svedrup et al., 1942). La 
presión aumenta en 1 atm por cada 10 m, alcanzando valores de unas 1100 
atm en las zonas abisales. Sin embargo, es la ausencia de luz una de las 
características más determinantes del mar profundo. La falta de energía solar 
por debajo de los 200 m de profundidad impide la fotosíntesis y hace del mar 
profundo un ecosistema dependiente de la materia orgánica proveniente de 
la zona fótica (revisión en Gage, 2003).  
Las zonas profundas del Mediterráneo presentan unas características únicas 
que lo hacen especialmente interesante para su estudio. Las principales 
características hidrográficas son una alta y relativa constante temperatura por 
debajo de los 200 m de profundidad (13°C), alta salinidad (38.0-39.5 PSU) y 
altos niveles de oxígeno (4.5-5mL/L). A pesar de ser un mar cerrado presenta 
un complejo sistema de corrientes marinas que influyen en la estructura 
poblacional y actividad reproductiva de las especies (Tecchio et al., 2012; 
Agguzi et al., 2013; Massutí et al., 2012). Comparado con el Atlántico, el 
Mediterráneo se considera un mar oligotrófico debido a su baja producción 
primaria (Hopkins, 1985; Bas, 2002; Sardà et al., 2004a). La región noroeste, 
de donde se han obtenido las muestras para la realización del presente 
estudio, es una zona más productiva que el resto de cuencas debido 
principalmente a las condiciones climáticas. La llegada de flujos de materia 
orgánica al suelo marino presenta una marcada variabilidad estacional con un 
periodo de máximo flujo de materia orgánica desde finales de otoño a finales 
de invierno seguido por un segundo periodo de menor flujo, debido 
principalmente a la estratificación de sus aguas, en primavera y verano con el 
consiguiente efecto sobre las especies (Zuñiga et al., 2009).  
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Sin embargo y a pesar de los esfuerzos hechos por la comunidad científica 
durante los últimos años el mar profundo es todavía en gran parte 
desconocido. La presente tesis parte de la base de que el conocimiento de la 
estrategia reproductiva de las especies es una herramienta fundamental para 
la comprensión de la estructura y características de un sistema ecológico. Es 
por ello que a lo largo de esta tesis se pretende ampliar el conocimiento del 
funcionamiento del ecosistema profundo a través del estudio de las 
estrategias reproductivas de las especies que en él habitan.  
Tanto las especies de aguas someras como las especies de aguas profundas 
presentan una gran diversidad de estrategias y estructuras para su 
reproducción (Wootton, 1984; Roff, 1992). Con el principal objetivo de 
garantizar su supervivencia, las especies presentan diferentes tipos de 
fertilización (interna y externa), organización ovárica (asincrónica y 
sincrónica), número de puestas (iteróparos y semélparos) y división de sexos 
(gonocórico y hermafrodita) entre otros (Potts and Wootton, 1984). A pesar 
de esa gran diversidad en sus características reproductivas las especies de 
peces muestran fases similares durante el proceso de la gametogénesis y 
espermatogénesis, principal proceso por el cual se forman los gametos 
(espermatozoides y ovocitos maduros) por medio de las divisiones meióticas 
de las células germinales.  
La filogenia restringe marcadamente la gametogénesis de las especies. Sin 
embargo existen características reproductivas que presentan una marcada 
variabilidad dependiendo de las condiciones ambientales. Tanto a través de 
estudios experimentales en el laboratorio como en poblaciones en libertad se 
ha observado diferencia en el tiempo y duración de puesta, y número y 
tamaño de huevos en individuos de la misma especie en respuesta a 
variaciones ambientales, principalmente, a la temperatura y disponibilidad de 
nutrientes (Yoneda and Wright, 2005; Kjesbu et al., 1998, 2010). Una 
temperatura elevada puede acelerar los procesos metabólicos de las especies 
adelantando la época de puesta. También se ha documentado la relación 
entre altas temperaturas y mayor fecundidad (Kjesbu et al., 1998; Kraus et al., 
2000). La disponibilidad de alimento es otro de los factores determinantes en 
la reproducción de las especies. Con condiciones favorables de alimentación 
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las especies maduran antes, aumenta su disponibilidad energética y pueden 
producir una tamaño de huevo mayor (Yoneda and Wright, 2005). 
Debido al elevado coste económico y dificultades en el muestreo, la respuesta 
reproductiva a las variables ambientales en especies de profundidad ha sido 
menos estudiada y su análisis se ha centrado principalmente en especies de 
invertebrados. En los estudios realizados se han documentado, además de 
reproducción continua, patrones estacionales asociados principalmente a la 
llegada periódica de flujos de materia orgánica (Gordon, 1979; Tyler, 1988; 
Campos-Creasey et al., 1994; Gooday, 2002). Por otro lado, la estrategia 
reproductiva más observada en especies de invertebrados profundos es la 
producción de un número menor pero de mayor tamaño de huevos, en 
comparación con especies de aguas someras, que favorezca la supervivencia 
de las larvas en condiciones desfavorables como las encontradas en el mar 
profundo.  
Cuando hablamos de reproducción de peces de profundidad, el número de 
estudios disminuye notablemente. A partir de 1980 con el inicio de las 
actividades pesqueras en zonas más profundas, se llevaron a cabo numerosos 
estudios con el objetivo de determinar las características biológicas de 
especies de interés comercial como Macrourus berglax, Coryphaenoides 
rupestris o Hoplostethus atlanticus. Los resultados mostraron que aunque las 
especies mostraban diferentes estrategias (ovarios asincrónico, sincrónico, 
reproducción continua y estacional, etc.) como patrón general las especies 
estudiadas eran más longevas, con un metabolismo y por tanto crecimiento 
más lento, una fecundidad menor y un tamaño de huevo mayor que las 
especies que se distribuyen en áreas más someras (Koslow, 2000; Clark, 2001; 
Clark et al., 2003). 
Sin embargo, comprender los factores ambientales que modulan los ciclos de 
vida de las especies de profundidad es hoy en día complicado debido 
principalmente a la falta de información sobre las características biológicas de 
la mayoría de las especies. Debido a que las especies no consumen 
directamente las partículas de materia orgánica provenientes de la zona 
fótica, es difícil determinar cuáles son las respuestas reproductivas a los 
inputs de alimento (Gooday, 2002). Los pocos estudios al respecto sugieren 
que la mayoría de especies han sincronizado su periodo de puesta para 
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coincidir con el aumento estacional de producción primaria en la superficie 
(Gordon 1979, 1986, Coggan 1999, Merrett and Headrich 1997). No obstante 
nuestro conocimiento de las características reproductivas y los factores 
ambientales que mayormente determinan las respuestas de la mayoría de 
peces de profundidad se encuentra todavía en una fase preliminar.  

Marco de estudio 

La presente tesis se desarrolla dentro de tres proyectos multidisciplinares 
centrados en el estudio del ecosistema Mediterráneo profundo: RECS, 
PROMETEO y DOS MARES.  
Estos tres proyectos tenían el objetivo común de estudiar la influencia de los 
factores ambientales en el funcionamiento de las comunidades biológicas en 
el área del cañón de Blanes y su talud adyacente (Mediterráneo 
noroccidental).  
El Mediterráneo noroccidental es una de las regiones del planeta donde la 
biología del mar profundo ha sido más intensamente estudiada, 
principalmente por la presencia de la pesquería de la gamba rosada (Aristeus 
antennatus) de gran importancia económica.  
El grupo de investigación Deep-sea Research Group del Instituto de Ciencias 
del Mar (ICM-CSIC) en colaboración con otras instituciones científicas han 
llevado a cabo númerosos proyectos con el objetivo de estudiar la biología de 
esta especie de interés comercial y la fauna asociada a su comunidad. Como 
resultado de estos proyectos se hallaron los primeros indicios de correlación 
entre factores abióticos y la biología reproductiva de las especies de 
crustáceos del mar profundo (Company et al., 2003; 2008). También se avanzó 
en el conocimiento de la biología reproductiva de algunas especies de peces 
del Mediterráneo profundo al definirse las estrategias reproductivas de 
algunas de ellas (Massutí et al., 1995, Morales-Nin et al., 1996; Rotllant et al., 
2002). La mayoría de los resultados fueron recopilados en un completo 
trabajo de revisión llevado a cabo por Sardà et al (2008). Sin embargo, y como 
el autor explica en su trabajo, debido a que la mayoría de las características 
reproductivas de peces de profundidad se desconocían, no fue posible definir 
patrones generales con la profundidad. Fue esta falta de información en la 
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biología reproductiva de peces la que nos motivó a desarrollar la presente 
tesis.  

Objetivos y estructura de la tesis  

La presente tesis se centra en el estudio de los patrones reproductivos de la 
comunidad de peces del Mediterráneo profundo a lo largo de un amplio rango 
batimétrico y su relación con los factores abióticos. 
Este trabajo se desarrolló teniendo en cuenta los siguientes objetivos 
concretos: 

1) Describir detalladamente la biología reproductiva de especies de cuyo ciclo 
reproductor no existían datos previamente. 

3) Calcular los valores de fecundidad y tamaño de huevo de las especies más 
abundantes del Mediterráneo profundo y explorar la relación con su 
distribución batimétrica. 

2) Estudiar las variaciones inter-específicas en la duración y época de puesta 
de las especies de peces en base a su distribución batimétrica así como 
intentar establecer los procesos ambientales asociados. 

5) Estudiar la distribución batimétrica por tallas e identificar áreas 
preferenciales de reclutamiento de las especies de peces del mar profundo.  

A lo largo de la tesis se llevaron a cabo tanto descripciones detalladas de las 
estrategias reproductivas de especies de las que no ha sido publicada 
información previamente, como análisis comparativos entre varias especies 
con el objetivo de observar patrones generales con la profundidad. 
La comprensión de estos procesos (ej. época de puesta, distribución de 
juveniles, fecundidad) incluyendo la temporalidad y zonación de los mismos, 
es esencial para poder aplicar y desarrollar políticas sostenibles en la 
explotación de las especies y en la conservación de sus hábitats. 
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Materiales y Métodos generales 

Para alcanzar los objetivos expuestos, las muestras se obtuvieron durante la 
realización de tres proyectos multidisciplinares llevados a cabo en el área del 
cañón de Blanes y su talud adyacente (Mar Catalán, Mediterráneo 
noroccidental: Fig 2.1); RECS, PROMETEO y DOS MARES. 
La tesis se realizó principalmente dentro del proyecto PROMETEO (2008-
2010). Este, realizó muestreos estacionales a bordo del B/O García del Cid
entre los 900 y 1500 m de profundidad cada 150 m con una periodicidad 
estacional. Con el fin de poder observar la respuesta de las especies a 
variaciones ambientales asociadas a la profundidad, se decidió incluir en los 
análisis los datos obtenidos durante el proyecto RECS desarrollado con 
anterioridad (2002-2004) por el mismo grupo de investigación con el que se 
ha realizado esta tesis, en la misma área de estudio pero con el objetivo de 
estudiar las especies comprendidas entre 300 y 800 m de profundidad. 
Además durante el año de finalización de la tesis se llevaron a cabo pescas 
dentro del proyecto DOS MARES (2012-2013) muestreando de forma 
estacional las zonas más profundas del talud del Mar Catalán (1500-2250 m 
cada 150 m) y cuyos datos se han incluido en el último capítulo de esta tesis. 
En total se llevaron a cabo un total de 169 pescas de arrastre de forma 
estacional (Tabla 2.1) entre los 300 y 2250 m de profundidad, obteniendo un 
número de muestras representativo tanto temporal como espacial del margen 
continental Catalán (Fig 2.1; Apéndice 1). El objetivo común de los tres 
proyectos fue determinar la relación entre factores abióticos y la biología 
reproductiva de las especies. Por ello, en todas las campañas además del 
muestreo biológico, se caracterizaron las condiciones abióticas recogiendo 
muestras de flujos de sedimento en trampas de sedimento y datos 
hidrográficos con CTD. 
A bordo, todos los individuos fueron clasificados a nivel de especie, medidos, 
pesados y sexados. El estadio reproductor de cada uno de los individuos fue 
determinado macroscópicamente en base al tamaño y al color de la gónada 
que fue posteriormente fijada en formol tamponado al 10%. 
Una vez en el laboratorio, las gónadas fueron pesadas y analizadas 
histológicamente para poder describir detalladamente sus características 
reproductivas. Los estados de desarrollo de los folículos fueron determinados 
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en base a sus características morfológicas en seis estadios de maduración 
basándose en los criterios publicados por Brown-Peterson et al., (2011) con 
algunas modificaciones. La asignación de la fase reproductiva de las hembras 
fue determinada microscópicamente, excepto en el capítulo 6, donde las 
hembras fueron clasificadas macroscópicamente.  
Para estimar la fecundidad de las especies se utilizó el método gravimétrico 
basado en la relación del peso de la gónada y el número de folículos. Para el 
contaje del número de oocitos se utilizó tanto el contaje manual como el uso 
de análisis de imagen. Se analizaron los siguientes aspectos reproductivos:  

- Estudio del desarrollo gonadal anual. 
- Cálculo de las variaciones en el Indice Gonadosomático a lo largo del 

año. 
- Determinación de la fecundidad y tamaño de huevo. 
- Estimación del sex ratio . 
- Análisis de la distribución de tallas de las especies a nivel espacial 

(profundidad) y temporal (estacional). 

Estudio de la biología reproductiva de Trachyrincus scabrus

Los macrouridos son una de las familias más abundantes de los márgenes 
continentales en todo el mundo. A pesar de jugar un importante papel en el 
funcionamiento del ecosistema profundo, todavía se sabe muy poco sobre su 
biología. En el capítulo 3 se describió detalladamente la biología reproductiva 
de Trachyrincus scabrus, una de las especies de macrouridos más importante 
del Mediterráneo noroccidental debido principalmente a su gran abundancia. 
El estudio se basó en el análisis de 3239 individuos capturados entre 300 y 
1500 m de profundidad cubriendo casi la totalidad de su rango de 
distribución. La población mostró un amplio rango de distribución con un 
patrón diferencial con la profundidad. Los individuos de mayor tamaño se 
encontraron a 1100 m de profundidad mientras que los juveniles se 
capturaron en las zonas más someras de su distribución (400-600 m). Los 
análisis tanto macroscópicos como microscópicos de sus gónadas y la 
variación anual del índice gonadosomático mostraron que T. scabrus tiene un 
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ciclo reproductor claramente estacional con la presencia de hembras en 
estado activo de puesta en invierno, coincidiendo con la máxima llegada de 
materia orgánica desde la zona fótica. El estudio gonadal determinó que el 
desarrollo de los folículos es sincrónico en grupos. Siguiendo el patrón de las 
especies de profundidad, esta especie presentó una fecundidad relativamente 
baja con un promedio de 14191 huevos por puesta. Los oocitos hidratados 
presentaron un tamaño máximo de 1,04 mm y gota lipídica, lo que les 
facilitaría su flotabilidad en la columna de agua. Los resultados mostraron que 
los primeros reclutas de T. scabrus aparecen en abril en las zonas menos 
profundas de su distribución; lo que sugiere que esta especie sufre 
migraciones ontogenéticas hacia zonas profundas donde tendría lugar la 
reproducción.  
El análisis de los parámetros reproductivos es esencial para entender la 
biología de las especies y desarrollar una gestión pesquera efectiva de las 
poblaciones de peces. Aunque T. scabrus actualmente no es una especie 
objetivo, el estudio de su biología nos ayuda a establecer nuevas líneas de 
conocimiento básicas para especies potencialmente explotables.  

Estrategias reproductivas de dos macrúridos del Mediterráneo 
noroccidental: Nezumia aequalis y Coelorinchus mediterraneus

Nezumia aequalis y Coelorinchus mediterraneus son dos especies muy 
abundantes en el talud superior y inferior respectivamente del Mediterráneo 
noroccidental. Se llevó a cabo un estudio comparativo de las estrategias 
reproductivas de estas dos especies de macrúridos. Para el estudio de sus 
estructuras poblacionales y estrategias reproductivas todos los individuos 
capturados fueron medidos, pesados, sexados y tanto los ovarios como los 
testículos fueron analizados a nivel visual e histológico. Los resultados 
mostraron que la especie más somera N. aequalis presentaba reproducción 
continua con presencia de hembras en fase de puesta a lo largo de todo el 
año y presentando un pico de puesta en los meses de invierno. En cambio la 
especie distribuida a mayor profundidad, C. mediterraneus, mostró una 
reproducción semi-continua con un periodo claro de regresión (no 
reproducción) en primavera. Coincidiendo con el patrón de puesta de las 
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hembras, la distribución por tallas de N. aequalis mostró la presencia de 
juveniles durante todo el año en las zonas más someras aunque se observó 
mayor abundancia en abril coincidiendo con el pico de fitoplacton en la 
superficie. En el caso de la especie de mayor profundidad, a pesar de los 
esfuerzos realizados, tan solo se obtuvieron 2 individuos de juveniles de C. 
mediterraneus. Las dos especies mostraron estructuras gonadales similares. 
Los ovarios mostraron un tipo de organización asincrónica mientras que los 
análisis preliminares de las gónadas masculinas sugieren que ambas especies 
desarrollan espermatogénesis semi-cística. Los valores tanto de fecundidad 
relativa como de fecundidad total fueron similares entre las dos especies. Sin 
embargo el tamaño de huevo de N. aequalis así como su índice 
gonadosomático fueron mayores; sugiriendo que la mayor disponibilidad de 
alimento en zonas más someras permitiría una mayor inversión en 
reproducción. Estos resultados sugieren que aunque la morfología de la 
gónada y organización ovárica está filogenéticamente determinada, otros 
aspectos de la reproducción como la época de puesta y número y tamaño de 
huevos son susceptibles de variaciones dependiendo de las condiciones 
ambientales asociadas a la profundidad. Los resultados de época en la que se 
da el pico de puesta y zona preferencial de reclutamiento fueron similares a 
los encontrados en el análisis realizado anteriormente con T. scabrus, 
sugiriendo que las especies responden de forma similar a los cambios 
ambientales. Un análisis comparativo incluyendo un número mayor de 
especies es necesario para entender cuáles son los procesos ambientales por 
lo que se ven afectados. 

Fecundidad y tamaño de huevo de las especies del margen continental 
Mediterráneo. 

La fecundidad y tamaño de huevo de las especies se ve influenciada 
principalmente por la combinación de dos factores: las condiciones 
ambientales (mayormente temperatura y disponibilidad de alimento) y 2) las 
características de la hembra (talla, edad, peso etc). En este sentido, el 
Mediterráneo nos ofrece unas condiciones únicas para el estudio de los 
patrones batimétricos de la capacidad reproductiva de los peces del margen 



9. Resumen general 

166 

continental, donde una de sus variables más influyentes se mantiene 
constante. 
El objetivo principal de este estudio fue determinar la variabilidad en la 
fecundidad y tamaño de huevos de las especies de peces de profundidad. Las 
muestras fueron obtenidas tal y como ha sido descrito anteriormente. Un 
elevado número de hembras en maduración avanzada fueron utilizadas para 
el cálculo de fecundidad utilizando el método gravimétrico. Primero el estadio 
gonadal de cada individuo fue determinando microscópicamente para 
comprobar la ausencia de folículos post-ovulatorios y posteriormente los 
valores de fecundidad fueron calculados a través del método gravimétrico 
utilizando análisis de imagen. En los análisis comparativos, además de los 
datos de fecundidad y tamaño de huevos de las 13 especies calculados en la 
presente tesis, se incluyeron todos los datos previamente publicados de 5 
especies distribuidas en el área de estudio.  
Los resultados mostraron que tanto los valores de número como tamaño de 
huevo presentaron amplias variaciones inter e intra-especificas. Sin embargo, 
cuando estos valores fueron analizados en función de la profundidad de 
distribución de las especies, éstas presentaron una relación significativa con la 
profundidad. La fecundidad total disminuyó con la profundidad, mientras que 
el tamaño de huevos de las especies mostró un incremento con la 
profundidad. Sin embargo, y al contrario de lo esperado, no se observó ningún 
patrón en la fecundidad relativa (eggs.g-1) con la profundidad. Este resultado 
sugiere que la menor fecundidad observada en las zonas más profundas 
podría deberse a la tendencia de disminución del tamaño de las especies con 
la profundidad.  
En otros océanos del mundo (Atlántico, Artico) se ha observado que las 
especies profundas presentan huevos de mayor tamaño que especies 
distribuidas en áreas más someras. En el presente trabajo se observó la misma 
tendencia indicando que no es la temperatura sino otros factores ambientales 
asociados a la profundidad los que favorecen la presencia de huevos grandes 
como estrategia mayoritaria. 
Sin embargo, debido a los escasos datos encontrados, este estudio solo 
representa un análisis preliminar, siendo indispensable para corroborar los 
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patrones observados en el presente trabajo aumentar los estudios basados en 
la capacidad de las características reproductivas de las especies. 

Biología reproductiva y reclutamiento de la comunidad de peces del 
Mediterráneo profundo 

De los procesos menos conocidos pero esenciales para comprender la 
distribución y el mantenimiento de las poblaciones biológicas, cabe destacar 
los primeros estadios del ciclo de vida y los patrones reproductores de las 
especies (Young, 2003). Por ello, en la presente tesis se analizaron los ciclos 
reproductores y distribución de tallas por profundidad de las especies más 
abundantes del talud continental Mediterráneo con los siguientes objetivos: 
1) determinar la temporalización reproductiva de las especies a través de un 
amplio rango batimétrico (desde 300- 1750 m) y 2) describir posibles áreas de 
reclutamiento preferenciales. 
En total se llevaron a cabo 127 pescas de forma estacional y en un amplio 
rango batimétrico, entre los 350 y 1750 m de profundidad. Las especies 
fueron agrupadas en tres conjuntos diferentes basados en su distribución 
batimétrica: talud superior, talud medio y talud inferior. 
Las especies distribuidas principalmente en el talud medio (800-1350 m) 
presentaron un periodo reproductor más estacional que las especies 
distribuidas en el talud superior (300-800 m) e inferior (1350-1750). Estos 
resultados junto a los publicados previamente en decápodos crustáceos, 
donde se observó el mismo patrón de disminución en la duración de la puesta 
en el talud medio, sugieren un patrón común en la respuesta reproductiva de 
las especies con la profundidad. Por otro lado todas las especies estudiadas 
con sus máximos de distribución en el talud medio e inferior (por debajo de 
los 800 m) presentaron casi en su totalidad ausencia de hembras 
reproductivas en primavera. Este resultado contrasta ampliamente con el de 
las especies distribuidas en la plataforma continental  donde la mayoría de las 
especies presentan el máximo de puesta precisamente entre primavera y 
verano. Aunque las variables ambientales que más influyen en los patrones de 
puesta observados no han podido ser definidas, la variabilidad de las 
características físicas de las masas de agua y los patrones de flujos de materia 
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orgánica provenientes de la superficie parece que tienen un importante papel. 
En cuanto a las especies en las que la población de juveniles fue capturada 
(más de 100 individuos), éstos se encontraron entre los 400 y 600 m de 
profundidad, asociados al rango batimétrico en el que se produce la 
formación de las capas nefeloides intermedias. El resultado sugiere que estas 
formaciones actúan como áreas de reclutamiento de las especies de 
profundidad.  
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Conclusiones generales 

A continuación se describen las principales conclusiones obtenidas durante el 
desarrollo de esta tesis: 

1) Las especies distribuidas en el talud superior del margen continental 
presentan hembras reproductivas a lo largo de todo el año (C. coelorinchus, 
H. italicus, S. ligulatus, N. bonaparte and N. aequalis). Estas especies no 
mostraron tener una época común de puesta. La única especie que mostró 
reproducción estacional fue S. nigrescens.

2) Todas las especies con reproducción estacional distribuidas en el talud 
inferior y talud medio (T. scabrus, P. blennoides, L. lepidion, M. moro, C. 
mediterraneus, B. mediterraneus, C. guentheri, N. melanurum) mostraron un 
incremento en la actividad reproductiva en otoño e invierno coincidiendo 
con la máxima llegada de materia orgánica desde la superficie. 

3) Abril fue el periodo del año en el que todas las especies del talud 
medio e inferior (ej. debajo de 800 m) presentaron las hembras en estado de 
post-puesta o regresión. Este parón reproductor ocurre justo antes del 
bloom de fitoplancton en la superficie y coincide tanto con el final de la 
época de máxima llegada de materia orgánica desde la superficie como con 
los cambios de temperatura asociados a la llegada de nuevas masas de agua. 

4) Las especies más abundantes del talud medio (900 y 1350 m) 
mostraron una marcada estacionalidad reproductiva (P. blennoides, M. 
moro, L. lepidion y T. scabrus). Los procesos que provocan la elevada 
estacionalidad en el talud medio no han podido ser definidos. Sin embargo, 
los resultados sugieren que podrían estar relacionados con el equilibrio 
óptimo entre la calidad y cantidad del alimento procedentes de la superficie, 
factores en los que se ha observado una marcada estacionalidad. 
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5) Está ampliamente asumido que las especies iteróparas realizan al 
menos una puesta anual. Sin embargo, la baja concentración de hembras en 
puesta encontrada en varias especies durante el presente estudio (ej. L. 
lepidion, M. moro, T. scabrus y C. guentheri) sugiere que la reproducción no 
anual de las hembras es una estrategia más utilizada en el mar profundo de 
lo que previamente se pensaba. Este fenómeno podría ser una adaptación a 
la falta de alimento en los hábitats profundos, particularmente en el 
Mediterráneo, caracterizado por su elevada oligotrofia. 

6) Los análisis histológicos revelan que 10 de las 14 especies cuya 
organización ovárica ha sido estudiada presentan los ovocitos organizados 
en grupos sincrónicos. Solo C. mediterraneus, N. aequalis, P. blennoides y E. 
telescopus presentaron ovarios con organización asincrónica. Este resultado 
sugiere que la mayoría de las especies del mar profundo Mediterráneo, son 
“capital breeders”, es decir, el gasto energético asociado a la reproducción 
se realiza a partir de las reservas almacenadas antes de la época 
reproductiva. 

7) La espermatogénesis de N. aequalis y C. mediterraneus mostró células 
germinales en diferentes estados de maduración (espermatocitos y 
espermátidas) libres en el lumen, sugiriendo que estas dos especies 
presentan espermatogénesis semi-cística.  

8) Especies cercanas desde un punto de vista filogenético (misma familia) 
presentan el mismo tipo de organización en la estructura de sus gónadas (N. 
aequalis y C. mediterraneus; M. moro y L. lepidion; C. alleni y C. laticeps) 
sugiriendo que la gametogénesis está restringida a nivel filogenético. Sin 
embargo, los aspectos reproductivos con alta demanda energética, como el 
periodo de puesta y número y tamaño de huevo, mostraron valores 
diferentes y son susceptibles de variar en función de las variables 
ambientales que les rodean.  

9) La fecundidad de las 18 especies analizadas mostró una disminución en 
los valores de fecundidad total (nº de oocitos/hembra) con la profundidad. 
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Sin embargo, los valores de fecundidad relativa (nº de oocitos/gr) no 
presentaron relación con la profundidad. El tamaño de las hembras podría 
estar influenciando en el patrón de fecundidad observado. 

10) En el Mediterráneo la temperatura se mantiene constante por debajo 
de los 200 m. A pesar de ello, el tamaño de huevo de las especies aumentó 
en función de la profundidad. La presencia de huevos grandes en especies 
de profundidad es un patrón bien conocido; proponiéndose como una 
adaptación a la baja temperatura y disponibilidad de alimento típica de los 
ecosistemas profundos. Los resultados sugieren que la temperatura no está 
influyendo en el tamaño de huevos de los peces del Mediterráneo y por 
tanto se deberían tener en cuenta otras variables ambientales o 
filogenéticas. 

11)  El análisis de la distribución de tallas mostró que las especies (H. 
italicus, P. blennoides, N. bonaparte, N. aequalis, T. scabrus, M. moro, L. 
lepidion y A. rostratus) presentan los individuos de menor tamaño en las 
zonas más someras de su distribución, mientras que los individuos más 
grandes se encontraron en las zonas más profundas. Por tanto se describe 
una migración ontogénica para estas especies. 

12) La distribución batimétrica de los juveniles mostró que las especies 
presentan un área preferencial de reclutamiento asociada a la presencia de 
capas nefeloides (450-650 m). Este resultado verifica la influencia de estas 
formaciones hidrográficas en la biología poblacional de las especies y 
refuerza el concepto de las capas nefeloides como hábitats de reclutamiento 
de la megafauna.  

13) A pesar del esfuerzo realizado en los tres proyectos relacionados con 
esta tesis (RECS, PROMETEO y DOS MARES), tanto a nivel espacial como 
temporal, la población de juveniles de la mayoría de las especies del talud 
inferior no ha sido capturada (ej. B. mediterraneus, C. mediterraneus, C. 
guentheri, C. alleni and C. laticeps). El conocimiento de los primeros estadios 
de las especies es imprescindible para conocer el ciclo biológico completo de 
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las especies y por tanto para el mantenimiento de los ecosistemas 
profundos.  
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Deep-sea fish were captured by 169 bottom trawls on the northwestern 
Mediterranean continental slope during the 15 research cruises conducted in the 
framework of three multidisciplinary projects (RECS, PROMETEO and DOS MARES). In 
this Chapter the specific characteristics of each trawl are described.  

Table A1. List of the all the trawls conducted during the present thesis, indicating the 
data, geomorphological site (OS: open slope, BC: Blanes canyon), bottom depth, 
location (coordinates are expressed in decimal degrees) and swept area. 

Sample 
code

Date Site Depth 
(m)

Latitude
Start End

Longitude
Start End

Swept area 
(km2)

RE01M01 2003-04-14 OS 600 41.3950 41.4000 3.1952 3.2738 0.33
RE01M02 2003-04-14 OS 585 41.4897 41.4570 3.0315 3.0162 0.19
RE01M03 2003-04-14 OS 585 41.6187 41.5915 2.8482 2.8370 0.17
RE02M04 2003-05-29 OS 667 41.3875 41.4292 3.2068 3.0450 0.53
RE02M05 2003-05-29 OS 603 41.4468 41.4925 3.0122 3.0332 0.24
RE02M06 2003-05-29 OS 576 41.6187 41.5933 2.8490 2.8437 0.11
RE03M07 2003-07-07 OS 675 41.3831 41.3897 3.3047 3.3883 0.09
RE03M08 2003-07-07 OS 854 41.3894 41.3708 3.4167 3.3544 0.08
RE03M10 2003-07-08 OS 504 41.4831 41.4275 3.0325 3.0094 0.07
RE03M11 2003-07-08 OS 555 41.4722 41.4414 3.0331 3.0094 0.06
RE03M12 2003-07-08 OS 496 41.6150 41.5581 2.8342 2.8222 0.08
RE03M13 2003-07-08 OS 500 41.6178 41.5522 2.8461 2.8189 0.15
RE03M14 2003-07-11 OS 1500 41.0431 41.0164 2.5778 2.4986 0.11
RE03M15 2003-07-12 OS 1500 41.0586 41.0344 2.6297 2.5447 0.08
RE04M16 2003-08-20 OS 700 41.3830 41.3923 3.2473 3.1003 0.48
RE04M17 2003-08-20 OS 520 41.4735 41.5268 3.0597 2.9715 0.30
RE04M18 2003-08-20 OS 364 41.6362 41.5935 2.8555 2.8438 0.15
RE04M19 2003-09-30 OS 631 41.3902 41.4133 3.2353 3.0733 0.54
RE04M20 2003-09-30 OS 567 41.4558 41.5007 3.0147 3.0323 0.24
RE04M21 2003-09-30 OS 502 41.6205 41.5725 2.8408 2.8322 0.24
RE05M22 2003-10-28 OS 330 41.4885 41.5068 3.0700 3.1230 0.07
RE05M23 2003-10-29 OS 691 41.3861 41.3900 3.3489 3.4172 0.07
RE05M24 2003-10-29 OS 552 41.4078 41.3961 3.3500 3.2639 0.08
RE05M25 2003-10-29 OS 347 41.4906 41.5178 3.0606 2.9825 0.08
RE05M26 2003-10-29 OS 398 41.6164 41.5644 2.8453 2.8256 0.07
RE05M27 2003-10-29 OS 333 41.5750 41.6306 2.8261 2.8578 0.07
RE05M28 2003-11-11 OS 367 41.5797 41.6264 2.8303 2.8481 0.07
RE05M29 2003-11-11 OS 502 41.4689 41.4189 3.0328 3.0078 0.07
RE05M30 2003-11-12 OS 1480 41.0292 41.0531 2.5247 2.6144 0.09
RE05M31 2003-11-12 OS 1315 41.1178 41.0817 2.5858 2.5133 0.09
RE06M32 2003-12-17 OS 512 41.4023 41.4230 3.2103 3.0695 0.46
RE06M33 2003-12-17 OS 402 41.4843 41.5000 3.0542 3.0027 0.35
RE06M34 2003-12-17 OS 475 41.6225 41.5858 2.8480 2.8358 0.17
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RE06M35 2004-02-03 OS 512 41.4052 41.4320 3.1890 3.0548 0.26
RE06M36 2004-02-03 OS 384 41.4793 41.5250 3.0547 2.9710 0.27
RE06M37 2004-02-03 OS 512 41.6238 41.5935 2.8490 2.8435 0.17
RE06M38 2004-03-10 OS 640 41.3932 41.3968 3.1868 3.0965 0.36
RE06M39 2004-03-10 OS 567 41.4457 41.5038 3.0132 3.0462 0.35
RE06M40 2004-03-10 OS 585 41.6213 41.5892 2.8487 2.8352 0.25
RE06M41 2004-04-21 OS 695 41.3962 41.3893 3.1097 3.3482 0.73
RE06M42 2004-04-21 OS 585 41.4335 41.4955 3.0135 3.0307 0.28
RE07M43 2004-05-12 OS 550 41.6158 41.5744 2.8467 2.8317 0.05
RE07M44 2004-05-12 OS 550 41.5106 41.4442 3.0472 3.0186 0.09
RE07M45 2004-05-12 OS 558 41.3978 41.4047 3.2531 3.3414 0.09
RE07M46 2004-05-12 OS 700 41.3800 41.3975 3.3042 3.4200 0.12
RE07M47 2004-05-13 OS 1500 41.0628 41.0261 2.6186 2.5211 0.12
RE07M48 2004-05-13 OS 1100 41.1028 41.1403 2.4275 2.4986 0.09
PR01M01 2008-10-30 OS 900 41.2500 41.2667 2.7833 2.8333 0.06
PR01M02 2008-10-30 OS 1500 41.1167 41.1222 2.8500 2.9063 0.06
PR01M03 2008-11-01 OS 1200 41.2457 41.2717 2.8337 2.8388 0.04
PR01M04 2008-11-01 OS 1500 41.1242 41.1258 2.8682 2.9200 0.05
PR01M05 2008-11-02 OS 1200 41.2287 41.2645 2.8367 2.8423 0.05
PR02M01 2009-02-28 OS 900 41.2588 42.2575 2.7900 2.7732 0.06
PR02M03 2009-03-01 OS 1200 41.2342 41.2673 2.8345 2.8420 0.05
PR02M04 2009-03-01 OS 1350 41.1667 41.1843 2.7915 2.8513 0.07
PR02M05 2009-03-01 OS 1500 41.1233 41.1225 2.8865 2.9213 0.04
PR02M06 2009-03-02 OS 1350 41.1678 41.1838 2.7845 2.8460 0.07
PR02M07 2009-03-02 OS 1500 41.1248 41.1202 2.8760 2.9230 0.05
PR02M08 2009-03-02 OS 900 41.2603 41.2737 2.7970 2.8408 0.05
PR02M09 2009-03-02 OS 1050 41.2535 41.2343 2.8247 2.7980 0.04
PR02M10 2009-03-02 OS 1500 41.1188 41.1175 2.9277 2.9370 0.01
PR02M11 2009-03-03 OS 1350 41.1685 41.1833 2.7975 2.8468 0.06
PR02M12 2009-03-03 OS 1200 41.2300 41.2667 2.8327 2.8402 0.05
PR02M14 2009-03-03 OS 1200 41.2343 41.2082 2.8337 2.8305 0.04
PR02M15 2009-03-03 OS 1500 41.4348 41.4518 2.8840 2.8778 0.00
PR02M16 2009-03-04 OS 900 41.2582 41.2730 2.7870 2.8395 0.06
PR03M17 2009-05-11 OS 900 41.2593 41.2743 2.7892 2.8437 0.06
PR03M18 2009-05-11 OS 1050 41.2490 41.2322 2.8202 2.7978 0.03
PR03M19 2009-05-12 OS 1200 41.2335 41.2673 2.8328 2.8432 0.05
PR03M20 2009-05-12 OS 1200 41.2310 41.2757 2.8335 2.8453 0.06
PR03M21 2009-05-12 OS 1350 41.1798 41.1840 2.8298 2.8605 0.03
PR03M22 2009-05-12 OS 1500 41.1270 41.1203 2.8648 2.9245 0.06
PR03M23 2009-05-12 OS 1500 41.1247 41.1330 2.8830 2.8295 0.06
PR03M24 2009-05-13 OS 1200 41.2282 41.2690 2.8323 2.8420 0.06
PR03M26 2009-05-13 OS 1050 41.2468 41.2722 2.8140 2.8448 0.05
PR03M27 2009-05-13 OS 1350 41.1678 41.1848 2.7973 2.8545 0.06
PR03M28 2009-05-13 OS 1500 41.1267 41.1193 2.8693 2.9257 0.06
PR03M29 2009-05-13 OS 900 41.2580 41.2668 2.7835 2.8255 0.05
PR03M30 2009-05-14 OS 1050 41.2497 41.2723 2.8160 2.8457 0.04
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PR03M31 2009-05-14 OS 1200 41.2298 41.1962 2.8335 2.8292 0.05
PR04M33 2009-09-07 OS 900 41.2640 41.2767 2.8110 2.8487 0.04
PR04M35 2009-09-08 OS 1050 41.2562 41.2722 2.8278 2.8432 0.03
PR04M36 2009-09-08 OS 1200 41.2348 41.2113 2.8327 2.8260 0.03
PR04M37 2009-09-08 OS 1350 41.1717 41.1865 2.8040 2.8397 0.04
PR04M39 2009-09-08 OS 1500 41.1215 41.1207 2.8883 2.9233 0.04
PR04M40 2009-09-08 OS 1500 41.1265 41.1312 2.8680 2.8398 0.03
PR04M41 2009-09-08 OS 1350 41.1727 41.1787 2.8127 2.8490 0.04
PR04M42 2009-09-08 OS 1500 41.1215 41.1207 2.8847 2.9277 0.04
PR04M43 2009-09-09 OS 1200 41.2448 41.2712 2.8355 2.8402 0.04
PR04M44 2009-09-09 OS 1350 41.2587 41.1910 3.1603 2.8363 0.35
PR04M45 2009-09-09 OS 1200 41.2507 41.2713 2.8340 2.8440 0.03
PR04M47 2009-09-09 OS 1050 41.2577 41.2760 2.8287 2.8462 0.03
PR04M48 2009-09-09 OS 900 41.2640 41.2575 2.8087 2.7733 0.04
PR04M49 2009-09-09 OS 1050 41.2563 41.2727 2.8293 2.8483 0.03
PR04M50 2009-09-10 OS 900 41.0000 41.2705 2.8132 2.8438 0.37
PR04M51 2009-09-10 OS 900 41.2632 41.2708 2.8153 2.8460 0.03
PR04M52 2009-09-10 OS 1500 41.4405 41.4222 2.8855 2.8898 0.03
PR04M53 2009-09-10 OS 1500 41.4408 41.4218 2.8833 2.8897 0.03
PR04M54 2009-09-10 OS 900 41.5813 41.5648 2.8500 2.8508 0.02
PR04M55 2009-09-10 OS 1500 41.4430 41.4215 2.8832 2.8895 0.03
PR05M56 2009-10-24 OS 1500 41.1217 41.1203 2.8865 2.9282 0.04
PR05M57 2009-10-24 OS 1350 41.1722 41.1783 2.8090 2.9800 0.18
PR05M58 2009-10-24 OS 1200 41.2482 41.2757 2.8367 2.8445 0.04
PR05M59 2009-10-24 OS 1050 41.2492 41.2330 2.8187 2.7995 0.03
PR05M60 2009-10-25 OS 900 41.2615 41.2705 2.8087 2.8437 0.04
PR05M61 2009-10-25 OS 900 41.2632 41.2572 2.8080 2.7745 0.04
PR05M62 2009-10-25 OS 900 41.2617 41.2702 2.8077 2.8435 0.04
PR05M63 2009-10-25 OS 1050 41.2483 41.2337 2.8182 2.7988 0.03
PR05M64 2009-10-25 OS 1200 41.2480 41.2752 2.8370 2.8457 0.04
PR05M65 2009-10-25 OS 1050 41.2570 41.2722 2.8305 2.8485 0.03
PR05M66 2009-10-25 OS 1350 41.1700 41.1767 2.8097 2.8473 0.04
PR05M67 2009-10-25 OS 1500 41.1207 41.1187 2.8858 2.9272 0.04
PR05M68 2009-10-26 OS 1500 41.1258 41.1305 2.8653 2.8375 0.03
PR05M69 2009-10-26 OS 1350 41.1710 41.1775 2.8087 2.8470 0.04
PR05M70 2009-10-26 OS 2000 41.0597 40.5168 3.0902 4.8448 1.98
PR05M71 2009-10-26 OS 2000 41.0583 41.0788 3.0917 3.1500 0.07
PR05M75 2009-10-28 OS 1750 41.1425 41.1492 3.0138 3.0442 0.03
PR05M76 2009-10-28 OS 1750 41.1335 41.1273 2.9600 2.9297 0.03
PR05M77 2009-10-28 OS 1500 41.4413 41.4223 2.8847 2.8905 0.03
PR05M78 2009-10-29 OS 1500 41.4437 41.4228 2.8837 2.8900 0.03
PR05M79 2009-10-29 OS 900 41.5840 41.5622 2.8497 2.8540 0.03
DM01M01 2012-03-17 OS 2220 40.9142 40.9542 3.2242 3.2872 0.09
DM01M02 2012-03-17 OS 2220 40.9063 40.8597 3.2007 3.1258 0.10
DM01M03 2012-03-17 OS 2000 41.0603 41.1313 3.0905 2.6577 0.46
DM01M04 2012-03-17 OS 2000 41.0522 41.1988 3.0720 2.8052 0.34
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DM01M05 2012-03-17 OS 1750 41.1437 41.1527 3.0238 3.0672 0.05
DM01M06 2012-03-18 OS 1750 41.1330 41.1278 2.9585 2.9290 0.03
DM01M07 2012-03-18 OS 1500 41.1258 41.1323 2.8648 2.8317 0.04
DM01M08 2012-03-18 OS 1500 41.1203 41.1150 2.8863 2.9300 0.05
DM01M09 2012-03-18 OS 1200 41.2502 41.2748 2.8367 2.8437 0.03
DM01M10 2012-03-18 OS 1200 41.2510 41.2770 2.8362 2.8433 0.04
DM01M11 2012-03-18 OS 900 41.2628 41.2570 2.8032 2.7742 0.03
DM01M12 2012-03-19 OS 1508 41.4405 41.4232 2.8843 2.8907 0.02
DM01M13 2012-03-19 OS 1750 41.1448 41.1538 3.0330 3.0742 0.04
DM01M14 2012-03-19 OS 2008 41.0538 41.0343 3.0735 3.0173 0.06
DM01M15 2012-03-19 OS 2210 41.0302 41.0065 3.2978 3.3402 0.05
DM02M16 2012-06-06 OS 1500 41.1203 41.1088 2.8867 2.9237 0.04
DM02M17 2012-06-06 OS 1750 41.1425 41.1538 3.0263 3.0727 0.05
DM02M18 2012-06-06 OS 2000 41.0640 41.0865 3.0972 3.1520 0.06
DM02M19 2012-06-07 OS 2250 40.9055 40.8613 3.2038 3.1275 0.10
DM02M20 2012-06-07 OS 1200 41.2507 41.2770 2.8377 2.8427 0.04
DM02M21 2012-06-07 OS 900 41.2545 41.2573 2.8047 2.7742 0.03
DM02M22 2012-06-07 OS 480 41.3220 41.3270 2.7650 2.7013 0.07
DM02M23 2012-06-07 OS 2000 41.0657 41.0847 3.1042 3.1533 0.06
DM03M01 2012-10-12 OS 500 41.3225 41.3264 2.7594 2.7042 0.06
DM03M02 2012-10-13 OS 900 41.2572 41.2567 2.7856 2.7731 0.01
DM03M03 2012-10-13 OS 1200 41.2400 41.2792 2.8358 2.8450 0.05
DM03M04 2012-10-13 OS 700 41.2828 41.2794 2.7658 2.7350 0.03
DM03M05 2012-10-13 OS 800 41.2744 41.2731 2.7750 2.7408 0.04
DM03M06 2012-10-13 OS 400 41.3358 41.3381 2.7356 2.7039 0.03
DM03M07 2012-10-13 OS 1750 41.1400 41.1500 3.0125 3.0669 0.06
DM04M01 2013-04-12 OS 500 41.2046 41.2025 2.4420 2.4231 0.04
DM04M02 2013-04-12 OS 500 41.2075 41.2006 2.4447 2.4141 0.05
DM04M03 2013-04-12 OS 900 41.1551 41.1618 2.4906 2.5051 0.03
DM04M04 2013-04-13 OS 1200 41.1436 41.1637 2.5011 2.5043 0.07
DM04M05 2013-04-13 OS 1500 41.0701 41.0642 2.5410 2.5551 0.03
DM04M06 2013-04-13 OS 1700 41.0847 41.1 3.0129 3.0405 0.04
DM04M07 2013-04-13 OS 2000 41.0335 41.0506 3. 0549 3.0903 0.06
DM04M08 2013-04-13 OS 2250 40.543O 40.5156 3.1236 3.0828 0.09
DM04M09 2013-04-14 OS 2250 41.041O 41.0634 3.1349 3.095 0.09
DM04M10 2013-04-14 OS 400 41.2054 41.2021 2.4456 2.4237 0.04
DM04M11 2013-04-14 OS 480 41.1918 41.1936 2.4555 2.4213 0.07
DM04M12 2013-04-14 OS 900 41.1661 41.1627 2.4653 2.4509 0.03
DM04M13 2013-04-14 OS 900 41.1542 41.1523 2.4817 2.4627 0.03
DM04M14 2013-04-15 OS 1500 41.2705 41.2542 2.5245 2.5321 0.03
DM04M13 2013-04-14 OS 900 41.1542 41.1523 2.4817 2.4627 0.03
DM04M14 2013-04-15 OS 1500 41.2705 41.2542 2.5245 2.5321 0.03
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