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The high degree of overexploited stocks worldwide and other problems related with

fishing and human activities in general, have increased the awareness on the necessity

of more ecological and integrative perspective for fisheries management. In the present

thesis different issues dealing with the dynamic of marine populations have been

treated: from oceanography to fishing, from life history traits variability to the Stock

Reproductive Potential (SRP), from species abundance and size structure to

interspecific interactions.

Flemish Cap is an underwater mountain separated from the Newfoundland shelf by the

deep Flemish Pass. Oceanographic properties are dominated by the Labrador Current,

although the North Atlantic current also influences in the Cap and in conjunction

produce a quasi-permanent anticyclonic gyre that is highly influential in the dynamic of

Flemish Cap ecosystem, especially for primary and secondary production and over fish

egg and larval stages. This system of currents is the basis for a high productivity which

has a clear seasonal cycle, with the primary production bloom starting usually not

earlier than April and lasting until early autumn. Topographic and oceanographic

features produce a high degree of isolation for population of shallow dwelling species

from neighboring populations from the shelf.

Intense fishing activity in the Flemish Cap started in 1960, but it was in 1977 with the

establishment of the Exclusive Economic Zone (EEZ) when fishing pressure on cod

Gadus morhua, redfish (Sebastes marinus, but especially S. mentella and S. fasciatus)

and American plaice Hippoglossoides platessoides increased remarkably, mainly in the

late 1980’s and early 1990’s, leading to the declaration of the collapse of the cod stock

in 1998. With the decline of cod population since 1960 the average age of catches

experienced a marked decrease, from ages 5-9 in the 1960´s to ages 2-4 in the early

1990’s. Parallel to this, the Spawning Stock Biomass (SSB) presented also an

outstanding decline. In the early 1990’s cod, American plaice and redfish populations

were at the lowest historical levels, and since 1997, with the cod collapse, Greenland

halibut Reinhardtius hippoglossoides and especially Northern shrimp Pandalus borealis

hoarded most catches in Flemish Cap fishery. Since 2005 Northern shrimp catches

declined and in 2010 in was at the collapse level, while the Greenland halibut fishery

was subjected to a recovery plan. Fishing on cod was reopened in Flemish Cap in 2010,

after good recruitments since 2006.
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Across the period 1988-2008, the most abundant demersal species were cod, redfish,

Northern shrimp and Greenland halibut accounting, as an average, for the 83.5% of total

index of biomass every year. The analyses of biomass indices showed that the demersal

community experienced notable variations across the period 1988-2008, due to changes

in biomass of most of the 67 demersal populations studied. The Dynamic Factor

Analysis (DFA) identified common trends in the trajectories of the 31 most abundant

species in the demersal community. This suggests that the dynamics of the demersal

species in the Flemish Cap are interconnected, and can be summarized by a few

common patterns. The explanatory variables considered in the analyses appeared to be

consistently important for the population biomass dynamic of these species. Water

temperature, along with predation and fishing mortality were significant drivers of the

Flemish Cap demersal community. The abundance of the less common demersal species

was related with water temperature, with a transition in the species composition

between cold and warm periods. Changes in the demersal community were globally

registered in the diversity indexes and the Abundance Biomass Comparison (ABC)

method, with notable variations in the relative location of biomass and abundance k-

dominance curves. The size based indicators showed marked declines in the size

structure of the fish demersal community.

Parallel to these changes in the demersal community, since 1993 important variations in

feeding habits for the most important fish species were observed. First, strong variations

in feeding habits with size were found in most fish species and hence, biological species

were split into trophic species. These trophic species belonged to four different trophic

guilds, the bentho-pelagic invertebrate feeders, the benthic invertebrate feeders, the

pelagic invertebrate feeders and the piscivorous guild. Not only intra-guild but also

inter-guild common trends were found. The dominant common trend was the increase

on shrimp consumption for most trophic species, although in the piscivorous guild the

consumption of redfish also presented an increasing trend. Parallel to this, intra-guild

common trends toward the decline on consumption of their usual preys like ophiuroids,

hyperiids and copepods were also detected. The variables accounting for common

trends were mainly the abundance of prey species, the intra-guild competition and the

oceanographic conditions. These common trends led to a higher overlap in feeding

habits at the end of the study period. These results highlight the importance of trophic

interactions in management decisions. The importance of key preys like Northern

shrimp or juvenile redfish for other commercial species would need to be considered
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when establishing fishing quotas, i.e. a multispecies approach to fisheries management

instead of a monospecific approach. On the other hand, variations in feeding habits with

fish length highlight the necessity of considering the demographic structure of both prey

and predators when including trophic interactions in management decisions.

Contemporaneously with changes in abundance of the Flemish Cap cod, changes in

reproduction, growth and condition were detected. The high fishing mortality registered

in the late 1980’s and early 1990’s contributed very importantly to the observed

decrease in cod biomass. A genetic change toward earlier age and smaller size at

maturation was found already in the 1980’s but especially in the early 1990’s cohorts.

The decrease in Female Spawning Stock Biomass (FSSB) as consequence of the steep

decline of the population, in conjunction with the rejuvenation of the reproductive stock,

led to the decrease in the Total Egg Production (TEP). The high correlation of TEP with

the recruitment during this period supports that the decrease in the SRP was largely

responsible of the recruitment failures since mid 1990’s. However, the low temperatures

recorded between 1989 and 1997 may have also lead to unfavorable conditions for cod

recruitment. Cod fishing still remained in the Flemish Cap until 1996, which in

conjunction with the absence of good recruitments, was the final blow contributing to

the collapse. Since then density-dependent processes led to an increase in condition and

growth, favoring earlier maturation by phenotypic plasticity and a growing FSSB.

Although not studied in this thesis, it is probable that during this period the higher fish

condition would led to an increased relative fecundity, producing an increase in the

TEP. In the absence of fishing pressure, a higher SRP together with improved feeding

conditions and higher temperatures probably favored the good recruitment events

observed since 2005 and the recovery of the stock.

With previous information, an extended food web model, including the 14 most

important fish demersal species and their main preys was developed. A simplified

conceptual model with cod, redfish, shrimp and Greenland halibut trophic interactions,

including all the main drivers for population and community dynamic was also created.

This included inner drivers like population structure and abundance, growth, condition

and SRP, and external drivers like oceanographic conditions, species interactions

(mainly predation but also competition) and fishing. With this theoretical model and the

information from previous analysis a description of the ecological functioning of the

Flemish Cap demersal community was developed. Fishing activity in conjunction with
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predation and oceanographic conditions were considered the main drivers inducing

changes in the population structure of various species through mortality of larval,

juvenile and adult stages. These changes produced variations in trophic interactions

between species, and density-dependent processes affecting to growth and condition.

All these factors strongly affected to the SRP of populations, which in turn affected to

population structure. Under this scenario, fishing on cod and redfish under adverse

environmental conditions for recruitment and low SRP produced an imbalance in the

ecosystem that led to the increase of shrimp and Greenland halibut by the release of

predation and competition respectively. Redfish stocks benefited from the low biomass

of a capital piscivorous like cod, showing excellent recruitments in a period of favorable

oceanographic conditions. The higher availability of shrimp and redfish preys produced

an increase in the SRP of cod, which favored the recovery of the cod stock since 2005.

The increasing predation of a growing cod stock produced the decline of the redfish

stock since 2008, while the Northern shrimp stock decline was ascribed to the

increasing predatory pressure from both cod and redfish in conjunction with a very high

fishing pressure.

This conceptual model developed to study the ecological functioning of the demersal

community in Flemish Cap supposes an integrative approach that represents an

important step away from the traditional view of single species management in Flemish

Cap. This type of contributions constitutes major steps towards a new framework for

fisheries management that incorporates theoretical background on the functioning of

marine ecosystems. Achieving a sustainable fishery requires to focus on sustaining

relationships between species, which includes fishery within complex evolving

ecosystems. Fisheries management should maintain these relationships stable and robust

within a resilient ecosystem.
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I.1. Motivation of this thesis
Most of the worldwide marine fish resources are outside safe biological limits, i.e.

overexploited. In spite of the various technical measures undertaken to recover the stock

status, most have failed. Marine ecosystems are also experiencing losses in biodiversity

and habitat loss/degradation. The technological development since 1945 could be

considered the start of a new era in fishing history and since then, the power of fishing

industry increased, not only in the developed but also in developing countries.

Gradually, the areas fully exploited or overfished expanded from the North Sea (1945)

to the North Atlantic and Pacific (1960), the tropical Atlantic (1970), the Indian Ocean

and the Southwest Atlantic (1980). The total marine fisheries production in the world

raised from 16.7 million t in 1950 to 87.7 million t in 1996. Since then it has declined

slightly to 79.5 million t in 2008. 77% of the 600 marine fish stocks monitored by FAO

are fully exploited or overexploited (FAO 2011).

Awareness of the limited resources and the need for scientific knowledge for fisheries

management grew with the collapse of several fish stocks across this period such as the

Indian sardinella (in the 1940s), Japanese sardine (in the 1940s and 1950s), South

African pilchard (1965-66), Atlantic herring (1968-69), Greenland cod (1968), Georges

Bank haddock (1968), Namibian pilchard (1970-71), Peruvian anchoveta (1972-73) and

Gulf of Guinea sardinella (1973-74) (Garcia et al. 2003). At this time it was recognized

the necessity of adding new management tools other than monospecific approach based

in Total Allowable Catches (TACs). The precautionary, anticipatory, experimental and

multispecies management begin to be mentioned and acknowledged as a necessity

(Garcia 1992).

However it was not until 1992, with the collapse of the Northwest Atlantic cod stocks

Gadus morhua fishery (including the Flemish Cap cod) and the high proportion of

overexploited stocks worldwide, when a new approach to fisheries management was

definitely taken. In 1995 it was developed the FAO Code of Conduct for Responsible

Fisheries (FAO 1995) and the Precautionary Approach to Fisheries Management (FAO

1996), which encouraged and even forced to countries and regional fisheries

organizations to develop sustainable fishing practices based in precautionary principles

accounting not only for the conservation of the exploited species but the preservation of

the whole ecosystem for future generations. The need for a multispecies approach to

fisheries management which considers exploited species like part of a system of
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interacting species had been already widely recognized several years before (Mercer

1982). However, a broader scope of fisheries management, considering not only the

interacting commercial species but the whole ecosystem started to gain a leading role

since early 2000’s (Garcia et al. 2003).

Marine ecosystems are the result of the interactions between the biotic and abiotic

components that form a functional unit. The biotic component is characterized by a

trophic structure, which in conjunction with the physical forces determines the cycle of

material and energy and hence the ecosystem productivity. For the conservation of these

attributes, the Ecosystem Approach to Fisheries Management (EAF) addresses three

broad objectives: to maintain predator/prey relationships, the energy flow and balance

and preserving the many types of diversity that characterize marine life (Livingston et

al. 2005). The role of both climate and all human activities like agents of ecosystem

change need to be considered together in fishery management for reducing impacts on

ecosystems.

The Flemish Cap demersal community has changed dramatically from late 1980’s to the

present in a context of extreme high fishing pressure and variable physical conditions.

Across this period the cod stock collapsed, the shrimp fishery took the alternative and

finally the cod stock has risen again. In agreement with the global trend toward the

consideration of ecosystem properties and functioning in fisheries management, the

future implementation of the EAF to the Flemish Cap system will need from the

analysis of all these past and present changes from a much broader perspective than the

analysis of individual populations dynamic. The present thesis seeks to address this

objective through the study of oceanography, primary and secondary production, the

demersal community, changes in biodiversity and community structure, variations in

trophic interactions between populations and the study of life history traits determining

productivity of populations in relation to fishing and physical environment pressures. In

turn, this knowledge will permit to go deeper in the ecological functioning of the

Flemish Cap ecosystem.
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I.2. Introduction to the physical environment
Flemish Cap is an underwater mountain located in the Northwest Atlantic Fisheries

Organization (NAFO) regulatory area, division 3M (Figure I-1). It is located around 300

miles eastern of the Newfoundland Island. The Cap occupies approximately 17000

square miles in depths above 1460 m; 10555 square miles are above 730 m and 2500

square miles above 200 m. The top of the cap (ca. 120 m), is located in the southeast

and therefore the east and south slopes are much steeper and fall abruptly to the abyssal

platform, beyond 4000 m. In the northern and western areas slopes are smoother and

end in the Flemish Pass, a channel deeper than 1100 m which separates the Flemish Cap

from the Grand Banks of Newfoundland. The Flemish Pass is 30 miles wide in the

narrowest point, considering the 400 m depth isobaths.

I.2.1. Geological history and bottom composition

Around 210 million years ago, what nowadays is North America, began to separate

from the Euro-African landmass moving westward. During this rupture, former land

pieces of Africa and the Iberian Peninsula (Spain and Portugal) became the eastern parts

Figure I-1.- The Flemish
Cap is located within the
regulatory area of the
Northwest Atlantic Fisheries
Organization (NAFO),
corresponding to the Division
3M (left panel). The Flemish
Pass, a channel deeper than
1100, separates the Flemish
Cap from the Grand Banks of
Newfoundland (panel below).
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of the Island of Newfoundland, Nova Scotia and New England. The Grand Banks

became the eastern shore of the new continent, separated from the Euro-African plate by

the growing Atlantic Ocean. A large piece of rock was dragged behind and would

eventually become the Flemish Cap (Rose 2007).

The Flemish Cap, like the Grand Banks, is underlay by continental rocks. The

innermost core, an oval-shaped region measuring 70 km x 100 km, is formed by

acoustic basement rocks, such as Hadrynian granite, granodiorite, acid and basic

volcanic, and sandstone, siltstone and slate (King et al. 1985). Here the seafloor is

jagged, with ups and downs of tens of m. The surrounding areas of the Cap are formed

by Cretaceous and Tertiary sedimentary rocks. As a whole, the Flemish Cap seafloor is

geologically “hard”, consisting of boulder gravel to coarse sand. However, with depth

silt sand become more abundant, and at great depths, the slope is covered with mud

(Litvin and Rvachev 1963). The analysis of deposits reveals that there exists a great

sedimentation of Foraminifera shells. Icebergs marks, like pits and scours, are common

in the Flemish Cap. The Flemish Pass seafloor is formed by silt sand with pebbles and

stones placed by the icebergs that follow the “Iceberg Route”. This route crosses

Flemish Pass from north to south (Litvin and Rvachev 1963).

I.2.2. General oceanography in the Northwest Atlantic

The Northwest Atlantic oceanography is determined by the influence of two major

currents, the Labrador Current (LC) and the Gulf Stream (GS) (Figure I-2).  The

Labrador Current is formed from the merging of two water masses, the Baffin Island

Current (cold and relatively low salinity waters flowing out of Baffin Bay) and the

Greenland Current (warmer and more saline waters) (Gil et al. 2004). In the southern

Labrador shelf, the LC divides into two branches i) the inshore branch (15% of LC

volume of flow), which flows southward close to the Newfoundland coast and westward

after Cape Race; and ii) the offshore branch (85% of LC volume of flow), follows

through the shelf-break of the bank southward (Stein 2007). The offshore branch is

warmer (3-4ºC) than the inshore branch. When reaching the Flemish Cap the offshore

branch subdivides into a strong southward branch which follow the Flemish Pass, and

an eastward branch which eventually encircle the Flemish Cap clock-wise. The Gulf

Stream flowing north from the Gulf of Mexico travels around the southern part of the

Newfoundland shelf and in the tail of the Grand Banks meets the LC and become the
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North Atlantic Current (NAC). The NAC flows around the Flemish Cap in the south

and east, and below 300 m depth shows strong convergence near 45°N, where a

southward flowing LC partially feeds into the northward flowing NAC (Gil et al. 2004).

A front between cold, fresh and warm, salty water occurs in the border between this two

water masses. Large temperature changes in this region have been attributed to strong

temporal meandering of the NAC (Lozier 1995).

In the Northwest Atlantic (including Flemish Cap) warm and cold periods have

alternated (Figure I-3). Water temperature was warmer than the mean in the period

1950-1970, 1978-1988 and since 1996, while in 1970-1977 and 1989-1995 water was

colder (Colbourne 2006). Thus, since 1970 the oscillation shifts every ca. 10 years. The

North Atlantic Oscillation (NAO) has shown to be a good predictor of the

oceanographic and sea ice conditions in the North Atlantic (Stenseth et al. 2003, Stige et

al. 2006). However, while in the Northwest Atlantic there is a negative relationship

between temperature and NAO index (Figure I-3), in the east North Atlantic this

relationship is positive. Winters with high NAO index entails increased winter

northwesterly winds over eastern Canada leading to colder-than-normal air temperatures

Figure I-2.- Dominant
pattern of currents in the
Northwest Atlantic. The
Labrador Current (LC)
subdivides into the inner
branch (IBLC) and the outer
branch (OBLC) which met
with the Gulf Stream (GS) in
the tail of the Grand Bank
(GB) forming the North
Atlantic Current (NAC). The
anticyclonic gyre over the
Flemish Cap (FC) formed by
the OBLC is also shown.



Chapter I: General Introduction

14

to Atlantic Canada resulting in increased ice cover and colder and fresher than normal

oceanographic conditions (Colbourne and Foote 2000).Variation in the thermal

environment is thought to influence the distribution and biological production of

Newfoundland and Labrador Shelf and Slope waters (Maillet et al. 2005), with very

important consequences for fish larval survival and future recruitment.

I.2.3. Flemish Cap oceanographic conditions

The Flemish Cap is dominated by a quasi-permanent anticyclonic circulation (Ross

1981, Kudlo et al. 1984, Colbourne and Foote 2000, Gil et al. 2004). Storm events

broke down the vertical stratification and contribute to gyre attenuation (Gil et al. 2004)

leading to the appearance of meandering flows crossing the Flemish Cap during the

winter months, while the strength of the gyre circulation is higher during summer when

storm activity is reduced (Anderson 1990). The residence time of water in the Flemish

Cap, 32-40 days, is lower than the recirculation times, 68-78 days (Loder et al. 1988);

although it is expected that the residence time increases during spring and summer

(Colbourne and Foote 2000). This time of residence is long enough for the development

of zooplankton and fish larvae (Anderson 1990).

Flemish Cap is located within an area of transition between arctic and temperate waters

where both, the Labrador Current (LC) and the North Atlantic Current (NAC), dominate

the circulation and influence the water mass properties on and around the Flemish Cap

(Greenberg and Petrie 1988). Within the gyre, seasonally modified LC waters during the

retention stage is the main component, while at higher depths and the periphery of the

bank, especially in the South and East, water properties are derived from the mixture of

LC and NAC waters (Colbourne and Foote 2000). The offshore LC flowing southward

Figure I-3.- The 5-year
running average temperature
anomaly (ºC) in the Flemish Cap
since 1950 (in red color; adapted
from Colbourne, 2006 with the
addition of period 2007-2010)
and the normalized value of the 5-
year running average NAO index
in the period December-May (in
black color; data obtained from
the NOAA website:
http://www.cpc.ncep.noaa.gov/pr
oducts/precip/CWlink/pna/nao.sht
ml).
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in the Flemish Pass and east and southeast in the northern and eastern parts of the

Flemish Cap introduce cold-low salinity water (3-4º C; 34-35 psu), while the NAC

along the southeast and northeast slope of the Flemish Cap transport warmer and saltier

water (>4º C; <34.8 psu (practical salinity units)).

Surface temperature has a marked seasonal pattern that may range between 3ºC in

winter and 13ºC in the summer. The surface water starts warming in early May up to

late August or early September at a rate of about 0.1°C d-1 (Stein 2007). The seasonal

thermocline located at 20-40 m depth develops from spring to autumn. The Cold

Intermediate Layer (CIL), a subsurface temperature minima below the summer

thermocline, is normally present (Colbourne 1993) at a mean depth of 100 m ranging

from <1°C during spring to >3°C during autumn (Stein 2007). Below the CIL

temperature is rather uniform and stable across seasons and years, ranging from 3º to 4º

C. As result of this temperature pattern, the Flemish Cap is relatively ice free except in

February and March during severe ice years (Colbourne and Foote 2000). Salinity is

highly uniform throughout the year at depths below 80 m, with values remaining at

about 34 to 34.5 psu. However, the upper-layer salinity shows also a seasonal pattern

experiencing a freshening from the maximum in February to the minimum in the late

summer (lower than 33.2 psu).

Some studies have proposed water temperature and the integrity and intensity of the

anticyclonic gyre as one of the main causes for variability in recruitment of species the

species of genus Sebastes and Gadus morhua in the Flemish Cap (Hayes et al. 1977,

Konstantinov 1981, Serebryakov et al. 1987, Borovkov et al. 2006). Despite the low

range of bottom water temperature in the Flemish Cap, distribution, physiology and

maturation could be still affected. Changes in water temperature smaller than 1ºC

induces notable changes in physiology and swimming behavior of cod (Claireaux et al.

1995). The rate of food consumption, fish condition or the maturation process have been

found to be dependent on water temperature and changes in the geographical

distribution of fish could be expected when they look for the optimum temperature

(Saborido-Rey and Kjesbu 2005).
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I.3. Introduction to the biological environment

I.3.1. Primary production

Flemish Cap presents an annual carbon productivity (amount of inorganic nutrients that

are converted to organic materials) higher than 180 gCm-2 yr-1 (Berger et al. 1989),

which is the basis for the high productivity observed at different trophic levels. This

high productivity is related to the existence of a consistently elevated concentration of

nutrients on the Flemish Cap probably linked with the entrance of water from the NAC,

as indicated by the thermohaline properties on this area, although advective and mixing

processes may also be influential (Maillet et al. 2005). The volume of transport of the

LC seems to be also highly influential in the nutrient concentration over the Cap, as

observed in the year 1997 (Han 2004).

This productivity, like in the remaining areas in the Northwest Atlantic, has a clear

seasonal cycle, with the primary production bloom starting usually not earlier than April

(Anderson 1990) and showing a long productive period encompassing from early spring

until autumn (Maillet et al. 2005).

The phytoplankton community presents seasonal shifts in composition; large-celled

diatoms are not too important in the spring bloom in the Flemish Cap, and small

flagellate and dinoflagellate (genus Prorocentrum, Gonyaulax, and Gymnodinium)

domains on this stage. The diatoms (mainly genus Thalassiosira) and perhaps

silicoflagellates blooms begin later and may lead to important blooms of these groups

during the autumn (Maillet et al. 2005).

I.3.2. Secondary production

The zooplankton production is coupled to the phytoplankton cycle and since April it is

dominated by copepods (Konstantinov et al. 1985, Anderson 1990, Maillet et al. 2005),

which in August can constitute more than 90% of total zooplankton. Calanus

finmarchicus is the most important Copepod species in terms of biomass, making up

from 37 to 69 % of all zooplankton sampled. C. hyperboreus and Euchaeta norvegica

are also large Calanoid copepods found in the Flemish Cap, but in small numbers. The

small copepods are also highly important, mainly the Cyclopoid copepods of the species
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Oithona similis, 0. atlantica and Microcalanus pygmaeus. Other species of small

copepods are Pseudocalanus spp., Scolecithricella minor and Oncaea borealis, in

descending order of abundance. Other groups forming the zooplankton community of

Flemish Cap are ostracods, gastropods, euphausiids echinoderm larvae, hyperiid

amphipods, chaetognaths, ctenophors, cnidarians and polichaetes (Anderson 1990).

Copepods have been postulated to relate phytoplankton and fisheries variability in

temperate marine ecosystems (Runge 1988), and eggs and nauplii of C. finmarchicus

are preferred by fish larvae rather than copepods of genus Oithona (Pepin 1997). The

bloom of C. finmarchicus occurs in mid-April closely linked to the phytoplankton

bloom (Anderson 1990). The magnitude of production and development of C.

finmarchicus within a year is dependent on the size of overwintering stock of copepods

and the concentration of spring phytoplankton (Runge 1988). Variations in the timing

and magnitude of spring phytoplankton production, fueled through copepod dynamics

may produce differences in larval fish survival among years, leading to successful or

unsuccessful year-classes.

I.3.3. Fish assemblage

The present fish assemblage in the Northwest Atlantic and in Flemish Cap in particular,

comes from three different sources (Rose 2007). The most important source of fish

species is the Pacific Ocean with species as capelin and redfish, and lesser-known

species of Cottidae, Agonidae and Liparidae. The aboriginal species, such as those from

Gadidae (Gadus morhua, Pollachius virens, Melanogrammus aeglefinus, etc.)

constitutes a second important source of fish species. A less important source is the

Arctic Ocean, which contributed with species like Boreogadus saida and species of

family Zoarcidae.

Seventy five fish species were identified in Flemish Cap surveys carried out by the

Canada Government in the period 1978-1985 (Wells and Baird 1989). In the European

Union Survey, between 1988 and 2008, 129 fish species were identified, 65 of them

were considered as demersal and based on the FishBase website information (Froese

and Pauly 2012) (see chapter III). As an average value, since 1960, the 99% of the

declared annual catches corresponded to fish demersal species, which suggest a strong

dominion of the demersal component in the Flemish Cap fish assemblage. Unlike the
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Newfoundland Shelf, pelagic species such as Mallotus villosus, Clupea harengus and

Ammodites spp. have only occasionally appeared in the Flemish Cap. Due to the high

mean depth of the bank, the most important pelagic fishes pertain to the Order

Myctophidae, especially Myctophum punctatum, Ceratoscopelus maderensis and

Benthosema glaciale (Poletayev 1980). The most diverse fish orders in the Flemish Cap

are the Rajiformes, Stomiiformes, Gadiformes, Osmeriformes, Perciformes and

Scorpaeniformes (Alpoim et al. 2002) although from a fisheries point of view the most

important species are Pleuronectiformes (Hippoglossoides platessoides and

Reinhardtius hippoglossoides), Gadiformes (Gadus morhua and Macrourus berglax)

and Scorpaeniformes (Sebastes spp.).

I.3.4. Other components of the Flemish Cap community:

Besides fishes, mammals such as hooded seals Cystophora cristata use the Flemish Cap

like a feeding area, following pupping and prior to their molt, basically from April to

early June (Garry Stenson, pers.com.).  Toothed whales are also southern and seasonal

migrants inhabiting temporally the Flemish Cap (Rose 2007).

Between the commercial invertebrates, in the demersal community 16 species of

Decapoda (Arthropoda) were identified during the July EU survey (Alpoim et al. 2002),

being Pandalus borealis the most abundant species. Within the Cephalopoda, out of 9

species, Illex illecebrosus was the most abundant.

I.3.5. Isolated character of the Flemish Cap

Most studies on the Flemish Cap have pointed to this region as a relatively biologically

isolated area, and hence most species are considered to form self-contained populations.

The Flemish Pass, characterized by depths above 1200 m, most of time hinders the

migration to and from the Grand Bank for demersal fish species which usually inhabit

the shallowest areas such as G. morhua (Templeman and Fleming 1963, Konstantinov

1970) and H. platessoides (Morgan and Bowering 2004). However, despite the isolation

effect produced by the anticyclonic gyre and the Flemish Pass, some studies have

pointed to the influence from the adjacent Newfoundland shelf populations.

Konstantinov et al. (1985) argued that fish eggs and larvae may sometimes be

transported from the adjacent Grand Bank to Flemish Cap by currents. Good year class
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of haddock appeared on the southern Grand Bank in 1981 and yearlings were caught on

Flemish Cap in 1982, where in general are rarely found. Around this issue, the

successful cod 1986 year-class in Flemish Cap could have been derived from a west-

east water movement bringing cod eggs from the Grand Banks (de Cardenas et al.

1993).

I.4. Fishing on Flemish Cap

I.4.1. The beginning of fishing in the Flemish Cap

Before the mid 20th century the Flemish Cap had probably a low importance as a fishing

area in comparison to other banks in the North American shelf. The geographical

isolation of the bank (more than 300 nautical miles from Newfoundland), in conjunction

with the high mean depth, made this bank relatively low exploited during the period of

sailing. Yet, although at low intensity, this bank has been fished for cod Gadus morhua

for a long time and it was considered one of the best fishing grounds off Newfoundland

(Templeman 1976). It is also mentioned that the US fishermen visited the Flemish Cap

in spring and summer for salt halibut Reinhardtius hippoglossoides and cod fisheries

already in the late XIX century. These US fishermen stated that apart from the area

being a difficult one to fish, large quantities of medium-sized cod were obtained. With

the arrival of engine powered vessels and the trawling system of fishing in the mid 20th

century, the importance of Flemish Cap as a fishing area increased remarkably.

However, it may be considered that the most important event determining the increase

of fishing pressure over the Flemish Cap was the extension of the Exclusive Economic

Zone (EEZ) to 200 miles by the Canadian Government in 1978. At this moment, most

part of the international fleet (mainly Spanish and Portuguese fleet) moved to the small

outer areas of the Grand Banks, leading to a dramatic increase in the fishing pressure

over the fish populations in the Flemish Cap.

The renewable resources of Flemish Cap are regulated and managed within the NAFO,

with Canada, USA and European Union as some of the key members.
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I.4.2. The fishing activity

The average total annual catch across the period 1960-2010 was 51800 t, ranging from

21400 t in 1970 to 137000 t in 1990. The highest catches were obtained in the pre-

collapse period 1989-1996 with an average 91300 t by year (Figure I-4). Attending to

catch and fleet composition, two different periods can be identified: before 1993 fishery

targeted Atlantic cod Gadus morhua, the three species of redfish (golden redfish

Sebastes marinus, Acadian redfish S. fasciatus and beaked redfish S. mentella; catches

of the three species are declared together as Atlantic redfish) and in less extent

American plaice Hippoglossoides platessoides. After 1993, catches of these species fell

drastically and Northern shrimp Pandalus borealis accounted for the majority of catches

(Figure I-4).

Fishing activity in Flemish Cap was occasional until 1960. From 1960 to 1990 total

catches showed three distinct peaks in 1965, 1972 and 1990, and almost exclusively

composed of cod and redfish and at low level by American plaice. From 1960 to 1979

cod accounted for more catches than redfish, with an average of 28900 and 14900 t

respectively. Since 1980 redfish catches were generally higher than cod, with an

increasing trend from 14000 t in 1981 to a historical maximum of 81000 t in 1990.

During this decade cod catches followed a declining pattern that lead to a moratorium in

1988-1990. Despite the moratorium cod catches were 48000 and 41000 t in 1989 and

1990. The importance of American plaice catch was low in comparison with cod and

redfish, with an average of 1600 t and a peak of 5300 t in 1965.

Between 1990 and 1996 a transition period in species catch composition can be

identified. Catches of traditional species declined dramatically. From 40,000 t in 1990

Figure I-4 Total catches
and catches of the main
targeted species in the Division
3M. These species accounted
for 94% of total catches since
1960. The declared catches
were considered up to 1988,
since then the estimated catches
were employed instead. These
data were obtained from the
NAFO website
http://www.nafo.int/about/frame
s/about.html.
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to 2600 t in 1996 in cod fishery, 81,000 t to 5,700 t in redfish and from 3800 to 142 t in

American plaice fishery. In parallel the new deep-water fishery on Greenland halibut

Reinhardtius hippoglossoides was developed, with an increase of catches in Flemish

Cap from an average of 140 t in 1960-1989 to a yearly 7,000 t in 1990-1996. The

Northern shrimp fishery started in 1993, with an average catch of 32,000 t between

1993 and 1996.

Since 1996 fishing activity shifted deeply, and catches were dominated by the shrimp

fishery (71% of total catch between 1996 and 2008) and the traditional fleet targeting

cod and redfish abandoned the area due to the low profitability (NAFO 1997). Redfish

catches remained at very low levels (3,900 t average since 1996 to 2008) as by-catch

from the Greenland halibut and Northern shrimp fisheries. In 1999, a fishing

moratorium for cod was imposed and the by-catch of this species was around 540 t until

2009. The highest catches in the shrimp fishery were obtained between 1995 and 2005

(average 42600 t), but especially from 1999 to 2004 (averaging 51,000 t), peaking in

2003 with 62,700 t. The Greenland halibut fishery produce an average 3000 t from 1996

to 2008, much lower than those values obtained in the early 1990’s (14,000 t in 1992).

Catches of the shrimp fishery has declined since 2004, from 45,800 t to 1900 t in 2010.

In 2011 no fishery was directed to this species in the Flemish Cap. However, cod

fishery moratorium was ended in 2010, with a total catch of 9,200 t. The redfish catches

had shown a growing pattern since 2005, with 11,300 t in 2009. In 2010, total catches

were due again mainly to cod and redfish fishery (72%), but the total catches reported

for Flemish Cap was at one of the lowest levels ever registered (24,000 t).

The age composition of cod catches decreased notably from 1960 until the collapse in

1997. In early times cod catches were composed mostly of fishes aged between 5 and 9

(NAFO 1963). Already in 1972 age 4 was the most abundant age class in the catch

(Figure I-5), although still the catch of age 5 and older was higher than age 4. From

1975 to 1978 ages from 3 to 5 were the most abundant in the fishery, from the

successful year classes of 1973 and 1974. From 1988 to 1990, the good 1985-1987year

classes were fished mostly at ages 3 and 4, and a much lower portion of individuals

were fished at age 5. Since 1992 to 1995, right before the collapse, the successful year

classes of 1991 and 1992 were fished mostly at ages 2 and 3, and at lower quantities at

age 4.
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This decline of the average age composition of cod catches was reflected in the fishing

mortality rate (F), which increased remarkably at all ages in the period previous and

during the collapse (Figure I-5). Individuals of age 2 and 3, for which F was 0 and near

to 0 during the 1970’s experienced and F of 0.7 and 1.23 respectively in 1994.

In correspondence with trends in catches, the cod biomass and the age structure

experienced very important variations (Figure I-5). In the 1960-1965 biomass was

estimated about 200000 t (NAFO 1986), but in 1978 biomass was already reduced to

66400 t, mainly constituted by individuals older than age 5. Since then the biomass of

individuals older than age 6 declined and in 1988-1990 most biomass was composed of

individuals of ages 3 to 5, from the successful 1985-1987 year classes (Figure I-5).

Before the collapse, the population biomass was mainly formed by ages 2 to 4, from

year classes 1990-1991, which as indicated, above experienced very high fishing

mortality rates and by the 1995 were almost depleted. Since 1992, recruitments were

extremely poor and in 1996 the cod stock biomass reached to the lowest values ever

recorded (5700 t). Biomass remained at very low levels at all ages until 2006, when

relatively successful recruitments occurred. In 2010 the total biomass was 48000 t,

evenly distributed among ages, especially at age 5 and older. With the decline of total

biomass and the rejuvenation of the stock, the Spawning Stock Biomass (SSB) declined

from 65000 t in the early 1960’s (NAFO 1989) to 8200 t in 1975. Since this year, the

Figure I-5.- Catches (top-left), fishing mortality (F) (top-right) and biomass by age (bottom-left). Total
catch and biomass, recruitment and SSB (bottom-right) for Flemish Cap cod (Data from Wells et al, 1984;
Vázquez and Cerviño, 2001; González-Troncoso and Vázquez, 2011).
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SSB oscillated around 20000 t until 1996, when it dropped to 3500 t. With the recovery

of the cod stock since 2006 the SSB increased and in 2010 it was at pre-collapse level

(36200 t).

Commercial catches of redfish are not split into species although traditionally beaked

redfish S. mentella, and in to a lesser extent Acadian redfish S. fasciatus, have been the

most targeted species. The Flemish Cap redfish assessment is focused on the beaked

redfish, regarded a management unit composed of populations of these two species. In

the redfish fishery, unlike cod, the age composition of catches did not show important

variations. The high catch level of 1973-1976 was sustained by the successful

recruitment events of 1963 (NAFO 1976) and major proportion of the 1982 catch

consisted on the relatively successful year-classes of the early 1970´s (NAFO 1976).

The high catches of 1989-1992 consisted also on individuals of age 8 and older (Figure

I-6) from the successful year classes of 1980-1981 (NAFO 1997). However, by-catch

from the shrimp fishery produced in 1993-1995 a notable increase in catches at age 4

and 5 (with Fage4=1.8 and Fage5=0.8 in 1993; Figure I-6), and ages 1 to 3 since 2001

to 2004 (Ávila de Melo et al. 2011). After the extreme catches of 1989-1992, the total

redfish biomass showed a marked decline, from 217,000 t in 1989 to 23,700 t in 1995.

Figure I-6.- Catches (top-left), Fishing mortality rate (F) (top-right) and Biomass (bottom-left) by
age. Total catch and biomass, recruitment and SSB (bottom-right) for the beaked redfish (Data from
Ávila de Melo et al, 2011).
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Figure I-8.- Total biomass, total landings and recruitment at age 4 (left
axis,) and fishing mortality (F; in the right axis) are depicted for the Greenland
halibut since 1975 to 2010 (Data from Healey, 2011).

Figure I-7.- Total biomass, spawning biomass (SSB), total
landings and recruitment at age 3 (left axis), and catch rate
(Total landings/Index of biomass of EU survey; in the right
axis) are depicted for the American plaice since 1988 to 2010
(Data from the NAFO SCR Docs. 11/41).

The successful year classes of 2000-2004 lead to the recovery of the stock (142,000 t in

2008), although since then a decrease in biomass was observed.

The American plaice fishery

caught mostly individuals of age 4

to 9 until 1994 (Alpoim 2011).

The low recruitment success,

especially since 1994 (Figure I-7)

has been reflected in the declining

trend of total biomass since 1988

and the increase of the

proportional increase of SSB.

Catches on Greenland halibut in the NAFO Subarea 2 and Divisions 3KLMNO have

been traditionally focused on ages 6 and older. However, in 1993 catches at age 8

showed a marked decline and since then ages 6 and 7 hoard most of total catch (Healey

2011). At this time a notable increase in F at ages 5-10 was observed (Figure I-8) from

below 0.13 in 1989 to 0.72 in 1994 and total biomass experience a marked decrease to

the lowest registered value since 1975. In 2003, a fifteen year rebuilding plan was

implemented. However since then the recruitment declined and the estimated catches in

the period 2004-2009 exceeded considerably the TACs of 16,000 t (NAFO 2010)

(Figure I-8). This has resulted in the non-recovery of stock biomass.

The shrimp fishery was sustained by the successful year classes of 1988, 1993, 1994,

1999 and 2002, and catches followed a very similar pattern to that observed in the
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biomass index from the EU survey (Figure I-9). This species is protandric

hermaphrodite, changing sex from male to female at age 4-5 years (Skúladóttir et al.

2007). This feature makes this species especially vulnerable to exploitation because

fishery focuses almost exclusively in one sex while the harvest of males reduces future

spawning potential. Since 2007, female biomass experienced a marked decline, and in

2009 it was 1700 t, below the biological limit recommended for exploitation. Since

2011 no shrimp fishing is developed in the Flemish Cap, and due to the continued poor

recruitment since 2002, there are serious concerns that the stock will remain at low

levels.

Figure I-8.- Total biomass, female biomass, total landings and recruitment at age 2 (left
axis,) and catch rate (Total landings/Index of biomass of EU survey; in the right axis) are
depicted for the Northern shrimp since 1988 to 2010 (Data obtained from Casas, 2011).
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I.5. Objectives
The overall objective of this thesis is to analyze the ecological functioning of the

demersal community of Flemish Cap. Then how this functioning has affected cod

dynamic is dealt with. This global objective is addressed with an integrative approach,

analyzing the critical interactions determining the ecosystem dynamics and their drivers:

• Analyzing changes occurred in abundance and biomass of the

demersal species community and determination of common trends. Evaluation

of the influence of fishing activity, environmental conditions and predation in

population and community dynamics. Analyzing changes in biodiversity and

community size structure across the period 1988-2008 (chapter III).

• Study of changes and common trends in the diet composition of the

most important fish species across the period 1993-2008 in relation with prey

abundance, competition and oceanographic conditions. The degree of diet

overlap between these species is also explored (chapter IV).

• Determination of changes in life history traits of cod: growth and

maturation. The nature of variations, if genetic or phenotypic, is tested in the

context of the prevailing environmental conditions and ecological functioning.

The implications of such changes in the Stock Reproductive Potential (SRP), in

conjunction with variations in the reproductive stock are also studied (chapter

V).

• Study of the functional role of the main fish species of the Flemish

Cap and the construction of a tentative food web model. Explanation of the

demersal community functioning by integrating and relating feeding habits,

community composition, fishing activity, oceanographic conditions and SRP

(chapter VI).
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Some of the data and methodologies that will be presented here have been employed in

more than one chapter along this thesis. For this reason it is consider more appropriate

to present a separate Material and Methods chapter, where all this information is

gathered and described. Firstly the general origin of data and the first treatments are

presented. Next, specific data and methodologies utilized on each chapter are described

in different sections.

II.1. General section
Most of the data employed in the present thesis have been obtained from the

International European Union (EU) bottom trawl surveys conducted annually on the

June-July period. Since 1988 four institutions have participated, three from Spain: the

Institute of Marine Research (IIM-CSIC), the Spanish Institute of Oceanography (IEO)

and AZTI-Tecnalia Foundation; and one Portuguese: the Institute of fisheries and the

sea (IPIMAR).

The surveys followed the NAFO recommendations (Doubleday 1981) and consisted on

a bottom trawl random stratified sampling design (Casas & González-Troncoso, 2011).

The Flemish Cap is divided in 39 strata up to 1460 m depth, with a 17051 square miles

surface (Figure II-1). The number of hauls conducted by strata is proportional to its

surface (variable between strata) and the location of these hauls in the strata was

randomly determined. Since 1988 to 2003 these surveys were conducted up to a

maximum depth of 730m., i.e. up to the strata 19 (surface=10555 square miles; Figure

II-1). Since 2004 the surveyed area was extended up to the strata 39. Since the goal of

this thesis is analyzing changes in the 1988-2008 period, only the sampled information

in the first 19 strata (730 m depth) have been considered. The number of hauls by year

and strata are presented in table II-1.

A Lofoten type fishing gear was employed, with a mesh size in the cod end of 35 mm,

ideal for the initial objective to assess Gadus morhua, Hippoglossoides platessoides and

Sebastes spp. stocks (Alpoim 2011). The effective time of trawling during each haul

was 30 minutes, at a mean trawling speed of 3.5 knots. The survey was developed

during the daylight exclusively, with the exception of 1988 when a 24 hour sampling

protocol adopted. The research vessel utilized have been changed in the studied period

(Table II-1); in the period 1988-2003 the research vessel was the Cornide de Saavedra,

although in 1990 and 1991 it was replaced by the Cryos and Ignat Pavlyuchenkov

respectively due to alterations. Since 2003 the research vessel Vizconde de Eza replaced
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the Cornide de Saavedra. Between 2003 and 2004, 111 paired fishing trawls were

conducted with the aim of comparing their fishing capacity.

The survey design allows estimating the abundance and biomass by size in the whole

bank for all fish species and most important invertebrates, and also by sex and age for

the most important species. A detailed biological sampling was carried out for the main

commercial species: G. morhua, Sebastes fasciatus, S. marinus, S. mentella,

Reinhardtius hippoglossoides, H. platessoides, Macrourus berglax and Pandalus

borealis. This biological sampling consisted on sex, size, age and maturity state, which

permit the estimation of size and age population frequencies by sex, as well as the

maturity ogives. Abundance and biomass indices will be analyzed in chapter III, and

more specifically for G. morhua in the chapter V.

Figure II-1.- The Flemish
Cap up to a depth of 1460m is
shown. The purple area
represents the 19 strata,
comprising the surface between
120 and 730 m depth. This area
was sampled since 1988 to 2008.
The green colored area
represents the area between
strata 20 and 39. This area has
been sampled since 2004 and will
not be considered in the present
thesis.
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Data on water temperature and salinity was collected from surface to the bottom, by

conductivity-temperature-depth casts (CTDs). From 1988 to 2003, CTDs were done at

the fishing haul location. After 2003, CTDs were dissociated from fishing and were

conducted over the entire area of Flemish Cap following a grid design. CTD stations

were set 15 miles apart both in latitude and longitude. Temperature data from these

CTD casts were used for several analyses in this thesis (Chapters III, IV and V).

Stomach content sampling in the EU Flemish Cap survey started in 1993, and included

the most important fish species. This data has been analyzed in the chapter IV (see

section II.3 in the present chapter).

Other survey data employed in the present thesis was provided by the Department of

Fisheries and Oceans of Canada (DFO). DFO conducted annual surveys in the Flemish

Cap from 1978 to 1985 up to 730 m depth (i.e. the 19 shallowest strata in the EU

surveys), carried out in January/February, and followed a stratified random sampling

design. The research vessel Gadus Atlantica conducted the surveys using a different

fishing gear than the EU surveys (an Engel 145 bottom trawl with a small mesh liner in

the cod end). Accordingly, from these surveys only information related with the size,

age as well as the maturation state and fecundity of G. morhua were employed (chapter

V). Water temperature information on July was also obtained from the DFO database,

which extends up to the year 1980. Only those CTD stations carried out in the quadrant

between longitudes -46º W and -44º W and latitudes 46.5º N and 48º N were employed;

the reason is that the traditional 19 strata are roughly contained in this quadrant. During

the period 1988-2008 the correlation coefficient between the DFO and the EU bottom

temperature estimations was 0.9.

II.2. Analysis of changes in the demersal community
Results from the analysis described in this section are presented and discussed in

chapter III.

II.2.1.Biomass and abundance data

Before using the abundance and biomass database from the EU surveys some

corrections and selection of data was conducted. It was necessary to determine the

species that would be included in the analysis. One of the reasons to leave out some

species was due to the improvement in the identification capacity of invertebrates
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during the survey since 1988. Accordingly, in order of keeping consistency along the

time series no other invertebrate species than P. borealis and Illex illecebrosus were

considered in this thesis. In relation to fish species, before 1991 only S. marinus was

separated from the remaining species of genus Sebastes; while S. fasciatus and S.

mentella were grouped as Sebastes spp. This problem was overcome by separating

Sebastes spp. into S. fasciatus and S. mentella under the assumption that in 1988, 1989

and 1990 the proportion of these species was the same than the observed in 1991. On

the other hand, all along the period 1988-2008, Sebastes individuals smaller than 15 cm

were not identified to the species level and were grouped as Sebastes spp. The division

of juveniles into their biological species was done by identifying the recruitment events

by means of the study of age and size abundance distribution. In this successful

recruitment events, proportion of three species were estimated (Table II-2).

Table II-2.- Proportions of Sebastes marinus, S. mentella and S. fasciatus and years from which these
proportions were taken to split Sebastes juveniles across the different periods.

Surveys S. fasciatus S. marinus S. mentella Proportions of

1988-1990 0.074 0.175 0.751 1990

1991-1994 0.068 0.127 0.805 1995

1995-1997 0.110 0.115 0.774 1998

1998 0.302 0.137 0.561 2002

1999-2003 0.347 0.361 0.292 2003-2005

2004-2008 0.447 0.409 0.143 2007

In few hauls and for some species, either biomass or abundance information was

missing. This was corrected based on the relationship between abundance and biomass

observed annually for each species.

As indicated above, in 2003 the research vessel “Cornide de Saavedra” was replaced by

the “Vizconde de Eza”. This new vessel incorporated advances in winch characteristics

that made advisable to conduct a process of calibration in order to ensure that biomass

and abundance indices were coherent across the whole time series. Conversion factors

between these two vessels had been previously estimated only for commercial species

(Casas et al. 2004, González-Troncoso and Casas 2005). Therefore a new calibration

analysis including both commercial and non-commercial species was required to correct

for vessel differences using a common and standardized approach for all species (Pérez-

Rodríguez and Koen-Alonso 2010).  These conversion factors were employed to
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transform the numbers and biomass caught by the research vessel Cornide de Saavedra

to the values expected in the Vizconde de Eza.

Once the abundance and biomass data by fishing trawl were revised and corrected, this

information was employed to estimate indices for the whole studied Flemish Cap area

using the swept area method for random stratified sampling design (Gunderson, 1993).

Annually, the confidence intervals for the biomass and abundance indices were

estimated using the bootstrap resampling methodology following the stratified design of

the EU survey. Biomass and abundance by swept area for each fish species (as well as

P. borealis and I. illecebrosus) was recalculated 999 times. The obtained distribution of

frequencies was employed to determine the 95% confidence interval around the original

biomass and abundance value.

II.2.2.Oceanographic data

As mentioned above, water temperature was measure in CTD casts conducted since

1988 during the EU surveys. The raw data from these CTDs were firstly managed with

the Seasave V7 Seabird software. Different tools were employed to delete erroneous

temperature values (Wild Edit), estimating average temperature by meter depth (Bin

Average) and separating the way down and up of the CTD (Split tool). Next, for each

CTD the surface temperature was determined as the temperature at 10 m depth. The

bottom temperature for each CTD was estimated as the temperature at the maximum

depth with temperature information, excepting those cases when maximum depth was

beyond 400 m. In these cases the bottom temperature was considered like that at 400 m,

which is justified by the slight variation in temperature beyond this depth. Finally every

year the average surface and bottom temperatures for the whole Flemish Cap were

estimated as the mean value of all CTDs.

Temperature information was not available for years 1992, 1994 and 2003 from the EU

July surveys. Bottom and surface temperature for years 1992 and 2003 were taken from

the DFO database. This was justified by the high Pearson correlation coefficient

(Pearson=0.9; p-value<0.001) between the DFO and EU surface and bottom

temperatures in the period 1988-2008. Bottom and surface temperature series from 1988

to 2008 are shown in Figure II-2.
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II.2.3.Analysis of biomass and abundance time series

Only the sudden changes and common trends in biomass and abundance indices of the

demersal species were studied due to the inadequacy of the Lofoten gear for a proper

sampling of pelagic species. Species were classified as demersal or pelagic based on the

information compiled in FishBase (Froese and Pauly 2012) and SeaLifeBase

(Palomares and D. 2012). From the total 120 fish species identified in the period 1988-

2008, 55 were classified as pelagic species and 65 as demersal.

The 65 demersal fish species plus P. borealis and I. illecebrosus were grouped based on

both, their contribution to the total demersal biomass, and their frequency of occurrence

in the survey time series. Three groups were formed based in the following criteria:

Group I: Species which appeared all years along the time period studied and accounted

for more than 0.5% of total biomass at least 1 year.

Group II: Species which encompassed lower than 0.5% of total biomass all years but

appeared longer than 15 years.

Group III: Species which supposed less than 0.5% in biomass all years and appeared

less than 15 years.

The analysis of sudden changes and common trends were conducted with the

chronological clustering and the Dynamic Factor Analysis (DFA) techniques

respectively. These analyses were carried out exclusively with groups of species I and

Figure II-2.- Average bottom
and surface temperature in the
Flemish Cap during the July EU
bottom trawl surveys. Years 1992
and 2003 were estimated from the
DFO temperature database. No
data were available for year 1994.
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II. The group III was excluded from these analysis due to the high proportion of years

with no presence of these species.

Chronological clustering

The chronological clustering technique was design like a clustering method, but taking

into account the sampling sequence and imposing a constraint of temporal contiguity to

the clustering activity (Legendre et al. 1985). This methodology was initially design

with the intention of identifying sudden temporal changes in community composition by

the identification of discontinuities in multispecies time series, although it has been also

successfully employed to analyze sudden changes in spatial transects (Tuomisto 1994).

Full description of this methodology can be found in (Legendre and Legendre 1998).

As in standard clustering methods, a similarity/dissimilarity matrix is estimated

employing the most appropriate index based in the nature and features of the data. Zuur

et al. (2007) recommended the standardization of time series and the employment of the

Euclidean distance. Despite the Euclidean distance is a symmetric similarity index

(Legendre and Legendre 1998), the nearly absence of double zeros in the groups I and II

supported its use. Following, clustering of samples (years) is carried out from the

distance matrix with the time contiguity constraint explained above.

In chronological clustering, clusters are determined with the intermediate linkage

clustering method, employing the proportional-link linkage criterion. Under this

criterion, two clusters are grouped only when a given proportion of the possible total

number of similarity links (K) is reached; this proportion is called the connectedness

value (Co). In addition, each clustering step is subjected to a permutation test before the

fusion of two objects or clusters is definitely authorized. This test is conducted under

the null hypothesis that the objects forming the two groups comes from the same

statistical population. This process is conducted with different values for the

significance level α, usually 0.01, 0.05, 0.1, 0.2, 0.3.  As lower the significance level (α)

lower the possibility that the null hypothesis is rejected, and hence a lower number of

clusters is expected.  Unlike α, connectedness was kept constant (Co=0.5) following the

suggestions of Zuur et al, (2007). The result of chronological clustering was a

nonhierarchical partition of the series into non overlapping homogeneous groups.

Furthermore, with this methodology singular observations (called singletons) result of

random processes or improper sampling are identified and deleted from the analysis. As

a last step a posteriori test was applied to evaluate relationships between not temporally
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contiguous groups. In this second test, the significance level (H) was kept constant at

0.05. Finally from all the set of divisions of the time series obtained from all the

different α values considered, the selected division was that one with the highest α and

with all the temporally contiguous clusters being significantly different in the a

posteriori test.

The observations (years) were plotted on an ordination diagram to facilitate the

interpretation of the results. The ordination diagram is the result of a Principal

Coordinate Analysis (PCoA).

Dynamic Factor Analysis (DFA)

There exist different time series techniques designed to study cyclic patterns and make

predictions like wavelet analysis, spectral analysis, ARIMAX and Box-Jenkins models

(Zuur et al, 2007). However, these techniques need from long stationary time series

without missing value and are not useful neither to study common trends between

several time series nor evaluating their relationship with explanatory variables. DFA is a

dimension reduction technique that aims to model N observed time series in terms of M

common trends (Zuur et al. 2003a). DFA can be seen like a factor analysis where the

latent variables are forced to be latent smoothing functions over time. In addition to

common trends, DFA also allows for consideration of explanatory variables in the

model.

A general expression in matrix notation for a DFA model including common trends and

explanatory variables can be written as:

= + + + (1)

Where is a N×1 vector containing the values of the N time series at time t; Z is a

matrix of dimensions NxM with the factor loadings of each trend for each time series;

is a vector that contains the values of the M common trends at time t; D is an NxL

matrix containing regression coefficients; is a vector with the values of the L

explanatory variables at time t; c is a constant level parameter of dimension Nx1; finally

is a N×1 noise component, which is assumed to be normally distributed with mean 0

and covariance matrix R. R was modeled as a symmetric non-diagonal positive-definite

matrix (Zuur et al. 2003b).
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Those cases for which factor loadings were higher than 0.2 were considered to be

significantly influenced by that common trend (Zuur et al. 2003a). t-tests were used to

explore the significance of the regression coefficients; t-values were approximated to p-

values taking into account the degrees of freedom.

In chapter III DFA was used to explore common trends in the biomass and abundance

trajectories of species in Groups I and II. For each group, multiple models involving

different combinations of explanatory variables and number of common trends were

fitted. Among the alternative DFA models for each group, model selection was done

using the Akaike Information Criterion (AIC) (Burnham and Anderson 2002). As

indicated by (Zuur et al. 2003a), standardized time series (both response and

explanatory variables) were utilized, both for response and explanatory variables.

The explanatory variables considered in the DFA models in chapter III were intended to

represent key processes that can influence the dynamics of the studied species:

recruitment, where oceanographic features can have a large impact, and mortality,

where both predation and fishing can be important drivers.

In order to represent the environmental conditions that, in a general sense, may have

potentially influenced recruitment success for the demersal fish community, the moving

average of the NAO index in the period between 4 to 7 previous years was employed (t-4

to t-7 interval). This range was used because, on average, 50% of the biomass of

commercial species (the only ones for which aging data is available) in any given year

was constituted by fishes of ages 4-7. Therefore, the average environmental conditions

during recruitment for any given year would be coarsely described by the moving

average of the NAO during the t-4 to t-7 interval.

The fishery index (Koen-Alonso et al. 2010) is a measure of the relative exploitation

due to fishing for the demersal community as a whole, and it was estimated as:

Fishery index = (2)

Since the EU surveys are conducted on July, but declared catches are reported for the

entire calendar year, there is a mismatch between the timing of the catches and the

biomass involved in the calculation of this index. Catches affecting the biomass on July

will be the ones that took place since July of the previous year. In order to compensate

for this mismatch, the actual variable considered in the DFA analysis was not the
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Fishery Index itself, but the moving Average of the Fishery Index (AFI) between the

given and the previous year.

As a proxy for predation pressure, the abundance of the main piscivorous species in

Flemish cap (i.e. G. morhua, R. hippoglossoides, Anarhichas denticulatus, A. lupus and

A. minor) was employed. First, for each of these piscivorous species the size from

which fish became an important part of the diet was determined by using the results

from chapter IV. These size limits were established at 50, 30, 65, 40 and 40 cm

respectively for the species mentioned above. Second, the predation pressure index was

estimated annually as the sum of the indices of abundance (from the EU survey) for

each species over these size values. The sum of abundance was employed instead of the

sum of biomass because no biomass data by size range were available from the EU

surveys. On the other hand, the correlation between total biomass and total abundance

for each of these species was always higher than 0.8 (average value: 0.89).

Both DFA and chronological clustering analyses were conducted with the Brodgar

statistical software, version 2.6.6.

PERMANOVA, PERMDISP and MDS:

Given the sparse nature of the data for the species in Group III, differences in species

composition (biomass) in this group over time were studied using other statistical

techniques than Chronological clustering and DFA. Non-metric multidimensional

scaling (MDS), as well as permutational analysis of variance and dispersion

(PERMANOVA and PERMDISP respectively) were employed. These analyses were

conducted with the PRIMER software, version 6 +PERMANOVA.

The MDS, like the PCoA, can also use any measure of association, but is better in

preserving the multidimensional structure with a low number of axes (2 or 3 axes). This

methodology is not based in an eigenvalue equation but on numerical optimization

methods. Unlike PCoA, distances between points do not represent directly the similarity

measure but the rank order from the relative value of any similarity measure among

samples (Clarke and Gorley 2006). Thus, MDS do not show in their diagrams a real but

a relative distance. The discrepancy between the real distance (measure of similarity)

and the distance in the MDS diagram can be plotted in the Shepard diagram or being

expressed in terms of a Stress value (Legendre and Legendre 1998). Stress value of 0.3

can be considered an acceptable limit (Clarke and Warwick 2001).
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PERMANOVA is a multivariate technique designed for testing the difference between

two or more multivariate datasets in relation to one or more factors based in the measure

of a similarity matrix using a permutation procedure (Anderson 2001). It may be

considered like a method that takes a geometrical approach to MANOVA. Analogously

to the construction of the F statistic for ANOVA models a pseudo-F statistic is

estimated. p-values are obtained from the pseudo-F statistic distribution generated with

the multiple iterations (999 iterations). In addition to the global test, a posteriori pair-

wise test is also conducted in order of testing differences among levels of factors. The

factor consider in this analysis was the bottom water temperature. Every year in the

period 1988-2008 was labeled as “Positive” or “Negative” depending on whether mean

bottom temperature was above or below the average for the entire period. Differences

between groups “Positive” and “Negative” in group III species composition and their

biomass were evaluated. As in ANOVA, PERMANOVA needs from homogeneity of

variance between groups, which was tested using another permutation method,

PERMDISP (Anderson et al. 2008).

II.2.4.Study of ecosystem indicators

A suite of ecosystem indicators has been employed in order of summarizing the

information about the changes occurred in the Flemish Cap demersal community.

Abundance Biomass Comparison (ABC) Curves:

The ABC method was initially proposed by (Warwick 1986) as a technique for

monitoring disturbance (mainly pollution effects) on benthic invertebrate communities,

by comparing dominance in terms of abundance with dominance in terms of biomass.

The relative position of the k-dominance curves of abundance and biomass in which the

species are ranked in order of importance on the x-axis (logarithmic scale) with

percentage dominance on the y-axis (cumulative scale). Warwick described three

general states of an ecosystem that could be differentiated: the unpolluted state, with the

biomass curve above the numbers curve throughout its entire length; the moderate

polluted state, biomass and numbers curves are close together and may cross each other

one or more times; severe pollution, when the abundance curve is above the biomass

curve throughout its length.
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The ABC plots can be reduced to a univariate measure; this is the W statistic (Clarke,

1990), which is the “difference curve” Biomass-Abundance for each sample. The W-

statistics is the result of the equation:

= ∑ ( − )/[50( − 1)] (3)

The value of the W statistic depend on the relative position of the two k-dominance

curves, and it takes values in the range (-1, 1), with W=1 being the unpolluted and W=-

1 the heavily polluted state.

The partial dominance plots (Clarke 1990) are the alternative approach to the ABC

curves to avoid the over-dependency on the single most dominant species for abundance

and for biomass. In genuinely disturbed environments not only a unique opportunistic

species would be found, but several opportunistic species. Despite being developed

initially for benthic invertebrates communities, this methodology has been found to be

adequate both for benthic and fish communities (Blanchard et al. 2004, Jouffre and

Inejih 2005, Yemane et al. 2005, Ya-Zhou et al. 2009).

The ABC (with its respective W statistic) and the partial dominance curves were

constructed annually using PRIMER software, version 6.

Size Based Indicators:

This suite of indices may provide insight into the changes occurred in the size structure

of the fish community and the possible causes, as well as the consequences for the

population viability on an EAF context (Garcia et al. 2003). Some of the most common

community size based indicators were applied (Shin et al. 2005). The mean length

(Lmean) and the mean maximum length (Lmax) of the fish community were estimated

annually. In order to avoid the effect of different sample size or simply chance, the

percentile which encompass the 90% of data was estimated (L90). The Lmax despite these

weaknesses was estimated with the intention of capturing the evolution in the more

extreme sire ranges. These parameters were estimated annually as:

= ∑ , (4)

= ∑ , (5)
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= ∑ (6)

where Ni and Lmax,i refers to the abundance and the maximum length registered for each

fish species i; Nj and Lj are the length and the abundance of all fish species for each

length range j. The 95% confidence interval was estimated for Lmax, Lmean and L90 by

means of a frequency distribution generated with bootstrap; 999 iterations were carried

out.

The size spectra curves were also constructed annually by estimating the natural

logarithm of the accumulated distribution of abundance by length range. A linear

function was fit to this data every year.

Richness and diversity index:

Biodiversity can be defined as the joint construct of how many species are present in a

collection (richness), and how similar their abundances are (evenness) in time and space

(Rice 2000). Many different indices have been developed with the intention of capture

these aspects of diversity and others as diversity in space (β diversity) or functional

diversity (Magurran 2004).

The richness index was determined annually by means of the species accumulation

curve. The Vegan package of the R software, version 2.11.1 was employed and every

year the species accumulation curve was estimated iteratively 999 times. From this suite

of curves the mean number of species by number of fishing trawls was estimated, as

well as the standard deviation. Every year the richness index was determined from these

average species accumulation curve as the number of species for 101 hauls. This value

was selected because this was the lower number of fishing trawls in a EU survey since

1988 and permit the estimation of richness to be comparable along the whole period.

The Simpson evenness index was employed as a measure of the allocation uniformity of

individuals in the different fish species. It was estimated as:

/ = ⁄
(7)
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Where S is the total number of registered species and D is the Simpson index, calculated

as:

= ∑ (8)

With pi as the proportion of individuals of species i over the total number of individuals

of all species found every year.

As heterogeneity diversity measure, the Shannon index was utilized. It was estimated

as:

= − ∑ ln( ) (9)

Both the Simpson and the Shannon index were estimated annually for the whole

Flemish cap by adding up catches in all fishing trawl and estimating a unique value of

these indices. P. borealis and I. illecebrosus were not included in the estimation of these

diversity indices.

II.3. Analysis of variations in feeding habits
The aims and motivation of the analysis presented in this section, as well as the

obtained results and the discussion are presented in chapter IV.

II.3.1.Stomach content sampling and first treatment

Stomach content information for the 15 most important fish species in Flemish Cap

(Table II-3) has been collected annually as part of the sampling protocol of the EU

Flemish Cap July bottom trawl survey since 1993 to 2008, with the exception of 2007.

One of these species are the juvenile individuals of genus Sebastes (Sebastes individuals

smaller than 15 cm), which were actually formed by individuals of S. mentella, S.

marinus and S. fasciatus but were sampled and treated apart due to the impossibility of

separating at this juvenile stage during the survey.  In Table II-3 the total number of

individuals sampled annually for each fish species is shown. As in the remaining

analyses of this thesis, only individuals caught up to the strata 19 (730 m) were

considered.
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Table II-3.- For each species (including juvenile Sebastes) the total number of sampled individuals every
year are shown.

Fish species/Year 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2008

Amblyraja radiata 126 59 70 51 58 62 59 90 103 81 336 239 134 157 225

Anarhichas denticulatus 15 26 30 24 25 12 31 28 46 30 49 21 50 45

Anarhichas lupus 141 89 234 140 134 165 136 133 110 191 138 213 211 166 97

Anarhichas minor 81 99 187 120 130 107 77 64 36 72 62 175 82 129 71

Gadus morhua 870 559 482 432 434 168 175 234 361 223 137 407 356 625 779

Glyptocephalus cynoglossus 178 108 99 73 35 34 83 83 163 52 130 143 53 56 208

Hippoglossoides platessoides 338 323 263 193 137 126 214 172 229 135 95 470 118 132 220

Lycodes reticulatus 72 77 141 131 99 84 78 89 78 155 70 46

Macrourus berglax 85 47 76 110 99 145 120 143 256 148 370 84 194 129 101

Nezumia bairdii 127 147 156 131 143 121 194 134 173 201 225 82

Phycis chesteri 46 57 31 45 23 115 78 115 78 56 159 102

Reinhardtius
hippoglossoides

391 310 668 630 647 618 745 508 720 669 589 537 296 228 78

Sebastes fasciatus 109 173 291 241 282 244 243 309 420 530 381 319 180 281 261

Sebastes juvenil 88 71 41 57 90 92 78 129 338 368 300 138 99 110 157

Sebastes marinus 142 145 257 236 278 216 178 229 279 272 252 339 157 263 341

Sebastes mentella 161 213 498 275 380 254 289 283 450 521 281 403 198 314 195

From 1993 to 2003, on each haul a maximum number of 10 stomachs were analyzed by

10 cm size class for the commercial species G. morhua, R. hippoglossoides, H.

platessoides, S. marinus, S. mentella, S. fasciatus and juvenile Sebastes and 5 cm size

class in Macrourus berglax. In the remaining fish species 10 specimens by fishing trawl

(without size stratification) were analyzed. Since 2004 a different protocol was

followed, the aim was a maximum of 100 individuals by 10 cm size class (5 cm size

class in M. berglax and Nezumia bairdi) for all fish species at the end of the survey. The

selection of individuals on each trawl and size range has been always a random process.

Those fishes that presented the stomach completely or just partially out of their mouth

or contained prey ingested in the fishing gear (without any sign of early digestion) were

discarded. In the present thesis, only those individuals with some stomach content were

considered for further analyses.

For each individual, total length rounded down to the cm level (anal length in case of N.

bairdi and M. berglax, rounded to the 0.5 cm level) was collected. Individual fish

weight was estimated employing a global length-weight relationship for the whole study

period.

ℎ ℎ = × ℎ ℎ (10)

Parameters a and b were estimated for each fish species (see table II-4) employing the

nls function (nonlinear least square) in the free software R (version 2.11.1).
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Table II-4.- The fitted parameters a and b for the length-weight relationship are shown. All p-values both
for a and b were <0.0001.

Fish species a b

Anarhichas denticulatus 0.006 3.150

Anarhichas lupus 0.005 3.140

Anarhichas minor 0.007 3.09

Bathyraja spinicauda 0.005 3.035

Gadus morhua 0.007 3.074

Glyptocephalus cynoglossus 0.002 3.377

Hippoglossoides platessoides 0.005 3.207

Lycodes reticulatus 0.189 1.893

Macrourus berglax 0.115 2.907

Nezumia bairdii 0.297 2.793

Pandalus borealis 0.002 2.576

Amblyraja radiata 0.0189 2.851

Reinhardtius hippoglossoides 0.0017 3.41

Sebastes juvenil 0.010 3.086

Sebastes fasciatus 0.016 2.994

Sebastes marinus 0.021 2.914

Sebastes mentella 0.016 2.958

Phycis chesteri 0.127 2.060

In relation to the stomach content, the total volume (in cubic centimeter) was quantified

employing a trophometer (Olaso-Toca 1990). The volume occupied for each different

prey species in the stomach was estimated, as well as the state of digestion and the

number of individuals when it was possible. The weight of each prey species on each

stomach was estimated employing the relationship estimated by Olaso-Toca (1990):

ℎ = 0.1039 + 0.8981 × (11)

The analysis of outliers was conducted employing the Tchebychev inequality to

approximate the interval which contains the variable analyzed (considered a random

variable) with a probability of 0.88. All observed values outside these intervals were

initially considered outliers, although the graphical visualization of data was employed

for a definitive decision.

For the analysis of feeding habits three different indices were estimated:

Percentage by Total Volume (PTV):

= × 100 (12)

Where vi is the volume of prey i and V is the total volume of the stomach content.
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Frequency of Occurrence (FO):

= × 100 (13)

Where is the number of individuals with the prey species i in their stomachs and N is

the total number of sampled individuals.

Relative Stomach Content Index (RSCI):

= (14)

RSCI is an index of the weight of ingested food by unit of fish weight. This index was

estimated for each sampled individual.

II.3.2.Determination of trophic species

The first step in the study of feeding habits of the main fish species of Flemish Cap was

the determination of groups of organisms which could present similar feeding habits.

Cohen and Briand (1984) defined trophic species as “The group of organism with

identical sets of prey and identical sets of predators”, regardless of the biological

species. In the case of fishes, which typically undergo important ontogenetic changes in

its feeding habits as they grow, the concept of trophic species could be more usefully

applied if these are identified by splitting biological species into size-based subgroups

which presented relatively homogeneous diet compositions. That was the approach

taken in this study.

Trophic species were defined by examining the full diet composition (i.e. all years

combined) as a function of fish length. For this exercise prey species were combined

into prey groups (“homogeneized prey species” or HPS) taking into account the

importance of individual preys across the range of predator considered.

Chronological clustering was used to identify breaking points in the diet with length;

these breaking points were used like a basis for the determination of trophic species.

The Euclidean distance between each length class was estimated using the PTV of each

HPS. Different values for the lowest fusion level (α) were considered, however, the

connectedness Co was kept constant (0.5). The most optimum pattern of division was

selected like that originated with the highest α for which significant p-values (p-
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value<0.01) in the a posteriori test for consecutive size intervals were obtained. In order

to prevent defining trophic species containing too few individuals, adjacent

chronological clustering subdivisions were merged when less than 5 individuals were

sampled in any year in the period 1993-2008. The adequacy of the sample sizes for each

of the trophic species defined were explored by constructing yearly cumulated HPS

plots as a function of the number of stomachs. These cumulative HPS curves were

constructed with the Vegan package of the R software, version 2.11.1. An iterative

process was employed (999 iterations) to estimate the mean number of HPS and the

confidence interval for a determined number of predator individuals.

II.3.3.Analysis of common trends in feeding habits

For the analysis of changes in feeding habits in the period 1993-2008, common trends,

as well as their potential explanatory drivers were conducted with DFA.

Before applying DFA, it was necessary to reduce the high dimensionality of the feeding

data matrix (initially there were as many dimensions as HPS) to the lowest possible

number of dimensions which contain as much information of the diet composition as

possible. This dimensionality reduction process was conducted with all the years in the

period 1993-2008 and all trophic species at once employing the non-metric

multidimensional scaling (MDS). The Bray-Curtis index was utilized to generate the

similarity matrix due to its capacity of dealing with double zeros. For this analysis,

every year the average volume consumed by each predator for each HPS calculated

relative to the total average volume consumed in the period 1993-2008. Hence, this

Standardized Absolute Volume (SAV) was estimated as:

= ∑ ∑ (15)

Where is the average volume by predator individual (in cubic centimeter) of

HPS i in the year j.  Hence, ∑ ∑ represent the total volume consumed

by an average individual all along the period analyzed. Accordingly:

∑ ∑ = 1 (16)

The MDS analysis was employed to reduce the dimensionality of the diet matrix from

the original 45 dimensions (all the HPS considered) to just 3. This allows describing the
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yearly position of each trophic species in diet space using just three coordinates as

opposed to HPS coordinates. This reduced dimensionality of the diet space allows

exploring common trends in feeding habits across trophic species and over time by

applying DFA along each one of the three MDS axis identified (i.e. using the yearly

scores on each MDS axis like the values to construct time series for each trophic species

that can be analyzed using DFA). However, the relatively short time series available (15

years) impose limitations into how many time series can be analyzed within a single

DFA. Therefore, instead of running DFA for the entire set of trophic species, these

analyses were performed at the trophic guild level (i.e. trophic species with similar

feeding habits). These guilds were defined using an agglomerative clustering analysis

with average linkage and using the information of the Bray-Curtis similarity matrix

based on PTV for each HPS.

Following a similar protocol to that presented in section 2.3, the DFA was first applied

without explanatory variables to look for common trends between time series of species

from the same trophic guild on each dimension of the MDS. Once the common trends

were identified, explanatory variables were also included in the models. These

explanatory variables could account totally or partially for these common trends and the

unexplained variance, and hence the common trends were estimated again. Explanatory

variables were selected based in their relationship with three possible important sources

of variability in feeding habits: prey abundance, competition for food and water

temperature.

To determine for each trophic species those preys that could be hypothesized to have

contributed to changes in feeding habits due to variations in their abundance, the

Pearson correlation coefficient between the three time series of the three dimensions of

the MDS and the SAV values of each HPS was estimated. Those HPS which presented

an absolute correlation value higher than 0.5 for at least 2/3 of the species forming each

trophic guild were selected as possible influential prey for the diet of this trophic guild.

The index of abundance of those preys, when available, was utilized in the model fitting

like proxy of prey availability.

The Continuum Plankton Recorder (CPR) survey marine monitoring program of the Sir

Alister Hardy Foundation for Ocean Science SAHFOS1 collected information from the

Northwest Atlantic surface planktonic organism during the period 1991-2006. The

1
website: http://www.sahfos.ac.uk
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recorder is towed by ships of opportunity along a number of standard routes throughout

the Northwest Atlantic. These ships towed a CPR device in transects of 18.5 km,

collecting plankton at a nominal depth of 7m through an aperture and filtering around

3m3. Organisms were retained on a moving band of silk material and preserved and

analyzed microscopically using standard methods, allowing valid comparisons among

years (Richardson et al. 2006). However CPR data shouldn´t be used like an absolute

measure of abundance, but like semi-quantitative estimates that reflect real inter-annual

and seasonal patterns.

In the context of the DFA models, CPR data for Calanoid copepods, hyperiids,

chaetognats and euphausiids was used like a proxy for invertebrate planktonic prey

availability. Samples employed here were taken in the area contained between latitude

47º-53º N and longitude 50º-45º W. This area is located in the northern vicinity of

Flemish Cap, however the index of abundance of zooplankton organism on this region

may be considered a good proxy for the Flemish Cap; the southerly flow of the LC

through the Flemish Pass and northeastern flank of the FC transport subarctic

zooplankton species downstream from northern regions (Maillet et al. 2005). As an

index of abundance of this zooplankton groups, the annual average value was estimated;

the geometric mean was employed in order of reducing the impact of extreme catches in

the average value. Due to the increasing evidence that the CPR substantially

underestimates absolute numbers, in the Figure II-3 the normalized values are shown,

which facilitate the comparison between the different indices.

The abundance of juvenile Sebastes (smaller than 15 cm) and P. borealis were also

employed as a proxy of prey abundance. In the case of juvenile Sebastes, data were

obtained from the abundance-by-size (cm size class) database from the EU Flemish Cap

Figure II-3.- Normalized values
of the annual geometric average of
abundance in the CPR database for
Chaetognata, Calanoid Copepoda,
Hyperiidea and Euphausiacea in the
Northern region of Flemish Cap.
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survey. The swept area methods described above (Gunderson 1993) was employed to

estimate the index of abundance of juvenile Sebastes for the area contained in the 19

first strata. The annual index of abundance of P. borealis was taken from chapter III.

As a proxy of intra-guild competition, the sum of the indices of abundance of all trophic

species that made up each trophic group was estimated annually and included in the

DFA models.

Finally, the environmental conditions were depicted through the bottom temperature,

which was estimated annually as explained in section 2.2. The DFO and EU

temperature databases were utilized.

As in the DFA analysis in chapter III, recommendations were applied here and only

those trophic species that presented factor loadings higher than 0.2 (absolute value)

were considered to be significantly influenced by a determined common trend.

II.3.4.Study of variations in the Relative Stomach Content

Index (RSCI)

Besides variations in composition of diet, sudden changes in the average RSCI was also

analyzed for all trophic species and trophic guild using the chronological clustering

technique described above. The same terminology, RSCI, was kept for the annual

average. Since the RSCI is not an index of the percentage of stomach fullness but an

index of percentage of food weight in relation to total fish weight, it is highly

determined by the stomach size in relation to body size, which is a biological feature

and not an index of voracity. For these reasons, in the present study the normalized

values of the RSCI have been used instead of the absolute values and the focus of the

study has been kept in the similarities of normalized time series between trophic

species.

The similarities between changes in the RSCI for each trophic guild and variables that

could be related with such patterns were also studied, like some of the most important

source of food: Hyperiidea, Calanidae, Pandalus borealis and genus Sebastes as well as

the bottom water temperature. Sudden changes in the index of abundance of these

variables were studied and similarities with chronological clusters on each trophic guild

were analyzed.
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II.3.5.Analysis of diet overlap

Diet overlap between trophic species was evaluated at two different temporal levels:

General similarities in feeding habits:

To study similarities in the global feeding preferences along the entire period 1993-

2008, the Bray-Curtis similarity index was estimated in a yearly basis for each pair of

trophic species. To determine for any pair of trophic species if this similarity was high

enough to conclude significant overlapping in the diet, the Permutational Analysis of

Variance PERMANOVA was applied to each pair of trophic species. Next PERMDISP

was applied to determine if there was difference in dispersion of data between the same

pair of trophic species. That pair of trophic species for which PERMDISP did not find

significant differences in dispersion nor PERMANOVA found significant differences in

the diet, were considered to be globally overlapped in their feeding habits. In those

cases were PERMDISP found differences in dispersion, the PERMANOVA results

could not be used to infer differences in the diet.

Annual similarities in feeding habits:

For the analysis of similarity in diet between trophic species in an annual basis every

year for each trophic species and HPS, the average SAV was estimated for each of the

19 stratum the Flemish Cap is divided up to depth 730m. Next the same process

described above was followed, but now the Bray-Curtis similarity matrix was conducted

every year between pairs of strata from different trophic species. PERMANOVA and

PERMDISP were applied to each pair of trophic species every year. That pair of trophic

species for which in a given year PERMDISP did not find significant differences in

dispersion of data, nor PERMANOVA found significant differences in the diet, were

considered to be overlapped in their diet that year. In this analysis the spatial component

is not evaluated and the 19 strata are just employed like samples over which

PERMANOVA and PERMDISP do the permutation test. If differences in diet in a

given year are due to differences in a reduced subset of strata over the whole set, this is

not evaluated by PERMANOVA. The focus is comparing years, no strata.
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II.4. Variability in the maturation process and the
reproductive potential (SRP) of Gadus morhua in the
Flemish Cap.
In chapter V the results from the analysis described below and the discussion, as well as

the introduction to the problem is presented.

II.4.1.Genetic and phenotypic changes in maturation

Maturity ogives and Probabilistic Maturation Reaction Norms (PMRNs)

As pointed in section II-1, maturation state information as well as size and age were

collected both from the DFO surveys conducted during the winter (February) from 1978

to 1985 and the EU surveys carried out on summer (June-July) since 1988 to 2008. Fish

maturity status was determined macroscopically on the Canadian surveys and by means

of histological analysis on the EU surveys (Saborido-Rey and Junquera 1998). In

autumn 1996 the DFO conducted a special survey in the Flemish Cap and this allowed a

comparison with the EU survey carried out on July of the same year. Estimates of age

and length at 50% maturity (A50 and L50 respectively) were similar from both surveys

(A50: Spanish 3.71, Canadian 3.98; L50: Spanish 45.8, Canadian 46.2); small differences

probably resulted from the growth between summer and autumn. These results reinforce

the assumption of no great differences in maturity determination between

methodologies (Saborido-Rey et al. 2004). Aging was carried out by the DFO in St.

John´s and the Institute of Marine Research in Vigo. A total number of 11272

individuals were sampled since 1978 to 2006 (Table II-5). The age was employed to

identify each individual´s cohort. The cohort utilized in this study ranged from 1972 to

2002, 10988 individuals in total. Due to the low number of individuals sample in the

1981-1983 and 1995-1999 cohorts, this groups were worked together, and represented

in the analysis as the early 1980’s and late 1990’s (Table II-6) and represented in graphs

and tables as 1982 and 1997 respectively.
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Table II-5.- The number of individuals of Gadus morhua individuals sampled by age and year are shown
for the period 1978-2006.

Age

Year 1 2 3 4 5 6 7 8 9 10 >10 Total by year

1978 11 112 171 405 276 43 14 6 25 28 1091

1979 74 35 68 78 184 59 5 3 1 14 521

1980 34 74 21 47 34 146 8 3 5 372

1981 1 59 84 10 48 33 128 7 1 1 372

1982 4 62 2 65 43 3 10 14 26 1 1 231

1983 18 858 663 26 208 73 4 7 3 24 2 1886

1984 4 133 1300 158 5 51 34 1 4 4 7 1701

1985 1 41 491 1449 52 3 7 6 1 1 8 2060

1990 7 60 69 78 22 10 7 5 258

1991 1 52 45 12 5 1 2 118

1992 2 9 40 7 50 10 1 119

1993 3 120 15 45 7 20 4 214

1994 2 48 114 11 2 1 1 179

1995 2 63 23 96 15 1 1 1 1 203

1996 24 73 11 49 7 1 165

1997 10 71 95 10 57 243

1998 3 5 86 107 5 14 1 221

2001 1 113 7 7 1 10 8 2 1 1 151

2002 77 49 1 6 5 2 10 4 154

2003 2 4 61 24 3 7 1 5 3 110

2004 191 7 109 35 1 3 2 1 3 352

2005 44 79 5 49 14 2 1 194

2006 33 156 3 99 3 53 9 1 357

Total by age 110 1861 3292 2804 1316 1005 441 226 76 70 71 11272

With the aim of studying the effect of age and length in the maturation process through

the different cohorts two separated generalized linear models with a logit link function

and binomial error type were fit (McCullagh and Nelder 1989). These models were of

the form:

Mature = ( ) + + : ( : ) (17)

One of the models included age and cohort (A and C respectively in the equation), and

the other the cohort and length (L in the equation) as explanatory variables. Age and

Length were considered as continuous variables and cohort was introduced in the model

as a factor. The selected models were used for the estimation of maturity ogives for each

cohort.

Their corresponding A50 and L50 were estimated by using the equation:

= −( ) (18)
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Where Z is the A50 or the L50, a is the sum of the intercept and the cohort effect and b is

the sum of the slope (age or length effect) and the interaction effect (age:cohort or

length:cohort). The variance of A50 and L50 for each cohort was calculated from the

variances and covariance of the maturity curve coefficients a and b (Ashton 1972). The

95% confidence intervals were computed assuming that A50 and L50 estimates are

normally distributed.

PMRNs were estimated using the demographic method (Barot et al. 2004); no first time

spawner differentiation was possible from the DFO-Canada maturation state data,

preventing the use of the direct method (Pérez-Rodríguez et al. 2009). In previous

works a minimum number of 50 individuals by age and cohort was determined as

necessary for calculating the PMRNs and estimating with reliability the confidence

intervals by means of the bootstrap technique (Barot et al. 2004). For this reason, it was

established that a reorganization and grouping of the available cohorts would be

necessary for this study in order to fulfill with such requirement.

Table II-6.- Number of mature and immature individuals by cohort used for the estimation of maturity
ogives of G. morhua by age and length.

Cohort Immature Mature Total

1972 156 253 409

1973 351 673 1024

1974 290 92 382

1975 231 85 316

1976 71 16 87

1977 233 155 388

1978 186 238 424

1980 850 93 943

19821 4256 179 4435

1985 47 82 129

1986 58 126 184

1988 45 44 89

1990 155 104 259

1991 70 198 268

1992 31 22 53

1993 158 195 353

1994 105 106 211

19972 145 168 313

2000 113 237 350

2002 220 151 371
1 Grouping of 1981-1984 cohorts
2 Grouping of 1995-1999 cohorts

For these new cohorts groups, maturity ogives needed to be estimated. A generalized

linear model with logit link function was applied. Maturity state was introduced like a
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binary dependent variable, age and length were considered as continuous explanatory

variables and cohorts group like a factor in the model:

= + + + : + : + : + : : (19)

Where A is fish age, L the fish length and Cg the cohorts group.

Due to the correlation between age and length, the range of ages used to fit the model

was shortened as much as possible. Only ages for which both mature and immature

individuals occurred were considered. Finally, 10737 individuals were included in the

study, with ages ranging from 2 to 7.

Yearly length increments for each cohorts group were obtained by calculating the

difference in mean size at age between consecutive years:

= − (20)

Where δl is the mean length increment that result of subtracting the mean length at age

a-1 from the mean length at age a. This process was carried out for every age in every

cohorts group.

With the parameters obtained from equation (19) and with length increments by age

from equation (20), the probability of maturing for each age group, and length was

estimated as:

( , ) = [ ( , ) ( , )][ ( , )] (21)

where ( , ) is the probability of maturing at age a and length l, a–1 is the age previous

to a and l–δl is the length at that previous age, δl being the length increment between

age a–1 and age a, and o is the mature fraction. These calculations were done for each

cohorts group.

Reaction norm midpoint (hereafter Lp50) was determined for every age-cohorts group

combination that presented the 50% of probability of maturing as part of the values

estimated with the equation (21) and fulfilled the requirement of 50 individuals, i.e. no

extrapolation was carried out in this calculations.
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For each estimated Lp50 the 95% confidence intervals were calculated by means of a

standard bootstrap technique (Efron and Tibshirani 1993). A new dataset was created by

randomly sampling original data, stratified by length for every year. This is consistent

with the original sampling design in the Flemish Cap European Union Survey (Vázquez

et al. 1998). For each group of resampled data, reaction norm midpoints (Lp50) were

estimated by means of the process described above for every age that was possible. The

data set was resampled 999 times and the confidence limits of the reaction norm

midpoints were estimated as the 2.5 and 97.5 percentiles of the distribution of the 1000

midpoints of each age and cohort (999 resamplings + 1 original).

All along this work model selection was conducted using the stepwise selection tool

with the R software, with the Akaike Information Criterion (AIC) as the basis for such

selection (Burnham and Anderson 2002) and reinforced with the ANOVA test for

nested models.

Disentangling phenotypic from genetic changes in the maturation process:

With the intention of placing the variations in maturation process in an ecological and

fishing context, other information related with variables that may influence in

maturation where gathered. The recruitment data (number of individuals at age 1) as

well as the total cod biomass and fishing mortality at ages 3 to 5 (F3-5) were obtained

from XSA estimations for the period 1972-1987 (Vázquez and Cerviño 2001) and

Bayesian models from 1988 to 2008 (González-Troncoso and Fernández 2009). The

annual average bottom water temperature was obtained from the DFO database since

1980. From the information obtained from analysis in chapter IV, the main prey species,

their consumption level as well as the average RSCI for the young individuals of

Flemish Cap cod were determined. Their abundances were obtained from the CPR

database for invertebrate zooplankton preys and from estimations by swept area in

chapter III. The average Condition Index (CI) on July for Gadus morhua individuals of

age 1 and 2 was estimated using the gutted weight measured in the EU Flemish Cap

survey from 1993 to 2008. With the gutted weight, the CI for each individual on this

period was estimated as:

= ℎ − ℎ (22)

The expected fish weight was estimated employing a global size-weight relationship

determined using gutted weight data from 1992 to 2008.
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ℎ = × (23)

In order to avoid that those years with several individuals dominate the weight-size

relationship, every year the mean weight by size class (cm) was estimated, and this

average values by size class were used for the model fit.

Growth was analyzed comparing the mean size at age for the 1971-2005 cohorts. The

Canadian surveys (years 1978-1985) were conducted in February, five months earlier

than EU survey (years 1988-2008) on July, and hence differences are expected in the

mean size at age between surveys simply because the survey dates. As shown by

Hawkins et al. (1985) daily specific growth rate for juvenile individuals in North

Atlantic cod vary along the year with the highest rates occurring during the summer and

autumn and the lowest during the spawning season in the winter. The average growth

(in cm) across seasons was estimated using the seasonal growth data from three

different years (Hawkins et al. 1985). The average growth by day for each quarter was

estimated and this value was multiplied to the number of days from each season that is

contained in the period February 15th- July 15th. Finally, the percentage of total annual

growth occurring in this period was used to correct the size at age for each individual in

the Canadian survey, as shown in the following equation:

= + × (24)

Where, is the size at age from the Canadian survey that was converted to the

equivalent EU size. is the size at age from the Canadian survey; is the

annual growth rate between age t and t+1 for each cohort; means the average

percentage of total annual growth occurring in the period February 15th-July 15th.

In turn, annual growth rate at age was related with changes in condition and temperature

applying a linear model to those ages for which important variations in annual growth

rates were observed across the cohorts 1975-2005. The statistical software R, version

2.11.1 was utilized for model fitting and selection using the stepwise method.

II.4.2.Variations in the Stock Reproductive Potential (SRP)

The Total Egg Production (TEP) was used to assess the temporal variation in cod SRP.

TEP was determined for every year in the time series as:
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= ∑ (25)

where TEPa is the TEP at age a, estimated  as:

= × × × (26)

Where N is the number of individuals at age a, SR is the sex ratio (proportion female at

age), Mat the proportion of mature individuals and Fec the potential fecundity for the

mean length at age a, estimated as:

= × ℎ (27)

In this case, potential fecundity is used for the TEP estimation because cod has group

synchronous, determinate fecundity (Murua and Saborido-Rey 2003). In the case of

species with indeterminate fecundity, the batch fecundity would be used, and an extra

parameter, indicating the number of batches would be introduced in equation 26.

Similarly, Female Spawning Stock Biomass (FSSB) was calculated each year as:

= ∑ (28)

Where FSSBa is the female stock biomass at age a and was determined as:

= × × × (29)

Where W is the mean weight at age a. Weight is commonly related with length through

the allometric equation:

= ′ × ℎ ′ (30)

Where N, SR and Mat has the same meaning than in equation 26 and W is the mean

weight at age a.

As in the previous section, population numbers at age were taken from stock

assessments data of these populations based on XSA for the period 1978-1987

(Vázquez and Cerviño 2001, 2002) and based in Bayesian model from 1988 to 2008

(González-Troncoso and Fernández 2009). TEP and FSSB were estimated for ages 1 to

8+ (age 8 and older), corresponding to the age range of the assessment documents.

Annual recruitment was defined as the estimated abundance at age 1.
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Mean weight and size at age for the estimation of TEP and FSSB respectively were

estimated from the DFO and the EU Flemish Cap survey only for those ages with more

than 5 individuals. No data were available for 1986 and 1987 so the mean value at age

from adjacent years was used. Moreover, these data were used for fitting the allometric

model relating weight and length, shown in equation 30.

The maturation ogives by cohort were taken from the maturation analysis described in

the previous section. Sex ratio was calculated as the proportion of females at age. These

proportions were examined for significant cohort and age effects using generalized

linear models with a logit link function and binomial error. Only combinations of cohort

and age with at least 5 observations were employed in the fitting, and only ages 1 to 9

were used. Cohort and age were modeled as class variables.  In this case age was treated

as a class variable since there was no a priori reason to believe that sex ratio would

change continuously across age.  The fitted models were used to produce estimates of

sex ratio at age for each cohort. In those cohorts without significant fit of data, the

average of adjacent cohorts was used to produce the proportion female.

The relationship between fecundity and fish length was explored using a linearized form

of equation 27 based on log transformed data. Fecundity-length relationships were

estimated from volumetric analysis of ovaries collected during the DFO surveys in

1979, 1982-1985 (Rideout and Morgan 2007).

Beverton and Holt (1957) and Ricker (1954) stock-recruitment models were fit to the

estimated TEP and FSSB in order of evaluating their predictive capacity on recruitment.
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III.1. Introduction
Demersal fish communities change as their constituent populations fluctuate over time.

These fluctuations are the result of variations in TEP by fish populations, death rates at

different life stages, and migration processes.

Oceanographic features like water movements, water temperature, and primary and

secondary production can have important impacts on larval stages, and hence,

significantly affect the recruitment success in fishes (Sinclair 1988, Cushing 1990,

Wooton 1998). It has been suggested that fish recruitment in Flemish Cap depends on

the integrity of its anticyclonic gyre. The strength and temperature of this gyre is related

to the extent of the Labrador Current (Stein 1995), and its rupture can produce the

extrusion of eggs and larvae from the Flemish Cap to the open ocean (Kudlo et al. 1984,

Borovkov et al. 2006). This gyre is relatively weak, and highly susceptible to be

disrupted by wind effect. Strong NW winds, cold temperatures, and heavy ice in the

Labrador Sea were associated with a strong positive North Atlantic Oscillation (NAO)

(Drinkwater 1994). The NAO index have been found to be highly correlated with ocean

heat content, ocean currents, and sea ice cover over the North Atlantic (Hurrell et al.

2003). In the northwest Atlantic, a negative correlation between NAO and water

temperature has been described (Stige et al. 2006).

In fishes, survivorship curve is usually of type III (Margalef 1998) and after the pelagic

egg and larval stage, natural mortality decreases remarkably. However juveniles of

many fish species support an intense predation rate being the main prey item of many

piscivorous species (Bailey 1994, Bax 1998). Annual predation mortality higher than

70% has been reported for individual young-of-the-year (Wooton 1998). In Flemish

Cap fish populations might be also importantly controlled by predation (mainly by

Gadus morhua) during the juvenile stage, as suggested for Sebastes spp. populations

(Lilly 1983, 1985), although other important piscivorous species are Reinhardtius

hippoglossoides and genus Anarhichas (see chapter IV).

On the other hand fishing activity may be considered the most important source of

mortality for adults and late juveniles of many commercial and non-commercial species

(Gulland 1977, Hall 1999) being responsible of the collapse of several fish populations

worldwide (Myers et al. 1996, Fogarty and Murawski 1998, Vázquez and Cerviño

2001). Fishing activity began later on the Flemish Cap than in adjacent fishing grounds
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but the establishment of a 200 miles EEZ by Canada in 1978 resulted in a dramatic

increase in fishing effort on the Flemish Cap by the foreign fleet (Wells et al. 1984).

Fishing pressure was focused mainly in G. morhua, Hippoglossoides platessoides and

Sebastes spp. until the early 1990’s, when a steep decline in these populations occurred

(Vázquez and Cerviño 2002, Alpoim and Ávila de Melo 2008, Ávila de Melo et al.

2009). From 1993 the Pandalus borealis fishery started, with the highest catches in the

late 1990’s and early 2000’s (see chapter I).

Fisheries management is progressively switching the attention from a single species to

an Ecosystem Approach to Fisheries management EAF. This management approach

needs from metrics and indicators with an ecosystem scope but at the same time with a

great integrative power capturing the global state of communities or the whole

ecosystem and reducing all this information to a low number of manageable

dimensions. In the recent literature there are abundant works dealing with the issue of

candidate metrics measuring the ecosystem state (Rice 2000, Rice 2003, Magurran

2004, Rice and Rochet 2005). The capability of capturing the effect of fishing in the fish

and benthic invertebrate community has been deeply explored in various works (Rice

2000, Rice 2003, Blanchard et al. 2004, Nicholson 2004, Fulton 2005, Shin et al. 2005).

One of these techniques is the ABC method, which was proposed initially as a

technique for monitoring disturbance (mainly pollution effects) on benthic invertebrate

communities (Warwick 1986), by comparing dominance in terms of abundance with

dominance in terms of biomass. The ABC plots can be reduced to a univariate measure;

this is the W statistic (Clarke 1990), which is the “difference curve” Biomass-

Abundance for each sample. (Clarke 1990) presented the partial dominance plots as the

alternative approach to the ABC curves to avoid the over-dependency on the single

most dominant species for abundance and for biomass. Despite being developed

initially for benthic invertebrates communities, this methodology has been found to be

adequate both for benthic and fish communities (Blanchard et al. 2004, Jouffre and

Inejih 2005, Yemane et al. 2005, Ya-Zhou et al. 2009).

At an individual fish level, size is determinant for many important processes as the

feeding behavior (Gerking 1994), survival, the maturation process or reproductive

potential (Saborido-Rey and Kjesbu 2005). At a community level changes in size

structure can be a reflection of both recruitment processes and/or size selective removals

of fishing activity. Size based indicators have been extensively studied in the last years
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in relation to their capacity of reflecting the ecosystem response to fishing pressure

(Pope and Knights 1982, Murawski and Idoine 1992, Rice and Gislason 1996, Rice

2000, Shin et al. 2005). The biological rationale is that fishing selectively increases the

mortality rate for all sizes taken by the fishing gears, changing the size spectra by

decreasing the abundance of the larger individuals and enhancing the proportion of

small fishes in the assemblage (Murawski and Idoine 1992). Targeting large fish, which

are more valuable, modifies the size structure and functioning of fish assemblages, with

consequences for productivity and resilience of some stocks (Shin et al. 2005). For this

reason it is necessary the study of size-based indicators. This suite of indices may

provide insight into the changes occurred in the size structure of the fish community and

the possible causes, as well as the consequences for the population viability on an EAF

context (Garcia et al. 2003).

Biodiversity measures have been traditionally employed in tracking the state of

ecosystems (Rice 2003, Magurran 2004). Between the abundant definitions,

biodiversity can be defined as the joint construct of how many species are present in a

collection (richness), and how similar their abundances are (evenness) in time and space

(Rice 2000). Many different indexes have been developed with the intention of

gathering these aspects of diversity and others like diversity in space (β diversity) or

functional diversity (Magurran 2004). The rationale for using diversity indices to

evaluate the ecosystem consequences of perturbation is that its emergent properties,

such as intrinsic diversity can be sensitive to these variations. Fishing is known to

produce changes in the distribution of relative abundance among species through

unequal removals of target and non-target species and diversity measures have been

employed as indicators of fishing impact in ecosystems (Rice 2000).

In the last century, different studies have shown that changes in fish demersal

communities have occurred worldwide (Gabriel 1992, Fogarty and Murawski 1998,

Hall 1999, Tian et al. 2006, Collie et al. 2008). In Flemish Cap, some ecological studies

have dealt with species distribution (Paz and Casas 1996, Cerviño et al. 2005,

Hendrickson and Vázquez 2005, González-Troncoso et al. 2006) and community

indices like ABC curves, diversity indexes and size-based indicators (González-

Troncoso and Paz 2007, Vázquez 2008). In addition individual analysis for the main

commercial species have shown deep changes since late 1980’s, like in G. morhua

(González-Troncoso and Vázquez 2010), H. platessoides (Alpoim 2011), R.
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hippoglossoides (Healey 2011), Pandalus borealis (Casas-Sánchez 2010), Macrourus

berglax (González-Costas 2010) or Sebastes mentella and S. fasciatus (Ávila de Melo et

al. 2011). However, the development of the EAF requires from analysis with a more

comprehensive perspective.

In the present study, all the demersal fish species were employed in order to:

i) Analyze common trends and sudden changes in the evolution of biomass and

abundance for all the fish demersal species as well as P. borealis and I.

illecebrosus. Explanatory variables for such trends and variations were also

considered.

ii) Employ ecological indicators (diversity indices, size-based indicators and ABC

curves) to study the changes in the structure of the demersal community.
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III.2. Results

III.2.1. Analysis of common trends in the demersal

community

The indices of biomass of P. borealis, I. illecebrosus and all the 65 fish demersal

species (Table III-1) were employed to look for common trends and sudden changes

across the period 1988-2008 as specified in section 2.3, chapter II. These analyses were

also conducted for the indices of abundance. However due to the high Pearson

correlation coefficient between biomass and abundance (higher than 0.8 in 54 of 65

demersal species studied), very similar results were obtained and hence only the results

with the biomass indices will be presented.

III.2.1.1. Index of total biomass

The index of total demersal biomass (obtained as the sum of the index of biomass from

each single demersal species) experienced a significant decrease between 1989 and

1992 (Figure III-1), from 360000 t to 177000 t. Across the period 1992-2003 the total

biomass stayed fairly stable, with an average value of 200000 t. However since 2004 a

strong increasing pattern was observed, leading to 770000 t total biomass in 2006. Since

then, biomass decreased to near 600000 t.

Figure III-1.- Index of total biomass
from the annual EU July surveys
estimated annually with the swept area
method (Gunderson, 1993).
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Table III-1.- The fish demersal and invertebrates species studied in the present chapter are listed.

Filo Clase Orden Familia Especie
Arthropoda Malacostraca Decapoda Pandalidae Pandalus borealis
Mollusca Cephalopoda Oegopsida Ommastrephidae Illex illecebrosus

Chordata

Osteichthyes

Anguilliformes Synaphobranchidae Synaphobranchus kaupi

Gadiformes

Gadidae

Boreogadus saida
Gadus morhua
Melanogrammus aeglefinus
Pollachius virens

Lotidae
Brosme brosme
Enchelyopus cimbrius
Gaidropsarus ensis

Macrouridae Coelorhinchus caelorhinchus
Merlucciidae Merluccius bilinearis

Moridae
Antimora rostrata
Lepidion eques

Phycidae
Urophycis chesteri
Urophycis chuss

Lophiiformes Lophiidae Lophius americanus
Notacanthiformes Notacanthidae Polyacanthonotus rissoanus
Osmeriformes Argentinidae Argentina silus

Perciformes

Ammodytidae Ammodytes sp.

Anarhichadidae
Anarhichas denticulatus
Anarhichas lupus
Anarhichas minor

Stichaeidae Lumpenus lampretaeformis

Pleuronectiformes Pleuronectidae
Glyptocephalus cynoglossus
Hippoglossoides platessoides
Reinhardtius hippoglossoides

Scorpaeniformes
Agonidae

Aspidophoroides monopterygius
Leptagonus decagonus

Cottidae Triglops murrayi
Anguilliformes Synaphobranchidae Simenchelys parasitica
Aulopiformes Ipnopidae Bathypterois dubius

Gadiformes
Macrouridae

Coryphaenoides rupestris
Macrourus berglax
Nezumia bairdi
Trachyrhynchus murrayi

Phycidae Urophycis tenuis
Notacanthiformes Notacanthidae Notacanthus chemnitzii

Osmeriformes
Alepocephalidae

Alepocephalus agassizi
Alepocephalus bairdi

Platytroctidae Holtbyrnia macrops

Perciformes

Trichiuridae Aphanopus carbo

Zoarcidae

Lycenchelys paxillus
Lycodes esmarki
Lycodes reticulatus
Lycodes vahli
Lycodes flagellicauda

Petromyzontiformes Petromyzonidae Petromyzon marinus

Scorpaeniformes

Cottidae
Cottunculus microps
Cottunculus thompsoni

Liparidae
Careproctus micropus
Liparis fabricii
Liparis liparis

Sebastidae
Sebastes fasciatus
Sebastes marinus
Sebastes mentella

Condrichthyes
Rajiformes Rajidae

Amblyraja hyperborea
Amblyraja jenseni
Amblyraja radiata
Bathyraja spinicauda
Dipturus linteus
Malacoraja senta
Rajella bathyphila
Rajella fyllae

Squaliformes Dalatiidae
Centroscyllium fabricii
Etmopterus princeps

Squalidae Squalus acanthias
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III.2.1.2. Biomass time-series

The 65 fish demersal species, as well as the P. borealis and Illex illecebrosus (Table

III-1) were split into three groups based in their contribution to total biomass and the

frequency of appearance (see chapter II, section 2.3).

The group I contained 17 species and included all the commercial species of the

Flemish Cap. Species such like G. morhua, H. platessoides and Bathyraja spinicauda

exhibited a sustained decline in biomass from the late 1980’s (Figure III-2).

G. morhua decreased from near 150000 t in 1989 to 2000 t in 2003; since 2006 the

index of biomass increased to 43000 t in 2008. However, H. plattessoides did not show

any recovery, dropping from 21700 t in 1988 to less than 1000 t in 2007. The three

species of genus Anarhichas (A. denticulatus, A. minor and A. lupus) followed similar

dome-shaped patterns with peak biomass in the mid-1990’s (A. denticulatus presented

4400 t in 1995, A. lupus 17300 t in 1996 and the A. minor 14300 t in 1996), decreasing

since then to similar biomass values than in the early 1990’s.

R. hippoglossoides exhibited a similar pattern than species of genus Anarhichas but

delayed 3 years, from 5600 t in 1989 to 30000 t in 1998 and declining again to near

10000t since 2003. P. borealis showed a notable increase in biomass in the late 1990’s,

peaking in 2002 (71000 t) and remained at that high biomass until 2005, when it started

to decrease. The biggest change in biomass was observed in S. fasciatus and S.marinus,

which exhibited a sudden increase in biomass in 2004, from an average 11300 t and

21600 t respectively across 1988-2002 to 315000 t and 288000 t in 2006.

In the group II (consisted of 14 species) Antimora rostrata was the only species

exceeding 1000 t (in 2004). Notacanthus chemnitzii, experienced notable declines in

biomass in the early to mid-1990’s, whereas Gaidropsarus ensis and Urophycis chesteri

followed an opposing trend, with biomass highest in the later part of the time-series

(Figure III-3). Lycodes vahli, L. esmarki or Tryglops murrayi biomass were highest

during the 1990’s and declined since 2000 (excepting the year 2005 for L. esmarki)

whereas those of other species, e.g. A. rostrata, Synaphobranchus kaupi, Malacoraja

senta and Coryphaenoides rupestris, presented higher biomass in the early and late

years of the period analyzed.
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With 36 fish species, Group III contained the largest number of species, but all the

species are low in biomass and were inconsistent in terms of occurrence in the survey

(Figure III-4). Despite this, within the group there also appear to be temporal patterns.

Some species had higher biomasses in the early and later years with a period somewhere

around the mid 1990’s with no catch (e.g. Melanogrammus aeglefinus, Urophycis tenuis

and Argentina silus). Others had higher biomasses in the intermediate years (e.g.

Squalus acanthias, Leptagonus decagonus). Some species appeared mainly in later

years (e.g. Lycodonus flagellicauda and Lophius americanus), others in earlier years

(e.g. Etmopterus princeps).
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III.2.1.3. Environmental time-series

During the study period, local environmental conditions on the Flemish Cap were

characterized by cold water in the early to mid-1990’s (average: bottom 3.1ºC; surface

5ºC), followed by a warmer period starting in the late 1990’s (bottom 4.1ºC; surface

13.5ºC). The average monthly NAO in the year and a half previous to the survey

followed an opposite pattern (Figure III-5), showing negative correlations with surface

and bottom water temperature

(r = –0.59 and r = –0.61, respectively, p

< 0.1).

The average monthly NAO index in the interval t–4–t–7, the AFI, and the piscivorous fish

abundance are shown on Figure III-6. The NAO was highest in the mid-1990’s and

lowest in the early 2000’s. The AFI exhibited a pattern consistent with the highest

catches on G. morhua in the early 1990’s and P. borealis in the early 2000’s. The

piscivorous index showed two different peaks, one in the late 1980’s, corresponding

with the maximum abundance of large G. morhua in the time-series, and the second in

the late 1990’s, like a response to the

increase in R. hippoglossoides and

wolffishes abundance.

Figure III-5.- The normalized values of the NAO
index, as well as the surface and the bottom
temperature from the EU survey on July are shown
across the period 1988-2008.

Figure III-6.- Normalized values of the annual
NAO averaged over years t–4–t–7, plotted along with
the moving average of the fishery index (AFI)
between the given and the previous year t and the
abundance of piscivorous species in year t.
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III.2.1.4. DFA with only common trends

For group I the DFA model with the lowest AIC included three common trends (Table

III-2). Globally, the species in this group were influenced by one of these three trends

(Table III-3). Common trend 1, of a notable increase from the late 1990’s (Figure III-7),

showed factor loadings >0.2 for G. cynnoglossus, I. illecebrosus, S. fasciatus and S.

marinus (Table III-3). Common trend 2 exhibited a dome-shaped form peaking in 1996,

and was followed by the three species of genus Anarhichas. G. morhua, H.

hippoglossoides and B. spinicauda had factor loadings >0.2 for Common trend 3, which

was a declining trend from 1988 to 2000, and a very slight recovery after 2000. P.

borealis was the only species clearly influenced by all three common trends, showing

negative factor loadings close to –0.2.

In Group II, the DFA model with the lowest AIC included only two common trends

(Table III-2). Common trend 1 was of a slight increase from 1988 to mid 1990’s,

followed by a decline (Figure III-7), and characterized the Enchelyopus cimbrius, G.

ensis, L. vahli, N. chemnitzii and U. chesteri (Table III-3). Common trend 2 was of a

steady decline from 1988 to the late 1990’s, followed by a period of slight increase until

2008; this common trend was followed by C. rupestris, M. senta, and S. kaupi, and

lower than 0.2 for Triglops murrayi. Common trends 3 and 2 in Groups I and II,

respectively, were highly correlated (r = 0.92, p < 0.01).

Table III-2.- Difference in the AIC value between the best fit (model 8) and the remaining models

Group I Group II

Model DFA model Trend 1 Trend 2 Trend 3 Trend 1 Trend 2 Trend 3

1 Only common trends 227.6 217.9 215.3 47.7 39 45.9

2 NAO 195.4 184.6 193.3 36.8 41.3 46.6

3 AFI 193.4 180.2 191.5 52.1 44.5 45.4

4 Piscivorous 179.1 176.5 168.7 17.8 13.4 24.7

5 NAO+AFI 129.6 135.6 139.4 33.4 39.4 41.6

6 NAO+Piscivorous 94.4 87.4 103.7 2.6 5.1 15.2

7 AFI+Piscivorous 101.6 92.3 111.9 17.9 14.4 20.3

8 NAO+AFI+Piscivorous 0 6.6 27.8 0 3.7 11.2
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Table III-3.- Outputs from the DFA model fitting with and without explanatory variables for Groups I and
II.

Species

DFA without
explanatory variables DFA with explanatory variables

Factor loadings Factor
loadings

Coefficients (significance)

Trend 1 Trend 2 Trend
3

Trend 1 NAO AFI Piscivorous Averagea Preferenceb

Group I

Reinhardtius hippoglossoides -0.189 0.065 -0.238 -0.236 0.32 0.277 0.439 (*) 2.25 Colder

Pandalus borealis -0.179 -0.186 -0.196 -0.177 -0.262 0.622 (*) 0.365 5.2 Warmer

Nezumia bairdi 0.037 0.102 -0.169 -0.145 0.534 (**) 0.517 (*) -0.569 (**) 5.5 Warmer

Anarhichas minor -0.058 0.416 -0.065 -0.071 1.004 (***) 0.384 (*) -0.204 1.825 Colder

Sebastes marinus 0.29 0.02 -0.04 -0.047 -0.218 -1.207 (***) -0.383 (*) 5 Warmer

Sebastes fasciatus 0.318 0.002 -0.035 -0.038 -0.291 (**) -1.273 (***)-0.448 (***) 5.55 Warmer

Lycodes reticulates -0.047 0.099 -0.024 -0.022 0.463 (*) 0.796 (**) -0.136 1.3 Colder

Anarhichas denticulatus 0.126 0.386 -0.002 -0.011 0.605 (*) -0.027 -0.338 2.8 Colder

Illex illecebrosus 0.246 0.043 0.015 -0.008 -0.285 -0.846 (**) -0.028 Warmer

Macrourus berglax -0.003 0.037 0.015 0.038 0.447 (*) 0.511 -0.515 (*) 2.75 Colder

Amblyraja radiata 0.195 -0.024 0.072 0.072 -0.079 0.088 -0.441 6 Warmer

Glyptocephalus cynnoglossus 0.206 0.06 0.105 0.103 0.028 -0.193 -0.478 (*) 4 Warmer

Anarhichas lupus -0.033 0.323 0.136 0.125 0.830 (***) 0.51 (**) -0.259 (*) 1.8 Colder

Sebastes mentella -0.023 0.003 0.159 0.16 0.205 -0.659 (*) -0.276 0 Colder

Bathyraja spinicauda 0.006 -0.017 0.211 0.221 0.172 0.154 -0.398 (*) 0.9 Colder

Gadus morhua 0.016 -0.01 0.272 0.244 -0.241 -0.298 0.311 (*) 4.75 Warmer

Hippoglossoides platessoides -0.086 0.008 0.296 0.287 0.077 0.138 0.037 1 Colder

Group II

Triglops murrayi 0.084 -0.232 -0.211 0.579 (**) 0.63 (**) 0.244 Colder

Cottunculus microps -0.15 -0.067 -0.126 0.145 0.583 (*) -0.32 2 Colder

Lumpenus lampretaeformis -0.12 -0.025 -0.098 -0.042 0.329 -0.065 1.25 Colder

Gaidropsarus ensis -0.252 -0.022 -0.096 -0.159 -0.51 (**) -0.555 (**) 1.25 Colder

Urophycis chesteri -0.214 0.025 -0.078 -0.268 -0.028 -0.094 5.65 Warmer

Enchelyopus cimbrius -0.26 0.044 -0.058 -0.188 -0.042 -0.594 (**) Warmer

Lycodes esmarki 0.147 -0.133 -0.037 0.602 (**) 0.876 (**) -0.131 2 Colder

Aspidophoroides monopterygius -0.111 0.057 -0.026 -0.097 0.552 -0.082 0.75 Colder

Antimora rostrata -0.099 -0.024 0.025 -0.291 -0.147 -0.311 3.35 Colder

Lycodes vahli 0.333 -0.145 0.098 0.838 (***) 0.634 (**) -0.29 (*) 2.75 Colder

Coryphaenoides rupestris -0.061 0.28 0.198 -0.063 -0.361 -0.376 4 Warmer

Malacoraja senta -0.008 0.253 0.21 -0.36 0.414 0.096 5.5 Warmer

Notacanthus chemnitzii 0.267 0.061 0.232 0.414 (*) 0.383 -0.225 3 Colder

Synaphobranchus kaupi -0.024 0.321 0.264 -0.152 -0.246 -0.247 5.5 Warmer

Species with absolute factor loadings >0.2 were considered to be notably influenced by the trend (*** p ≤ 0.001, t > 3.85; **
p≤ 0.01, 2.85< t < 3.85; *; p ≤ 0.05, 2.09 < t < 2.85).
a Average value of the temperature range for each species, obtained from Scott and Scott (1988).
b Temperature preference in relation to the average bottom temperature on the Flemish Cap in the period 1988–2008.

III.2.1.5. DFA with explanatory variables

Groups I and II had the lowest AIC for the same structural model containing just one

common trend and all three explanatory variables (NAO, AFI, and piscivorous
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abundance; Table III-2). In the case of Group I, and based on the differences in AIC

between models (∆AIC < 10), only the model with all three explanatory variables but

two common trends was plausible. In the case of Group II, plausible models included

that with all explanatory variables and two common trends, but two other models, both

including NAO and piscivorous abundance, and with one or two common trends, were

also found to be within the realm of possibility. These results indicate that

environmental condition and predation pressure appear to be important drivers for all

species, whereas the effects of fishing are definitely important, but more so for the

group containing all commercial species than for one containing low-biomass non-

commercial species.

Figure III-7.- (Upper panels) Common trends for Groups I and II from the best DFA models without
explanatory variables. (Lower panels) The single common trend for each of these groups obtained from the
best DFA model when explanatory variables were included in the analysis. The variables included in the best
DFA models were the NAO index, the AFI, and the piscivorous abundance for both groups.

In terms of the effects of the explanatory variables (Table III-3), the abundance of

piscivorous species had a generalized negative effect (i.e. negative coefficients) in both

groups (25 of 31 species), with the exception of G. morhua, H. platessoides, P. borealis,

and R. hippoglossoides in Group I, and T. murrayi and M. senta in Group II. The AFI

exhibited a variable effect depending on the species; it was positive in 18 of 31 species.

The NAO also had a variable effect, although it was mainly positive for species in

Group I and negative for species in Group II.
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In order to evaluate whether the signs of the estimated coefficients for the NAO were

consistent with fish temperature preferences, the average preferred temperature for each

fish species was estimated from the literature (Scott and Scott 1988). For each species,

we determined whether the estimated average preferred temperature was higher or

lower than the mean bottom temperature on July during the period 1988–2008 (3.6ºC),

classifying each species like having a “warmer” or a “colder” preference, respectively

(Table III-3). In the case of I. illlecebrosus, E. cimbrius and T. murrayi, temperature

preferences were approximated from distribution maps from the FishBase website

(Froese and Pauly 2012). Given the negative correlation between NAO and temperature

at the Flemish Cap, a species with a “warmer” preference would be expected to have a

negative DFA coefficient for NAO, and vice versa when the preference was “colder”.

Following this criterion, 26 of the 31 species from Groups I and II showed the expected

sign in NAO coefficient.

III.2.1.6. Analysis of sudden changes

In the group of species I, the highest α value for which all consecutive subdivision were

significantly different (H<0.05) was α=0.05. These groups of years were 1988-1992,

1993-1997, 1998-2002 and 2003-2008 (Figure III-8; upper panels). Groups of years

1998-2002 and 2003-2008 were separated in the principal coordinate analysis (PCoA),

but groups 1988-1992 and 1993-1997 appeared closer. Changes in biomass identifiable

with this groups were: i) 1988-1992: decline in biomass of G. morhua, beaked Sebastes

spp. and H. platessoides and increase of A. radiata and M. berglax; ii) 1993-1997:

increase of species of genus Anarhichas; iii) 1998-2002: raise of P. borealis and R.

hippoglossoides populations; iv) From 2003, decline of P. borealis and R.

hippoglossoides and increase of S. fasciatus and S.marinus. The stronger division was

in 1998, which was obtained with all different α, including α=0.01.

In group of species II there were not divisions with α=0.01 (Figure III-8; lower panels),

however with α=0.05 the time series was divided into three groups of years

(H<0.05):1988-1993, 1994-2003 and 2004-2008. With higher values of α groups of

years did not differed significantly. The PCoA separated the groups 1988-1993 and

1994-2003 by the second axis while the third group was segregated from the remaining

years by the first axis. This three groups of years were related with i) 1988-1993:

decrease in biomass of S. kaupi, C. rupestris and M. senta and increase of A. rostrata
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and L. vahli; ii) 1994-2003 A. rostrata and M. senta biomasses decreased whilst T.

murrayi showed a outstanding increase; iii) 2004-2008: E. cimbrius, G. ensis and A.

rostrata showed an increase in biomass.

Figure III-8.- Results from the chronological clustering analysis for group of species I and II (upper and
lower panels respectively). The left panel depict the Principal Coordinate Analysis while the right panel
shows the divisions of the 1988-2008 period using different α values.

III.2.1.7. Multivariate analysis

The average bottom water temperature from 1988 to 2008 was 3.6º C. The years 1989–

1997 and 2003 were below this average value (negative years; Figure III-5), whereas
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1988, 1998–2002, and 2004–2008 were above average (positive years). The

PERMANOVA analysis found significant differences in the species composition of

group III between those years with positive and negative temperature anomaly (p<

0.01). Results from the PERMDISP analysis did not find significant differences in

dispersion between groups of positive and negative years (p>0.05), supporting the

conclusion that the differences between both groups of years were actually attributable

to differences in their species composition and not to differences in dispersion. Results

from the MDS analysis also supported the PERMANOVA results (Figure III-9);

positive and negative years

appear to be fairly

segregated in 2D space.

III.2.2. Ecological indicators

III.2.2.1. ABC and partial dominance plots

The ABC curves were constructed both considering and excluding P. borealis (Figure

III-10 and Figure III-11). The difference in size range between this species and fishes

could have a great influence in the resulting curves; however, P. borealis is one of the

most important species in the ecosystem and it was considered essential to explore its

influence in the relative position of these curves along the time series. The resulting

ABC curves without P. borealis showed that the k-dominance abundance curve was

always above the biomass especially until mid 1990’s. In 2008 year for the first time the

abundance curve was below the biomass one in the two first ranked species. The W

statistic (Figure III-12) exhibited the described pattern, with the highest values in the

Figure III-9.- A two-
dimensional MDS plot for
species of Group III. The
black squares represent
years with bottom
temperature above average
during the period 1988–
2008, and the open squares
years with bottom
temperatures below this
average.
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late 1980’s, 1998-2000 and after 2005, and the lower values in 1992-1996 and 2001-

2004; however this statistic was

never higher than 0, which means

that the abundance curve was always

above the biomass one. The ABC

curves considering P. borealis were

very similar with the exception of the

period from late 1998 until 2005,

when the abundance k-dominance

curve appeared much more separated

from the biomass curve than

previously without P. borealis. This

is reflected also in the pattern of the

W statistic (Figure III-12).

The partial dominance plots were composed again both with and without P. borealis to

check how many species were responsible of the observed patterns in the ABC curves.

Results were very similar in both cases (Figure III-13 and Figure III-14). The abundance

curve presented a fluctuating pattern surpassing the biomass curve all years; but this

pattern was stronger until1997, when the abundance of 5 or 6 ranked species was over

the biomass curve. From 1998, fewer ranked species presented the abundances over the

biomass curve, usually one or two species. In 2007 and 2008, the abundance curve was

below the biomass curve in the most important species, as shown before in the ABC

curves.

In order to understand how variable the fish species composition of the first five ranked

positions was in both the k-dominance abundance and biomass curves along the time

period, every year those species in the first five positions were identified (Table III-4).

With the exception of G. morhua, which had the maximum proportion of total biomass

in 2 of 21 years, the species of genus Sebastes were the dominant in both the k-

Dominance abundance and biomass curves. In the second position G. morhua and

Sebastes spp. also predominated, although there were some species like R.

hippoglossoides and A. lupus that also occupied this position some years. The remaining

third, fourth and fifth positions were more distributed between species; however, no

more than 10 species appeared on this positions during the whole time period.

Figure III-12.- The value of the W statistic estimated
form the ABC curves both with and without P. borealis
are shown.
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Table III-4.- The number of years along the period 1988-2008 that each of these fish species occupied
one of the first five ranked positions in the ABC curves is presented.

Species/Rank position Position 1 Position 2 Position 3 Position 4 Position 5

k-
D

om
in

an
ce
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ur

ve
 o

f
ab

un
da

nc
e

Sebastes fasciatus 8 5 4 5

Sebastes marinus 7 8 4 2

Sebastes mentella 13 3 4 1

Gadus morhua 6 3 2

Reinhardtius hippoglossoides 3 3 3

Lycodes reticulatus 4 2

Anarhichas lupus 2 3

Hippoglossoides platessoides 5

Nezumia bairdi 1 4

k-
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ur
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f
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as
s

Sebastes mentella 13 3 4 1

Sebastes marinus 4 4 4 3 3

Reinhardtius hippoglossoides 3 4 4 5

Sebastes fasciatus 2 5 2 6 2

Gadus morhua 2 4 1 4 1

Anarhichas minor 2 1 6

Hippoglossoides platessoides 3 2 1

Anarhichas lupus 2 1 1 1

Amblyraja radiata 1

III.2.2.2. Size Based Indicators

The Lmean, Lmax and L90 presented very similar patterns along the time period studied

(Figure III-15), although the Lmax experienced a more pronounced decrease with time

and a more variable pattern before 1995. In the early 1990´s a steep decline was

observed, from Lmean=27.2 cm, L90=36.9 cm and Lmax=60.7 cm in 1989 to Lmean =17.2

cm, L90=22.3 cm and Lmax=35 cm in 1992. Next a period of slight recovery was

observed until year 2000 in Lmean and L90 but not in Lmax. In 2001-2002 all indices

dropped to the lowest observed values (Lmean =14.8 cm, L90=18 cm and Lmax=27 cm),

starting a slow recovery trend since

then, with Lmean=20.1 cm, L90=24.2

cm and Lmax=34.6 cm in 2008.

Figure III-15.- Lmax, L90 and Lmean for
the whole fish community. The 95%
confidence intervals are included
(obtained from a distribution of 999
values estimated with bootstrap).



Results

87

The size spectra curve (Figure III-16) showed that for all size ranges the accumulated

frequency of abundance increased across the study period (decreased with the log

transformation). Since 2003, an important increase in the proportion of individuals in

the size ranges smaller than 40 cm was observed. The intercept and the slope of the

fitted linear regressions showed similar but opposite trajectories (the more negative the

slope the more positive the intercept), although the slope showed a more variable

pattern, what made difficult the observation of any trend. The intercept showed a high

positive correlation with the remaining size-based indicators (Pearson Coef.: Lmax:0.64;

Lmean:0.8; L90:0.84).

Figure III-16.- Size spectra curves from 1988 to 2008. In the sub-figure, the intercept (yellow) and slope
(green) values from the annual fit linear regression are shown with the interval defined by the standard error
of the parameter estimation.

III.2.2.3. Richness and diversity index

Annually, the richness index was determined annually from the species accumulation

curves as the average number of fish species identified in 109 fishing trawls. This

number of hauls was selected since it was the minimum number of fishing trawls

carried out in a survey along the time period studied. The mean number of species

identified in a single haul was determined as well. The confidence interval at 95% was

estimated from the standard deviation of the 999 samples obtained with the bootstrap
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resampling process. Despite the variability between years an increasing pattern was

observed both in 109 and single haul curves in the number of identified species (Figure

III-17). The maximum number of species identified in 109 hauls occurred in 2007, 46.3

species, while the minimum number appeared in 1989, 34.9 species. In a single haul, the

maximum number was found in 2003, 15.4 species, whilst the minimum was found

again in 1989, 10.7 species. The most important difference between the single haul and

the 109 hauls curves was the steady decrease in the number of identified species from

2003 observed in the 1 haul curve while the 109 hauls curve showed an increase in this

period.

Figure III-17.- Richnnes, Shannon and Simpson Evenness diversity index. The upper-left panel shows the
number of species in 1 and 109 fishing trawls; in the remaining panels estimations were conducted with 109
fishing trawls. The three upper panels show the annual value of the indices with the confidence interval when
all species are considered. The three lower panels present the value of the indices when there is a differential
selection of the species considered based in the number of individuals presented in the survey.

Four new species accumulation curves were developed but excluding in an annual basis

those species which presented a number of individuals lower than 1, 5, 10 and 50

respectively (Figure III-17). It can be noticed that when species with less than 1

individual were deleted for the analysis, the number of species found in 109 hauls was

more stable along the time period studied. This stability in the number of species along
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the study period increased as the limiting number of individuals for considering species

in the analysis increased.

Both the Simpson Evenness and the Shannon diversity indexes showed very similar

patterns. Both parameters presented a relatively stable period from 1988 until 2003,

although in 1989 the Simpson evenness index showed a marked decline. But the most

important decline started in 2004, when both measures showed a sustained decrease.

When the species with less than 1, 5, 10 or 50 individuals were deleted, the Simpson

evenness index showed an increment (Figure III-17), higher when more species were

removed from the analysis. However, despite the increase in the value of the index,

curves stayed almost parallel. On the contrary, the Shannon index showed no influence

when these species were removed from the analysis.

III.3. Discussion
The results indicate that severe changes in biomass and abundance have occurred in the

fish populations forming the demersal community of Flemish Cap since 1988, which

have been globally registered in the variations observed in the ABC curves, the size

based indicators and the diversity indexes. The chronological clustering analysis

showed marked divisions in biomass and abundance across the time period studied

which were similar for both groups of species I and II and which could be clearly

ascribed to changes in biomass of some species. DFA analyses identified common

trends in the trajectories of many of the fish species in Groups I and II. Also, the

explanatory variables considered in the analyses appeared to be consistently important,

suggesting that environmental conditions, along with predation and fishing mortality,

are significant drivers of the Flemish Cap fish community. After including these

explanatory variables in the DFA analysis, the remaining common trend was similar

between both groups of species (r = 0.98, p < 0.01), strongly suggesting that the

dynamics of the main demersal species in the Flemish Cap (Groups I and II) are

interconnected, and can be summarized by a few common patterns.

III.3.1. Common trends and sudden changes

In the last century, common patterns in demersal communities have been detected in

other areas, as in the Northwest Atlantic (Fogarty and Murawski 1998, Choi 2004,

Collie et al. 2008), North Sea (Hall 1999), Japan/East Sea (Tian et al. 2006), Gulf of
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Carpentaria in Australia (Harris 1991) or in the Gulf of Thailand (Hall 1999). The

fishing activity has been proposed as one of the reasons for such changes (Gabriel 1992,

Fogarty and Murawski 1998). Nevertheless, environmental conditions have been also

presented as important forcing variables, interacting with fishing effects (Collie et al.

2008).

The NAO index is considered a good indicator of the global climate in the North

Atlantic (Hurrell et al. 2003), and is linked with the dynamics of primary production

and zooplankton communities (Fromentin and Planque 1996), as well as the recruitment

success of groundfish stocks such as G. morhua, Limanda ferruginea, Melanogrammus

aeglefinus (Brodziak and O´Brien 2005, Stige et al. 2006), and alternating Clupea

harengus and Sardina pilchardus strength in European waters (Alheit and Hagen 1997).

We used a multiyear average of this index like a proxy for environmental conditions.

The DFA results indicated that the environmental effects we detected appeared to be

linked to the temperature preferences of the fish species, suggesting that temperature

regimes have an important role in determining recruitment success, growth, survival,

and species interactions in the Flemish Cap system.

The link between temperature regimes and fish temperature preferences, as represented

by the DFA coefficients for the NAO variable, is shown clearly by the results obtained

for the species of genus Sebastes. Although the three species S. fasciatus, S. marinus

and S. mentella overlap extensively, there are differences in their distribution, revealing

a gradient in both depth and latitude. S. mentella tends to be found more in northern,

deeper water, whereas S. fasciatus tends to occupy more the southern, shallower water,

with S. marinus somewhere in between (Saborido-Rey 1994). This gradient in

distribution also implies a gradient in the temperature environment, with S. mentella

inhabiting the cooler water and S. fasciatus the warmer water. The influence of the

NAO found in the DFA analysis showed this relationship, with positive coefficient for

S. mentella, negative for S. marinus, and an even more negative coefficient for S.

fasciatus.

On the Flemish Cap, fishing has been considered the main driver for the decrease of

commercial species such like G. morhua and P. borealis (Casas-Sánchez 2010,

González-Troncoso and Vázquez 2011). In agreement with this perspective, the DFA

results here also indicated a strong influence of fishing in the dynamics of all species,

but more so for Group I, where commercial species are included, than for Group II,
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which consists of mainly non-commercial species. The most commonly expected

mechanism for this type of effect on non-commercial species is by-catch mortality

(Jennings and Kaiser 1998b, Hall 1999).

The results also showed that, instead of the expected widespread negative influence, the

AFI variable had positive coefficients in many cases. These positive effects could be a

reflection of indirect mechanisms resulting from complex interactions between species

(e.g. trophic cascades, competition, and/or predation release). For example, several

studies in the Northwest Atlantic have suggested that the increase in P. borealis was a

consequence of predation release attributable to the collapse of such groundfish stocks

like G. morhua (Lilly et al. 2000, Worm and Myers 2003, Frank et al. 2005).

In the present study, the AFI yielded negative coefficients for G. morhua and species of

genus Sebastes, which could explain the positive coefficients found for P. borealis and

other fish prey of G. morhua like Lumpenus lampretaeformis, Lycodes reticulatus, and

other relatively small fish species. A. radiata, as well as species of genus Anarhichas

and R. hippoglossoides, shared their main prey items with G. morhua during early life

(see chapter IV). In these cases, competition release from G. morhua and other

dominant demersal fish species (e.g. Sebastes spp.) may help to explain the positive

coefficients found for AFI for these species; competition release mechanisms have been

proposed for other systems in the Northwest Atlantic (Fogarty and Murawski 1998,

Myers et al. 2007).

Overall, even though the AFI index is admittedly coarse and general, and does not

pretend to capture species-specific detail (e.g. gear type and target-specific fishing

behavior), it still emerges like a useful indicator for investigating the overall fishing

pressure to which the demersal fish assemblage has been exposed, and in conjunction

with analyses such as DFA, seems to provide an avenue to discriminate potentially

between the direct and indirect effects of fishing.

Although it can be argued that fishing has a greater impact on larger individuals of

commercial species, predation influences fish population dynamics through its impact

on eggs, larvae, and juvenile stages, often exceeding the effect of fishing (Bax 1998,

Wooton 1998). In this study, we used the abundance of large piscivorous fish like a

proxy for this type of predation pressure. The results from the DFA analyses

demonstrate that this variable was not only important, but also that its coefficients
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consistently showed the negative sign expected from a predation-related variable,

suggesting that predation by large piscivorous fish influences not only the juveniles of

Sebastes spp. (as already suggested by Lilly (1983)), but the structure and dynamics of

the entire demersal assemblage on the Flemish Cap.

Despite the evidence pointing towards predation effects, P. borealis, one of the most

important prey species for the fish demersal community of the Flemish Cap, showed a

nearly significant positive coefficient for piscivorous abundance. Several studies have

argued that the sudden increase of P. borealis populations in the Northwest Atlantic is a

consequence of predation release (Lilly et al. 2000, Worm and Myers 2003, Frank et al.

2005), so a negative effect between piscivorous abundance and P. borealis was

expected. One way for interpreting this contradictory result is to consider the

characteristics of the predators of P. borealis. Although the piscivorous fish included in

the piscivorous index prey upon P. borealis, they do so mainly as juveniles, becoming

more piscivorous as they grow, whereas many other small-sized fish species also feed

on P. borealis (see chapter IV). Therefore, the positive trend in P. borealis biomass

could be thought of like a trophic cascade effect negatively influencing the abundance

of the smaller fish preying more intensively on it.

Our analysis also suggests that competitive interactions may also be at play between

two important species in the Flemish Cap system. R. hippoglossoides and G. morhua

have similar feeding habits (see chapter IV). When no explanatory variables are

included in the DFA analysis, these two species were associated with the same common

trend but with opposite sign; this relationship was maintained even after all explanatory

variables were included in the DFA analysis, suggesting a competitive link between the

two species. This interpretation finds additional support from the observation that R.

hippoglossoides expanded its range to shallowest areas, traditionally occupied by G.

morhua, when the population of the latter declined (Hendrickson and Vázquez 2005).

Overall, when the explanatory variables were included in the DFA models, the initial

number of common trends were reduced to just one; and these single common trends

were highly correlated between Groups I and II. The reduction in the number of

common trends, from models without explanatory variables and models that included

them, indicates that signals initially represented by common trends were well captured

by explanatory variables. However, even after including explanatory variables, species

such as G. morhua still showed important common trend loadings, suggesting that one
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or more latent variables may still remain unknown, or that the types of driver currently

included may be acting at multiple levels (and not necessarily in a linear fashion). For

example, (Stige et al. 2006) suggested that the effect of NAO on G. morhua recruitment

is mediated through local variables such as temperature, salinity, and oxygen, so it

would be conceivable that these local variables can affect recruitment not just in terms

of the survival of eggs and larvae, but also in terms of their effects on the Stock

Reproductive Potential SRP of the stock. Although comprehensive studies on

reproductive parameters for demersal species on the Flemish Cap are lacking, in chapter

V it is shown that the SRP of G. morhua on the Flemish Cap has dropped since the early

1990’s, potentially leading to the decreasing trend in biomass as result of the decreased

capacity to react under adverse environmental conditions.

Many factors can influence the dynamics of a species, and the distribution observed is

the outcome of these different forces acting at once (Margalef 1998). In our case, for

species included in Groups I and II, the Flemish Cap could be considered as a

reasonably suitable area for their biological requirements, because they have a long and

consistent record of occupancy of the region. For species included in Group III the

sporadic occurrence and low biomass could be just a result of their life strategy.

However it could be also consider that the Flemish Cap is an area with suboptimal

conditions for these species, on the fringe of their distributions, and where they may be

less competitive. In this context, the results of the PERMANOVA and MDS analyses

clearly show that the species composition in Group III changes with temperature.

During the 1980’s, the water temperature on the Flemish Cap was above average for

most years, but then followed by the coldest period ever registered, between 1990-1996,

then warming again since 1998 (Colbourne 2006). This means that the start of our

study, 1988, was at the end of the warm period of the 1980’s. Hence, the recent

temperature history of the system since the 1980’s can be described in terms of three

periods, an initial warm period in the 1980’s, a cooler period until the mid- to late

1990’s, and a second warm period since the late 1990’s. Given this temperature pattern,

and the location of the transition years (warm-to-cold 1988–1991, cold-to-warm 1997–

1999) in the MDS plot (Figure III-9), the differences in species composition of Group

III are most likely related to recruitment processes rather than migration events.

The location of the transition years between colder and warmer years suggests a gradual

change in species composition, as opposed to a sudden appearance of species, as would
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be expected under a migration hypothesis. This interpretation would be coherent with

the current understanding of the Flemish Cap as a semi-closed system (Konstantinov

1970, de Cardenas et al. 1993, Morgan and Bowering 2004), but where advection

processes still can potentially bring larvae from the Newfoundland shelf to the Flemish

Cap (Konstantinov et al. 1985), and which, if environmental conditions are suitable, can

survive and settle. Another plausible explanation could simply be that the rare species

are always present on the Flemish Cap, but with biomass levels so low that they are

scarcely detected by the survey. However, when environmental conditions are good

(either warm or cold), the consequent increases in recruitment and survival would drive

the stocks to levels where they can then be detected by the survey.

On the Newfoundland–Labrador (NL) shelf, environmental variables such as the NAO

index, sea surface temperature, and a composite environmental index, together with the

fishing pressure, were also important drivers in the trajectories of five key fish species

during the period 1981–2008 (Koen-Alonso et al. 2010). In addition, changes in the NL

marine community, like the collapse of groundfish stocks and the rise of P. borealis

during the late 1980’s and early to mid 1990’s, also bear many similarities with the

pattern observed on the Flemish Cap. In the Gulf of Maine marine ecosystem,

synchrony in fish population dynamics of various fish species was suggested to be

partly attributable to environmental influence in recruitment success, although fishing at

the adult stage was also important for the synchrony (Nye et al. 2010). These

observations suggest that demersal communities in these regions may share sufficient

functional structures to respond similarly to major driving forces, at least during the

period considered here.

From an integrated management perspective, the results of this study have provided

some basic foundations for further developing the science needed for an EAF in the

Flemish Cap. The results suggest that the dynamics of the fish stocks are regulated by

both bottom–up and top–down mechanisms at different stages. As explored here,

environmental conditions emerge as important factors influencing recruitment success,

and mortality by piscivorous predators emerges as an important driver for juvenile

and/or small-sized fish. Large predatory fish, which are responsible for the top–down

predation control, are in turn also subject to mortality by fishing, making fisheries

another important regulatory force shaping the Flemish Cap fish community.
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The rare, low-biomass species in the system also seem to respond to changes in

temperature through varying their recruitment success on the Flemish Cap; this type of

change may be a hint for what we should expect to see as climate change progresses.

Overall, the study provides a reasonable template for developing a general

understanding of the major forces regulating the structure and dynamics of the Flemish

Cap fish community, but translating this general understanding into practical tools and a

framework for management application would require refinement, and further testing of,

many of the ideas and hypotheses outlined.

III.3.2. Ecological indicators

In the terms "K-selection" and "r- selection", K refers to carrying capacity and r to the

maximal intrinsic rate of natural increase [rmax] (MacArthur and Wilson 1967). In highly

stable environments the selection favors those individuals with the best competitive

skills, is a K-selection. K-selected species are usually characterized by large body size,

long lifespan, and a population size which is fairly constant in time and close to the

carrying capacity of the environment. In highly unsettled environments the high

fecundity and rapid development characteristics are favorable, is an r-selection. The r-

selected species are usually smaller with a short lifespan and highly variable population

size which is not in equilibrium with available resources. Vertebrates are often

considered as K-selected, although fishes in particular span the range of the r-K

continuum. Warwick (1986) developed the conceptual model called ABC plots as a way

of evaluating and measuring the effects of perturbation (originally pollution) in benthic

invertebrate community. This was based in the positive relation of size with the

generation time and the negative relation with the rmax (Pianka 1980), i.e. the different

reaction of K-selected and r-selected species under stable and unsettled environments.

The dominance of K or r strategist is reflected in the relative position of the k-

dominance curves of biomass and abundance in the ABC plots.

In the present study, unlike González-Troncoso and Paz (2007), the comparison of ABC

curves with and without the P. borealis supported the inclusion of this species in the

analysis despite the size range difference with fish species. Differences were important

only in those years when P. borealis was very abundant, in the period 1998-2005. This

suggests that despite the difference in number of individuals by unit of biomass between

fishes and P. borealis, this did not obscure the detection by the ABC curves of changes
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in fish populations in the early 1990’s. Other differences with González-Troncoso and

Paz (2007) study were that all fish demersal species were included in the analysis,

juvenile Sebastes individuals were distributed between the three species of genus

Sebastes and the conversion factors employed to standardize the whole time series and

compensate the effect of change of research vessel were applied to all fish species

instead of just the commercial species. Despite these differences, the W statistic without

P. borealis showed a very similar pattern with the obtained by (González-Troncoso and

Paz 2007). The ABC plots (both with and without P. borealis) showed that the

abundance k-dominance curve was above the biomass curve most years since the

beginning of the studied period. This could suggest that the Flemish cap demersal

community was already importantly disturbed when the exploratory surveys began in

1988. The high fishing pressure supported since 1960 could be supposed to have led to

the drastic reduction in the proportional abundance of big and old individuals in relation

to small and young fishes remaining in the populations and that this would be captured

by the ABC curves. However, this technique was developed for benthic invertebrates

and this kind of assessment with fishes would need from longer and more in depth

studies. The partial dominance plots (Clarke 1990) supported that the most important

alteration occurred after mid 1990’s, when the highest number of ranked species with

the abundance above the biomass was observed. From the analysis of abundance and

biomass time series it can be stated that between 1988-1998 changes in G. morhua and

Sebastes spp. stocks were responsible of the low W statistic values; Since 1998 to 2005

the increase of P. borealis population led to the decrease of this statistic; in the period

2003-2006 again the increase of Sebastes spp. due to successful recruitments

contributed importantly to the low W statistic values.

The size-based indicators, and concretely the size spectrum have been found to be good

metrics in reflecting the fish community changes as result of the selective removal of

bigger individuals by the fishing activity (Rice and Gislason 1996, Rice 2000, Shin et

al. 2005). In Flemish Cap the fish community as a whole showed important changes in

the size structure. The decline in G. morhua abundance between 1988 and 1995 due to

the elevated fishing pressure and failure in recruitment (Vázquez and Cerviño 2002) is

the most plausible explanation for the decline observed in this period in the Lmean and

the L90, and more clearly in the Lmax. The slight recovery in the late 1990’s of this size

indicators could be due to the increase in the relative importance of the three species of

genus Anarhichas in total biomass, followed by the increase of R. hippoglossoides
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while the successful recruitment events in S. marinus and S. fasciatus would explain the

decrease in the size indicators in the last part of the time series. In the Georges Bank,

despite the high fishing pressure and the change in species composition, a consistent

stability in the size spectra was observed in the period between late 1960’s and early

1990’s (Murawski and Idoine 1992). It was argued that this stability could be a

reflection of a highly networked feeding web where the energy transfers among size

spectra as a structuring mechanism. In addition, the increase in growth rate by density-

dependent response can occur in time scales that would imply relative homeostasis in

length composition. Based in these arguments, In Flemish Cap across the period 1993-

2008 the simplification of the food web could be suggested as the explanation for the

observed changes in the size spectra. The intercept and slope of fitted linear regressions

to the size spectra have been found to be a good metric reflecting size structure changes

(Bianchi et al. 2000, Shin et al. 2005). However, in the present analysis only the

intercept showed an important similarity with the pattern of Lmax, Lmean and L90. As

pointed by (Rochet 2003) the linearity of size spectra could be questioned even for

reduced size ranges.

Characteristics of the main crustacean species dwelling the deep-sea benthic

environments clearly correlate with those of K-selected more than r-selected

(Rinderhagen et al. 2000). The P. borealis meet with r-selected species because of its

relatively small size; however it is not a short living species (maximum age 10 years;

(Bergström 2000). It is a sequential hermaphrodite species with males maturing around

age 3 and changing to Females at age 4-5 in Flemish Cap (Skúladóttir et al. 2007);

fecundity is relatively low (Mena 1991) and reproductive pattern imply egg-bearing

until hatching during 8 month approximately (Skúladóttir et al. 2007). Hence, in the r-K

continuum P. borealis could be considered to be closer to the K-strategist than to the r-

strategist. On the other hand Sebastes spp. species could be considered a clear K-

strategist since it is a long living genus (individuals older than 30 years) with an

ovoviviparous strategy (Saborido-Rey 1994). Under this considerations, the observed

global decrease in the size based indicators and the fact that the first species in the

partial dominance curves were nearly the same K-strategist species all years indicate

that the changes observed in the relative position of the k-dominance abundance and

biomass curve (i.e. the W statistic) were mainly due to the processes of recruitment and

removal of the biggest individuals by the fishing activity and not to a change towards an

r-selected species composition.
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The species richness is the number of species of a given taxa in the chosen assemblage

(Magurran 2004). The richness index presented here didn’t refer to the total number of

species but expressed a relative number of species for a fixed number of fishing trawls

every year that can be compared across time. The observed increase in this index since

1988 to 2008 could be thought as result of an increase in the number of demersal fish

species in Flemish Cap. However, although the sampling effort is controlled with the

richness measure utilized here, other influential forces still remain uncontrolled. First

the species identification expertise probably experience improved along this period

especially in the earlier years which could account for the low richness observed in

1989 and 1990. This would partially explain the relative constancy in the number of

species when the scarcest species (more sensitive to the taxonomist expertise), were not

considered in the analysis. Second, the change of fishing vessel in 2003 could account

for the increase or richness since this year. The steadier flux of water through the gear in

the new research vessel “Vizconde de Eza” decreases the probability of being expelled

from the inner parts of the net, mainly for small species (Pérez-Rodríguez and Koen-

Alonso 2010). Third, due to the already shown effect of temperature in species

composition, the warmer period starting in 1998 could have also contributed to the

increase observed since 2003 due to the higher abundance of warm preference species

in comparison with cold species (21 and 15 species respectively). As conclusion, the

differences in the mean number of identified species in 109 hauls could not be ensured

as a real change in species abundance. Other factors could have contributed importantly

to the registered changes in species richness.

In agreement with previous revisions (Magurran 2004) the Simpson evenness showed to

be more sensitive to the existence of very infrequent species than the Shannon index,

which presented no variations when the scarce species where excluded from the

analysis. However, both the Simpson evenness and the Shannon index showed similar

patterns. Despite the important changes in the abundance of some species like G.

morhua, H. platessoides, R. hippoglossoides and species of genus Anarhichas, during

most of the study period a fairly stable pattern was observed. However there was a

marked decrease from 2004 which was coincident with the unprecedented increase in

abundance of S. marinus and S. fasciatus. The sudden increase of abundance in this

genus, which accounted for more than 95% of total number of individuals since 2004 is

the most plausible explanation for this sudden decrease in biodiversity. These results
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were not comparable with the obtained by (González-Troncoso and Paz 2007) because

differences in the species included in the estimation of these indices.

III.4. Concluding remarks
In the present chapter, a broad study of variations, looking for the big patterns in the

demersal community of Flemish Cap has been faced. The observed variations in the

demersal populations responded to a few common patterns related with physical

conditions (mainly temperature) and productivity processes, fish predation and fishing

activity. Migration seems no important for the dynamic of the shallowest demersal

species although some influence is expected for the deepest dwelling species. The

remaining common trend, affecting to a few fish species like G. morhua might be

related with population features such as the SRP. The biodiversity and richness indices

showed important variations in the species composition although this need to be

consider in a context of changes in other influential factors. The ABC curves showed

and summarized from a community dynamic perspective changes in biomass and

abundance frequencies of the main demersal species, while the size-based indicators

presented important changes in the size composition of the demersal community as

response to fishing and recruitment events.
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IV.1. Introduction
Understanding interactions among species is essential for the proper implementation of

the Ecosystem Approach to Fisheries management EAF (Garcia et al. 2003, Garcia and

Cochrane 2005). Predation (i.e. trophodynamic interactions) and competition are among

the most important type of species interactions and are at the core of many of the

variations in population abundance (Stefansson and Palsson 1997, Bax 1998, Wooton

1998, Lilly et al. 2000, Frank et al. 2005). The long-term viability and sustainability of

exploited populations depend hence on the understanding of interspecific interactions

and fundamental trophic pathways in the ecosystem (Fogarty and Murawski 1998).

Body size is one of the most important attributes of an organism from an ecological and

an evolutionary point of view (Werner and Gilliam 1984). The ontogenetic shifts in the

size of fishes routinely span 3 to 4 orders of magnitude, implying changes in diet based

in size and morphological restrictions, optimization criteria, and habitat change (Cohen

et al. 1993, Gerking 1994, Link et al. 2002). Parallel to changes in feeding habits,

energetic requirements are expected to increase across lifetime in response to biological

processes like reproduction and migration (Roff 1992).

Hence, the analysis of feeding habits across fish lifetime (or fish length) may be

considered the first step for the proper evaluation of trophodynamic interactions

between species. If important changes in the size structure of prey and/or predator

populations occur, due to the ontogenetic shifts in relation to diet, significant variations

could be expected on food-web configuration and energy flows. Accordingly, a better

understanding of food webs is often gained by looking at trophic species [groups of

organisms with identical or highly similar set of prey and predators(Cohen and Briand

1984)] instead of biological species, and by considering trophic guilds [groups of

species with similar functional roles within an ecosystem (Root 1967, Garrison and

Link 2000)] instead of grouping species by taxonomic affinity. Different trophic species

within a biological species may play functionally different ecological roles and may be

members of different guilds.

Marine species are characterized by a high degree of opportunistic omnivory (Cohen

1994, Link 2002) or trophic adaptability (Gerking 1994). Feeding behavior of a large

number of species of fish is flexible enough to shift from feeding on one food type to

another when the occasion arises, being the predator diet a reflection, sometimes
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distorted, of prey abundance (Fogarty et al. 1991, Gerking 1994, Overholtz et al. 2000).

When a profitable alternative food source comes along, many species are able of taking

advantage of this feeding opportunity. This general feeding behavior could lead to

highly overlapped diets and interconnected food webs, with similar feeding patterns

across time, as observed in the piscivorous community of Georges Bank (Overholtz et

al. 2000, Link et al. 2002).

The feeding habits of the main demersal fish species in Flemish Cap has been

reasonably well documented (Albikovskaya et al. 1988, Rodríguez-Marín et al. 1994,

Torres et al. 2000, Román et al. 2004) as well as the feeding chronology (González et al,

2003), prey and predator size relationships (Lilly 1980, Casas and Paz 1994), feeding

habits changes through the year in relation to prey availability (Konstantinov et al.

1985, Albikovskaya and Gerasimova 1993) and effects of predation on fish community

(Lilly 1985, Lilly 1986b). Notwithstanding previous works, a comparative study of the

changes in feeding habits across broad temporal scales, trophic species, and guilds has

yet to be attempted.

The Flemish Cap demersal community has experienced deep changes in the fish and

benthic invertebrate components across the period 1993-2008 (chapter III). Along with

these changes, variations in trophodynamic interactions leading to common patterns in

feeding habits between species and increased degree of diet overlap could be also

expected. In order of testing this hypothesis:

i) Feeding habits with size will be analyzed and biological species will be split

into trophic species based in marked changes in diet.

ii) Changes in diet across years will be studied and common trends in feeding

habits between trophic species of the same trophic guild will be analyzed; the

influence of prey abundance, competition and water temperature in changes of

feeding habits will be evaluated.

iii) Diet overlap between trophic species along the period 1993-2008 will be

studied.
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IV.2. Results

IV.2.1. Determination of Trophic species

From the grouping and homogenization of prey species between predators, 45 HPS

(“Homogenized prey species”) were finally defined (Table IV-1). Since the high

number of HPS (45 HPS) would hinder the interpretation of changes of the most

important preys in Figure IV-1, Figure IV-2 and Figure IV-3, a new grouping was

conducted (Table IV-2), but only for graphical representation. For all the analysis

conducted in this chapter all the 45 HPS in Table IV-1 were considered.

Most species exhibited important changes in feeding habits with size (Figure IV-1),

with the exception of Glyptocephalus cynoglossus and juvenile Sebastes spp. which

showed a diet dominated respectively by Polychaeta and Copepoda throughout their

lifetime. Amblyraja radiata and Hippoglossoides platessoides presented a fairly

homogeneous diet during most of their size ranges, formed mainly by Pandalus borealis

and Ophiuroidea respectively, although the extreme sizes varied in feeding habits. The

remaining species showed important changes in diet with size. Gadus morhua and

Reinhardtius hippoglossoides exhibited the transition Hyperiidea-Pandalus-Sebastes

(and other fishes) in prey dominance from lower to higher sizes. Anarhichas lupus and

Anarhichas minor showed a diet composed of different benthic species, with the

transition of Polychaeta-Pandalus-Sebastes as main prey with fish size. Anarhichas

denticulatus presented initially Hyperiidea as main prey, changing to Ctenophora in the

middle sizes, and to Sebastes in the larger sizes. Phycis chesteri showed an increase in

the importance of Pandalus, and a decrease in Mysidacea with predator size. Macrourus

berglax presented a transition from a variable diet initially to a dominance of Pandalus

in the intermediate sizes and Scyphozoa in the larger ranges. Lycodes reticulatus

exhibited an increase in Ophiuroidea in the diet with size while Polychaeta decreased.

Nezumia bairdi manifested a decrease in Mysidacea and Not identify Crustacea as the

importance of Hyperiidea in the diet rose with size. Sebastes fasciatus, S. marinus and

S. mentella presented similar patterns with size; a decline in Copepoda and Hyperiidea

and an increase of Pandalus in the diet.
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Table IV-1.- The original prey species, as well as the final homogenized prey species (HPS) employed in
the analyses are shown.

HPS Original prey species
Anarhichas spp. Anarhichas denticulatus; Anarhichas lupus; Anarhichas minor; Anarhichas spp.
Asteroidea Asteroidea
Bentheuphausia amblyops Bentheuphausia amblyops
Bivalvia Bivalvia
Chaetognata Chaetognata
Chauliodus sloani Chauliodus sloani
Chionoecetes opilio Chionoecetes opilio
Copepoda Calanoida; Copepoda
Not identify Crustacea Brachyura; Crustacea; Decapoda Crustacea; Natantia
Ctenophora Ctenophora
Echinoidea Echinoidea
Erythrops spp. Erythrops spp.
Euphausiacea Euphausiacea
Gadus morhua Gadus morhua
Gammaridea Gammaridea
Hyperiidea Hyperiidea
Illex coindetii Illex coindetii
Lampadena speculigera Lampadena speculigera
Lebbeus polaris Lebbeus polaris
Lithodes maja Lithodes maja
Lumpenus lumpretaeformis Lumpenus lumpretaeformis
Lycodes spp. Lycodes esmarki; Lycodes Polaris; Lycodes reticulates; Lycodes spp.
Macrourus berglax Macrourus berglax
Magnisudis atlantica Magnisudis atlantica
Malacosteus niger Malacosteus niger
Meganyctiphanes
norvegica

Meganyctiphanes norvegica

Not identify Mollusca Cephalopoda; Decapoda; Mollusca; Oegopsida; Teuthidae
Myctophidae Myctophidae; Myctophum punctatum
Mysidacea Mysidacea
Notolepis risso Notolepis risso
Ophiuroidea Ophiuroidea

Other Artropoda

Acanthephyra pelágica; Acanthephyra purpurea; Acanthephyra spp.; Ammotrypane aulogaster;
Amphipoda; Argis dentata; Caprellidae; Caridea; Crangonidae; Cumacea; Eucopia grimaldii;
Galatheidae; Gennadas elegans; Gennadas sp; Gnatophausia sp; Hyas coarctatus; Hyas sp; Isopoda;
Oplophorus spinosus; Ostracoda; Paguridea; Pandalus montagui; Parapasiphaea sulcatifrons;
Pasiphaea tarda; Pasiphaeidae; Penaeidea; Polynoidae; Pontophilus norvegicus; Pseudomma sp;
Pycnogonidae; Rhachotropis aculeata; Sabinea hystrix; Sabinea sarsi; Sclerocrangon ferox; Sergia
robusta; Serpulimorpha; Spirontocaris sp; Thysanoessa longicaudata; Tole spinosa

Other invertebrates
Anthozoa; Aphroditidae; Ascidiacea; Brachiopoda; Bryozoa
Cnidaria; Crinoidea; Undetermine Echinoidea; Echinodermata; Holothurioidea; Nematoda; Poriphera;
Priapulido; Siphonophora; Thaliacea; Thecaphora

Other Mollusca
Bathypolypus arcticus; Bathypolypus sp; Brachioteuthis sp; Gasteropoda; Gonatus sp; Histioteuthis
reversa; Histioteuthis sp; Illex illecebrosus; Nudibranchia; Octopoda; Onichotheuthys banksii;
Opistobranquios; Pectinidae; Scaphopoda; Semirossia sp; Sepiida; Sepiolidae

Other fishes

Alepocephalus sp; Amblyraja hyperborea; Amblyraja radiata; Ammodytes dubbius; Ammodytes sp;
Anguilliformes; Antimora rostrata; Argentinas; Argyropelecus hemigymnus; Argyropelecus sp;
Aspidophoroides monopterygius; Bathylagus euryops; Benthosema glaciale; Borostomias antarcticus;
Brotulotaenia brevicauda; Ceratoideos; Ceratoscopelus maderensis; Chiasmodon niger; Coryphaenoides
rupestris; Cottunculus microps; Cottunculus sp; Cyclothone microdon; Cyclothone sp; Enchelyopus
cimbrius; Gadidae; Gaidropsarus ensis; Gaidropsarus sp; Gonostomatidae; Hippoglossoides
platessoides; Leptagonus (agonus) decagonus; Leptoclinus maculates; Liparidae; Liparis sp; Lycodes
vahlii; Macrouridae; Mallotus villosus; Maurolicus muelleri; Nemichthys scolopaceus; Nezumia bairdii;
Normichthys operosus; Notoscopelus sp; Paralepididae; Phycis chesteri; Pleuronectiformes; Poromitra
megalops; Poromitra sp; Protomictophum arcticum; Pseudoscopelus scriptus; Rajidae; Reinhardtius
hippoglossoides; Saccopharyngidae; Scomberesox saurius; Scopelogadus beanie; Stomias boa;
Synaphobranchus kaupi; Triglops murrayi; Tryglops sp; Urophycis sp

Pandalus Pandalus
Not identify fishes Pisces
Polychaeta Polychaeta; Polychaeta errantia; Polychaeta sedentaria
Scyphozoa Scyphozoa
Sebastes spp. Sebastes juvenile; Sebastes marinus; Sebastes mentella; Sebastes sp
Sergestes arcticus Sergestes arcticus
Serrivomer beani Serrivomer beani
Sipunculida Sipunculida
Spirontocaris lilljeborgii Spirontocaris lilljeborgii
Miscellaneous Algae; Eggs; Larvae; Piedras; Placophora; Bird remains; Processing remains; Vitelo
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Table IV-2.- The HPS constituting each group of prey depicted in figures IV-1, IV-2 and IV-3 are
shown. From the original 45 HPS, those that did not go beyond the 50% of total biomass any year in any
trophic species were grouped into higher taxonomic groups. Finally 14 prey groups were created for
graph representation.

Grouping HPS
Copepoda Copepoda
Ctenophora Ctenophora

Echinodermata
Asteroidea
Echinoidea

Hyperiidea Hyperiidea
Miscellaneous Miscellaneous

Mollusca

Bivalvia
Illex spp.
Not.identify.Mollusca
Other.Mollusca

Northern shrimp Pandalus.borealis
Ophiuroidea Ophiuroidea

Other crustaceans

Bentheuphausia.amblyops
Chaetognata
Chionoecetes.opilio
Euphausiacea
Gammaridea
Lithodes.maja
Mysidacea
Not.Identify.Crustacea
Other.Artropoda
Sergestes.arcticus
Spirontocaris.lilljeborgii

Other fishes

Anarhichas.spp.
Chauliodus.sloani
Erythrops.spp.
Gadus.morhua
Lampadena.speculigera
Lebbeus.polaris
Lumpenus.lumpretaeformis
Lycodes.spp.
Macrourus.berglax
Magnisudis.atlantica
Malacosteus.niger
Meganyctiphanes.norvegica
Myctophidae
Not.identify.fish
Notolepis.risso
Other.fishes
Serrivomer.beani

Other invertebrates
Other.invertebrates
Sipunculida

Polychaeta Polychaeta
Scyphozoa Scyphozoa
Sebastes spp. Sebastes.spp.
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As a result of the equilibrated criterion between the biological information

(Chronological clustering results) and number of sampled individuals by size range, the

biological species were split into trophic species as a function of size (Table IV-3). Nine

species were divided into two trophic species, labeled as “1” the smallest and “2” the

largest; the remaining species were kept as entire trophic species. The accumulated

curve of HPS showed that the diet of all trophic species was sufficiently represented

with the number of sampled individuals every year (Table IV-4).

Table IV-3.- Established divisions (size (cm)) as result of Chronological clustering alone and the final
division form the combination of Chronological clustering and the study of individuals abundance.

Chronological clustering Biological and logistical criteria

Species Division 1 Division 2 Division 3 Division 1 Trophic Species

Amblyraja radiata 16.5 AR

Anarhichas denticulatus 31.5 76.5 AD

Anarhichas lupus 41.5 41 AL1; AL2

Anarhichas minor 21.5 56.5 46 AM1; AM2

Gadus morhua 26.5 61.5 71.5 46 GM1; GM2

Glyptocephalus cynoglossus GC

Hippoglossoides platessoides 22.5 HP

Lycodes reticulatus LR

Macrourus berglax 10.5 22.5 15.5 MB1; MB2

Nezumia bairdii 4.5 6 NB1, NB2

Phycis chesteri 16.5 PC

Reinhardtius hippoglossoides 41.5 31 RH1; RH2

Sebastes fasciatus 22.5 21.5 SF1; SF2

Sebastes juvenile SJ

Sebastes marinus 31.5 49.5 27.5 SMa1; SMa2

Sebastes mentella 25.5 37.5 27.5 SMe1; SMe2

IV.2.2. Analysis of diet composition

First the overall diet composition in 1993-2008 is explored for all trophic species, with

emphasis in the main changes in feeding across this period. Second, common trends in

feeding habits between trophic species are explored, including the analysis of influent

explanatory variables.

IV.2.2.1. Description of diet composition over time

With the aim of analyzing the overall feeding habits of every trophic species as well as

the main changes occurred along the time period studied, the changes in the PTV and
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FO are described below. As mentioned above, the 45 HPS were grouped (Table IV-2) to

facilitate the interpretation of changes in the PTV (Figure IV-2) and FO (Figure IV-3) of

the most important prey species.

Table IV-4.- Number of sampled individuals by year and trophic species.

Year AD AL1 AL2 AM1 AM2 AR GC GM1 GM2 HP LR MB1 MB2
1993 71 70 25 56 126 178 653 220 338 72 20 65
1994 15 43 46 50 49 59 108 415 144 323 77 24 23
1995 26 157 77 85 102 70 99 337 146 263 141 35 41
1996 30 103 38 64 56 51 73 272 160 193 131 47 63
1997 24 97 37 61 70 58 35 222 213 137 99 55 44
1998 25 131 35 49 58 62 34 24 144 126 84 78 67
1999 12 106 30 20 57 59 83 28 147 214 78 62 58
2000 31 104 29 29 35 90 83 57 177 172 89 56 87
2001 28 86 24 10 26 103 163 289 72 229 78 150 107
2002 46 142 49 18 54 81 52 131 92 135 155 64 84
2003 30 109 29 37 25 336 130 66 71 95 70 277 93
2004 49 152 62 125 51 239 143 237 170 470 46 45 39
2005 21 183 29 53 29 134 53 133 223 118 115 80
2006 50 110 56 76 53 157 56 359 266 132 49 80
2008 45 46 51 25 46 225 208 329 450 220 35 66

NB1 NB2 PC RH1 RH2 SF1 SF2 SJ SMa1 SMa2 SMe1 SMe2
1993 76 51 46 166 225 32 77 88 73 69 82 79
1994 83 64 57 78 232 109 64 71 94 51 91 122
1995 121 35 31 297 371 213 78 41 207 50 367 131
1996 43 88 45 273 357 150 91 57 173 63 194 81
1997 52 91 23 221 426 193 89 90 163 115 297 83
1998 62 59 115 181 437 163 81 92 150 66 200 54
1999 106 88 78 123 622 152 91 78 93 85 236 53
2000 79 55 115 95 414 179 130 129 66 163 185 98
2001 87 86 78 218 502 251 169 338 109 170 343 107
2002 123 78 56 235 434 344 186 368 148 124 357 165
2003 140 85 159 218 371 256 125 300 166 86 234 47
2004 66 16 102 356 182 194 125 138 257 82 316 87
2005 81 215 115 65 99 143 14 122 76
2006 93 135 206 75 110 210 53 243 71
2008 41 37 138 123 157 195 146 131 64

Anarhichas denticulatus (AD)

Diet composition has been remarkably dominated by the Ctenophora over the entire

time series, exceeding the 90% PTV in years 1995, 1998, 2000 and 2001 (FO> 70%).

From 2003, PTV of ctenophores decreased dramatically, not exceeding the 20%

(FO<40%) although a slight recovery pattern was observed in recent years. The most

important fish prey was Sebastes which appeared in the diet especially from 2003
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(PTV=67%; FO=23%). Pandalus, hyperiids and Other fishes became also more

important since 2003.

Anarhichas lupus 1 (AL1)

As a whole, benthic invertebrates were very important (mean PTV=44.7%). In the early

and mid 1990’s the main prey was Ophiuroidea with near 50% PTV (FO>70%). In

1997, the importance of this prey decreased dramatically to 14.6% PTV (FO=44%) and

from 1999 onwards was not higher than 7% (FO=10.4% FO). From 2000, the

importance in the diet of Pandalus increased to 41.2% PTV (FO=25%), maintaining

similar values until 2008, when decreased considerably. Other important benthic

invertebrate preys were Asteroidea, Bivalvia, Polychaeta and Echinoidea, especially in

the period from 1997 to 2000.

Anarhichas lupus 2 (AL2)

Fishes were very important in the diet of this trophic species (Mean PTV=31.4%).

Sebastes was important initially (43% in 1993), with a gap in the consumption of this

prey in the second half of the 1990´s, and a marked and sustained prominence in the

period from 2003 to 2008 (max. in 2008: PTV=54%; FO=31%). Other fish prey like

Anarhichas spp., Other fishes and Not Identified Fishes were important in the diet some

years. During the 1990´s the HPS Ophiuroidea showed a mean value of 26.5% PTV

(FO=70%) decreasing dramatically in 1999 to 7.8% PTV (30% FO), and being absent in

2003, 2004 and 2008. Other Invertebrates and Bivalvia followed similar decreasing

patterns at the end of the 1990´s. Since the late 1990´s hyperiids (max. in 1999:

PTV=24%; FO=36.7%), and Pandalus (max. in 2003: PTV=46.4% FO=58%) took a

higher prominence in the diet.
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Anarhichas minor 1 (AM1)

Benthic invertebrates showed a mean annual PTV of 24.6%. Ophiuroidea was important

around the mid 1990’s (max. in 1995: PTV=48.8%; FO=83.5%). Since 1997 the

prominence of Ophiuroidea decreased (mean PTV= 2.7%; mean FO= 16.8%).

Asteroidea was usual and important all years (mean PTV=9.6%; mean FO=20.1%).

Ctenophora appeared in the second half of the 1990’s with a max. PTV 33.4% (16.3%

FO) in 1998. After 2000 Pandalus became the dominant prey in the diet, with a mean

PTV of 41.9% and FO of 40.5% (max. in 2004, PTV= 58%; FO= 59.2%). Fishes were

substantial and usual prey items (mean PTV=17.7%) being Sebastes, Serrivomer beanii

and Not Identify Fishes the most relevant fish prey.

Anarhichas minor 2 (AM2)

This trophic species was highly piscivorous, with fishes always over 15% PTV (max. in

2005 PTV=79.3%). Sebastes was prominent all years, however from 2000 onwards

became even more important in the diet with an average PTV of 51.1% (mean

FO=29.9%). Cod and wolffishes were important prey in isolated years. Ctenophora

constituted fundamental prey items in the diet (mean PTV=36.8%, mean FO=34.6%)

from the mid 1990’s to 2001. Benthic invertebrates were also important until 1997, with

a mean PTV=18.9%. Ophiuroidea was the main invertebrate group in the diet during

this period, with a mean PTV=12.6% and FO=54%. Asteroidea was less important, but

more constant throughout the time series.

Amblyraja radiata (AR)

In the diet of this species, Pandalus was the main prey along the time period analyzed

(mean PTV= 40.7%; mean FO=62.4%). This importance increased at the end of the

time series, with the highest value in 2008 (PTV=57.9%, FO=81.3%). Fishes were also

a relevant prey (mean PTV=28.9%). Sebastes was one of the most frequent fish prey

(mean PTV=8.7%, mean FO=6.2%). Invertebrates like Hyperiidea, Polychaeta, Not

identified Crustacea and Other Mollusca were also very notable in the diet of this

trophic species.
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Glyptocephalus cynnoglossus (GC)

This species showed a highly specialized diet, with Polychaeta as the main prey (mean

PTV=77.2%; mean FO=93.3%). Other important benthic invertebrate prey was

Gammaridea, with a mean PTV of 8% (mean FO=28.8%). Bivalvia, Ophiuroidea,

Sipunculida were also usual prey, increasing its importance during the second half of

1990’s, when the contribution of Polychaeta decreased. Pandalus constituted part of the

diet since 1997.

Gadus morhua 1 (GM1)

Initially Hyperiidea was the main prey item, with a mean PTV of 65.7% (mean

FO=87.9%) between 1993 and 1999. From 2000 to 2008, the mean value was 29.7%

PTV (mean FO= 59%). From 2000, when the importance of Hyperiidea declined,

Pandalus increased its dominance, showing a mean value of 42% from 2000 to 2008

(mean FO=45.3%). Other prey like Lumpenus lampretaeformis, and Not identified

fishes were important throughout the time series. Meganyctiphanes novergica was very

important in 1998.

Gadus morhua 2 (GM2)

Feeding habits in GM2 exhibited deep changes through the time series. Hyperiids were

the most important prey until 1996 (in 1996 PTV=60.3%; FO=88.1%), while after 1997

its preponderance decreased, coincident with the increment of Pandalus in the diet

(max. in 2003: PTV=43.4%; FO=76%). Fishes were a very important prey item, with a

mean PTV of 30.9% along the time series. Anarhichas spp. showed a constant presence

in the diet, with a mean PTV=11.7%. Sebastes was highly important in 1993 and later

on since 2000, and especially since 2006, with a 58.2% of PTV (38.3% FO in 2005).

Hippoglossoides platessoides (HP)

Feeding habits in this trophic species have experienced deep changes. From 1993 to

1999, the diet was composed mainly of Ophiuroidea. The mean PTV of this prey during

this period was 80.3% (88.7% FO). From 2000 its contribution to the diet to a PTV

lower than 24% (minimum in 2004, PTV=3.7%). At this time other HPS gain

prominence. Since 2003 Pandalus, became one of the most important preys (mean

PTV= 34.6%). Another notable prey was Hyperiidea; in 2004 made up the 77.5% of
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total ingested biomass. Ctenophores were important as well in 2001, when the PTV

raised to 42.7% (5.7% FO). In the last years of the time series, Lumpenus

lampretaeformis became a notable prey, as well as other benthic invertebrates like

Polychaeta and Other Invertebrates.

Lycodes reticulatus (LR)

This trophic species showed a diet dominated by Ophiuroidea initially in the time series,

with maximum importance in 1994 (PTV=75.9%; FO=89.6%). In 1998 this

preponderance decreased clearly and other benthic invertebrates took the dominion in

the diet like Sipunculida, Polychaeta and Bivalvia. Polychaeta presented a mean PTV of

28.2% after 1998 (max. in 2002: PTV= 44%). Pandalus experienced also important

changes in this period, increasing its importance from a mean PTV of 13.5% previous to

1998 to 38.9% onward (FO from 2.9% to 11.1%).

Macrourus berglax 1 (MB1)

From 1993 to 1997, diet was constituted fairly equally by many different preys, like

Polychaeta, Ophiuroidea, Bivalves or Hyperiidea. Since 1998, Pandalus increased its

abundance, with a mean PTV of 48.1% and mean FO=15% (max. in 2006, PTV=88.6%;

FO=48.9%) and became dominant until 2008. Polychaeta was another important HPS

throughout the time series (mean PTV=11.3%; mean FO= 27.1%). The remaining gut

content was distributed among an important number of preys without dominance of any

of them.

Macrourus berglax 2 (MB2)

The diet of this trophic species was composed mainly of Pandalus, Not identified

fishes, Scyphozoa and an important variety of preys that showed a higher importance in

the periods from 1995 to 1997 and from 2002 to 2003. Pandalus presented a mean PTV

of 30.1% (FO 37.2%), increasing in the period from 1998 to 2000 (max. in 2005:

PTV=64.8%). The HPS Scyphozoa presented the highest importance in 2008 when the

57.6% of the ingested biomass was formed by this prey.
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Nezumia bairdi 1 (NB1)

In the diet of this trophic species benthic and pelagic invertebrates appeared very

importantly. Hyperiidea occupied a high proportion of total volume, showing a fairly

irregular pattern (max. in 1997: PTV= 60.7%; 44.2% FO). The second most important

prey was Not identified Crustacea, which in 2003 reached the 38.9% of PTV. Other

benthic invertebrates of notable importance were Bivalves (average PTV 4%),

Gammaridea (4.3% PTV), Mysidacea (11.6% PTV) and Polychaeta (13.7% PTV).

Pandalus appeared outstandingly in 2004 (PTV=27.4%).

Nezumia bairdi 2 (NB2)

Before 1997, diet composition was fairly distributed between different preys like

Polychaeta, Other Arthopoda, Not identified Crustacea, Hyperiidea and Gammaridea.

However from 1997 to 2002 the preponderance of Hyperiidea became higher, with a

mean PTV of 62.7% during these years (FO 63.7%). Not identified Crustacea were

relatively important as well (mean PTV 11.5%). Other benthic invertebrates like

Gammaridea, Mysidacea and Polychaeta were also important throughout the time series,

although not as much as in NB1. Pandalus appeared in the diet sporadically, but not

with the importance of 2004 (PTV 43.2%).

Phycis chesteri (PC)

Pandalus was the main prey item all along the period analyzed. Its importance increased

gradually along the time series reaching the highest PTV in 2004, 81.2% (62.7% FO).

Initially in the time series, other important preys were some pelagic invertebrates like

Hyperiidea, Copepoda and Chaetognata, Benthic invertebrates like Bivalves and

Mysidacea and Lumpenus lampretaeformis. However, the importance of these preys

decreased like Pandalus became more important, mainly since 2000.

Reinhardtius hippoglossoides 1 (RH1)

Pandalus and Hyperiidea were the core in the diet of this trophic species, and its

importance in the diet showed a very similar pattern to the observed in GM1. hyperiids

were the main prey in the period from 1993 to 1995, with a mean PTV of 79.5% (93.3%

FO). From this period its importance decreased regularly, with the minimum in 2005,

PTV=10.4%. As Hyperiidea diminished its importance Pandalus raised, showing some
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years a very important dominance, as observed in 2003 (72.3% PTV; 53.2% FO).

Between the other few preys consumed by this trophic species Not identify Crustacea

and Euphausiacea were present in low quantities.

Reinhardtius hippoglossoides 2 (RH2)

This trophic species is a strong piscivorous, since total fish PTV constituted and average

PTV= 64.7%, with the highest value in 1993 (PTV=85-1%). The main fish prey was

Serrivomer beanii, mainly in the first part of the time series, in 1994 the 38.9% of PTV

(24.6% FO). Sebastes was a very important prey (mean PTV=15.5%). Its presence was

higher initially in the time series and later on, mainly from 2001, showing the maximum

value in 2003, 37.5% PTV (17% FO). Not Identify Fishes was very prominent

throughout the whole time series, with a mean PTV of 14.4%. Pandalus was the main

invertebrate HPS with a notable contribution, reaching the highest value in 2008 year

(56.5% PTV; 64.9% FO).

Sebastes fasciatus 1 (SF1)

The diet of SF1 is constituted mainly by pelagic invertebrates. Copepoda was the main

prey throughout the whole time series (mean PTV=44.8%; FO=68.4%), with the

exception of years 2003 and 2004. In 2003 this HPS experienced an important decrease

in importance, with a decrease of almost the 60% compared with the year 2002.

Hyperiidea were also prominent all years, although not as much as Copepoda. The

maximum contribution to the diet was reached in 2004, when Hyperiidea entail the

41.9% of PTV. Euphausiacea was a constant prey in the diet, although not dominant

(max. PTV=17.6% in 2003). Pandalus became significant, mainly in the last part of the

studied period, with the highest PTV in 2003, 35%.

Sebastes fasciatus 2 (SF2)

Copepoda was highly important in this trophic species with a mean PTV of 21.9%

(max. PTV=38.8% in 1997). The lowest importance of Copepoda was found between

2003 and 2005, although in 1995 there was a period of low importance. Other pelagic

invertebrates like Hyperiidea, Bentheuphausia amblyops, other Euphausiacea and

Chaetognata were also important in the diet. Hyperiidea showed a higher importance

than usual when copepods and Chaetognata PTV decreased, mainly in 1995 and 2003.

Pandalus was prominent most years, although its importance increased along time
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series, reaching the highest PTV in 2003 (52.6%). Some fishes like Myctophidae and

Not identify fishes appeared also in the diet.

Sebastes Juvenile (SJ)

This species showed a highly specialized diet, with Copepoda PTV higher than 30% all

years with the exception of  1996, 2003 and 2004 (mean PTV 56.6%; mean FO 70.7%).

The maximum value was registered in 2006, it was closed to 96% of PTV. Hyperiidea

was very important as well, with a mean PTV of 22.4% (23.9% FO). Not identify

Crustacea and Mysidacea were usual and prominent HPS depending on the year.

Pandalus appeared some years, more outstandingly in 2003 and 2004.

Sebastes marinus 1 (SMa1)

The diet of SMa1 was composed mainly of pelagic invertebrates. Copepoda (mean

PTV=29.6%, mean FO=63%), Hyperiidea (mean PTV=22.7%, mean FO=38.3%), and

Chaetognata (mean PTV=16.1%, mean FO=30.3%) were the main prey along the time

series. In 1995 and period 2003-2005, an important decrease in Copepoda and

Chaetognata consumption was observed. Bentheuphausia amblyops appeared in the diet

usually in years when Copepoda and Chaetognata PTV was high. Pandalus contributed

notably to the diet mainly since 2003 onward.

Sebastes marinus 2 (SMa2)

Diet in this trophic species seemed to be less dominated by pelagic invertebrates than

observed in any of the previous trophic species of genus Sebastes. Copepoda had a

lower preponderance, having the highest contribution in 1993, with the 29% of PTV

(55% FO). Bentheuphausia amblyops was more important, with the maximum PTV in

1998, 29.5% (22.7 FO).  Chaetognata showed the highest value in 1994, with a PTV of

36.7% (49% FO). The importance of this three HPS decreased in 1995 and the period

from 2003 to 2005. Pandalus appeared all years in the diet, however it had a higher

prevalence since 2001, showing a mean PTV=23.7% from this year to 2008. Hyperiidea

was fairly stable throughout all the time series with a mean PTV of 17.6% (43.9% FO).

Fishes HPS like Myctophidae, Not identified fishes, Serrivomer beanii and Sebastes had

a great importance, with a mean PTV of 28.7%, and maximum PTV in 1995, with the

66%.
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Sebastes mentella 1 (SMe1)

Copepoda was the main prey (mean PTV=27.7%; mean FO=59.4%). Not identify

Crustacea (max. in 1993: PTV=53.6%). Bentheuphausia amblyops (max. in 1994:

PTV=39.5%) and Chaetognata (mean PTV=6.2%) were also important prey items.

Hyperiidea was notable mainly at the beginning and at the end, from 2004, with a mean

PTV of 19.2, Euphausiacea was a very important prey, appearing strongly from 2002

when it reached the 24% PTV. Pandalus appeared as an important prey since 2001.

Sebastes mentella 2 (SMe2)

From the Sebastes trophic species this was the less pelagic invertebrate and the most

Pandalus feeder. Some pelagic invertebrates like Copepoda (mean PTV=3.5%, mean

FO=20%), Chaetognata (mean PTV=1.4%, mean FO=10.5%), Hyperiidea (mean

PTV=11.6%, mean FO=44.9%) decreased its importance in relation to previous species.

Pandalus showed a mean PTV of 24.1% through all time series, but it was from 2004

when this predominance became even stronger, with a mean PTV of 47.7% from 2004

to 2006. Fishes (mainly Not identified fishes) were also a very important prey, with a

mean PTV of 23.7%.

IV.2.3. Study of common trends in diet composition

For the analysis of common trends in feeding habits between trophic species, first the

high dimensionality of diet needed to be reduced and second trophic species were

allocated in different trophic guilds.

IV.2.3.1. Reduction of dimensionality

The MDS reduced the original dimensionality of feeding data (45 HPS) to just 3 with a

stress parameter of 0.15, and hence, it can be accepted that distances in the Figure IV-4

between trophic species every year do really represented the differences in their diet

composition. As the most abundant demersal fish species are considered in the present

study (they accumulate more than 97% of total demersal fish biomass) it is safe to

assume that the trophic structure and trophic variability of the demersal fish community

is well represented within this 3D space. For this reason, it seems reasonable that

hereafter the space depicted in the 3D MDS be called the “trophic space”. Trophic
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species appeared distributed in this trophic space across the period 1993-2008 (Figure

IV-4) and it is interesting to note that each trophic species was distributed most years in

a relatively narrow area (“trophic species areas”). This issue will be treated in section

IV.2.5.

Figure IV-4.- The distribution of the different trophic species along the period 1993-2008 on each of the
three dimensions of the MDS are shown.

With the intention of understanding the meaning, in terms of changes in feeding habits,

of the displacements that each trophic species took over time in this 3D trophic space

across the period 1993-2008, the areas where the most important preys were distributed

(hereafter “prey area”) were identified. To do this, first every year the most important

prey was determined for each trophic species like that prey with the highest PTV.

Second for each trophic species and year this prey was located in the trophic space
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(Figure IV-5). This exercise results in the same trophic space than Figure IV-4 but now,

instead of trophic species, the main prey species were depicted.

Figure IV-5.- The same MDS depicted in Figure IV-4 is presented here. In this case the most important
HPS for each trophic species every year are displayed with different colors to define the different “prey
areas” of the trophic space.

Following, a description of “preys areas” and “trophic species area” along each

dimension of the trophic space is presented.

Dimension I: In the most negative extreme of this dimension (Figure IV-5), SJ is the

dominant trophic species (the 7 most negative values) with Copepoda as the most

important prey (the 19 most negative cases). Other cases (Trophic species and year)

with similar values to SJ also pertain to the genus Sebastes, like SF1, SMa1 and SMe1.

As we move toward less negative values in this dimension, Copepoda share the

dominance with the Hyperiidea. In this range other trophic species appear, like SMe2,
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SF2, SMa2, NB1 and NB2. Next, when the values of this dimension are still negative

but close to zero Hyperiidea and Pandalus become the main prey for many trophic

species. Most trophic species appear in this area, like GM1, GM2, HP, LR, MB1, MB2,

NB1, NB2, PC, RH1, SF2, SMa2 and SMe2. In the positive values, different prey

species appeared, like Pandalus, Sebastes and other fish HPS such as Lampadena

speculigera, Serrivomer beanii and Other Fishes, benthic invertebrates like Polychaeta,

Bivalvia and Ophiuroidea, and Ctenophores appear. In this range several trophic species

are distributed, such as MB1, MB2, RH2, LR, HP, GM1, GM2, GC, AR and trophic

species from genus Anarhichas come out, mainly AM1 and AL1. In the higher positive

values the larger trophic species of genus Anarhichas are the most abundant, AD, AL2

and AM2

Dimension II: In this dimension most trophic species in most years are centered from

the mid negative to the mid positive values, being the extreme ranges dominated by a

unique trophic species. In the negative extreme the trophic species AD domains, with 12

of 14 most negative values. In this part of the dimension, Ctenophora is the main prey.

Moving toward less negative values, during a short range, Sebastes is the most abundant

main prey, and AM2, GM2 and RH2 are the main trophic species. Close to the zero

value, in the negative side, Pandalus, Hyperiidea and Copepoda are the main prey of

several trophic species, like those of genus Sebastes, GM1, AR, AM2, AM1, AL2,

RH1, RH2 and PC. Close to zero, but now in the positive side, Pandalus, Ophiuroidea

and Hyperiidea are the most common main prey, and NB1, NB2, MB1, LR, HP, AM1

and AL1 the most common trophic species. Finally, in the positive extreme, the

dominant trophic species is GC, coincident with Polychaeta as the only prey that

appears as main prey item.

Dimension III: With the exception of the trophic species of genus Sebastes, AD, NB1,

NB2 and RH2, the different years of the remaining trophic species are fairly distributed

along this dimension, from highly negative to highly positive. In the negative extreme,

the dominant prey is Pandalus, and PC, MB2 the most common trophic species (10 of

11 cases pertaining to one of this trophic species). But the Pandalus “prey area”

expands and it is still the most common prey until this dimension reach to the zero

value. In the negative range other notable preys are Sebastes, Serrivomer beanii,

Hyperiidea, and Copepoda. Many different trophic species appear, the species with

more cases are AL1, AM1, AR, GM1, LR, MB1, MB2, PC,RH2, RH1, SF1, SF2,
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SMa2, SMe2. Following, in the positive range of this dimension the main prey are

Hyperiidae, Copepoda, Polychaeta and Sebastes; SJ, SMa1, NB1, NB2, GM1, GM2,

GC, AM2, AM1, AL2 and AL1 are common trophic species here. In the positive

extreme of this dimension Ophiuroidea and Ctenophora appear as the main HPS in HP

and AD respectively.

IV.2.3.2. Determination of Trophic guilds

With the aim of grouping the trophic species into groups with similar functional role in

the ecosystem (i.e. trophic guilds), a cluster analysis was carried out using the PTV. The

Bray Curtis index was used, establishing the similarity between each trophic species

every year. In Table IV-5 the different clusters formed when considering a similarity

level of 30% are shown.  Each box contains the number of years that each trophic

species was included in a determined cluster. This information, in conjunction with the

trajectory of feeding habits described in section IV.2.2.1. was employed to split trophic

species into the next four different trophic guilds.

Trophic guild I: The trophic species included in this group were AR, GM1, MB1, MB2,

NB1, NB2, PC and RH1. In the cluster analysis, most years all these trophic species

were contained in clusters g and e. Pandalus was a very important prey throughout all

the time period for most of these trophic species. Another important feature of this

group was observed in the trophic species GM1, RH1, NB1 and NB2, for which

Hyperiidea was the main prey until Pandalus became the most important HPS in the

diet.

Trophic guild II: with AL1, AM1, GC, HP and LR. These trophic species were

distributed in many different clusters, however most years appeared in clusters g and c,

with the exception of GC that presented all studied years in the cluster a. All these

trophic species had different benthic invertebrates HPS like Ophiuroidea, Polychaeta,

Bivalvia, Asteroidea and Echinoidea as the main prey items initially in the time series.

At the end of the 1990’s, there was a transition in prey importance from benthic

invertebrates to Pandalus; even in GC, although in this species it was a slight increase.
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Table IV-5.- The results of the cluster analysis used for the definition of trophic guilds (last column) are
shown. Seven clusters were created when a simmilarity level of 30% was selected. The number of cases that
each trophic species presented of each cluster are presented.

Trophic species Group a Group b Group c Group d Group e Group f Group g Trophic guild
AR 15 1

GM1 9 6 1
MB1 3 12 1
MB2 15 1
NB1 12 1
NB2 11 1 1
PC 1 11 1

RH1 5 10 1
AL1 9 6 2
AM1 2 3 1 3 6 2
GC 15 2
HP 1 8 3 3 2
LR 1 5 6 2
SF1 15 3
SF2 13 2 3
SJ 15 3

SMa1 15 3
SMa2 10 2 3 3
SMe1 14 1 3
SMe2 3 12 3
AD 10 4 4
AL2 5 8 2 4
AM2 4 11 4
GM2 6 7 2 4
RH2 15 4

Trophic guild III: The trophic species SF1, SF2, SJ, SMa1, SMa2, SMe1 and SMe2

formed this group. In the cluster analysis most of these trophic species presented all the

studied years in the cluster d. Cluster g was important for SF2, SMa2 and notably for

SMe2, for which 12 of 15 years were included in this cluster. Based in the PTV, this

group can be characterized by a diet strongly based in pelagic invertebrates like

Copepoda, Chaetognata, Hyperiidea and Bentheuphausia amblyops, with Pandalus

increasing in importance along the time series. In SMe2 Pandalus and other fish prey

were more important. However, pelagic invertebrates still constituted an important part

of the diet, justifying its inclusion in this trophic group.

Trophic guild IV: Was constituted by AD, AL2, AM2, GM2 and RH2. In the cluster

analysis all these trophic species contained an important number of years in the cluster f,

with the exception of RH2 which presented all years included in cluster g. Other

clusters which gathered an important number of years were the clusters b for AD and

AM2, cluster c for AL2 and cluster e for GM2. The study of the PTV showed that this

group was heterogeneous in feeding habits until late 1990’s. However, all these trophic

species showed an increment in the contribution of Sebastes to the diet in the second
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half of the time series leading them to share the cluster f during this period. Despite

RH2 was not present in cluster f, it was included in this trophic group because it showed

a piscivorous diet, with Sebastes increasing in importance since 2000.

Similarly the concepts of “trophic species areas” and “prey areas”, the representation of

the trophic guild for each trophic species in the 3D MDS allows identifying “guild

areas” in the trophic space (Figure IV-6). The spatial segregation observed in this figure

support the trophic guild division established above.

Figure IV-6.- The four trophic guilds (I, II, III, IV) are displayed in the trophic space with different
colors, defining the different “guild areas”.
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IV.2.3.3. Analysis of common trends

Common trends in feeding habits between species within each trophic guild were

studied by applying the DFA to the three dimensions of the trophic space. Once

common trends were estimated, explanatory variables were incorporated to the analysis

and the DFA models were fitted again and common trends re-estimated. Those prey

species that could be hypothesized contributing to changes in feeding habits (see chapter

II, section 3.3) are shown in Table IV-6. However, since no index of abundance was

available for Ctenophora, Polychaeta, Ophiuroidea and Echinoidea, the contribution of

the abundance of these preys to the observed changes in feeding habits could not be

tested. The effect of intraguild competition was evaluated by including the sum of

abundance of species forming each trophic guild (depicted from guild I to IV like

SumGroup1, SumGroup2, GenSebastes and SumGroup4 respectively). The abundance

of genus Sebastes was also included in models for all trophic guilds due to the

extraordinary increase in biomass experienced since 2004 (see chapter III) and the high

degree of competition that this could imply. Hence, the abundance of genus Sebastes

was intended like proxy of prey availability (Sebastes<15cm; hereafter Sebastes15) in

trophic guild IV but like an index of competition in the remaining guilds (all sizes,

called GenSebastes). The bottom temperature was employed like reflection of the

oceanographic conditions in this species habitat.

Table IV-6.- The HPS that could be hypothesized to have contributed to changes in feeding habits are
shown. Those HPS that presented a Pearson correlation coefficient higher than 0.5 (in absolute value) for at
least 2/3 of trophic species of each guild between its SAV and the values of each dimensions are shown.

Trophic guild I Trophic guild II Trophic guild III Trophic guild IV

Dimension I
Hyperiidea
Pandalus

Echinoidea
Euphausiacea

Hyperiidea
Ophiuroidea

Pandalus
Copepoda

Pandalus
Hyperiidea

Dimension II
Polychaeta Ophiuroidea

Chaetognata
Sebastes

Hyperiidea Chaetognata
Ophiuroidea

Pandalus

Dimension III
Pandalus

Hyperiidea
Pandalus

Ophiuroidea
Pandalus

Pandalus

Sebastes

Ophiuroidea

Hyperiidea

Ctenophora
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All these explanatory variables along the period 1993-2008 are shown in Figure IV-7.

CPR abundance index of pelagic invertebrates showed a declining pattern along this

period, with the exception of year 2004, while P. borealis exhibited the highest values

of biomass since 1998 to 2003 and the genus Sebastes presented a stable value until

2003, when a sudden and strong increase in the abundance index occurred. The bottom

temperature showed a variable pattern, with the highest values at the end of the time

series.

IV.2.3.3.1. Trophic guild I

In this trophic guild Hyperiidea, Northern shrimp and Polychaeta were very important

to explain changes in feeding habits for most trophic species (Table IV-6). Polychaeta

were not included in the models since no index of abundance was available for this

group. The index of abundance of P. borealis, Hyperiidea, Sebastes, the sum of biomass

of trophic guild I (SumGroupI) and bottom temperature were considered in the model

fitting.

Dimension I:

This trophic guild initially showed a variable pattern between species in this dimension

(Figure IV-8), although a trend toward positive values seemed to dominate at the end of

the time series for most trophic species. The DFA model with no explanatory variables

with the lowest AIC (AIC=339.02) contained only one common trend (Figure IV-9).

This trend exhibited a decreasing pattern in the initial part of the time period. The factor

Figure IV-7.- The
normalized values of
all the explanatory
variables employed in
the DFA analysis are
shown.
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loadings were lower than -0.2 for MB2 and higher than 0.2 for GM1 and RH1 (Table

IV-7).

When explanatory variables were included in the DFA, the model with the lowest AIC

(AIC=262.4) correspond to that with only one common trend with P. borealis,

Hyperiidea and the SumGroup1 as explanatory variables (Table IV-7). The estimated

regression parameters for the three explanatory variables and the factor loading of the

common trend for all the trophic species are given in Table IV-7. The single common

trend of this model showed a sigmoid shape, increasing its value since late 1990’s. Only

GM1 and RH1 were influenced importantly by this trend, but with opposite sign. The

sign of factor loadings was positive for most trophic species in this group. Significant

effects were obtained in AR, NB1 and RH1 for the abundance of Hyperiidea, while a

significant effect of P. borealis abundance was found in NB2 and RH1 and in MB2

with the SumGroup1. The observed and fitted values are shown in Figure IV-10. The

standardized residuals (Figure IV-11) showed no clear trends but a wide range of values

was observed, although it was contained between -2 and 2.

Figure IV-9.- Common trends in the models with and without explanatory variables. In trophic guild II
there are only trends for models with no explanatory variables since as explained above, there was no any
variable that reduced the AIC.
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Table IV-7.- Estimated factor loadings of common trends as well as the regression parameters and p-
value (*<0.05; **<0.01; ***<0.001) for the explanatory variable of DFA models for trophic guild I. Factor
loading higher than 0.2 in bold font.

DFA without
explanatory

variables DFA with explanatory variables

Trophic Guild I Trend Trend Coefficients (significance)

Dimension
Trophic
species

Factor
Loadings

Factor
Loadings Hyperiidea GenSebastes P. borealis SumGroup1

I AR -0.172 0.154 0.995** 0.472*** 0.392***

I GM1 0.222 0.27 0.131 0.143 0.132

I MB1 0.042 -0.002 0.188 0.078 -0.591**

I MB2 -0.253 0.108 0.233 0.32 0.638**

I NB1 -0.002 -0.146 -0.579*** -0.227 -0.147

I NB2 -0.072 0.081 -0.292 -0.619** 0.09

I PC 0.159 0.13 0.081 -0.043 -0.321

I RH1 0.386 0.275 0.603*** 0.442*** -0.159

II AR -0.121 0.274 -1.226* -0.803** -0.394***

II GM1 -0.13 0.006 -0.228 -0.292 -0.283

II MB1 0.3 0.118 -0.235 -0.346*** 0.641*

II MB2 0.269 0.154 -0.231 -0.402 0.074

II NB1 0.033 0.038 -0.201 0.085 0.365

II NB2 0.236 0.02 0.088 -0.238 0.466***

II PC -0.024 -0.481 0.613 0.35 0.394

II RH1 -0.116 -0.216 0.176 0.264 0.353

III AR 0.063 -0.174 -0.942* -0.359 0.079

III GM1 0.204 0.239 0.202 0.081 -0.035

III MB1 0.222 -0.104 -0.725* -0.507** 0.622*

III MB2 0.113 -0.055 -0.66** 0.048 0.146

III NB1 0.046 -0.059 -1.613** -0.412*** -0.044

III NB2 0.006 0.103 -1.189* 0.179 -0.356***

III PC 0.207 0.071 -0.367 0.276 0.428***

III RH1 0.265 0.085 -0.431*** -0.405*** 0.119

Dimension II:

In this dimension no clear trend could be guessed and values exhibited a great

variability between species along the time series (Figure IV-8). However, the unique

trend fitted with the DFA technique (AIC=342.5) showed an increasing pattern,

although only MB1, MB2 and NB2 presented a value higher than 0.2 (Table IV-7).

In the model fitting process with explanatory variables, the abundance of Polychaeta

was not incorporated because this data were not available.  The model with the lowest

AIC value included one trend and the explanatory variables SumGroup1, P. borealis

and Hyperiidea (AIC=243.8). The obtained trend showed a sigmoid pattern again, with

negative values until the late 1990’s; after that it rose sharply until the end of the time

period. This trend affected significantly to AR (positive effect) and PC and RH1
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(negative effect) (Table IV-7). The abundance of Hyperiidea affected significantly to

the values of this dimension for AR; P. borealis affected to AR and MB1 and

SumGroup1 to AR, MB1 and NB2. The fit was not good for GM1, RH1 and PC (Figure

IV-10), and the residuals were fairly dispersed in this species. In MB1 the fit was good,

but the residuals seemed to contain a marked pattern (Figure IV-11).

Figure IV-10.- Observed (points) and fitted values (lines) with the DFA model including one common and
explanatory variables, for trophic guild I in the three dimensions.

Dimension III:

All species showed a general pattern going from high to low values along the time

series (Figure IV-8). The fitted trend in the DFA analysis with no explanatory variables

(lowest AIC=293.1) showed this decreasing pattern, which factor loadings were higher

than 0.2 for GM1, RH1, PC and MB1 (Figure IV-9 and Table IV-7).

The best model (AIC=244.6) contained only one trend and P. borealis, Hyperiidea and

SumGroup1 as explanatory variables. The fit common trend showed again a declining

pattern, although with some differences in relation to the trend in the model with no

explanatory variables (Figure IV-9). The absolute factor loadings were lower than 0.2

for all species with the exception of GM1, which registered a positive relation with the

estimated trend (Table IV-7). GenSebastes showed a significant negative effect in the

value of dimension III for all trophic species, excepting GM1 and PC. P. borealis
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presented also a significant negative effect, in this case on MB1, NB1 and RH1. The

variable SumGroup1 affected significantly to MB1, NB2 and PC. The fitted and

observed values (Figure IV-10) and residuals (Figure IV-11) showed that this dimension

was the best modeled by the DFA.

Figure IV-11.- Residuals in the three dimensions from the DFA model with one common trend and
explanatory variables, trophic guild I.

IV.2.3.3.2. Trophic guild II

In this trophic guild, benthic invertebrates (Echinoidea but especially Ophiuroidea) were

very important for most trophic species to explain feeding habits (Table IV-6).

However, as pointed above, no index of abundance was available for these prey groups,

and hence were not used in model fitting. P. borealis, bottom temperature, the sum of

the trophic guild, and the abundance of genus Sebastes were utilized in all dimensions.

Dimension I:

In this group there is a high similarity in the changes of values for this dimension

through the time series, with the exception of GC with a fairly different pattern (Figure

IV-8). The overall shape of curves showed a first stable period with positive values,

followed by a sharp decrease to negative values at the end of the 1990’s. Since 2000’s

values were negative, increasing later to near zero values.
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The best fit model (AIC=208.08) presented no explanatory variables, only one common

trend (Figure IV-9), with a significant positive effect for all trophic species with the

exception of GC (Table IV-8). This trend followed the pattern described in the previous

paragraph, with a steep decline from a steady positive period to a negative one.

Table IV-8.- Estimated factor loadings for the trophic guild II of common trends estimated o each of the
three dimensions.

Trophic species Dimension I Dimension II Dimension III

AL1 0.556 0.342 0.360

AM1 0.460 0.334 0.178

GC 0.093 0.139 0.331

HP 0.350 0.491 0.346

LR 0.450 0.116 0.263

There was a high similarity of the fit and observed values (Figure IV-12). The fit was

not as good for GC and HP, as shown by the standardized errors (Figure IV-13).

Figure IV-12.- Observed (points) and fitted values (lines) with the DFA model including only one
common for trophic guild II in the three dimensions.

Dimension II:

Globally, this group exhibited consistent changes in the standardized values of this

dimension, with a steady decrease until year 2000, and a posterior gentle increase

(Figure IV-8).
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No any explanatory variable reduced the AIC bellow that obtained in the model with

just one common trend. This trend was similar to the one observed in dimension I, with

a decreasing period until early 2000’s increasing gently afterward. Factor loadings for

this trend were higher than 0.2 in AL1, AM1 and HP (Table IV-8) showing a positive

relation with the obtained trend.

The fit and observed values were very similar for HP and AL1 (Figure IV-12) and

errors were distributed close to zero for most species, excepting LR (Figure IV-13).

Dimension III:

Despite the variability, the standardized values of all trophic species in this dimension

showed a decreasing trend in the studied period (Figure IV-8).

Figure IV-13.- Residuals in the three dimensions from the DFA model with one common trend, trophic
guild II.

As in the other two dimensions, the best model (AIC=195.2) included just one common

trend and no explanatory variables. This trend was a declining curve (Figure IV-9), in

accordance with the general pattern described above. The factor loadings were positive

and high for all trophic species with the exception of AM1 (Table IV-8).

The model fit was closed to the observed values (Figure IV-12) with the exception of

for AM1, which showed a higher dispersion of residuals than the remaining trophic

species (Figure IV-13).
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IV.2.3.3.3. Trophic guild III

P. borealis, Copepoda and Chaetognata presented a correlation higher than 0.5 for at

least 2/3 of the trophic species, and hence were considered in the model fitting for all

dimensions (Table IV-6). Another important prey species that was also utilized for

modeling was the hyperiids index of abundance. Bottom temperature and abundance of

genus Sebastes were also considered.

Dimension I:

The values of this dimension exhibited a fairly common pattern, with an important

increase in the standardized values at the end of the time period studied (Figure IV-8).

The lowest AIC for the DFA with no explanatory variables was obtained for the model

with only one trend (Figure IV-9; AIC=282.5), which had a positive significant effect

for SF1, SF2 and SMa2.

With explanatory variables the best model presented one common trend and the bottom

temperature, the GenSebastes and the Calanidae abundance (AIC=267.6; Table IV-9).

The obtained trend showed a growing pattern until early 2000’s, when started a

decreasing period (Figure IV-9). The factor loadings were higher than 0.2 for SF2,

SMa2, SMe1. BottomTemp showed a significant effect on SMa2. GenSebastes

significantly affected to SF1, SF2 and SMa2. While Calanidae abundance showed

significant effect on SMa2.

The model fit globally described the data (Figure IV-14) and the standardized residuals

did not show any pattern, although presented a wide range of distribution (Figure

IV-15).) and the standardized residuals did not show any pattern, although presented a

wide range of distribution (Figure IV-15).
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Table IV-9.- Estimated factor loadings of common trends as well as the regression parameters and p-
value (*<0.05; **<0.01; ***<0.001) for the explanatory variable of DFA models for trophic guild III. Factor
loading higher than 0.2 in bold font.

DFA without
explanatory

variables
DFA with explanatory variables

Trophic
guild III

Trend Trend Coefficients (significance)

Dimension
Trophic
species

Factor
Loadings

Factor
Loadings

Hyperiidea GenSebastes
Northern
shrimp

Bottom
Temp

Calanidae

I SF1 0.221 0.137 0.655*** -0.459 0.019

I SF2 0.26 0.202 0.621*** -0.152 0.274

I SJ 0.053 -0.074 -0.364 0.324 0.104

I SMa1 0.117 0.181 0.169 -0.183 0.050

I SMa2 0.254 0.269 0.855** -0.523*** 0.410***

I SMe1 0.053 0.251 -0.01 0.001 0.197

I SMe2 0.093 0.134 0.443 -0.492 -0.257

II SF1 -0.089 0.165 -0.099 -0.834** -0.460***

II SF2 -0.14 0.058 -0.051 -0.529 -0.130

II SJ 0.082 0.27 -0.394 -0.245 -0.156

II SMa1 0.322 0.318 0.275 -0.504*** -0.108

II SMa2 0.249 0.243 -0.554*** 0.330 -0.310

II SMe1 0.221 0.326 0.331 -0.765** -0.155

II SMe2 0.195 0.217 -0.126 -0.124 -0.151

III SF1 -0.011 0.316 0.017 -0.210 0.508 0.215

III SF2 -0.085 0.078 -0.692 -0.533*** -0.204 0.502

III SJ 0.351 -0.077 0.865*** 0.168 0.215 0.102

III SMa1 0.142 0.207 -0.651** -0.398** 0.169 1.067*

III SMa2 0.1 0.204 0.340 0.071 0.286 -0.073

III SMe1 0.311 0.486 0.054 -0.398*** 0.864** 0.335

III SMe2 -0.409 0.267 -0.236 -0.151 0.632*** 0.260

Figure IV-14.- Observed (points) and fitted values (lines) with the DFA model including one common and
explanatory variables, for trophic guild III in the three dimensions.
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Dimensión II:

Globally all species described a very similar pattern in the standardized values, with a

period of lower values initially, increasing at the end of 1990’s and showing a

decreasing period at the end. The model with no explanatory variables and lower AIC

(AIC=292.6) presented only one common trend (Figure IV-9). Factor loadings resulted

higher than 0.2 for SMa1, SMa2, SMe1 and SMe2 (Table IV-9).

The best model contained one trend, bottom temperature, Calanidae and genus Sebastes

abundance (AIC=277.3). The trend fit in this model showed an initial decrease, then

growing by the end of the 1990’s and dropping down again in the early 2000’s (Figure

IV-9). With the exception of SF1 and SF2, the factor loadings were higher than 0.2 for

all species (Table IV-9). Bottom temperature presented significant effect on SF1, SMe1

and SF1, while Calanidae affected to SF1 significantly and the genus Sebastes

abundance showed a clear negative effect on SMa2.

In this dimension, the fitted seemed to be closer to the observed values to the dimension

I (Figure IV-14), as reflected in the residuals (Figure IV-15).

Figure IV-15.- Residuals in the three dimensions from the DFA model with one common trend and
explanatory variables, trophic guild III.
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Dimension III:

The values of this dimension showed an important initial decline during the 1993-1996

period for all trophic species. Following that period there were no important changes,

and the standardized values stayed close to zero (Figure IV-8). The common trend

obtained when DFA with no explanatory variables was fitted (AIC=330.9) presented

positive factor loadings higher than 0.2 for SJ and SMe1, and lower than -0.2 for SMe2

(Figure IV-9; Table IV-9).

With explanatory variables, the model with the lowest AIC (311.7) presented one trend

and the abundances of P. borealis, Hyperiidea, Calanidae, and the bottom temperature

(Table IV-9). The trend exhibited a pattern with an initial decrease, followed by a

smooth growing stage, and finally a decrease until the end of the studied period (Figure

IV-9). The factor loadings were positive and higher than 0.2 for most trophic species,

apart from SF2 and SJ. The variables with significant effect were (Table IV-9) the index

of abundance of Hyperiidea for SJ, the bottom temperature in SMe1, Calanidae in SMa1

and P. borealis for SMe1 and SMa1. Independently of the significance, most of

coefficients for bottom temperature, Hyperiidea and Calanidae were positive, and

negative for P. borealis. The model globally describe the observed values (Figure IV-

14), and residuals did not show a clear pattern (Figure IV-15).

IV.2.3.3.4. Trophic guild IV

P. borealis, Hyperiidea, Sebastes and Ctenophora presented a correlation higher than

0.5 for at least 2/3 of the trophic species in this guild (Table IV-6) and were utilized in

the model fitting. Bottom temperature was also considered. Although the prey

Ophiuroidea and Ctenophora were highly correlated in some dimensions for several

trophic species (Table IV-6), they were not included in the DFA due to the lack of

abundance data.

Dimension I:

The time series of values for this dimension did not appear to have a homogenous

pattern, showing an important variability over time (Figure IV-8). However, when DFA

was applied with no explanatory variables, a model with a single common trend was
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found to have the lowest AIC (AIC=216) (Figure IV-9). The obtained factor loadings

showed absolute values higher than 0.2 for all species excepting RH2 (Table IV-10).

When explanatory variables were included, the best model contained one common trend

(Table IV-10), and a single explanatory variable, the sum of the abundances of the

trophic species in this guild (AIC=207.8; Table IV-11). The common trend exhibited a

decline from nearly the beginning of the studied period until the late 1990’s, staying low

for three years, and increasing further on (Figure IV-9). The factor loadings presented

absolute values higher than 0.2 for all species with the exception of RH2, and was

positive in all cases excluding GM2 (Table IV-10). The SumGroupIV presented

positive significant effect on AD, and negative for GM2 and RH2.

The fit model described fairly well the global pattern (Figure IV-16), and no pattern was

observed in the residuals, which showed the larger dispersion for RH2 and AM2 (Figure

IV-17), although always between -2 and 2 in all cases.

Table IV-10.- Estimated factor loadings of common trends as well as the regression parameters and p-
value (*<0.05; **<0.01; ***<0.001) for the explanatory variable of DFA models for trophic guild IV. Factor
loading higher than 0.2 in bold font.

DFA
without

explanatory
variables

DFA with explanatory variables

Trophic
guild IV

Trend Trend Coefficients (significance)

Dimension
Trophic
species

Factor
Loadings

Factor
Loadings

P.
borealis

BottomTemp SumGroup4 Sebastes15

I AD 0.291 0.249 0.576**

I AL2 0.448 0.411 -0.052

I AM2 0.245 0.202 0.382

I GM2 -0.298 -0.261 -0.587**

I RH2 0.11 0.13 -0.541**

II AD 0.255 0.131 0.284 0.496*** 0.579**

II AL2 -0.263 0.141 -0.297 0.001 -0.326

II AM2 -0.288 0.314 -0.326*** -0.229 0.224

II GM2 -0.05 -0.005 0.099 0.483*** -0.822**

II RH2 0.246 -0.299 -0.077 0.744* -0.783*

III AD 0.229 0.321 0.369***

III AL2 0.248 0.301 -0.097

III AM2 0.323 0.388 0.356**

III GM2 0.245 0.25 -0.323

III RH2 0.163 0.187 0.131
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Dimension II:

In this dimension a large variability among time series of the different trophic species

was observed (Figure IV-8). Nonetheless, when no explanatory variables were

considered, the DFA model with the lowest AIC (AIC=209.1; Table IV-11) was the one

with a single common trend. All trophic species but GM2 had factor loadings with

absolute values higher than 0.2.

The index of abundance of Sebastes smaller than 15 cm (Sebastes15) and P. borealis

were considered in the model fitting process. The best DFA model fit (AIC=196.4) had

one common trend, and the abundance of Sebastes15, the abundance of P. borealis, and

bottom temperature like explanatory variables (Table IV-11). The trend exhibited a

decreasing pattern through the entire time series (Figure IV-9) with absolute factor

loadings larger than 0.2 for AM2 and RH2, although with opposite sign (Table IV-10).

The bottom temperature presented a significant effect on AD, GM2 and RH2 (positive

in all cases), P. borealis in AM2 (negative sign), and the abundance of sebastes15 on

AD, GM2 and RH2 (positive for AD and negative for the others).

The model described properly the data (Figure IV-16) although the residuals showed

some pattern for AL2 and AM2 (Figure IV-17).

Figure IV-16.- Observed (points) and fitted values (lines) with the DFA model including one common and
explanatory variables, for trophic guild IV in the three dimensions.
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Dimesion III:

All time series appeared to follow a declining pattern in this dimension (Figure IV-8).

This was corroborated when DFA was applied with no explanatory variables. The

model with one common trend (AIC=212.4; Table IV-11) had the lowest AIC with

significant factor loadings for AD, AL2, AM2 and GM2 (Table IV-10).

The model with the lowest AIC had one common trend, and P. borealis like explanatory

variable (AIC=200.1). The common trend showed a steady decline (Figure IV-9)

through the time series. The factor loadings were all positive and higher than 0.2 for all

species excepting RH2, which was very close to this value (Table IV-10). P. borealis

presented a significant effect on AD and AM2.

Globally, the predicted values closely matched the observations (Figure IV-16). The

residuals were not overly dispersed, with the exception of RH2 (Figure IV-17).

Figure IV-17.- Residuals in the three dimensions from the DFA model with one common trend and
explanatory variables, trophic guild VI.

IV.2.3.3.5. Global comment to DFA analysis:

The best model with both common trend and explanatory variables for each dimension

and trophic guild is presented in Table IV-11. In many cases, the abundance of the prey
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species that were found to produce the displacement in the trophic space along the time

period studied (Table IV-6) were the ones that led to the lowest AIC.

Table IV-11.- The AIC for DFA models with only one trend (AIC*) and models with one trend and
explanatory variables (AIC**) are shown for each trophic guild and dimension. The selected models are also
presented, which included explanatory variables in all cases excepting the trophic guild II.

Trophic guild Dimension AIC* AIC** Selected model

I I 339 262.4 1 trend+SumGroup1+P. borealis+Hyperiidea

I II 342.5 243.8 1 trend+SumGroup1+ P. borealis +Hyperiidea

I III 293.1 244.6 1 trend+SumGroup1+ P. borealis +Sebastes spp.

II I 208.1 1 trend

II II 205.5 1 trend

II III 195.2 1 trend

III I 282.5 276.6 1 trend+BottomTemp+Sebastes spp.+Calanidae

III II 292.6 277.3 1 trend+BottomTemp+Sebastes spp.+Calanidae

III III 330.9 311.7 1trend+BottomTemp+ P. borealis +Calanidae+Hyperiidea

IV I 216 207.8 1 trend+SumGroup4

IV II 209.1 196.4 1trend+ BottomTemp+ P. borealis +Sebastes15

IV III 212.4 200.1 1 trend+ P. borealis

IV.2.4. Analysis of Relative Stomach Content Index (RSCI)

IV.2.4.1. Descriptive of evolution in RSCI

The RSCI has shown important and sudden changes for most trophic species over the

study period. RSCI values ranged between 0.17 % of total food weight found in the

trophic species GC in 2001, and the 6.02 % in AD in 2001. Depending on the trophic

guild considered, the RSCI has presented from a fairly homogeneous to a very variable

pattern among the trophic species in the guild (Figure IV-18). In the trophic guild I,

with the exception of NB1 the global pattern was dome shaped during the first part of

the time series, with the highest values in the period comprised between 1996 and 1999.

Following, a period of lower values was observed for most trophic species. The trophic

guild II showed a more variable pattern, although some trophic species exhibited a

similar pattern to the described in trophic guild I. The trophic species within trophic

guild III presented similar trajectories, with a similar growing-decreasing pattern

observed in trophic guild I in the first part of the time series. After 2000, there were two

major increases in the RSCI, the first one in 2002, and the second one, with lesser

magnitude, in 2005. In the trophic guild IV, GM2 and RH2 showed a decreasing
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trajectory with high variability in the last part of the study period, while AL2 showed

the opposite pattern. AD and AM2 showed a similar patter to that described in trophic

guild I.

Figure IV-18.- The normalized RSCI values for each trophic species is shown in different panels by
trophic guild

IV.2.4.1.1. Study of sudden changes in the RSCI

Sudden variations in the RSCI for each trophic guild were studied using Principal

Coordinate Analysis and Chronological Clustering. The connectedness (Co) was kept

constant in all cases, with a value of 0.5. Different values for the lowest fusion level (α)

were considered on each trophic guild. The same process was applied to the explanatory

variables to check the similarities in the clustering results.

Trophic guild I

In this trophic guild with the lowest alpha value no divisions of the time series were

obtained (Table IV-12). However, with α=0.05, three distinct periods were identified.

The first period comprised from 1993 to 1995, the second one from 1996 to 1999, and

the third one from 2000 to 2008. With α=0.2 or higher an additional breaking point is

detected in 2003, separating the 2000-2008 period in two. A posteriori tests showed that

in the set of clusters obtained with α=0.05, all temporally contiguous clusters differed

significantly (H<0.05). However, with α=0.2, the 2000-2003 and 2004-2008 differences

were not significant (H=0.179).
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Table IV-12.- The resulting breaks that separate the time period 1993-2008 using different α values are
shown. Numbers identify the cluster to which every year pertain for any given α. * represents singletons.

Trophic guild I Trophic guild II
Year α=0.01 α=0.05 α=0.1 α=0.2 α=0.3 α=0.01 α=0.05 α=0.1 α=0.2 α=0.3
1993 1 1 1 1 1 1 1 1 1 1
1994 1 1 1 1 1 1 1 1 1 1
1995 1 1 1 1 1 1 1 1 1 1
1996 1 2 2 2 2 1 1 2 2 2
1997 1 2 2 2 2 1 1 2 2 2
1998 1 2 2 2 2 1 1 2 2 2
1999 1 2 2 2 2 2 2 2 3 3
2000 1 3 3 3 3 2 2 2 3 3
2001 1 3 3 3 3 2 2 2 3 3
2002 1 3 3 3 3 2 2 2 3 3
2003 1 3 3 4 4 2 2 2 3 4
2004 1 3 3 4 4 2 2 2 3 4
2005 1 3 3 4 4 2 2 2 3 4
2006 1 3 3 4 4 2 2 2 3 4
2008 1 3 3 4 * 2 2 2 * *

Trophic guild III Trophic guild IV
α=0.01 α=0.05 α=0.1 α=0.2 α=0.3 α=0.01 α=0.05 α=0.1 α=0.2 α=0.3

1993 1 1 1 * 1 1 1 1 1 1
1994 1 1 1 1 1 1 1 1 1 1
1995 1 1 2 1 2 1 1 1 1 1
1996 1 1 2 1 2 1 1 1 2 2
1997 1 1 2 1 2 1 1 1 2 2
1998 1 1 2 1 2 1 1 1 2 2
1999 1 1 2 1 2 1 1 1 2 2
2000 1 1 2 1 2 1 1 1 2 2
2001 1 1 2 1 2 1 1 1 2 2
2002 1 1 2 * * 1 1 1 3 3
2003 1 1 2 1 2 2 2 2 * *
2004 1 1 2 1 3 2 2 2 3 3
2005 1 1 2 1 3 2 2 2 3 3
2006 1 1 2 1 3 2 2 2 3 3
2008 1 1 2 1 3 2 2 2 3 3

This divisions agreed with the PCoA (Figure IV-19), where the group of years 1993-

1995 and 1996-1999 were located in opposite parts in the two dimensional space,

separated by the group from 2000-2008 which occupied the central part.

Trophic guild II

With an α value of 0.01, the chronological clustering divided the time series in two

periods, 1993-1998, and 1999-2008 (Table IV-12). A posteriori tests showed that

differences between both periods were significant (H<0.01). An α=0.1 rendered an

additional breaking point in 1996, but this separation was not significant (H=0.083).

With α=0.2 additional breaks were detected, but none of them were significantly

different on the basis of a posteriori tests (H>0.1 in all paired comparisons).
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The PCoA support the results obtained in the chronological clustering with an α of 0.01

(Figure IV-19). The horizontal axis discriminate between both groups of years

established previously, with the exception of 2008.

Figure IV-19.- Graphical representation from the principal coordinate analysis of axis 1 and 2 values for
all years in the different trophic guilds.

Trophic guild III

Despite the years 1993, 1997 and 2002 presented values fairly different form the

remaining time series, in this trophic guild no subdivisions were done with α values of

0.01 and 0.05 (Table IV-12). Divisions and singletons that arose when higher alpha

values were considered were not significantly different (H>0.05).

The PCoA results (Figure IV-19) are in agreement with the chronological clustering

results. Despite the separation produced by the horizontal axis between the 1990’s and

the remaining years, it is not as clear as in trophic guilds I and II. However, as indicated

above, the years 1993, 1997 and 2002 were positioned far from the core of the bulk of

observations.

Trophic guild IV

In this trophic guild, chronological clustering analysis consistently found a breaking

point in 2003 for a range of α values (0.01, 0.05, 0.1) (Table IV-12). A posteriori tests

showed that the 1993-2002 and 2003-2008 were significantly different (H<0.01). With
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α equal or higher than 0.2 new breaking points were found, but the periods  defined by

them were not found significantly different (H>0.15).

As in the three other guilds, the PCoA supported these results (Figure IV-19), with the

1990’s and 2000’s coarsely separated along the horizontal axis.

Explanatory variables

The explanatory variables employed in this chronological clustering analysis were the

abundance of Hyperiidea, Calanidae, P. borealis and genus Sebastes as well as the

bottom temperature. The abundance of Hyperiidea experienced a sudden decrease in

1998, the same year that the abundance of P. borealis increased drastically. In 1999 the

bottom temperature reaches the highest value after a period of low values. The

abundance of genus Sebastes

experienced a sudden

increase in the year 2004

(Figure IV-21).

Regardless the value of α, within the range of values considered the chronological

clustering consistently distinguished three periods: 1993-1997, 1998-2003, 2004-2008

(Figure IV-21). A posteriori tests showed significance differences between these three

periods.

Figure IV-21.-
Results from the
chronological clustering
analyses (left panel) and
PCoA (right panel) for
the biotic and abiotic
environmental variables
shown in Figure IV-20.

Figure IV-20.- The
normalized values of the
explanatory variables considered
due to its potential relationship
with the RSCI are shown.
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IV.2.5. Diet overlap

The diet overlap analysis was conducted to explore similarities between species at two

different time scales: first the overlap across time period studied as a whole, second the

overlap year by year.

IV.2.5.1. General overlap

Statistical global similarity in feeding habits between all trophic species along the

period 1993-2008 was tested with PERMANOVA. The null hypothesis of no

differences in global feeding habits between trophic species along this period could not

be rejected for the pairs of trophic species presented in Table IV-13. The small and

juvenile trophic species of genus Sebastes were most of the cases, although SF2 was

also overlapped with SMa2 and SF1. Other trophic species with similar diets were NB1-

NB2, and GM1-RH1. Some of these species were near to be significantly different

(0.01<p-value<0.05), like GM1-RH1, SF2-SMa2 or SF2-SMe1. Results from the

PERMDISP test supported the validity of the PERMANOVA results since no

differences in the dispersion of data were found for any of these pair of trophic species.

Table IV-13.- Pair of trophic species that presented p-value>0.01 both in the PERMANOVA and
PERMDISP analyses.

PERMANOVA PERMDISP

Pair of trophic species t P(perm) t P(perm)

GM1, RH1 1.717 0.03 1.2928 0.229

NB1, NB2 1.3252 0.133 1.5322 0.184

SF1, SJ 1.2178 0.211 0.56298 0.598

SF1, SMe1 1.4608 0.032 0.94259 0.379

SF2, SMa2 1.7179 0.011 1.9667 0.074

SF2, SMe1 1.6134 0.013 0.16943 0.883

SMa1, SMe1 1.075 0.305 0.37975 0.746
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IV.2.5.2. Annual overlap

When the null hypothesis of no differences in feeding habits was tested in an annual

basis, the number of pairs of trophic species with significant diet overlap showed a

growing pattern over time (Figure IV-22). In 1993, 16 pairs of trophic species presented

similar diets. The maximum number of overlapped diets between pairs of species was

observed in 2005 with 41 cases. In 1994 and

2000 two additional peaks were observed, but

the number of pairs of species with overlapped

diets were lower than 2005.

The number of years with diets significantly overlapped was highly variable and

dependent on the pairs of trophic species considered. Some pairs were overlapped most

years like RH1 and GM1 (12 years), or MB2 and AR (11 years). Trophic species from

genus Sebastes showed the highest occurrence of significant diet overlaps. SF1 was

overlapped 13, 9, 14 and 13 years with SF2, SJ, SMa1 and SMe1 respectively. SF2

overlapped mostly with the younger trophic species of genus Sebastes, like SF1 (13

years), SMa1 (12 years) and SMe1 (13 years); while SMe2 was mostly overlapped with

species from other genus. SJ mainly overlapped with SF1, SMa1 and SMe1 (9, 8 and 7

years respectively). The genus Anarhichas presented also important similarities. AM1

showed overlap with AL1 and AL2 (9 and 8 years respectively), as well as 9 years with

HP. The species with the most unique feeding habits from genus Anarhichas was AM2,

which mainly overlapped with AL2 (7 years). Trophic species from the same biological

species, like MB1 and MB2, or NB1 and NB2, exhibited high number of years of

statistically overlapped diet (9 years in both cases). On the contrary, some species

showed very distinct and unique diets, like AD, NB1 or LR. However, the more

specialized trophic species was GC, which was only overlapped 1 year with LR.

Figure IV-22.- The number of pair of
trophic species that showed overlapped diets is
shown every year. LR, NB1, NB2 and PC were
not considered in this graph since this species
were sampled just upto 2004.
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In order to study the changes in diet overlap over time, years were grouped into three

five-year periods. The increase in P. borealis in the diet of most fish species in the late

1990’s and the increment of genus Sebastes in the early 2000’s were utilized like

borders to split the time period 1993-2008 into three different stages of five years each:

1993-1997, 1998-2002 and 2003-2008.

Period I (1993-1997)

AL1, AL2 and AM1 showed overlapped diets in 4 of 5 years of this period, AM2

overlapped during 3 years with AL2 and 2 years with AM1. Furthermore AL1 and AM1

presented no significant differences in diet with HP (3 and 2 years respectively), LR (2

and 3 years) and MB1 (2 years). Congener Sebastes trophic species exhibited similar

feeding habits in many cases, like SF1, SF2, SMa1 and SMe1 which overlapped each

other in 4 or 5 years. SMa2 and SMe2 showed lowest similarities. These trophic species

were scarcely overlapped with any non-congener species during this period. MB2-AR

and NB1-NB2 presented 5 years of overlap, LR-HP 4 years, and RH1-GM1 3 years of

no significant different diets.

Period II (1998-2002)

In this period there was an overall increase in overlapped diets. Among the most

important changes HP experienced a decrease in the number of years of overlapped diet

with AL1, LR, and an increase with AL2, AM1, MB1, MB2, RH1, AR, NB2, SMa2 and

SMe2. GM1 exhibited an increase in the frequency of significantly overlapped diets

with RH1 and NB2 (4 and 3 years respectively), and new overlaps with AL1, AM1 and

PC. RH1 in addition to the changes indicated above presented significant overlaps with

MB1, MB2, AL2, AM1, PC, SMe1 and SMe2 which were not present in the previous

period. The number of years with overlaid diets between species of genus Anarhichas

also experienced a slight decrease (1 or 2 years lower). However, the most important

difference involved the changes in overlap with non-congener trophic species pointed

above. The number of years with overlapped diets declined 5, 4, 3, 2 years between SJ

and SMe1, SF2, SMa1 and SMa2 respectively in relation to the number of years in the

period 1993-1997. SMe2 presented significant similarities with AM1, HP, AR, MB1,

and RH1, which were not observed in the previous period.



Discussion

151

Period III (2003-2008)

In this period there was, in relation to period II, a generalized increase between non-

congener species in the number of years with overlapped diet. GM1 and RH1 presented

no significant differences in the diet all years in this period (5 years). Among congener

species of genus Sebastes a general decline in the number of years with overlapped diets

was observed (between 2 and 3 years lower). However, the trophic species of this genus

globally increased the similarity in the diet with non-congener species like AD, AL2,

AM1, AM2, GM2, MB1, MB2, and RH2, which showed 1, 2 or 3 years of overlap.

Excepting AD-AL2, among species of genus Anarhichas a decrease of similarity of diet

was also found, especially between con-specific trophic species (AL1-AL2 3 years

lower; AM1-AM2 2 years lower). However, similarly than in the genus Sebastes the

overlap with non-Anarhichas trophic species increased in many cases like with SF2,

SMa2 and SMe2 (especially for AM1), RH2 and GM2 (mainly AM2). AD exhibited an

important increase of overlap in the diet with other trophic species, like AL2, AM2,

GM2, HP, RH2, SF2, SMa2 and SMe2. RH1 showed a generalized decrease in the

number of years overlapped except the increase with GM1, RH2, SF2, SMa2 and SMe2.

RH2 and GM2 incremented the number of years with each other and other species like

AD, AM1, AM2, GM1, MB1, MB2 and trophic species from genus Sebastes.

IV.3. Discussion
Fish length spans several orders of magnitude from some millimeters during the larval

stage to meters when adult in the more extreme cases, and this entails strong differences

across the lifetime in the nature and magnitude of trophodynamic interactions with

surrounding species, including members of its own species (Wooton 1998). In the

present study strong variations in feeding habits with size were found in most fish

demersal species of Flemish Cap analyzed. This was in agreement with the differences

in feeding habits by length described in previous studies for the Flemish Cap (Casas and

Paz 1994, Rodríguez-Marín et al. 1997), and other oceanic areas (Garrison and Link

2000, González et al.).

With the exception of H. platessoides, L. reticulatus, A. denticulatus, G. cynnoglossus,

A. radiata and P. chesteri, biological species were split into two trophic species. In most

cases, this trophic species were the result of breaking the biological species at some

length near the intermediate value of the size range studied. However, based in the diet
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composition exclusively, the number of breaks would have been higher. The very

lowest and highest size ranges presented differentiated feeding habits for all species, as

supported by the chronological clustering analysis. But these very small and very large

trophic species were not considered due to the lack of sampled individual in these size

ranges, which would prevent from any attempt of statistical analysis.

Despite this limitation, the trophic species created showed in many biological species

notable differences in feeding habits, to such extent that many of them were included in

different trophic guilds. As discussed in chapter VI, this information will need to be

considered in further management measures accounting not just for population

abundance but also for population size structure when evaluating species interactions,

especially trophodynamic interactions.

The four trophic guilds created in this chapter could be ascribed to four foraging groups

in the  Flemish Cap: the benthic-pelagic invertebrate feeders (Trophic Guild I), typified

mainly by the consumption of P. borealis and Hyperiidea; the benthic invertebrate

feeders (Trophic Guild II), with different groups of benthic invertebrates prey, although

Ophiuroidea was the main one; the pelagic invertebrate feeders (Trophic Guild III),

defined mostly by the consumption of Copepoda, Hyperiidea and Chaetognata; and the

piscivorous feeders (Trophic Guild IV), with Sebastes as main prey item in the later

period. There was some intra-guild variability in similarity of diet between trophic

species across the period 1993-2008. But in the long term, as graphically presented with

the “guild areas” in the 3D MDS, the distribution of species into trophic guilds

employed in the present study was reasonable.

Previous studies in the Flemish Cap during the 1970’s and 1980’s reported very similar

feeding habits to the observed in the present work during the early and mid 1990’s for

G. morhua, H. platessoides, Sebastes spp., R. hippoglossoides and Anarhichas spp.

(Turuk 1981, Albikovskaya 1983, Konstantinov et al. 1985, Templeman 1985, Nelson

and Ross 1992, Albikovskaya and Gerasimova 1993). Thus, since the 1970’s to the

mid-late 1990’s feeding habits stayed similar. However, since the late 1990’s, important

changes in feeding habits have been observed in most species. Among the most

important and drastic changes, the consumption of benthic invertebrates (mainly

Ophiuroidea) dropped between 1997 and 1999 for trophic species in guild II, AL2, and

AM2; hyperiids decreased notably their importance in the diet in the late 1990’s and

early 2000’s for species of trophic guild I and GM2; copepods and chaetognats showed
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an abrupt decrease in 2003 and 2004 in the diet of trophic species of genus Sebastes;

Ctenophora contribution to the diet of AD declined since 2003; the consumption of

Sebastes increased notably since early 2000’s in the species of trophic guild IV.

However, the most common and strong variation in feeding habits for all trophic guilds

was the increase of the presence of Pandalus in the diet since mid-late 1990’s.

In fisheries research, the DFA technique has been used previously to explore common

trends in time series of landings, and/or survey indices (Zuur et al. 2003b, Zuur 2004,

Erzini 2005, Nye et al. 2010), but it has never been used with feeding data before. In the

present study the analysis of common trends in diet was dealt with the application of

DFA to each dimension of the trophic space. DFA common trends in three dimensions

described a transition toward the “P. borealis” area showing the increase in importance

of P. borealis in the diet. This transition started in different areas of the trophic space,

depending of the “trophic area” where each species was initially; the “Hyperiidea area”

(mainly for RH1, GM1 and MB1 in the Trophic guild I); the “Ophiuroidea area”

(Trophic guild II) and from the “Copepoda area” (Trophic guild III). In the trophic guild

IV, DFA analysis found common trends which described trajectories toward both

Pandalus and Sebastes areas. Hence, the DFA without explanatory variables found

common trends that significantly described the trajectories of most trophic species in the

three dimensions of the trophic space. These common trends described properly the

observed changes in feeding habits since mid-late 1990’s.

The index of abundance of these prey species significantly increased the portion of

variance explained by the DFA models, supporting the hypothesis that the abundance of

these preys in the ecosystem strongly influenced in the diet composition. However on

each trophic guild these variables significantly affected to a reduced number of species.

DFA assumes a linear relationship between explanatory and response variables.

However, it is known that there exist different factors that deviates linearity in the

relationship of prey abundance and prey selection, like the degree of spatial overlap, an

adequate prey size, abundance of other prey or competitor species (Lilly 1980, Wooton

1998, Rodríguez-Marin and del Río 1999, Garrison and Link 2000, Floeter and

Temming 2003). The trophic species studied in this work differ importantly in some of

these matters, and hence it could be expected that they have different functions relating

prey abundance with prey importance in the diets other than linear. In this context, the

results obtained in this analysis suggest that despite the best function relating prey
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abundance and appearance in the diet has not been probably employed, there is a

significant influence of these preys in the diet composition of most trophic species.

Variables accounting for the intra-guild competition were also significant in trophic

guilds I, III and IV suggesting the importance of competition between members of

similar functional role in the diet composition. PERMANOVA analyses showed

consistent overlap between some trophic species pertaining to the same trophic guild,

like RH1-GM1, species of genus Sebastes or Anarhichas, which support the importance

of intra-guild competition.

No any trophic guild presented the same explanatory variables in the models of the three

dimensions of the trophic space; however this has to be seen not as a contradiction. On

the contrary, the separate DFA analysis of each dimension must be considered

complementary to the others. Any influencing variable included in one of the three

models could be suggested as an important explanatory variable of changes in feeding

habits.

For most trophic species the RSCI showed the lowest value in the year 1993 and the

highest values were found in the period 1994-1998. The chronological clustering

technique showed different breaks for most trophic guilds that were coincident with

these years. In addition, similar breaks were also found for water temperature and

abundance of the most important prey species. This result highlights the importance of

these variables as drivers for food consumption by fishes. The influence of water

temperature would be explained by inducting changes in metabolic and digestion rates

(Wooton 1998).

Food partitioning is a tactic by which the total food resource is subdivided into parts

reflecting the feeding propensities of the various species in order to exploit the food

supply to its fullest extent (Ross 1986, Gerking 1994). Competition, spatial segregation,

and different habitat use are the main forcing functions for the partition of a resource.

However, food habits are not segregated sharply enough to place the species into neat

compartments; considerable diet overlap is customary. Based on the trophic adaptability

concept, (Hartley 1948) stated that “…here is no organized hierarchy of specialists,

each fulfilling its part, but rather a loosely organized assemblage in which the members

are distinguished more by the varying proportions in which they draw upon the

constituents of a common stock”. This is also valid for the Flemish Cap demersal fish
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community, where each species ate a wide variety of organisms and shared several

preys with other trophic species but their proportions were exceptional for each trophic

species. In the Flemish Cap demersal fish community, as reflected by the 3D MDS and

supported by the global PERMANOVA analysis, most trophic species occupied a

relatively localized and exclusive area in the trophic space throughout long time

periods. This indicates that, in the long term, feeding habits of most trophic species did

not overlap significantly, with the exception of GM1-RH1, NB1-NB2 and species from

the genus Sebastes.

However, the results from the annual study of feeding habits overlap indicated that the

annual diet overlap has increased over time during the study period. The global patterns

detected with DFA, like the increase in the consumption of P. borealis and Sebastes

spp., and the decrease of other prey species like Hyperiidea, Copepoda, Ctenophora and

Ophiuroidea can be hypothesized to be responsible of the homogenization of the diet

among trophic species and even across trophic guilds, increasing the diet overlap.

Interestingly, the diet overlap experienced reductions across the study period within the

genus Anarhichas and Sebastes, but there were increase in diet similarity with non-

congeneric species. In the genus Anarhichas this could be due to a diversification in the

diet, with a decline of benthic invertebrates in the diet of both small and large trophic

species and the incorporation of Pandalus and Sebastes spp. in the former and second

trophic species respectively. In the genus Sebastes, the decrease in the overlap could be

related with the higher importance of Pandalus in the diet of trophic species 2 in

comparison to species 1, or even to the cannibalism showed by SMa2 since early

2000’s. Diversification of feeding habits between juveniles and adults could be

suggested to favor higher potential growth for populations, as observed in genus

Sebastes since 2003 (see chapter III).

It can be argued that the demersal fish community of Flemish Cap has evolved towards

a structure where components do not compete significantly for feeding resources in the

long term, with a diversification in prey frequency distributions that permit the survival

and coexistence of all these species in the same area. However, when the abundance of

some prey items like P. borealis and Sebastes spp. suffered the highest increase ever

registered, the annual analysis of diet overlap showed a sudden increase in similarity of

feeding habits. It can be concluded that the momentary overlap in concrete years do not

jeopardize the survival and coexistence of the species in the area, especially when the
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resource responsible of the increase in overlap is highly abundant, as occurred with

preys Pandalus or Sebastes. On the other hand, further studies in relation to the prey

size range and depth range that each trophic species exploits will be necessary to

obtained a refined evaluation of the degree of overlap in the diet between fish species.

Most of the main demersal fish species of Flemish Cap have shown an important

transition in their feeding habits with size. Ontogenetic differences in feeding habits

have been so pronounced that in many cases, trophic species belonging to the same

biological one have been included in different trophic guilds. Guild members are

expected to play similar functional roles within ecosystems, and functional

classifications can be used to examine the flow of energy and biomass within food

webs. However, as shown in this study the temporal scale considered is a key factor in

determining which species belong to the same guild. The obtained results (both DFA

and overlap analysis) globally support the conclusion that the biomass increase of P.

borealis and Genus Sebastes have lead many trophic species from different trophic

guilds to increase the importance of these preys in the diet and decrease the importance

of pelagic and benthic invertebrates. Trophic species have increased their diet

similarities, and hence, may have increased the similarity of their functional role in

terms of energy flow in the ecosystem.

These results point to the importance of considering predation for fisheries

management. In Flemish Cap, P. borealis, the most important commercial species since

1996 and Sebastes spp. before 1996, are the main prey species in the diet of juveniles

and adult stages of commercial species like G. morhua or R. hippoglossoides. In turn P.

borealis is a very important prey for Sebastes spp. This information should be

considered in recovery plans; catches of prey species should be fixed at values that

wouldn´t compromise the recovery of the collapsed stocks. On the other hand it has

been also shown the importance of fish length in diet composition; and the temporal

variability of diet in the long term. Hence, at a population level, feeding habits (and

hence trophic interactions) could vary due to changes in prey availability or just because

of a change in the population size structure. All this information needs to be integrated

in multispecies models for a further step toward the ecosystem approach to fisheries

management.
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V.1. Introduction
Fish age and length at maturation are life history traits susceptible of changing due to

phenotypic plasticity as response to a variable environment (food availability,

temperature, etc.) or as result of genetic changes induced by strong selective forces, like

fishing activity. Variations in the maturation schedule, in conjunction with variations in

the spawning stock could produce changes in the quantitative aspect of the Stock

Reproductive Potential (SRP), the Total Egg Production (TEP). In this chapter, both the

nature of changes in the age and length at maturation and variations in TEP since 1978

are analyzed for the Flemish Cap cod Gadus morhua; the implications for management

are also considered.

V.1.1.Isolation of the Flemish Cap cod stock

The Flemish Cap is considered an isolated bank for the shallowest dwelling demersal

species due to the limitation that the Flemish Pass entails for migration to and from the

Grand Banks of Newfoundland (see chapter I). Although some chance for migration to

the adjacent Grand Banks of Newfoundland was found for the Flemish Cap cod (de

Cárdenas 1995), most studies have concluded that it is irrelevant (Konstantinov 1970,

Templeman 1976). In addition, genetic analysis in cod individuals from different areas

of the Northwest Atlantic showed that the Flemish Cap cod population constitutes a

separate cod stock (Bentzen et al. 1996, Carr and Marshall 2008). Flemish Cap is also

characterized by a quasi-permanent anticyclonic gyre that could retain eggs and larvae

and limit the exchange with adjacent populations (Konstantinov et al. 1985, Borovkov

et al. 2006). These features are important from a demographic and genetic perspective,

and the NAFO management strategies for the Flemish Cap cod are developed under this

premise of stock isolation.

V.1.2.Flemish Cap cod fishery

Due to the high average mean depth and the distance from coast, intensive trawling

fishing activity began later for the Flemish Cap cod than for adjacent cod populations

like those in the Grand Banks. However, with the arrival of diesel motorized trawlers by

the end of World War II and the later establishment of 200 miles Exclusive Economic

Zone (EEZ) by the Canada government in 1978, fishing effort increased drastically
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outside the new EEZ, especially in Flemish Cap. Between 1963 and 1983 cod landings

declined considerably (Wells et al. 1984), and accordingly since 1982 it was advised the

cessation of direct cod fishery, but moratoria was only established for the 1988-1990

period; yet, the estimated catches were over 40000 tones for 1989 and 1990. The stock

collapsed in 1995, although the fishery was only closed in 1999, to be reopened again in

2010, more than ten years later. The reasons argued as main responsible of this collapse

are: overfishing focused on a youngest ages; an increase in the catchability due to fish

aggregation at low abundance, and persisting poor recruitments since 1992 (Vázquez

and Cerviño 2002). The assessments performed since the collapse of the stock

confirmed the poor situation, with the Spawning Stock Biomass (SSB) at very low

levels, well below the considered safe limit for the spawning stock biomass (Blim)

(Vázquez and Cerviño 2005). Nevertheless, SSB was estimated to have increased

slightly in 2004, 2005 and 2006 (Fernández et al. 2007) and above average recruitment

levels were estimated for 2005 and 2006. The data from 2007 and 2008 indicated

another increase in SSB as well as a reasonable recruitment value in those years

(Fernández et al. 2008). At the beginning of 2009, for the first time since 1995, cod SSB

was over Blim. In 2010, cod fishery was reopened.

V.1.3. Maturation and growth

Maturation is an ontogenetic process that occurs once in the lifetime of an individual

and refers to the process of attaining the capacity to produce gametes, i.e. attaining the

state of maturity. The maturation is a key and crucial event in the life-history and it

involves major metabolic, physiologic and morphological changes, and more

importantly shifts in energy allocation (Roff 1992, Bernardo 1993, Dieckmann and

Heino 2007). While a fish is immature, energy is allocated for survival and growth.

After maturation, energy is required for reproduction and this may decrease survival and

always reduce growth rate (Roff 1992, Saborido-Rey and Kjesbu 2005, Berner and

Blackenhorn 2007). Accordingly, maximizing the lifetime production of viable

offspring demands a decision on timing of maturation in order to optimize the age

schedule of reproduction (Roff 1992).

In recent decades several studies described reductions in age and length at maturation in

exploited species, including Pacific salmon Oncorhynchus spp. (Ricker 1981), North

Sea sole Solea solea (De Veen 1976), North sea plaice Pleuronectes platessa (Rijnsdorp
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1993a), several populations of Atlantic Cod Gadus morhua (Jørgensen 1990, Trippel et

al. 1997, Saborido-Rey and Junquera 1998), haddock Melanogramnus aeglefinus

(Taylor and Stefánsson 1999) and Atlantic halibut Hippoglossus hippoglossus (Haugh

and Tjemsland 1986). In many exploited stocks changes in age and size at maturation

has been attributed to high fishing pressure (Trippel 1995, Law 2000, Grift et al. 2003,

Olsen et al. 2004, Vainikka et al. 2009). It has been largely demonstrated that due to the

increase with female body size of fecundity, egg size and egg quality, females maturing

at smaller size and younger age show reduced reproductive success (Solemdal 1997,

Trippel et al. 1997, Marshall and Frank 1999). At a population level, the decrease in age

and length at maturity of individuals can produce a decrease in SRP, (Domínguez-Petit

2007), and make the recruitment process more sensitive to environmental variability

(Lowerre-Barbieri et al. 2011).

The onset of maturation is determined by an ecological component operating through

phenotypic plasticity and an evolutionary component working through genetic

adaptation (Trippel 1995, Dieckmann and Heino 2007). The ecological component is

related with growth, temperature, social environment and/or fish condition, among other

factors (Rijnsdorp 1993b, Godø and Haug 1999, Law 2000, Okuzawa 2002, Olsen et al.

2005). Body growth and accumulation of energy stores during the juvenile phase are

likely to act as early triggering signals for determining the onset of puberty (Beverton

1992, Rijnsdorp 1993b, Hutchings and Jones 1998, Godø and Haug 1999) since

maturation is coupled to the physiology of energy acquisition (Saborido-Rey and

Kjesbu 2005). Growth and energy acquisition are density dependent processes, and

hence very sensitive to fluctuations in population abundance, and in consequence, also

age and size at maturation, which fluctuate naturally (Trippel 1995, Tyler et al. 1997,

Rose et al. 2001). Changes in temperature and feeding opportunities are expected to

influence in growth and fish condition (Rijnsdorp 1990) influencing direct or indirectly

in the maturation process (Marshall and McAdam 2007, Mollet et al. 2007).  Increasing

fishing mortality reduce population abundance and the inherent intraspecific

competition, leading to an enhanced availability of food, a faster growth and producing

earlier maturing individuals through phenotypic plasticity (Rijnsdorp 1993b, Taylor and

Stefánsson 1999, Law 2000). In addition, through its size selective action and high

mortality rate, fishing has been also suggested to produce differential selection favoring

genotypes coding for high fecundity and early maturation at smaller sizes (Law and

Grey 1989, Rijnsdorp 1993a, Heino et al. 2002).
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At the time when Flemish Cap cod collapsed, growth rate and reproductive parameters

were changing significantly (Saborido-Rey and Junquera 1998, 1999). The A50 and L50,

age and size at which 50% of individuals are mature, experienced one of the most

important decreases observed in Atlantic cod populations. The first substantial decrease

in both parameters was found in the mid 1990’s (Saborido-Rey and Junquera 1998)

when a physiological limit for A50 was postulated around age 3. With the decrease of

cod population density, contemporary variations in some species of the demersal and

pelagic community, as well as in the oceanographic conditions also occurred (see

chapter III). These changes in the demersal community were found to influence in

feeding opportunities (see chapter IV).

Determining if changes in age and size at maturation have solely a phenotypic cause, a

genetic basis or are actually a mixed effect of these phenomena is not a trivial issue. The

maturation ogives reflect the accumulated proportion of mature individuals with size

(and age), i.e. the probability of being mature, but not the probability of maturation.

Changes in maturation are usually presented as variations in size and age at 50%

maturity, or L50 and A50 respectively, which should not be confused with size and age at

maturation, the size and age at which individuals mature. Maturation ogives are highly

influenced by differences in survival and growth rates between mature and immature

individuals, and hence cannot be used to separated phenotypic and genetic effects

(Heino et al, 2002).

In the last two decades, four different methods have been used to separate phenotypic

and genetic causes of shifts in maturation: experimental manipulation, comparative

studies, countergradient or countertrend variation, and the analysis of Probabilistic

Maturation Reaction Norms (PMRNs) (Trippel 1995, Olsen et al. 2005, Dieckmann and

Heino 2007). As a whole, the reaction norms describe the different phenotypes

produced by a genotype under different environmental conditions. In particular reaction

norms for age and size at maturation originally described the maturation schedule of a

genotype under different growth conditions in a deterministic way (Stearns and Koella

1986). However, since the microenvironment experienced for each individual can be

different and because age and size are only proximate measures of maturation tendency,

maturation should be considered as a variable process (Heino et al. 2002, Dieckmann

and Heino 2007). To account for this individual variation, PMRNs were developed

(Heino et al. 2002). . Unlike maturation ogives, the estimated probabilities are not
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influenced by variations in growth and survival between mature and immature stages.

The PMRN approach has been employed in several studies as a useful tool for

disentangling the effects of phenotypic plasticity from those of genetic variation on the

maturation process (Dieckmann and Heino 2007). However, in their original

formulation the method could not distinguish genetic changes from phenotypic

plasticity induced by changes in temperature or condition, which could affect directly

on maturation besides than via growth (Marshall and McAdam 2007). To overcome this

difficulty these factors were included in the PMRNs as additional explanatory variables

to age and size (Grift et al. 2007, Mollet et al. 2007). Because of the difficulties

involved in disentangling plastic and evolutionary components (Marshall and McAdam

2007), the nature of phenotypic changes in exploited fish populations remains poorly

understood (Law 2000). Reversal in maturation trends is expected to be much slower if

genetic change is the major cause of a decrease in age and length at maturation (Law

and Grey 1989, Law 2000, Olsen et al. 2005). Therefore, the knowledge of the origin of

changes in reproductive parameters is very important and should be considered in

management decisions.

V.1.4.Reproductive Potential and Stock-Recruitment

models

In the original theoretical formulation of fish stock-recruitment models, recruitment was

assumed to be dependent on the TEP, but this was subsequently replaced by the SSB

due to an assumed proportionality between SSB and TEP, as well as being easier of

obtaining estimates of SSB (Ricker 1954, Beverton and Holt 1957). Although

significant relationships between recruitment and SSB often exist, observations around

such relationships are usually highly variable. Explanations for poor correlation include

a lack of good quality data, autocorrelation in time series, environmentally induced

variation in fertilization and early life history success, or failure of stock indices to

reflect accurately the stock reproductive capacity (Kraus 2002).  The proportionality

between SSB and TEP has been challenged in recent years and in some cases alternative

indices of SRP that are better related to recruitment than SSB have been developed

(Marshall 1998, Trippel 1999, Marshall et al. 2003).

The SRP has been formally defined as the stock’s ability to produce viable eggs and

larvae that may eventually recruit to the adult population or fishery (Trippel 1999).
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SRP is influenced by both qualitative and quantitative aspects of the stock. To

understand both aspects is essential for sustainable management of fisheries (Köster et

al. 2003, Marshall et al. 2003). From the qualitative perspective, different parental stock

attributes, such as age diversity and mean age of spawning individuals (Saborido-Rey et

al. 2004, Scott et al. 2006), may influence the probability of survival of eggs and larvae

(Solemdal 1997, Marteinsdottir and Steinarsson 1998b). The quantitative aspect refers

to attributes that influence the TEP including both individual parameters, like condition

and fish length, as well as population features such as sex ratio and proportion of mature

females by age. Shifts in fish growth and condition can result in changes in fecundity or

even in failure to spawn (Lambert and Dutil 1997b, Marshall 1998, Kraus 2002,

Blanchard et al. 2003). Both, qualitative and quantitative metrics of SRP, need to be

estimated and constitute a cornerstone for a sustainable management of fisheries (Köster

et al. 2003, Marshall et al. 2003).

TEP can be estimated as:

= × × × (31)

Where N is the number of individuals, SR is the sex ratio (proportion female at age),

Mat the proportion of mature individuals and Fec the potential fecundity. Potential

fecundity is usually related to length through the equation:

= × ℎ (32)

In this case, potential fecundity is used for the TEP estimation because cod has group

synchronous with determinate fecundity (Murua and Saborido-Rey 2003). In the case of

species with indeterminate fecundity, the batch fecundity would be used, and an extra

parameter, indicating the number of batches would be introduced in equation 1.

On the other hand, the Female Spawning Stock Biomass (FSSB) can be estimated as:

= × × × (33)

Where W is the mean weight. Weight is commonly related with length through the

allometric equation:
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= ′ × ℎ (4)

From equation 1 and 3, it can be seen that:

= × × (5)

By replacing Fec and W with equations 2 and 4:

= × ×× (6)

Based on equation 6 it can be concluded that if the allometric coefficients (b and b’

parameters) of both relationships are very similar, TEP and FSSB will be similar and

will show parallel curves. Investigating these allometric equations can therefore give

insight into the relative potential of TEP and FSSB to predict recruitment.

The objectives of this chapter are twofold. Firstly the importance of genetic changes and

phenotypic plasticity as possible causes of the observed changes in maturation process

on Flemish Cap cod is evaluated. For this purpose fishing mortality and recruitment

events previous to the collapse are revised. PMRNs are estimated and analyzed, as well

as the countertrend variations in growth rate, condition, temperature and maturation.

Variables influencing the growth rate like temperature, feeding opportunities and

condition are studied. All this information is finally combined with the analysis of

changes in fishing mortality rate and recruitment events. Secondly the annual variability

in SRP of the Flemish Cap cod population is assessed. Estimates of TEP are compared

with FSSB and both parameters are examined for their ability to predict recruitment at

age 1. Similarities in the form of the fecundity-length and length-weight relationships

are examined and the way that variability in these relationships influences the relative

ability of TEP and FSSB to predict recruitment is determined.

V.2. Results
Results have been split into different sections for a more understandable presentation.

First the results from genetic versus phenotypic changes in maturation are presented;

second the SRP issue (TEP) is explored.
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V.2.1.Recruitment, biomass and fishing mortality

Cod recruitment (abundance at age 1) shows three periods of high values since 1972: i)

1973-1974, ii) 1985-1987 and iii) at a lower level in 1991-1992 (Figure V-1). These

successful recruitment events were followed by outstanding increases in biomass with a

time lag of two or three years, with peaks of biomass over 100 thousand t in 1976 and

1989, the highest values recorded. The fishing mortality for ages 3-5 showed an average

value of 0.4 since 1972 to 1987, although peaked in 1974 at 1.24. However, from 1988

to 1997 it raised to an average value of 0.9, with values as high as 1.55 and 1.4 in 1992

and 1995 respectively. Following to this period of extremely high fishing mortality,

total biomass declined to 6 thousand t in 1996, and continued decreasing in subsequent

years, with 2 thousand t in 2001, the lowest value observed in the time series. In 1998 a

moratorium for the cod fishery in Flemish cap was established and fishing mortality at

age 3-5 was residual, and restricted by-catches.

V.2.2.Maturation

V.2.2.1. Maturity ogives

The maturity ogives by age and length were estimated for cohorts between 1978 and

2002 (see Material and methods, section 4.1.1). The stepwise method selected the

Figure V-1.- Recruitment, Biomass and Fishing mortality rate since year
1972 to 2009 obtained from VPA analysis.
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complete model for both the age-cohort and the length-cohort logistic models (Table

V-1). The residual deviance was similar in both models. Length and age accounted for

most part of the explained deviance in their respective models, although the cohort also

contributed importantly, and the length-cohort and age-cohort interactions only slightly.

All, fish length, age, cohort (as factor) and the interactions showed highly significant

effect in the probability of being mature (<0.001).

Table V-1Results of the logistic regressions for the probability of being mature fitted to age and cohort in
one of the models and to length and cohort in another model. Models were chosen by stepwise regression.

d.f Explained Deviance Resid. d.f. Residual Deviance P(>|Chi|)

Length-Cohort Logistic Model

NULL 10987 13287.1

Length 1 7243.5 10986 6043.6 <0.001

Cohort 19 1542.8 10967 4500.8 <0.001

length:cohort 19 225.2 10948 4275.6 <0.001

Age-Cohort Logistic Model

NULL 10987 13287.1

Age 1 5901.8 10986 7385.3 <0.001

Cohort 19 2864.8 10967 4520.5 <0.001

age:cohort 19 263.5 10948 4257 <0.001

The maturity ogives by age showed a period of fluctuations between 1972 and 1985.

The A50 declined from 5.8 in cohort 1972 to 4.4 in 1980 (Figure V-2), however it raised

again to age 5-6 in cohort 1982. Since then a steady decline in the A50 was observed

showing a progressive sharper knife edge curves (Figure V-2). In cohort 1990, for the

first time in the time series the A50 was lower than age 4 and stayed between 3.5-4 until

cohort 1994. Cohort 1997 for the first time presented the A50 bellow age 3, with the

minimum value in cohort 2002, age 2.9. The maturity ogives by length, and concretely

the L50 interestingly alternated periods of opposite trend in relation to the A50 with

periods of high similarity. After a sharp decline in cohort 1972 L50 followed the

opposite trend than A50 and while the L50 increased by 11.7 cm (52.2 to 64 cm) since

1973 cohort to 1980 the A50 declined for more than 0.7 years (Pearson L50-A50 1972-

1980 cohorts=-0.8). However, since 1982 up to 1991 cohorts, the L50 presented a very

similar declining pattern with A50 (Pearson L50-A50 1982-1990 cohorts=0.80) (Figure

V-2). In the 1991 cohort both A50 and L50, attained the lowest values recorded until then

(3.6 years and 45 cm respectively) and stayed in similar values until 1994 cohort. After

this period again an opposite trend was observed, while A50 continued declining until
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the 2002 cohort the L50 showed a slight increment. Thus, three distinct periods can be

easily identified: 1972-1980, 1980-1990 and 1991-2002.

Figure V-2.-Maturation ogives for the probability of being mature by length (upper panel) and age (lower
panel) by cohort. The age and length at 50% probability of being mature by cohort are shown in the inner
panels.

V.2.2.2. Reaction Norms

Due to the limitation of data by cohort and age the analyzed cohorts (from 1972 to

2002) were grouped into cohort groups to achieve the minimum number of 50

individuals by age for the estimation of reaction norm midpoints (Lp50). Three cohort

groups were defined: 1971-1980, 1982-1990 and 1991-2002 (Table V-2; analysis I)

which besides fulfilling with the limit of 50 individuals, showed the periods of relative

trends of A50 and L50 (see previous section) and separated globally two cohort groups

(1971-1980 and 1982-1990) where A50 and L50 presented similar values and one cohort

group (1990’s-early 2000’s) that showed A50 and L50 values below the previous periods.

The ages considered in the study ranged from 2 to 7, i.e., when the maturation process is

expected to occur in the Flemish Cap cod. The number of individuals was greater than

50 for all studied age-cohort group cases, with the exception of age 7 in the cohort

group 3, which was included due to its abundance in the other two cohort groups.
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Table V-2.- The cohort groups, cohorts forming each cohort group and the number of individuals by age
are shown as used in the PMRN analysis I and II.

Analysis Cohort group Cohorts Age 2 Age 3 Age 4 Age 5 Age 6 Age 7 Total

I

CohGroup 1 1972-1980 200 987 695 905 672 293 3752

CohGroup 2 1981-1990 1034 1928 1678 199 190 67 5096

CohGroup 3 1991-2002 490 416 533 269 143 38 1889

II
CohGroup 1 1981-1990 1034 1928 1678 199 190 5029

CohGroup 2 1991-1996 105 220 288 173 68 854

The model producing the lower AIC was the complete model (Table V-3; AIC=4504.5).

The probability of maturing for each age as function of length and the associated

reaction norms are shown in Figure V-3 (left panel). Lp50 at age 3 was only possible to

be estimated in the cohort group 3 (50.8 cm), despite the number of individuals sampled

was high in the other two cohort groups. Lp50 values at age 4 were significantly

different between all cohort groups, however were relatively much closer between

cohort groups 1 and 2 (67.1 and 60.9 cm respectively) than cohort group 3 (36.3 cm).

Lp50 values for age 5 differed significantly between cohort groups 1 and 2 (60.2 and

56.7 cm respectively); the model was not able to estimate Lp50 at this age for cohort

group 3. Similarly, Lp50 at age 6 was only possible to be estimated for the cohort group

1 (45.7 cm). In all cohorts groups the range of length between the 25 and 75 quartiles of

maturation probability was shorter in younger than in older ages. Globally the PMRNs

in the cohort group 1981-1990 already showed a change in comparison with that in the

group 1972-1980, however the most notable change was observed in the group 1991-

2002 (Figure V-3).

Figure V-3.- Left panel: the
reaction norms for the three
cohort groups used in Analysis I
(solid lines); the Lp50 at age and
their respective confident interval
(dots and bars respectively);and
the 25 and 75 quartiles of the
PMRNs (lower and upper dashed
lines respectively). Right panel:
PMRNs at age 4 for the cohort
groups used in Analysis II: 1981-
1990 (green color) and 1991-1996
(grey color); the Lp50 (solid
points) with their 95% confidence
interval (bars); and the 25 and 75
quartiles (upper and lower star
respectively).
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To assess if the main changes in PMRNs already occurred in the early 1990’s a second

analysis (Table V-2; Analysis II) was performed with only two cohort groups: 1981-

1990 and 1991-1996 (Table V-2). In this analysis age 7 was not considered since all

individuals were mature in these cohorts groups at this age and hence there is no extra

information on this age class. The best fit model (Table V-3; AIC=2010.2) did not

include the triple interactions between age, length and cohort group (AIC=2011.3).

Table V-3.- Results of the logistic regressions for the established cohort groups in each grouping case are
shown. Probability of being mature was fit to age, length and cohort group. Models were chosen by stepwise
regression.

d.f Explained Deviance Resid. d.f. Residual Deviance P(>|Chi|)
Analysis I

NULL 10736 12601.8
length 1 6469.3 10735 6132.5 <0.001
age 1 154.8 10734 5977.7 <0.001
Cohgroup 2 1243.4 10732 4734.3 <0.001
length:age 1 200 10731 4534.3 <0.001
length:Cohgroup 2 24 10729 4510.3 <0.001
age:Cohgroup 2 19.9 10727 4490.3 <0.001
length:age:Cohgroup 2 9.9 10725 4480.5 <0.01

Analysis II
NULL 5975 5512
length 1 2547.3 5974 2964.6 <0.001
age 1 113.1 5973 2851.5 <0.001
Cohgroup 1 667.6 5972 2183.9 <0.001
length:age 1 178.2 5971 2005.7 <0.001
length:Cohgroup 1 5 5970 2000.7 <0.05
age:Cohgroup 1 4.5 5969 1996.2 <0.05

V.2.3.Growth

V.2.3.1. Mean size at age and growth rate

The mean size at age was estimated for the 1971-2005 cohorts. Because the difference

in the survey dates (seasons), a correction factor was estimated. The average growth

between seasons is shown in Table V-4. Most of the growth occurs in summer and

autumn and the lowest growth rate takes place between winter and summer. In average,

the proportion of annual growth occurring between February (Canadian surveys) and

July (UE surveys) was 35.6% (Table V-4). Therefore, the size of each individual in the
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Canadian surveys was

increased by this

percentage, to make size at

age comparable between

surveys. The resulting

average sizes at ages and

the annual growth rate for

the whole time series are

shown in Figure V-4. As

can be observed, important

differences in growth

among cohorts exist. The

most important shift in

growth rate, at all ages,

occurred in the late 1970’s when an outstanding increase was observed. The 1980-85

cohorts showed a decrease in mean size at age, as result of the decrease in the annual

growth rate at all ages, that remained relatively stable until 1988-1989 cohorts (Figure

IV-1). Following cohorts showed a steadily increase in virtually all ages returning to

near the maximum mean size observed in late 1970’s. However, the growth rate of the

most recent cohorts analyzed declined slightly.

Mean size at age from age 1 to 7 were estimated in the cohort groups used in the

PMRNs analysis: 1972-1980, 1981-1990, 1991-1996 and 1997-2002 (Figure V-5).

Mean size at age of cohort group 97-02 was significantly higher than the remaining

cohort groups for all ages with the exception of age 1, which overlapped with the 1972-

1980 cohort group.

The other three cohort groups 1972-1980, 1981-1990 and 1991-1996 did not differ

between them except at age 2 between the 1981-1990 and 1991-1996 groups. The

difference between cohort groups 1972-1980 and 1997-2002 was almost the same at all

ages, ca. 9-10cm, i.e. they run in parallel (Figure V-5), while the differences with cohort

groups 1981-1990 and 1991-1996 increased with age.

Figure V-4.- Upper panel: mean size at age for ages 1 to 7
for 1971 to 2005 cohorts. Bottom panel: annual growth rate for
ages 1 to 7.
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Table V-4.- Growth (cm) across seasons estimated by Hawkins et al (1985) for juvenile cods in three
consecutive years, and the average growth from these three years are shown in the left section of the table.
The average growth by day for each quarter, the number of days from each season that is contained in the
period February 15th- July 15th and the growth corresponding to these days is presented in the right part of the
table. The average annual growth was 11.9 cm and the average growth across the period February 15th- July
15th was 4.23 cm, i.e. the 35.6% or total annual growth.

Quarter Year 1 Year 2 Year 3 Average growth Average growth day Days* Growth*
Sep-Nov 6.3 2.7 2.3 3.77 0.041 0 0
Dic-Feb 4.3 2.7 0 2.33 0.036 15 0.4

Mar-May 0 1 4.8 1.93 0.021 92 1.93
Jun-Ago 4.5 3.3 3.8 3.87 0.042 45 1.91

Total anual growth 11.9 Total growth Period 4.23
Percentage growth 35.6

* From February 15th to July 15th

V.2.3.2. Factors affecting growth rate

During the period analyzed the growth rate of ages 1 and 2 showed the highest

variations, especially for the cohorts being born since 1990, but especially since 1995

(Figure V-6). In previous chapters it has been described important variations in the

biotic environment that occurred during that period. Contemporarily, the feeding habits

of small cod (up to 46 cm) changed importantly with a decrease in hyperiids

consumption since 2000 together with an increase of Pandalus in the diet (Figure V-6).

This seems to be related with the general declining pattern of hyperiids CPR abundance

index and the increase in Pandalus borealis biomass already in the early 1990’s but

especially in 1998-2002 (Figure V-6). The most important difference between hyperiids

Figure V-5.- Mean size at age in
four cohort groups. The 95% confidence
intervals were estimated using the
standard error of means assuming
normal distribution.
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abundance and consumption was

found in the year 2004, when the

average consumed volume rose to

the highest value while the

abundance reached to the lowest.

The Pandalus consumed by small

cod and the abundance of this prey

showed a similar pattern also, but

the high increase in 1998 abundance

was not reflected on its consumption

by small cod, and the opposite was

found in the year 2000. The RSCI in

small cod, mainly determined by hyperiids and Pandalus consumption, exhibited a

maximum during the mid-late 1990’s, followed by an important decrease and a period

of low values in the following years (Figure V-7).

The CI for each individual up to 46 cm was

calculated and an annual average value

estimated from 1992 to 2007. Annual

condition peaked in 1997-1998 and declined

steadily to reach the lowest value recorded in

2003 increasing them to averaged values,

although reaching unusual high values in

2004 (Figure V-7). A very similar pattern can

be observed in the RSCI for small cod (up to

46 cm). RSCI and CI were highly and

significantly correlated (r= 0.71, p<0.01). The relationship between condition and

growth rate at ages 1 and 2 seemed to be linear (R2=0.46 and R2=0.72 respectively; p-

value<0.01,Figure V-8). Interestingly, the growth rate of these two ages was also well

related with sea bottom temperature (R2=0.53 and R2=0.56 respectively; p-value<0.01,

Figure V-8) and accordingly a linear model with these two explanatory variables was fit

separately to age 1 and age 2 growth rate. Due to the important correlation observed

between the bottom temperature and CI, mainly at age 2 (Pearson=0.4 at age 1;

Pearson=0.67 at age 2), independent linear models were fit with each of these

explanatory variables, however a complete model with both variables was also fit. The

Figure V-7.- CI and RSCI for the length
rages 0-46 (trophic species GM1).

Figure V-6.- The indices of abundance of
Hyperiids and P. borealis, as well as the average
percentage of consumed volume are shown for both
preys.
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AIC showed that the best model included the main effect term of both the CI and the

bottom temperature  (Table V-5), suggesting that besides the variance explained by both

variables, an important part of the variance was explained independently by the

temperature or the condition state of the fish. Both variables showed a positive effect on

growth and the predicted values were close to the observed (R2
age1=0.69; R2

age2=0.78

Figure V-9).

Table V-5.- Results from the linear model fitting to the interannual growth rates at ages 1 and 2. The CI
and water temperature were employed as explanatory variables, both separately and together in a complete
model. The AIC, coefficients and p-value are shown.

Model Age Explan.Variables Model AIC Coefficient P-value

Model 1
1 Cond.Index 10.967 0.20575 0.001132
1 Bottom Temp. 10.967 4.32943 0.00866

Model 2 1 Cond.Index 17.863 0.30271 0.00413
Model 3 1 Bottom Temp. 15.725 5.794 0.002167

Model 4
2 Cond.Index 19.459 0.09239 4.42E-05
2 Bottom Temp. 19.459 4.84733 0.05397

Model 5 2 Cond.Index 23 0.1328 3.33E-05
Model 6 2 Bottom Temp. 27.738 9.817 0.001148

Figure V-8.- The relationship between the interannual growth rate at ages 1 and 2 are shown in
relation to the bottom temperature and the condition index at this ages. Despite the variance, a linear
relationships seems to exist between these variables.
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V.2.4.Total Egg Production (TEP)

In this section, the TEP is used like proxy of SRP. The effect of age on the proportion of

females was highly significant (χ2=35.2, df=8, p<0.0001), with the proportion female

generally increasing with age (Figure V-10). There was also a significant effect of

cohort on the proportion female (χ2=70.8, df=24, p<0.0001), with more recent cohorts

having a higher proportion of females at all ages.  Preliminary analyses showed that the

model did not fit the 1998 cohort data and so this cohort was not included in the final

analysis.

There was a significant effect of length

on fecundity in all analyzed years (Table

V-6). Since sample sizes were small in

many years two new models were

constructed including data from a series

of years (1979-1985 and 1982-1985)

which also showed a significant increase

in fecundity with length (Table V-6). The

six significant models were subsequently

used to estimate TEP. The resulting

allometric coefficients of these models

ranged from 3.19 to 4.42.

Figure V-10.- Estimated proportion of females
aged 1 to 9 for cohorts from 1977 to 2002 for Flemish
Cap cod.

Figure V-9.- Residuals,
qqplot and fitted values for
the linear models fitted to
the length increments
between ages 0-1 and 1-2
since 1992 to 2008.
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Table V-6.- Log transformed fecundity-length relationships for female cod from Flemish Cap.  The year
or years included in the regression are shown, with the sample size (n), length range of fish in the analyses,
model fit statistics (r2 and p) and the resulting equation parameters.

Year(s) n Length (cm) a b r2 p
1979 21 44-76 0.589 3.53 0.797 <0.0001
1983 31 57-101 0.137 4.22 0.68 <0.0001
1984 18 63-91 0.093 4.42 0.758 <0.0001
1985 13 50-91 0.323 3.76 0.827 <0.0001

1979-1985 88 44-101 0.970 3.19 0.746 <0.0001
1982-1985 67 50-101 0.206 4.01 0.761 <0.0001

The weight-length relationship was highly significant (p-value<0.0001). The total

length range was between 10.8 and 94 cm. For this model the resulting allometric

coefficient (b=3.29) was slightly higher than the lowest fecundity-length allometric

coefficient estimated (b=3.19;Table V-6) but not significantly different (p-value>0.05).

However, in all other fecundity-length models the allometric coefficient values were

significantly higher than in the weight-length relationship (p-value<0.05).

The annual FSSB showed important fluctuations along the studied period (Figure

V-11). On average, FSSB was above 10000 t before 1996, but below 2500 t since then.

The sharpest decline occurred between 1990 (17300 t) and 1996 (1700 t). In

proportions, while in the period 1990-1995 previous to the collapse the FSSB formed

the 21% of total cod biomass, in the stage 1996-2005 this proportion increased to the

40%.

Six time series of TEP were produced, based on the significant fecundity-length

relationships as described above. The temporal pattern described by the six TEP time

series were similar between them (inset on Figure V-11, normalized values); however,

absolute values of TEP differ drastically as shown by the results of the selected three

models, corresponding to fecundity-length relationships with 3.19, 3.76 and 4.42 as the

Figure V-11.- FSSB, Recruitment
and TEPs for Flemish Cap cod.
Recruitment data correspond to
abundance of the age-1 class at year+1.
Three TEP time series are shown
corresponding to fecundity-length
relationships with allometric coefficient
equal to 3.19, 3.76 and 4.42
respectively. Inset: normalized TEP
values for the six fecundity models.
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values for the allometric coefficient (Figure V-11), where TEP is up 20 times larger

depending of the model used.

Trends in FSSB and TEP were very similar, and closely reflected the pattern observed

in recruitment (Figure V-11). Pearson correlation coefficient between FSSB and TEP

was significantly high (Table V-7) and both were significantly correlated with total cod

biomass (Pearson=0.86 and 0.8 respectively; p-value<0.01). In the mid 1980’s and at

the beginning of the 1990’s, peaks in recruitment, TEP and FSSB were all observed.

But, in 1992-1995, the estimated increase in TEP and FSSB was not observed in

recruitment. There was a large difference on the average number of recruited

individuals before 1992 (39.4 millions) and after (3.2 millions). Recruitment, TEP and

FSSB all remained low after the early to mid 1990’s until the final part of the time

series, when all three showed an increasing trend. Both the FSSB and the TEP were

highly correlated with the total cod biomass (0.86 and 0.8 respectively).

Table V-7.- The coefficients of determination obtained when fitting the Beverton-Holt and Ricker stock
recruitment models to the biomass at age 1 as well as the Pearson correlation coefficients for FSSB and TEP
are shown.

Temporal series
Coefficient of Determination Pearson Coef.

Beverton-Holt Ricker FSSB
FSSB 0.285 0.593
TEP 1979-1985 0.437 0.437 0.997
TEP 1979 0.766 0.770 0.997
TEP 1985 0.723 0.717 0.995
TEP 1982-1985 0.764 0.769 0.99
TEP 1983 0.771 0.777 0.985
TEP 1984 0.811 0.820 0.979

The FSSB and the six time series of TEP were fit one at a time to the recruitment data

using the Beverton-Holt and Ricker stock recruitment models. The proportion of

explained variance increased when TEP was included in the model instead of FSSB,

except for the Ricker model with b value of 3.19 (Table V-7). The coefficient of

determination showed that prediction of recruitment improved notably when fecundity-

length relationships depart more from length-weight relationship, i.e. in 1984 when

allometric coefficients were 4.42 and 3.29 respectively.
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V.3. Discussion
Life history theory predicts that under a high fishing mortality with a high selective

power over length, maturation state or specific behaviors, changes in population genetic

frequencies can be induced toward those genotypes leading to the higher fitness (Roff

1992). This is especially important for phenotypic traits related to yield, like growth

rate, length and age at sexual maturation and fecundity. Previous studies (Mousseau and

Roff 1987, Roff and Mousseau 1987) found that inheritability was lower in

characteristics associated with life history strategies such as age and size, than in those

related with morphology or physiology. However they found that inheritability of these

characters was around a 0.2 value, which make then capable of a rapid response under

intense selective processes. As shown in the present thesis, the Flemish Cap cod has

undergone extremely high fishing mortality rates since mid 1970’s up to 1998 (when the

moratoria was established). This mortality was focused on a very young population,

where few cohorts (from successful and isolated recruitment episodes) dominated the

population, especially since the early 1980’s. Between 1988 and 1995 the 71.3% of the

population abundance was younger than age 3 (Vázquez and Cerviño 2002). The

capability of selective predation (like fishing) to induce changes in population

reproductive characteristics has been shown in experimental studies (Reznick and

Ghalambor 2005), as well as on differential selection studies and lifetime’s egg

production of females maturing at different ages in different scenarios of fishing

pressure (Law 2000).

Contemporary to this extreme fishing pressure, important changes in the age and length

at 50% maturity by cohort were reported since the early 1990’s (this study), in

agreement with earlier analyses (Saborido-Rey and Junquera 1998) performed on

annually basis. The analyses developed here have shown changes in the PMRNs; first a

moderate increase in the probability of maturing with size at all ages in the 1980’s

cohorts in comparison to the 1970’s.; second a strong change in the early 1990’s

cohorts, with individuals maturing much earlier and smaller sizes. The PMRNs, in their

original formulation, with size and age, estimate the probability of becoming mature

independently of growth and survival. Hence they are specially designed to account for

all the phenotypic plastic responses in maturation that are related to growth (Dieckmann

and Heino 2007). Since changes in growth, i.e. size at age, have been traditionally

presented like the cause of phenotypic plasticity in reproduction (Alm 1957, Stearns and
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Koella 1986, Trippel 1995), changes in two dimensional (age and size) PMRNs were

argued to reflect genetic changes in relation to the maturation process (Heino et al.

2002, Barot et al. 2004). This method has been validated, at least in Flemish Cap cod,

when compared with direct methods (Pérez-Rodríguez et al. 2009). However, recently it

has been argued that the PMRNs might not fully account for all the effect of growth on

maturation (Marshall and McAdam 2007) and that other forcing functions not included

in these classical 2 dimensional PMRNs like fish condition and water temperature could

influence in maturation in different ways other than via growth, i.e. the maturation

process is delayed when condition and temperature decreased (Grift et al. 2003, Baulier

et al. 2006, Grift et al. 2007, Mollet et al. 2007).

Other analysis than Reaction Norms, like countertrend variation analysis, has been also

utilized as a tool to disentangle the origin of maturation changes (Dieckmann and Heino

2007) and may assist in building support for the effects of inheritance on age at maturity

(Trippel 1995). Using this approach we may conclude that:

i) In the Flemish Cap cod, the average size at age in cohorts from the early 1990’s were

slightly higher but not significantly different from the average size in earlier cohorts

from the 1970’s and 1980’s. Accordingly the decline in A50 and L50 in the early 1990’s

could be ascribed only marginally to changes in growth. This could be interpreted as a

countertrend variation between growth and maturation.

ii) There was a decline in the surface water temperature between 11.4ºC in 1988 to 5ºC

in 1992 (see chapter III). This cold anomaly period lasted from 1989 to 1997. The effect

of temperature in the age at maturity other than via growth is considered to be negative.

Accordingly it is expected that a decline in temperature had produced an increment in

age at maturity in the early 1990’s cohorts. Again, the opposite trend in A50 was

observed. This may be considered a countertrend variation between water temperature

and maturation.

iii) No condition data was available before 1992, and hence, the existence of

countertrend variations between condition and maturation cannot be tested directly.

However, based in the positive correlation of CI and temperature at ages 1 and 2, a

decline in condition could be hypothesized from 1988 to 1992 when temperature

declined. If this were the case, the direct effect of condition on maturation should have

produced a delay in fish maturation, i.e. higher A50. However this was not the case and
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as shown in this study A50 declined importantly during this period. This seems to show

also a countertrend variation between condition and maturation.

These countertrends variations of maturation in relation to growth, temperature and

condition, in conjunction with the observed changes in the PMRNs, are in agreement

with the life history theory. We thus can hypothesize that genetic frequency changes in

Flemish Cap cod stock are the main responsible of the observed decrease in age and

length at 50% maturity in the early 1990’s cohorts. It was the result of the high fishing

pressure over cohorts already from 1971 to 1980, but especially over 1981 to 1994.

The idea that the collapse produced by overfishing collaterally was a major selective

episode favoring early-maturing relative to late-maturing genotypes was already

suggested (Hutchings 1999). Furthermore, due to the relative small size of Flemish Cap

cod population in relation to other Northwest Atlantic cod stocks, and the low genetic

flux with them, it could be assumed that Flemish Cap population is naturally less

resilient and hence the genetic changes more easily produced.

On the other hand, fishing normally alter the community composition by changing the

abundance of competitors, prey and predators (Jennings and Kaiser 1998a), and hence

the food availability. Important variations in the demersal assemblage in relation to

oceanography, predation and fishing activity were found in Flemish Cap along the

period 1988-2008 (see chapter III). Decreasing population abundance reduces the

intraspecific competition and normally increases feeding opportunities (Trippel 1995,

Tyler et al. 1997, Rochet 2009), increasing growth and condition (Rijnsdorp 1990, Law

2000) and influencing direct or indirectly in the maturation process (Grift et al. 2003,

Grift et al. 2007, Marshall and McAdam 2007, Mollet et al. 2007). In this scenario food

availability only increases if prey abundance does not decrease in the same relative

proportion like the predator, but normally because the predator reduction, preys

increases their abundance. Apparently this kind of trophic cascade has occurred in

Flemish Cap since 1993 (see chapter VI); the cod stock declined during most of the

analyzed period and after collapse, it was detected changes in prey abundance, as

occurred with P. borealis and Sebastes spp. Results showed that increasing abundance

of hyperiids and P. borealis are reflected in a higher RSCI of small cod (<46cm). The

CI showed a high positive correlation not only with RSCI, but also with water

temperature, which was in agreement with previous studies (Pedersen 1989, Foster et al.

1993, Lambert and Dutil 1997a). Finally, both CI and water temperature explained a
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very high proportion of variance in growth rate at ages 1 and 2 since 1992. The growth

history in the 2-3 years previous to maturation seems to influence the timing of

maturation (Rijnsdorp 1993b). The onset of maturation mostly depend on the attainment

of a critical threshold size, while body growth and accumulation of energy stores act

like early triggering signals for determining the initiation of the puberty (Saborido-Rey

and Kjesbu 2005). Accordingly it could be supposed that in the Flemish Cap cod stock

changes in growth and condition at ages 1 and 2 could determine phenotypic changes in

maturation since mid 1990`s cohorts when A50 reached values close to age three.

The observed changes in age and length at 50% maturity in the period from 1997 to

2002 cohorts can be explained by phenotypic plasticity as response to an accelerated

growth rate at younger ages result of the shifts in the environment described above, in

particular food availability. The growth trajectory in the ages previous to puberty seems

to have influenced the age at maturation in Flemish Cap cod, which has been also

reported for other species like Atlantic salmon, European eel and North Sea plaice

(Rijnsdorp 1993b, Hutchings and Jones 1998). In Flemish Cap cod age at maturity has

steadily decreased from age 6 in 1971 to values close to age 3 in recent years, when

clearly the growth rate at ages 1 and 2 determine the maturation process. Since 1980

size at maturity has also decreased but since 1991 it has remained constant. The

accelerated growth during this period together with the increase in fish condition at

young ages and the raise of water temperature since mide 1990’s very likely have

favoured an earlier maturation but at the same, or even larger, size, i.e. a phenotypic

plasticity, as reported by a number of other species (Stearns and Crandall 1984, Grift et

al. 2003, Mollet et al. 2007). This slight increment in L50 is expected according to the

1991-2002 cohort group PMRN, since an increment in growth rate lead to a decrease in

age at maturation. In contrast to this, in earlier cohorts both age and length at 50%

maturity decreased which is the expected result when reaction norm shifts.

The observed variations in the maturation schedule in the Flemish Cap cod during the

analyzed period are very likely due to two different processes. First, fisheries have

induced a genetic frequency change during the early 1990’s that code for individuals

maturing earlier at smaller sizes. These adaptive changes were the consequence of a

very high fishing pressure already occurring since 1970, but specially in the 1980’s and

early 1990’s, concentrated on a very young population that have increased outstandingly

the frequency of a selected subset from the original genetic pool. Second, a change in
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the phenotypic expression of this selected genetic subset occurred since mid 1990´s

cohorts, as result of changes in growth, condition and water temperature, being the

cause for a further earlier maturation but at slightly larger size. In summary, both an

ecological component that operates through phenotypic plasticity and an evolutionary

component that works through genetic adaptation have been implicated in the earlier

maturation (Dieckmann and Heino 2007). For Flemish Cap cod, both forcing factors

could have worked together to lead to the changes in maturation, resulting in a

population maturing younger but at a similar size like in the early 1990’s (Pérez-

Rodríguez and Koen-Alonso 2010).

The changes in maturation have had a profound effect on female spawning stock and the

egg production during the whole period. Both, FSSB and TEP, have dramatically

decreased since 1990 implying what is probably the most important reduction in the

SRP ever registered in the Flemish Cap cod. Every reproductive component analyzed

has experienced important changes along the period, affecting notably to TEP and

FSSB.

Proportion of females increases with age in all cohort studied, which is common in cod

populations (Ajiad et al. 1999, Morgan and Brattey 2005). It was suggested that higher

recruitment of males could lead to the dominance of this sex ratio in juveniles (Ajiad et

al. 1999). Using a simulation these authors also found that the best fit to the observed

data resulted under the assumption of a higher spawning mortality for males than for

females. This observation combined with the fact that males mature approximately one

year earlier than females could explain an increasing proportion of females with age.

However, in Flemish Cap cod early cohorts had a higher proportion of males than

females at the youngest ages but this pattern has become reversed in more recent

cohorts, i.e. there has been a higher proportion of females not only at older but also at

younger ages since the early 1990’s. This was also observed in three Northwest Atlantic

cod stocks (NAFO Divisions 2J, 3KL and 3NO) (Morgan and Brattey 2005). The reason

of this change remains unknown but the global effect of an increase in the females

proportion at all ages has been an increase in the FSSB and the TEP of the Flemish Cap

cod.

The factor affecting more FSSB and TEP is, obviously, the abundance and biomass.

The sharp decline in total cod biomass from 1990 to 1995 concluded with the collapse

of the population, and the sharpest decline in FSSB and TEP, preventing a rapid
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posterior recovering. This is the only factor affecting TEP that decreased since 1990.

The proportion of females, the mean weight and length at age, and probably fecundity

(see below) increased, having very likely a positive effect in TEP. However, the decline

in the SRP and the lack of recovering demonstrated that it was not enough to overcome

the consequences of the decline in abundance. The reduction in A50 and L50, either like

phenotypic plasticity or due to an evolutionary force, may compensate losses of biomass

in older ages, and hence, to some extent, recovering the FSSB. This can explain the

observed increase in the proportion of FSSB between 1990-1995 and 1996-2005 (21%

and 40% respectively). This process of compensation might reduce the effect of the

decline of the stock in the reproductive stock but not necessarily may produce a

recovering in egg production. Because fecundity is considerably lower in smaller and

younger females, this reduction hardly compensate the losses on egg production due to

the removal of large females. However, lower abundance may imply more per capita

energy available leading to a density-dependent increase of growth, which produces not

only an earlier maturation but also a higher CI. These factors can increase in the

individual fecundity, producing an improving in the TEP. Nevertheless, generally the

removal of older and larger individuals leads unavoidable to a reduction in the SRP of

the population in the short term in spite of earlier maturation.

In the long term, the genetic induced change on maturation toward earlier age and size

may imply a shorter reproductive lifespan, because the energetic costs of reproduction

and the faculty to restore energy values after spawning are linked to both mortality and

the ability to spawn in future years (Roff 1992). But at the same time the life-history

theory predicts that increased mortality generally would favor an elevated reproductive -

effort (Roff 1992). Fishing genetic selection could be responsible of the observed

fecundity increase in the North Sea cod and haddock (Yoneda and Wright 2004, Wright

2005). Hence, the influence of genetic changes in the reproductive capacity of a

population still remains uncertain.

At the end of the 1970’s, a cooperative international research program of the causes of

variation in year-class strength of demersal fish was initiated by the International

Commission for the Northwest Atlantic Fisheries (Lilly 1986a). Flemish Cap cod was

selected as one of the stocks to study. One of the reasons was the regularly observed

fluctuations in year class strength. Wind force (Akenhead 1982), water temperature

(Hayes et al. 1977), and the strength of the anticyclonic gyre were argued as the
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environmental variables determining the extent of annual cod recruitment (Serebryakov

et al. 1987). The emergence of very strong year classes was postulated to be more

related to the hydrographic conditions rather than to the status of the spawning stock

(Borovkov et al. 2006). However, the results of this study showed that there is a strong

stock-recruitment relationship in the Flemish Cap for reproductive potential measures,

FSSB and TEP.

FSSB and TEP were highly correlated. Both showed an increase in the mid 1980’s and

the first part of the 1990’s and the lowest levels of FSSB and TEP were observed

following after the late 1990’s. Recruitment showed a similar trend and was correlated

with both TEP and FSSB. TEP estimated using a greater allometric exponent than the

weight length relationship one explained a higher proportion of variation in recruitment

than FSSB, and this difference in explanatory capacity increased with the difference

between exponents.

The high correlation observed for the TEP and FSSB time series could have a number

of causes. One could be because of the similarity between the b’ and b parameter values

obtained in the allometric models for fecundity and weight relation with size. The closer

the values of these coefficients the more similar the TEP and FSSB values will be. The

value of the b’ parameter obtained for the whole data series (b’=3.289) was contained in

the range of the values of b obtained in the period from 1979 to 1985. Hence, the

allometric relationship of fecundity and weight with length was similar in many years

for this time interval, leading to nearly parallel FSSB and TEP curves.

Another factor leading to similarities between curves for FSSB and TEP is the use of a

single fecundity-length relationship for the whole time series. The models of fecundity

at length showed a high variability in the allometric coefficient among years in the

period from 1978-1985. Previous studies have shown that size dependent fecundity is a

highly variable parameter in Northwest Atlantic cod. In the Newfoundland shelf cod the

b parameters were ranged between 1.27 and 3.73 (Pinhorn 1984). For George’s Bank

cod, (Alonso-Fernández et al. 2009) determined that the allometric coefficient was 4.04

for individuals sampled from 2006 to 2008. In 3NO cod the b value could span from

2.500 to 3.885, and for 3Ps cod could range from 2.598 to 3.824 (Stares et al. 2007). In

the present study some of the fecundity models had allometric coefficient values that

were in the range of these previous studied populations.  However, the values obtained

for 1983 and 1984 were higher. In reared Atlantic cod has been reported a coefficient
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value equal to 5.00 (Skjæraasen et al. 2006), so the high values observed in the present

study are achievable. The increase in correlation of TEP with recruitment as the value of

b parameter increased supports the idea of a usually high value for this parameter in

Flemish Cap cod. At the other extreme, up to 33% of female cod on the Flemish Cap

were suspected of skipping spawning (i.e. fecundity = 0) during the period from 1978 to

2004 (Rideout et al. 2006). The incorporation of such potential annual variability in

fecundity should result in a more realistic estimate of TEP and would lead to a higher

uncoupling of TEP time series in relation to FSSB. Unfortunately no fecundity data

have been collected for this population in recent decades. It is uncertain if the use of

such data would improve recruitment predictions using TEP compared to FSSB.

Another reason that could have contributed to the similarities between TEP and FSSB is

the fact that length on its own may not be the best predictor of fecundity. Previous

works with Northwest Atlantic cod have shown that fecundity is a highly variable

parameter in relation not only with fish length but also with weight or condition

(Lambert and Dutil 1997a, Marshall 1998, Lambert 2000, Skjæraasen et al. 2006,

Alonso-Fernández et al. 2009). In Flemish Cap cod large changes have occurred in

population abundance and structure since the early 1970’s. As pointed previously,

population density is an important mechanism in regulating the dynamics of marine fish

populations (Trippel 1995, Tyler et al. 1997) through density dependent processes (Rose

et al. 2001), affecting several life history parameters, such as growth and age/size and

maturity (Roff 1984).  Coupled to changes in growth, condition of spawner individuals

is expected to vary (Rijnsdorp 1990). This change in condition can result in changes in

fecundity or even in failure to spawn (Lambert and Dutil 1997b, Marshall 1998,

Blanchard et al. 2003, Rideout et al. 2006, Anderson et al. 2008).

Despite the importance of potential fecundity estimates for fisheries management

(Morgan 2008) they have seldom been done routinely in the past for many stocks

(Tomkiewicz et al. 2003). Therefore time series of fecundity estimates that can be used

in the calculation of TEP exist for very few populations. However, the recent

improvement in image analysis systems and the development of the autodiametric

method have led to rapid and cost-effective methods to count egg numbers (Lambert

2008, Alonso-Fernández et al. 2009). In the period of the year when the EU surveys in

Flemish Cap takes place, cod is in a resting state, which makes fecundity estimation

impossible. The reopening of the Flemish Cap cod fishery have permitted the sampling
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of individuals in the prespawning stage, making it practical to routinely conduct the

determination of potential fecundity using new techniques.

TEP encompasses the quantitative aspect of SRP. The possible advantage of using TEP

instead of other measures like FSSB is likely to be strongly dependent on the

knowledge of fecundity on an annual basis. Measures such like fish condition and

weight may be necessary for a more detailed prediction of individual potential

fecundity. Adding these factors to other demographic parameters that are already

commonly quantified in exploited marine fish stocks would allow a more precise

measurement of the SRP and would be expected to improve the ability to predict

recruitment.

Results in the present chapter have shown that contemporaneously with changes in

abundance of the Flemish Cap cod, there have been changes in reproduction, growth

and condition. The high fishing mortality registered in the late 1980’s and early 1990’s

have contributed very importantly to the observed decrease in the cod biomass and the

subsequent collapse (Vázquez and Cerviño 2001). On the other hand, a genetic change

toward earlier age and smaller size at maturation was also found. The decrease in FSSB

as consequence of the steep decline of the stock, in conjunction with the rejuvenation of

the reproductive stock, led to the decrease in the TEP. The high correlation of TEP with

the recruitment during this period support that the decrease in the SRP was largely

responsible of the recruitment failures since mid 1990’s. However, the low temperatures

recorded between 1989 and 1997 may have also lead to unfavorable conditions for cod

recruitment (see chapters I and III), which is supported by the decline in recruitment in

the early 1990’s when the cold period started, despite the TEP was still relatively high.

Cod fishing activity still remained in the Flemish Cap until 1998, what, in the absence

of good recruitments, was the final blow contributing to the collapse. Thereafter, the

density-dependent processes lead to the observed increase in condition and growth,

favoring earlier maturation and a growing FSSB. It is likely that, during this period, a

higher relative fecundity would have occurred, leading to an increase in the TEP.

However the absence of annual fecundity estimates does not permit to test this

hypothesis. In the absence of fishing pressure, a better SRP together with improving

feeding conditions and higher temperatures probably favored the good recruitment

events observed in recent years.



Discussion

187

The present work has integrated different elements influencing some of the most

important life history traits: growth and reproduction. The integration of these elements,

like fishing activity, environmental conditions, community structure have permitted to

explain the observed changes in the maturation schedule and reproductive capacity;

which in turn may help to understand the reasons leading to the collapse of the Flemish

Cap cod stock. More time and research are needed to fully understand the consequences

of the intense fishing pressure during the collapse in the reproductive biology of the

Flemish Cap cod population that could affect in the present and future SRP. The

analysis of the SRP and its relationship not only with the population structure and

maturation patterns, but also with the fecundity might improve the predictions of

recruitment. The study of fecundity variations and its relationship with the

environmental conditions will be necessary in order to understand the benefits of using

TEP in comparison with the FSSB in the stock assessment, because very likely the

variation in fecundity is more critical under poor environmental condition and/or low

population abundance. The implications of the reproduction and growth dynamics, and

especially the SRP on stock assessment and fisheries management should be further

explored in Flemish Cap cod, allowing the development of new models where these

more refined biological variables can be considered.
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In this chapter we discuss the key processes for the functioning of the Flemish Cap

ecosystem from a holistic perspective. The different views and results from precedent

chapters are integrated to explain the observed variations in the fish demersal

assemblage of Flemish Cap. To achieve this we have focused on trends on biomass and

abundance of the main fish demersal species as well as their feeding habits, to develop a

food web model (Section VI-1) with the trophic interactions between these species and

their main prey, thus extending this food model to other taxa than fishes. Then, a

simplified food web model is further developed (Section VI-2), considering only the

main components of this complete model. The critical interactions in the upper trophic

levels, including the ultimate factors or drivers affecting the interactions like

environment and fishing activity and their consequences on population and the growth-

reproduction dynamics, are discussed in Section VI-3. These analyses provide us a tool

to propose a hypothesis on functioning of the Flemish Cap demersal community that is

presented in Section VI-4. Finally, future research in different fields related with

ecosystem modeling and an improved fisheries management are suggested in Section

VI-4.

VI.1. Flemish Cap food web
Based on the results presented in chapters III and IV and the information compiled from

the literature, we have developed a conceptual food web model for the Flemish Cap

community (Figure V-1), although only the most important interactions have been

considered. This model describes the food web on July, when the diet composition of

fishes was analyzed, but very likely, attending to the annual primary, secondary and

tertiary production cycles in the northwest Atlantic (Anderson 1990), it is also valid for

the late spring, whole summer and early autumn. From late autumn to early spring

feeding habits could be expected to change, since copepods enter in a diapause period

and hyperiids decrease their abundance (Ikeda et al. 1992, Dalpadado 2002). An

increase in predation on fishes has been documented in winter, as shown for the

consumption of Sebastes spp. by Gadus morhua (Lilly 1983).

Species richness in the Northwest Atlantic is low, but some of these species are highly

abundant. Flemish Cap is not an exception and 17 species, those of Group I (chapter III)

were found to constitute as an average the 99% of total annual demersal biomass in the

period 1988-2008. The feeding habits of 14 of these fish species was thoroughly studied

along the chapter IV. These fish species as well as their respective main preys have been
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used to build the model depicted in Figure V-1. The species of genus Sebastes (S.

mentella, S. fasciatus and S. marinus, pooled as a single group on this diagram),

Reinhardtius hippoglossoides and G. morhua were represented in the food web model

as divided in the small and large trophic species identified in chapter IV (signed in

Figure VI-1 like Sm and Lg respectively). Although some other species depicted in

figure V-1 were identified in chapter IV belonging to different trophic species, they

were kept like single groups for simplification.

Two sub-systems can be easily identified in our model (Figure VI-1), the grazing and

the detritus food chains, following the terminology by Pimm (1980). In the grazing sub-

system (the pelagic domain), copepods and in less extent euphausiids are the main

groups transmitting the energy and matter from the phytoplankton and the microbial

loop to the next trophic level. This trophic level is formed by meso and macroplankton,

mainly hyperiids and ctenophores, as well as myctophiids and larval and post-larval

stages of many fish species (not included in Figure VI-1). The next trophic level is

formed by Sebastes spp., with the juveniles feeding mainly in the smallest invertebrate

groups of the previous two levels and the larger Sebastes feeding in a wide range of

prey sizes, including myctophiids and Pandalus borealis. Other functional trophic

groups in this level are fish species like small G. morhua, small R. hippoglossoides, as

well as Nezumia bairdi and Anarhichas denticulatus. This trophic level (mostly small

Sebastes) is the responsible of channelizing energy and matter from the grazing side to

the piscivorous top predators, integrated by large individuals of G. morhua, R.

hippoglossoides, Anarhichas spp. and Amblyraja radiata.

In the benthic sub-system (the detritus chain), the suspension and detritus invertebrate

feeders transmit the reutilized energy and matter to higher trophic levels (Figure V-1).

Echinoderms like echinoids, ophiuroids and asteroids; crustaceans such as cumaceans,

gammarids and amphipods; polychaetes, and bivalves are the most important

components of this group if we assume a direct proportion between their abundance in

the ecosystem and the appearance in the diet of fishes like Hippoglossoides

platessoides, Glyptocephalus cynoglossus, Anarhichas lupus and A. minor, Macrourus

berglax and Lycodes reticulatus, which in turn constitute the upper trophic level in this

subsystem.

The pelagic and benthic subsystems merge in the demersal compartment through the

role of important fish species like small G. morhua, genus Anarhichas, M. berglax and
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N. bairdi. P. borealis, which feeds in the bottom during the day and the water column

during the night, has probably entailed also a strong connection between both

subsystems, especially in the period 1997-2004 when it was highly abundant and was

the main prey in the diet of most fish demersal species. Feeding habits of P. borealis

vary along its lifetime. During the larval stage the phytoplankton is the main food item

found in their stomachs. As adults they lie in the bottom during the day, being an

opportunistic predator and scavenger feeding on detritus and detritivorous preys (like

small crustaceans, polychaetes, small ophiuroids,…) and migrate vertically in the water

column during the night when they act as predators in the hyperbenthic and pelagial

habitat feeding on copepods, mysids and chaetognats (Bergström 2000).

The Flemish Cap, unlike other Northwest Atlantic areas such as the Newfoundland-

Labrador shelf, lacks from pelagic species like Mallotus villosus or Ammodytes spp.

which are an important prey for piscivorous species like G. morhua (Link et al. 2009).

However, the species of genus Sebastes which has an important pelagic behavior

(Saborido-Rey et al. 2004) play an equivalent role as a preferred prey for Flemish Cap

top predators. However, unlike the small pelagic species, its age and size structure is

highly complex and only the younger ages of Sebastes are predated by G. morhua, R.

hippoglossoides and other piscivorous fishes. The lack of good recruitments for

Sebastes results in the no accessibility of this prey to piscivorous fishes (Lilly 1980,

Casas and Paz 1994) and the prey shift towards pelagic and benthic invertebrates (Lilly

1985). Thus, both P. borealis and small Sebastes played a central role in the Flemish

Cap ecosystem, especially since mid 1990’s in the case of shrimp and since early 2000’s

for Sebastes (see chapter IV), as discussed later in this chapter.

Copepods have been denoted as the connection between the oceanic primary production

and higher trophic levels (Runge 1988). Calanus finmarchicus in the grazing chain and

Oithona similis in the microbial loop are, by far, the most important species in the entire

zooplankton community (Konstantinov et al. 1985, Anderson 1990, Maillet et al. 2005).

Pelagic Copepods are the most consumed prey species for juvenile Sebastes. Hyperiids,

which strongly feed on copepods, are in turn a key prey for juveniles of R.

hippoglossoides and G. morhua, M. berglax and myctophiids (Eva García Seoane,

pers.comm.). Other important pelagic invertebrates are chaetognats, euphausiaceans,

mysids, scyphozoans and ctenophores. All this zooplantonic groups besides other prey
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groups feed very importantly on copepods (Samemoto 1987, Rudstam et al. 1989, Mills

1995).

Myctophiids feed mostly on copepods and other pelagic invertebrates (Albikovskaya

1989) and form part of the diet for some demersal fish species in the Flemish Cap like

G. morhua, and especially for the larger individuals of Sebastes (Konstantinov et al.

1985).

The benthic invertebrate community in Flemish Cap has not been described. However,

the most abundant groups in the Grand Banks of Newfoundland , i.e. polychaetes,

ophiuroids, bivalves, amphipods and shrimps (Gomes 1993) seems to be also the

dominant benthic invertebrate preys in Flemish Cap.

This is the first food web model described for Flemish Cap, so far, but it is fairly

consistent with the one resulting from the integration of the pelagic and benthic webs

for the Newfoundland shelf (Gomes 1993), with some differences in the species

composition, mainly in the fish pelagic species. Pimm (1980) called to these subsystems

the grazing and detritus food chains. However, as recognized by these authors, this

compartmentalization is not real and the grazing and detritus food chains are separated

subsystems just up to the primary consumers level. Omnivore predators in higher

trophic level tend to feed on primary and secondary consumers of both chains. These

omnivore predators may be identified mainly in the demersal species group, which

present diurnal patterns of utilization of both habitats. On the other hand it is important

to note that as well as the trophic interconnections between both subsystems, most part

of the source of matter and energy for the detritus food chain comes directly or

indirectly from the deposition of surplus primary production (Walsh 1983). In the

contrary direction, the contribution of the demineralization of organic matter in the

bottom to the primary production in Flemish Cap is probably no important due to the

dominant downwelling movement of water associated to the dominant anticyclonic

gyre.

From the common trends observed since 1993 to 2008 (chapter IV), it may be suggested

that the importance of the primary and recycling production (grazing and detritus

chains) have been variable as major source of food for the fish demersal community.

Based in the existing bibliography (Lilly 1983, Konstantinov et al. 1985) and in the

feeding habits observed in the early-mid 1990’s in the present work, it may be argued

that up to late 1990’s most of the energy came to the Flemish Cap community through
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the primary production source. This is supported by the fact that the most important fish

species in Flemish Cap, i.e. genus Sebastes and G. morhua, fed during these years more

importantly on pelagic than in pure benthic species, like hyperiids, Copepods and

Euphausiaceans. During this period the diet of the fish demersal community was quite

diverse and other fish demersal species like H. platessoides, L. reticulatus or juveniles

of A. lupus and A. minor preyed on small benthic invertebrates of diverse taxonomic

groups. However from mid-late 1990’s P. borealis became the most important prey for

most juveniles and adult fish species in the demersal community and the diet overlap

increased notably. As already mentioned, P. borealis is a daily bottom dwelling species

that fed importantly of detritus or animals feeding on detritus. This species feeds also in

the water column, however they do not prey on hyperiids and euphausiids. Hence, it

may be argued that the consumption of the grazing chain decreased with the decline in

biomass of G. morhua and Sebastes spp. in the early 1990’s, and this consumption was

not compensated by the increasing P. borealis population. It could be thus suggested

that an increase in the relative importance of the recycling source (via detritus chain)

could have occurred since mid 1990’s when G. morhua and Sebastes spp. stocks

declined and shrimp became the main prey for most part of the demersal community. In

the next section some possible reasons for this change will be introduced.

VI.2. The conceptual ecological model
Food webs are extraordinary complex networks reflecting the species interactions that

strongly influences in the community dynamic (May et al. 1979, Pimm 2002) and

reflects the pathways by which energy and matter flow in ecosystems, from autotrophs

to its dissipation by heterotrophic respiration (Lindeman 1942). The stoichiometry of

ecological interactions constrains the food-web structure and fluxes between

compartments (Sterner 2002). Food webs can be expanded if considering

interconnections between two or more communities by means of linking species

(Leibold et al. 2004).

When analyzing the Flemish Cap demersal community functioning, these perspectives

about food webs and trophic interactions need to be considered. In addition, internal

properties of populations like the Stock Reproductive Potential (SRP), the age and size

structure of populations and their main ecological drivers need to be taken also into

account for a more realistic approach to the problem.
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Following, a conceptual model for the functioning of the Flemish Cap demersal

community is developed. Considering all the internal and external drivers implied in

population dynamic for all species presented in Figure VI-1 would entail a high degree

of complexity. In order of making easier the understanding of the conceptual ecological

model, a simplified food web model containing the most important components has

been considered (Figure VI-2).

The most exploited species, historically and currently, have been Acadian redfish

Sebastes fasciatus, golden redfish golden redfish, beaked redfish S. mentella, Atlantic

cod Gadus morhua, Greenland halibut Reinhardtius hippoglossoides and Northern

shrimp Pandalus borealis (See chapter I). Moreover, the estimated survey biomass

(1988-2008) indicates that these species accounts annually for the 85.6% of total

biomass on average. For this reason in the simplified food web these species have been

considered. The prey groups included are copepods, hyperiids, chaetognats and

myctophiids as the prey groups channeling the energy and matter from phytoplankton;

and the small benthic crustaceans as the link between detritus and demersal species

(Figure VI-2). Although simple, this model connects the phytoplankton and detritus,

depicting the direct and indirect (through the secondary production) contribution of the

primary production to the recycling source.

Figure VI-2.- Main
trophic interactions of
the simplified food web
in Flemish Cap.
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This simplified food web model is the basis to create a wider conceptual ecological

model incorporating both internal food-web dynamics and life-history features, as well

external drivers like fishing and climate (Figure VI-3). Trophic interactions, strongly

determined by prey and predator population size structures (chapter IV), account for

prey mortality and predator energy intake. The assimilated energy is allocated into

growth (somatic and condition) and reproduction (chapter V), which includes migration

and egg production (TEP). Fishing exerts a major cause of mortality in the upper trophic

levels, while primary production and recruitment are notably influenced by the

oceanographic conditions in Flemish Cap (chapter III). All of these drivers have been

analyzed in previous chapters and discussed below.

A brief summary of these drivers and the way they act in the model is as follows:

1. Environmental conditions (climate and oceanography) largely determine the

primary and secondary production in the grazing subsystem, which in turn

feeds the ecosystem from the pelagic zone.

2. Primary and secondary productions are the main source for the benthic

subsystem (detritus) which feed the ecosystem from the bottom zone through

scavengers and detritivorous.

3. Fish and shrimp recruitment strongly influences in population demography and

is regulated by extrinsic factors: i) environmental conditions and food

availability acting on the spatial-temporal coupling and through

retention/dispersion processes; and ii) predation on fish larvae and

competition; and internal factors, i.e. the Stock Reproductive Potential (SRP)

4. During the juvenile and adult stage, predation and migratory processes strongly

influence in abundance and size (and age) structure of populations. However in

the Flemish Cap, at least for the shallowest dwelling species, migration would

be mostly related with inputs or outputs of eggs and larvae from the adjacent

Newfoundland Shelf.

5. Growth, condition and gonadal development are influenced by density-

independent drivers (temperature, currents, etc.) and density-dependent factors

(feeding success, competition, predation, etc.). In turn these traits regulate

maturation and the spawning season, influencing the SRP.

6. Fisheries exert the major cause of mortality in adult fish, affecting abundance

and size (and age) population structure, as well as life history traits related with

growth and maturation, affecting the SRP and resilience.
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VI.2.1. Climate and  oceanography

The physical environmental conditions are the consequence of the interaction between

the ocean and atmosphere (chapter III) and are well reflected in the North Atlantic by

the NAO index. Water temperature influences deeply all along the lifetime of a marine

organism, affecting to distribution, migration, feeding, growth and reproduction

(chapters III, IV and V). However, the most sensitive life periods to environmental

fluctuations are the egg and larval stages (Leggett and Deblois 1994).

Due to the usual survivorship curve of marine fishes and the usual extremely

high fecundity, slight differences in survival probabilities during the egg and larvae

periods may lead to extreme variations in recruitment (Wooton 1998). During this

phase, the physical environment acts in two ways: i) regulating the primary production

and the subsequent zooplankton blooms and ii) determining fish recruitment process

through retention/dispersion effects. These factors determine the amount of food

available for larvae (enrichment process), the probability of encounter with food

(concentration process) and the stay in the distributional area of the original population

were probability of settlement and survival is higher (retention process) (Sinclair 1988,

Bakun 1996). A number of different mechanism like wind stress, salinity, vertical

stratification and water temperature have been proposed as explanations for recruitment

variability (Ottersen et al. 2004). However, the most common forcing variable in these

studies has been temperature and related variables like the vertical stratification. We

have found common trends in the biomass of the main demersal species with the NAO

index as important explanatory variables (chapter III). The result suggests that the

explanatory power of the NAO is due to its negative relationship with the water

temperature and the influence that this physical conditions could have in the recruitment

process. As external drivers the physical environmental conditions act independently of

the other components of the model.
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VI.2.2. The pelagic subsystem. Primary and

secondary production

The Flemish Cap primary production is higher than in the adjacent Grand Banks

probably due to the entry of nutrients from the North Atlantic and the Labrador currents,

combined with the vertical advective and mixing processes produced by those current

systems and the presence of the quasi-permanent anticyclonic gyre favoring the

retention (Maillet et al. 2005). Nevertheless, there is a strong seasonality in primary

production associated with the dynamic of the water stratification process and the mixed

layer depth (Longhurst 1995). In spring, following the winter vertical mixing of water

and nutrients, the increase of surface water temperature stratify the water column. This

stratification retains nutrients and phytoplankton in the upper layers, increasing

exponentially the primary production (Longhurst 1995, Maillet et al. 2005). In Flemish

Cap the phytoplankton blooms begins during early March, peak in mid to late April, and

extend well into the June-July months (Anderson 1990). During the summer the

productivity is still high, but due to the nutrient exhaustion it is located in the subsurface

over the nitracline (Maillet et al. 2005). Warm years produce stronger stratification,

reducing the summer productivity due to the difficulty of nutrients to reach the upper

layer. The breakdown of stratification in autumn brings nutrients to the surface

producing a last but weaker bloom in this season (Longhurst 1995) before the collapse

in winter. Interannual variations in the phenology of phytoplankton have been observed

in Flemish Cap, e.g. the bloom occurred on May in 2000 but in June in 2003 (Maillet et

al. 2005). Due to the relationship between temperature-stratification-bloom, cooler years

(positive NAO) normally produces a delayed phytoplankton bloom in comparison to

warmer years (negative NAO), when the stratification of the water column occurs

earlier (Longhurst 1995).

The seasonal dynamic of zooplankton secondary producers is coupled to this pattern of

primary production, mostly Copepods, grazing on phytoplankton. The tertiary

producers, like hyperiids and Chaetognats, are also coupled to this cycle by predating on

copepods (Anderson 1990, Head et al. 2000, Dalpadado 2002). Calanus finmarchicus is

the most important copepod in Flemish Cap in terms of biomass (Anderson 1990,

Maillet et al. 2005). In the late winter-early spring, the pre-adult copepodite stage V

(CV) of Calanus finmarchicus emerge from the overwintering diapause period in the

deep ocean and rise to the surface waters. In the surface, copepodites mature and
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reproduce intensively (Konstantinov et al. 1985, Myers et al. 1993). Reproduction

occurs already before the spring phytoplankton bloom, although the higher production

is clearly coupled with phytoplankton biomass (Niehoff et al. 1999, Head et al. 2000).

The magnitude of egg production is dependent on the size of overwintering stock of

copepods and the concentration of spring phytoplankton. Anderson (1990) found that

there were significant differences in plankton biomass and growth rates among years,

and differences persisted from spawning to stage CV diapause. This finding indicates

the importance of initial conditions (both phytoplankton abundance and water

temperature) during April and May in the phenology of Copepods determining the total

production and development of C. finmarchicus within a year. Overwintering stages of

C. finmarchicus have been suggested to concentrate in the Labrador Sea, the source of

CV to the southern regions, including Flemish Cap (Head et al. 2003, Head 2008, Pepin

et al. 2011). Hence, the dynamic and retention of copepod population in other regions of

the North Atlantic (mainly the sub-polar gyre) influence the copepod production in the

Flemish Cap in conjunction with the phenology and strength of the phytoplankton

bloom.

Once the spring bloom has ended and the pycnocline is well established, the small-sized

fraction of phytoplankton contributes to the bulk of total primary production. This small

phytoplankton is consumed by small copepods like Oithona similis, one of the most

important components of zooplankton during the summer in the Flemish Cap

(Konstantinov et al. 1985, Anderson 1990), producing smaller, but continuous

generations for longer time than Calanus (Anderson 1990).

The primary and secondary production that is not consumed sediment in the bottom

after dying (Walsh 1983, Sánchez 2004), being the main source of organic dead

material for detritus. Another source of detritus is discarding from fishing activity,

which is consumed by scavenger benthic and demersal fishes and invertebrates,

although its importance is probably low in comparison with “natural” detritus. This

detritus is eaten by shrimp during the day, when it lay in the bottom, but also constitute

the main source of food for small benthic crustaceans (Cumaceans, Tanaidaceans, etc.),

polichaetes and ophiurids. These detritivorous species are, in turn, the main preys for

diverse shrimp species and some demersal fish species like small cod, which feed

mainly on gammarids (Hüssy et al. 1997). A lower consumption of pelagic invertebrates

would lead to an increase in the particulate organic matter exported to the bottom. This

would produce higher food availability for shrimp species like Northern shrimp and
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early settled cod. This compartment is highly unknown in the Flemish Cap, and its

importance in the ecosystem functioning should be explored. In other systems, up to

50% of total primary production was deposited to the sediment (Walsh 1983).

VI.2.3. Recruitment. Extrinsic drivers.

The spatial-temporal coupling between the copepods production and the fish early life

stages, predating on copepods, has been long time hypothesized as one of the main

causes of the recruitment fluctuations, the so called match/mismatch hypothesis

(Cushing 1990). The eggs and new generation of naupli copepods serve as main food

items for fish larvae once they have used up the yolk sack. Although slight

inconsistencies were found in the Northwest Newfoundland shelf, the peak in the cod

larval production is coincident with the period of highest abundance of Calanus in

Flemish Cap and the Southern Newfoundland shelf (Myers et al. 1993). The three

redfish species differs in the parturition period (Saborido-Rey 1994), ranging from

February (beaked redfish), April (golden redfish) and June (Acadian redfish).

Two short trophic pathways from primary producers to fish larvae have been identified

(Mousseau et al. 1998): the herbivorous food chain (large phytoplankton-Calanoid

copepods-fish larvae) and the microphage path, the microbial food web (small

phytoplankton-Cyclopoid copepods-fish larvae). In the case of cod and beaked redfish,

which spawn in the early spring, the herbivorous food chain is probably the most

important path for larval feeding. However, for Acadian redfish, which spawns in

summer, the microbial food chain through the Cyclopoid copepods (O. similis) may be

the most plausible source of food (Saborido-Rey 1994). Golden redfish will probably

feed on both copepods groups. Northern shrimp spawns approximately on August but

eggs are carried out in the pleopods by the females and larvae hatching occur around

March (Koeller et al, 2009). Northern shrimp larvae feed mostly on phytoplankton, and

hence, good recruitment events will depend on the spatial-temporal match with the

spring phytoplankton bloom. Koeller et al. (2009) found a strong correlation across

different latitudes between hatching and the timing of the spring phytoplankton bloom.

In chapter III, based in the effect of NAO on population biomass index with a time lag

of 4-7 years, it was suggested that recruitment of cod, P borealis, Acadian redfish and

golden redfish could be positively affected by increasing temperature, while cooler

temperature would favored to beaked redfish and Greenland halibut. A connection
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between the NAO index and recruitment variability has been found in several cod

stocks (Ottersen et al. 2004), with a positive relationship in the Northeast and negative

in the Northwest Atlantic (i.e. positive relation with temperature).

Temperature affects growth in fishes through metabolic rates and food assimilation,

accelerating the physiological processes (Hoar et al. 1979) and affecting the timing of

fish spawning (Lowerre-Barbieri et al. 2011). Low temperatures result in delayed

spawning through slow gonad development, as observed in Atlantic cod (Myers and

Pepin 1994, Anderson 2000, Wieland et al. 2000, Ottersen et al. 2004). This

phenomenon has been also described in other species like haddock in the Georges Bank

(Marak and Livingstone 1970) and Newfoundland capelin (Carscadden et al. 1997). On

this regard, Flemish Cap cod spawns earlier than Newfoundland shelf cod stocks, due to

the higher temperatures during the autumn-spring period (Myers et al. 1993). The

shrimp annual egg development and hatching date were found to be determined also by

bottom water temperature (Koeller et al. 2009).

Food availability and the density-dependent growth rate also influence the timing of

spawning, i.e. years with good feeding conditions would lead to earlier spawning period

due to a faster gonad development (Wieland et al. 2000).

Finally, demography can have a significant impact on reproductive timing and the

magnitude of such an effect can be comparable to environmentally induced variability

(Wright and Trippel 2009). Individuals of many fish species spawn progressively earlier

and for longer periods within a season as they get larger (Wieland et al. 2000, Alonso-

Fernández 2011, Lowerre-Barbieri et al. 2011). The average spawning period for the

overall population will be thus determined by age structure of the population. Fishing,

due to its selective pressure on larger and older individuals can truncate population

structure toward younger and smaller individuals (Wright and Trippel 2009).

These combined effects (temperature, adult fish condition, age structure) determining

the timing of a population’s spawning season will affect reproductive success, affecting

the survival of the early life stages. This is especially important in species with

restricted spawning seasons which are more common in cold water habitats (Pavlov et

al. 2009). Individuals spawned early in the season experience a longer first-growing

season than do those produced later in the year, and hence, can get higher sizes

(Anderson 1990, Conover 1992). Winter mortality is greater for smaller than larger

young of the year fish since, besides the higher predation escape, the capacity to store
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energy increases with body size and weight-specific standard metabolism generally

declines with increasing body size (Conover 1992).

In northern cod hatching occurred significantly later when water temperature was colder

(Anderson 2000). In this stock the largest year-class (1994 cohort) was coincident with

the earliest spawning, the larger size at settlement, and seasonally warm water

temperatures (op. cit.).

It may be suggested that each fish species has a particular intrinsic growth rate during

the larval stage, and that its spawning schedule is designed to achieve the optimal size at

the end of the primary and secondary productive season, in Flemish Cap late summer-

early autumn. For example, beaked redfish and Acadian redfish larvae reach a similar

size by late summer despite the 4-5 months difference in hatching date (Saborido-Rey

1994). A delay in the spawning time shortening the growth period may produce larvae

with sizes below the optimal, reducing survivorship. It can be hypothesized that in

Flemish Cap species spawning earlier like cod or beaked redfish are more sensitive than

later spawner, such as Acadian redfish and golden redfish, to environmental conditions.

Thus, a delayed phytoplankton bloom may still permit the development of the Acadian

redfish larvae due to its higher growth rate, while the beaked redfish could suffer higher

mortalities rates in relation to their most suitable early production period.

As mentioned, another way the physical environment influence fish recruitment

processes is through retention/dispersion effects. The Flemish Cap water circulation is

characterized by a quasi-permanent but weak anticyclonic gyre entailing a concentration

and retention effect (see chapter I). The intensity of this gyre is positively related to the

Labrador Current strength (Stein 1995). The water mass characteristics in Flemish Cap

are the result from atmospheric forcing on the subarctic gyre and its subsequent

interaction with the Labrador and North Atlantic Currents (Hayes et al. 1977). In

addition, the water residence time over the Flemish Cap is sufficient to favor the

biological processes (Loder et al. 1988). All these oceanographic factors have been

proposed as one of the main causes for variation in recruitment of redfish and cod

(Hayes et al. 1977, Serebryakov et al. 1987, Borovkov et al. 2006). Spawning season of

cod, redfish and shrimp in the Flemish Cap occur across the spring and summer, when

retention by the anticyclonic gyre is higher due to a reduced storm activity. This reduces

the chance for eggs and larval dispersion and produces a concentration effect that

enhances feeding opportunities. Nevertheless, advective processes result in water mass
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replacement and may cause significant drifts of plankton from and to Flemish Cap,

including eggs and larvae. Years of low anticyclonic gyre intensity or higher frequency

of storms across spring-summer could lead to higher advection and eggs and larval

mortality.

Another source of mortality shaping recruitment success is the presence of predators

like jellyfishes, Ctenophora and fishes foraging on those early life stages (Bax 1998,

Wooton 1998). In other regions of the North Atlantic it has been argued that the

rebuilding of cod stocks have been prevented by the forage predation of species like

herring and capelin (Bundy 2005, Link et al. 2009). In Flemish Cap, this forage fish

species are basically absent (Lilly 1980) and their influence in recruitment processes

may be neglected. However, no estimates of abundance of Ctenophores and jellyfishes

are available, and hence, its influence on fish recruitment may not be evaluated in the

Flemish Cap.

VI.2.4. Recruitment. Intrinsic drivers.

Recruitment, and hence population abundance, is not only regulated by extrinsic factors

determining mortality rate (environment, food availability, predation, etc.). The SRP is

essential to understand fluctuations in recruitment, especially under large fishing

pressure. Quantitative and qualitative features related with size, age and condition state

determine the SRP. In general it has been demonstrated in a number of species that

larger (and usually older) individuals have better SRP because they produce

proportionally more eggs (or larvae). In addition, eggs are of higher quality (bigger and

with more energetic reserves), producing larger larvae with higher survival chances,

they spawn earlier and longer increasing the probability of matching with optimal

environmental conditions (Trippel et al. 1997, Marteinsdottir and Steinarsson 1998a,

Wieland et al. 2000, Marshall et al. 2003, Lowerre-Barbieri et al. 2011).

Fisheries exert the major cause of mortality in adult fish, especially in larger and older

individuals reducing the mean size of the population, rejuvenating it and even

introducing genetic in maturation (see chapter V). These latest shifts are more difficult

to reverse than phenotypic changes and could influence negatively in the stock

resilience. Fishing as driver will be discussed later.
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The relationship between stock size and recruitment is an essential element in the

understanding of the productivity of a population. Stock-recruitment relationship has

been studied in detail in a number of species inhabiting Flemish Cap, like cod, H.

platessoides and Greenland halibut (Morgan et al. 2011). In Flemish Cap cod, where

several indices of SRP were compared, the more complex yielded the better predictors

of recruitment. This complexity implied the use of TEP with refined estimates of each

parameter involved. The usefulness of this index not only depends on how well the

parameters were estimated, but more importantly, it depends on the amount of temporal

variation in reproductive characteristics. Thus, a population subjected to stress drivers

affecting maturation, growth and fecundity will produce a more variable recruitment,

being a more vulnerable population.

Link between parental stock and recruitment has been poorly studied in redfish species

except for Gulf of Maine/George Banks stocks (Tomkiewicz et al. 2003). In the Pacific

redfish a strong recruitment dependence on maternal size has been observed, both

related with fecundity, larval production, larval survival rates (Spencer et al. 2007, Dick

2009). Because the viviparity of redfish, maternal effects on recruitment is expected to

be higher than in oviparous species, with relative lower influence of environmental

conditions. Also they show a long reproductive life, which combined result in a high

resilient species, in spite their slow growth rate. This may explain historically high

recruitments when biomasses were the lowest and only sustained by the survival and

growth of the existing cohorts (Ávila de Melo et al. 2011).

Northern shrimp stock-recruitment relationship has been poorly studied.  This is partly

due to the complex population structure, consequence of shrimp being a protandric

hermaphrodite species, with an important proportion of transitional individuals (in the

process of changing sex) within different age classes; and partly due to the lack of

biological information such like sex ratio during the breeding period (Bergström 2000).

Due to the size selective fishing mortality, it is expected a surplus of males. The

extreme good recruitments observed in the Flemish Cap in 1995-2002 followed by

failure in reproduction later on may lead firstly to an imbalance on female proportion

and later on in males. Fecundity studies have shown power relationships with length,

with the allometric coefficient near to 3 or higher (Bergström 2000).
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VI.2.5. Life history traits: growth and maturation

Growth is normally considered a necessity to complete reproductive costs, having a

profound effect on population biomass, on fecundity and in other maternal features

effects (Saborido-Rey and Kjesbu 2005). Larger individuals often show a lower risk to

be predated and a higher reproductive success. Fast growth not only improves prey

accessibility, but also, and more important, facilitates earlier reproduction (Roff 1992).

The relative stomach content index (RSCI) was found to shape very importantly the

condition of juvenile cod. The RSCI was mainly determined by the abundance of

hyperiids and Northern shrimp. In conjunction with the water temperature, the RSCI

explained the changes observed in growth rates at ages 1 and 2 since early 1990’s

(chapter V). Larger cod (>46 cm) were also found to predate on hyperiids, but mostly

on young redfish and Northern shrimp. Small redfish has been suggested to influence

Flemish Cap cod growth rate, which is lower under low abundance of juvenile redfish

(Lilly 1985). In conclusion, the groups accounting for the secondary production

(copepods, hyperiids and chaetognats) as well as Northern shrimp and redfish play a

central trophic role in the system influencing growth, condition and SRP of cod and

redfish.

These drivers impact the population dynamic in different ways with different time lags:

i) The effect on larvae is immediate, and will be highly reflected in the amount of

survival juveniles ii) the effect in juveniles and adults will be perceived by the

population in the current year (greater size, condition and survival) but also during the

following year in the course of breeding season affecting timing and the SRP (egg size

and quality, relative fecundity, individuals maturing younger), as discussed above.

VI.2.6. Predation

The influence of a predator on a prey population has been argued to be in many cases

more important than fishing mortality, exceeding between 2 to 35 times the losses from

commercial fishing, mainly during the egg, larval and juvenile stages (Bax 1998,

Wooton 1998). We have found a strong influence of the total piscivorous biomass

(mainly cod in the early 1990`s and Greenland halibut in the late 1990’s) on the biomass

of other fish species, especially redfish (see chapter III). Hence, top-down control of

populations may be argued to be an important driver in the dynamic of Flemish Cap
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communities, and particularly in redfish and cod. The increase in shrimp populations

following the decline of cod abundance have been observed in different North Atlantic

areas, which has been attributed to the predation released from cod (Lilly et al. 2000,

Worm and Myers 2003, Frank et al. 2005). Our results show that most of the species

have fed intensely on shrimp when its abundance increased outstandingly in the late

1990’s and early 2000’s. The influence of this predation on shrimp biomass has not

been evaluated in the present thesis, but it is expected to be highly important for the

dynamic of this shrimp stock.

As result of these predatory interactions, changes in predator abundances are expected

to lead to trophic cascades. Cascading trophic interactions in large marine ecosystems

were documented in a four-level food chain on the eastern Scotian Shelf (Frank et al.

2005). There, a decline in the aggregate biomass of top predators (groundfish) resulted

in an explosion in both planktivore and macroinvertebrate abundances, which then

precipitated declines in the abundance of large herbivorous copepods, increases in

phytoplankton standing stock and a decline in essential nutrients.

In the Baltic Sea it was found that the cannibalism by cod varied between 1% and 30%

between 1977 and 1992 (Bax 1998). In Flemish Cap, cod cannibalism was suggested to

be also important for the recruitment success if juveniles of other species were scarce,

affecting mostly to age 1 and 2 individuals (Lilly and Gavaris 1982). Hence,

cannibalism should be also considered as an important driver in the cod stock dynamic

those years with low abundance of juvenile redfish and high abundance of large cod.

Foraging theory predicts that animals maximize their net rate of energy return when

selecting prey (Stephens 1986). Because the energy spent on predation increases with

prey size, there is, for the predator, an optimal prey-size range that maximizes the

relation between the energy obtained and the energy used to catch the prey (Wooton

1998). Both the mean and the range of prey sizes selected tend to increase with fish size,

and many species switch to prey types as they grow (Saborido-Rey and Kjesbu 2005).

As shown along this thesis, feeding habits of the cod, redfish and shrimp changes

considerably with size, but their predatory capability also changes as their prey grow.

Hence, the size distributions of these species determine the abundance of each prey

type, which in turn determine the size and age structure of predators, through growth,

SRP and recruitment success, in a continuous interaction and feedback loop.
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VI.2.7. Fishing

In exploited areas the main cause of mortality in adult fish, especially in larger and older

individuals, is fishing. Fishing reduces the mean size of the population, producing

rejuvenation and even introducing genetic changes that lead to shifts in maturation

schedule. Fishing mortality has drastically reduced Flemish Cap populations, being the

main cause of the collapse of cod and shrimp. Fishing was also found to be an important

explanatory variable for the global dynamic of the demersal assemblage of Flemish

Cap. Target stocks were negatively influenced by fishing mortality; while some stocks

were positively affected, showing the complex array of interactions between species and

the difficulties on understanding how fisheries influence the ecosystem dynamic. By

changing the demersal fish assemblage composition, species densities and their age and

size structure, fishing may strongly affect feeding interactions and food availability

(Jennings and Kaiser 1998a). Many studies have related the decline of fish population

density with an increase in growth rate by the decrease in the intraspecific competition

(Rijnsdorp 1993b, Taylor and Stefánsson 1999, Law 2000). However, fishing effect in

growth and condition may also affect negatively by decreasing the prey abundance, as

would be the case of shrimp and redfish fishery for cod. In addition changes in the

maturation schedule have been shown in the Flemish Cap cod due to both phenotypic

plastic responses in relation to changes in growth rate, as well population genetic

frequency changes. Earlier maturation modifies on one hand the stock size distribution

and hence the trophic interactions and feedback, and in the other hand reduces the SRP

and the subsequent recruitment and accentuates the negative effect of adverse

environmental conditions.

VI.3. Ecological functioning  of the Flemish Cap
demersal community
The interaction between the different drivers and processes described in the previous

section and shown in the conceptual ecological model (Figure VI-3) allows explaining

the dynamic of cod, Northern shrimp, Greenland halibut and three species of redfish

since 1988 to 2008. These drivers have been treated along this thesis, namely fishing

intensity, stock biomass, trophic interactions, water temperature, growth, maturation

and SRP. Many other processes cannot be considered in detail despite of their

importance because of the lack of information. This is the case of annual primary and
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secondary production timing and magnitude, spawning timing, larval growth, and the

influence of the anticyclonic gyre and wind in recruitment.

Flemish Cap cod has experienced a very high fishing pressure since decades, with an

increasing focus on younger ages, once the older and larger individuals were fished.

This led to a reduction of 95% the Spawning Stock Biomass SSB between 1960’s and

1981 (Akenhead 1982). Since then, SSB has remained at low levels, comprised mainly

by young individuals, which could have jeopardized good recruitment episodes by

decreasing the TEP and the timing and amplitude of spawning season. Since 1970

Flemish Cap cod abundance has greatly fluctuated, being highly dependent on few

recruitment events that took place approximately every 5 years (1980-1981, 1985-1986,

1990-1991). This has been found a common effect of fishing in fish species with long

lifespan, late maturing and complex age structure, like cod (Jennings and Kaiser 1998a).

The 1985-1986 and 1990-1991 cohorts underwent extremely high fishing mortality

rates at very young ages, favored also by the cod aggregation observed those years that

increased catchability (Vázquez and Cerviño 2002). The reduction in the reproductive

stock was followed by a rejuvenation of the SSB, which was then constituted mostly by

recruit spawner. This also implied a reduction in the structure of the reproductive stock,

with a decline in the number of year-classes comprising the spawning stock (Saborido-

Rey et al. 2004). All these factors led to the decline in TEP (Morgan et al. 2011). This

in conjunction with the cold period in 1990-1995 are very likely the cause of poor

recruitment events during most of the period analyzed, breaking the 5 years cycle of

good recruitments that had maintained the cod fishery, and finally the stock collapse.

This pattern was also observed in other cod stocks in the area (Myers et al. 1996).

Beaked redfish and Acadian redfish supported high fishing mortalities until 1996,

especially at ages 7 and older, leading to a marked decline in total abundance (chapter

I). The decrease in cod and redfish stocks resulted in an increase of shrimp abundance

due to the release of predatory pressure, in agreement with previous studies (Lilly et al.

2000, Worm and Myers 2003, Frank et al. 2005). Although other demersal species were

found to prey importantly on shrimp, the increase in their abundance in this period had a

reduced impact in comparison with the decrease of the cod and redfish stocks.  On the

other hand, the collapse of cod and the decline of redfish stocks could have favored

feeding conditions for shrimp, by leaving more hyperiids, gammarids and then

copepods for shrimp. Thus, both the release of predation and the competition

interactions with cod and redfish could be presented like the main driver of the shrimp
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biomass rise since 1993. This increase was followed by the start of a fishery targeting

shrimp.

Although redfish has also experienced a historically high fishing pressure, the fishery

was always considered secondary and complementary to that of cod. The sharp decrease

in redfish fishery landings (80000 and 1000 t in 1990 and 1999 respectively) shall be

attributed to the high fishing mortality reported in 1987-1992 leading to a decrease of

stock biomass in conjunction with the decline of fishing effort due to the cod moratoria

and the collapse of USSR (with a drastic fleet reduction). The considerable lower

predatory pressure from cod should have helped the stock rebuilding, although

successful recruitments did not occur until 2000. Since then, with lower fishing

mortalities the stock decline was halted, however the stock was basically sustained by

the survival and growth of the existing cohorts. Two factors could have prevented a

quick recovery of redfish populations, i) the low water temperatures observed in 1990-

1995 (as argued in previous section), and ii) the increasing occurrence of Greenland

halibut in shallower waters, in areas traditionally occupied by cod. Juvenile redfish are a

very important prey for Greenland halibut. Since 2000 a steadily increase in redfish

SSB was observed as consequence of the decline of Greenland halibut biomass and the

still lack of recovering of cod stock. Increasing SSB allowed the production of good

recruitment events and a sharp increase in redfish biomass since 2003. However, a

remarkable event took place. Traditionally the most abundant species in Flemish Cap

was beaked redfish, but the very strong year classes observed in 2000-2005 affected to

golden redfish and Acadian redfish but not to beaked redfish, which remained at low

levels. Adult cod depth range is mainly overlapped with golden redfish and Acadian

redfish, while adult Greenland halibut overlap mostly with beaked redfish. In our

opinion the shift in the relative abundance of the three redfish species was due to change

in abundance of their predators cod and Greenland halibut in conjunction with the

warmer temperatures observed since 2000 that favored more the shallower redfish than

the deeper.

Cod growth rate at ages 1 and 2 was remarkably high since 1996 to 2005, due to two

reasons: i) a low population density and a high shrimp biomass that together produced

higher food availability ii) the warm water period favoring body condition at those ages.

Faster growth rate caused the decrease of age at maturation in 1997-2005 due to

phenotypic plasticity; altogether facilitated the production of moderately good

recruitment events since 2005. In 2009, the biomass index of the Flemish Cap EU
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survey was at the level of the early 1990’s. The cod fishery in Flemish Cap was

reopened in 2010 after being banned since 1998. Although the SRP improved those

years due to the higher growth rates and better condition, the genetic changes occurred

in the late 1980’s and first half of 1990’s entails that under similar environmental

conditions individuals will mature younger and smaller,  leading to a reduction in the

SRP. Although favorable environmental conditions have permitted to produce moderate

recruitments to this diminished stock, if the environmental conditions become again

adverse (temperature and/or food availability decreases), the deleterious effect on SRP

will be stronger than before the genetic change and very likely the recruitments became

poor again elevating the risk of overexploitation. Although natural selection would tend

to bring back maturation schedule to its original configuration, the time period needed

would be long (Dunlop et al. 2009). Furthermore, fishing activity continues selecting by

fish size, which will prevent for such recovery of maturation reaction norms, and even

could make it worse if fishing pressure continue at the levels of the early 1990’s.

Since 1998 to 2005 the biomass of shrimp was variable but remained at high values.

However, since then the biomass decreased and in 2010 reached almost the collapse

(Casas-Sánchez 2010). This decline was the result of poor recruitments since 2003,

perhaps influenced by the rise in water temperature during this period, which has been

suggested to have influenced negatively the shrimp recruitment in other areas

(Anderson 2000, Koeller et al. 2009), although this is not supported in our analysis

(chapter III). But probably one of the main causes of biomass loose has been the high

fishing mortality. In addition fishing targeted mainly larger individuals leading to an

imbalance in the sex ratio, by decreasing the proportion of females and hence, reducing

the SRP of the shrimp stock, which in turn reduced recruitment. Another main reason

for the decline of shrimp stock since 2003 could be related with the outstanding

increment of cod and redfish stocks since this year, leading to a remarkable increment

of predation mortality. In our analysis fishing (through the AEF index, see chapter III)

showed a general positive effect on shrimp biomass, which clash with the negative

effect of fishing explained above, however this can be an indirect effect due to the

strong negative impact of fishery on cod and redfish.

After a period of good recruitment and extraordinary increase since 2000, redfish

biomass (golden redfish and Acadian redfish) has shown a sudden decrease since 2008

(Ávila de Melo et al. 2011). Fishing mortality alone does not explain this fall in biomass

and the assessment estimated that natural mortality should be at least 0.4 especially in
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younger ages. The most plausible hypothesis to this high natural mortality is the

increase in predation by an increasing cod population, which in 2010 was at the highest

level since 1989 (González-Troncoso and Vázquez 2011). This is in agreement with our

results demonstrating the negative effect of the biomass of piscivorous fishes (including

cod) on redfish biomass.

In summary, the complex shrimp-redfish-cod are highly interdependent. There is a top-

down control of shrimp biomass by two upper-level predators: redfish and cod. In the

same direction redfish biomass is regulated by cod. An increase of cod biomass due to

new recruitment involves a decrease in shrimp but it is neutral in redfish due to the size-

based predation. As cod cohorts get older redfish biomass became reduced by their

predatory forces. These declines in two time steps exert in turn a bottom-up control on

cod biomass, which became deprived of two essential preys, first juvenile cod increase

mortality when shrimp decline, and adult cod produce poorer recruitments when redfish

decrease. However, as pointed above, the Flemish Cap is highly particular and unlike

other neighboring systems, pelagic invertebrates are essential for fish demersal feeding.

In the pelagic subsystem copepods and hyperiids plays a key role and entail the most

important prey when shrimp abundance is low. This simple network of predator–prey

effects would tend to stability within its feedback loop, however it is limited by the

prey-predator population structure characteristics, and is continuously disrupted by

changes in oceanographic conditions and primary and secondary productions that affect

in different way to all this components of the system. However, fishing could be

considered the main force disrupting stability since 1950, that predates on the triad

shrimp-redfish-cod differentially, and moreover by its size selective pressure produces

reduced resilience capacity to environmental variability.

Other species than shrimp, redfish and cod have also experienced important changes

during the analyzed period. The survey abundance index of Greenland halibut was

positively related with the NAO index, i.e. low temperatures, in agreement with other

studies (Bowering and Nedreaas 2000, Albert et al. 2001). The preferred prey of cod

and Greenland halibut are the same, both at juvenile stage (shrimp and hyperiids) and

adults (especially juvenile redfish). These two factors are probably responsible of the

partial occupancy of cod area distribution by juvenile Greenland halibut following the

decline and spatial regression of cod population (Hendrickson and Vázquez 2005).

Hence, good years of recruitment since 1995 and the competition reduction with cod

could have produced the increase of Greenland halibut abundance. The decline in
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Greenland halibut recruitment since 2002 may have been result of an increase in

temperature leading to worse conditions for recruitment, the higher fishing pressure

following the cod collapse, and the increase of competition of juveniles with an

increasing cod population since 2005.

A similar pattern was observed for the wolffish species (A. denticulatus, A. lupus and A.

minor). These species also prefer cold temperatures (see chapter III) and are also

important preys for large cod. The increase in abundance of these stocks during the

1993-1997 period could be the result of cold temperature in the early 1990’s providing

better conditions for recruitment under low predatory rates by a declining cod stock.

The increasing fishing mortality on these species and the warming of water temperature

since late 1990’s can be argued as the main reasons for the decrease of these

populations in recent years.

The cod collapse produced a first shift in the Flemish Cap demersal community towards

the increase in the abundance of their prey (i.e. redfish, shrimp, wolfish, etc.) and

competitors like Greenland halibut. However, since 2005 a second shift is observed and

the demersal community seems to have returned to the initial stage, with cod as the

dominant species. What are the reasons for these shifts? We have shown evidences that

environmental variability played a major role in controlling abundance of Flemish Cap

populations and that fisheries have altered ecosystem functioning and state.

Temperature has defined two periods (cold and warm) and their corresponding regime

shifts, showing favorable conditions to different species. The fishing activity has

contributed to the decline of harvested stocks like cod, Greenland halibut, shrimp and

redfish. These two extrinsic drivers largely influence the intrinsic complexity of the

community: trophic interactions, the population age and size structures, and the species

life history, in particular growth and maturation and hence SRP. In Flemish Cap there is

a virtual absence of foraging species predating on cod eggs and larvae, like in other

Northwest areas (Bundy 2005, Link et al. 2009). Maybe this absence has permitted a

faster return to the initial state after the second shift in temperature regime. Clearly,

Flemish Cap appears to have a complex and evolving dynamic with interactions at

multiple levels and scales driving the intrinsic complexity of the ecological system.

VI.4. Implications for fisheries management
Along the present thesis, the most important drivers implied in the dynamic of Flemish

Cap populations and the whole fish assemblages have been considered. Among them,
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SRP and trophic interactions should be seriously considered by fisheries management as

it can promotes a sustainable exploitation.

There are several immediate factors determining SRP, being the reproductive biomass

and fecundity the most relevant. Variation in SSB explains most of the variance in TEP,

particularly in scenarios with extreme abundance values, like when Flemish Cap cod

collapsed. However, in scenarios of relative stability, loses in abundance of larger fish

by fishing activity are usually compensated by earlier maturation and then the size

structure of the reproductive stock became highly important, not only for the

quantitative aspect (fecundity) of the SRP (i.e. the TEP) but also for qualitative aspects

(egg and larval quality and timing of spawning period) influencing the recruitment fate.

Thus SSB has been largely demonstrated not to be proportional to SRP, but still cod,

redfish, Greenland halibut and the other exploited species in Flemish Cap are managed

base on SSB reference points. A way to improve fisheries assessment is obtaining more

accurate SRP indices, like TEP, to be used like references points replacing SSB

(Morgan et al. 2011), which requires routine estimation of fecundity. Another important

issue for fisheries management is the shifts in reactions norms (genetic changes) due to

persisting high fishing mortality, as shown in Flemish Cap cod. While phenotypic

plasticity shifts are normally reverted soon after fishing pressure decrease, genetic

changes causing the decrease in age and size at maturation are more difficult to restore.

Therefore, recovery plans not accounting for this effect may be inefficient.

Condition and growth rate are also important to estimate indices of SRP. The excellent

feeding conditions and the warm temperature during the early 2000’s favored the

growth in juvenile cod. Accordingly, despite SSB being biased toward very young

individuals, the size structure was similar to that in the 1980’s. However, caution should

be taken due to the potential impoverishment of feeding conditions for cod in the future

years. Cod has traditionally preyed on hyperiids, but its importance in the diet declined

when the shrimp stock and juvenile redfish increased. The observed declines in

abundance of these two preys make hyperiids again a key prey for cod. The wellbeing

of hyperiids, in conjunction with changes in water temperature may be suggested highly

important in the future condition state of cod stock if shrimp and redfish continue the

current downwards trend. Considering that the cod SRP has not been still rebuilt, the

risk of overexploitation is evident if fishing mortality is allowed to be high. In order to

maintain, or even improve the SRP of the stocks, management actions should be taken

to reduce fishing mortality and allow cod population to rebuild its size and age
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spawning stock structure and reducing the deleterious genetic effect of the strong size

selection.

Cod, redfish, shrimp and Greenland halibut are all important commercial species whose

abundances are highly interdependent due to the strong interactions between them.

Trophic relationships have been found to be size dependent, and hence not only the total

abundance but also the size distributions of these populations are influenced by these

interactions. Fishing mortality is size-selective introducing a further factor of

complexity on those interactions. Species interactions are likely to have direct effects on

fisheries management, like in the biological reference points (Brander 1988, Gislason

1999). Not accounting for species interactions may be just as problematic as neglecting

uncertainty in the basic assessment data in the overall management plan (Gislason

1999). However, in the Flemish Cap all these stocks are exploited based on single-

species assessment and independent management plans for each species, without any

type of considerations about their interdependence.

The biological reference points estimated by single species assessments depend entirely

on the assumption of constant natural mortality (usually around 0.2). However, when

estimates of predation mortality are considered, the resulting reference points are far

from being constant (Gislason 1999, Collie et al. 2003, ICES 2003). Hence the basis for

the reference point (i.e., maximum sustainable yield) may not be valid in a single

species sense and traditional single-species estimates of natural mortality can lead to

overestimates of stock-biomass per recruit (Pinnegar et al. 2008). This may lead to

declines in population not predicted by single-species models. Thus a first step towards

the implementation of an EAF in the Flemish Cap, can be as simple as considering the

impact of species interactions in the natural mortality estimates in single-species

assessment in current use, like already done in the Barents Sea with cod, haddock and

capelin (Pinnegar et al. 2008).

Nevertheless, further steps towards the EAF would need the development of

multispecies and ecosystem models in the Flemish Cap. The high degree of isolation of

the most important populations in Flemish Cap in conjunction with the relative

simplicity of this system and the relatively narrow prey diversity make Flemish Cap an

ideal system for the implementation and development of multispecies models. On the

other hand, deep sea species, such as Greenland halibut, should be used like linking

species between adjacent communities enhancing a future EAF. In the same direction,
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the copepods overwintering area from where Flemish Cap Calanus recruits can be

incorporated in the approach, for which the metacommunity concept need to be taken

into account (Leibold et al. 2004).

Different ecosystem models with different goals and complexities would need to be

developed. No single modeling approach or formulation is design to answer all type of

questions, and different types of models will be required. In the past decades an

increasing number of multispecies models have been developed (Pinnegar et al. 2008).

Multispecies models are not used nowadays alone for fisheries management, but they

are employed in conjunction with single-species models for management decisions in

some regions. The main achievement of multispecies models has been the provision of

more realistic estimates of predation mortality (Pinnegar et al. 2008). MSVPA has been

widely used in the North Sea, indicating higher rates of natural mortality on juvenile

prey fish, leading to overestimates of yield per recruit by single species models.

GADGET (Globally applicable Area Disaggregated General Ecosystem Toolbox) has

been considered by the FAO (Plagányi 2007) like the mathematical model with the

greatest potential for practical advice in multispecies fisheries management. It has great

flexibility and can incorporate information on the size structure of populations, ages,

areas and years, all in a spatial framework determined by the user (Begley 2004).

Biological, ecological information, like variability in growth, trophic interactions and

recruitment of new cohorts to the population can be incorporated. Information related

with fleet characteristics can also be included. These models have been used to cod-

capelin-shrimp interactions in Icelandic waters, cod-whiting-blue whiting in the Celtic

Sea, and cod-capelin-herring-minke whale in the Barents Sea or hake-anchovy in the

Bay of Biscay (Pinnegar et al. 2008).

But the ecosystem is now viewed as an integrative level with emerging properties and

the knowledge of its overall complexity is perceived as critical to its sustainability. In

this sense the multispecies models applied in fisheries management do not capture all

the complexity of the ecosystem and then the development of more complex and

comprehensive models is required. The so-called End-to-End models attempt to include

all major relevant processes in the system (Fulton 2010). From the abiotic part, these

may include information about currents, turbulence, wind, irradiance and water column

properties like temperature, salinity, mixed layer or photic zone. From the biotic

perspective they incorporate not only the higher trophic levels but also nutrients and

biogeochemical cycling, benthos, the microbial loop, different types of detritus, a range
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of pelagic and benthic primary producers, different forms of zooplankton and other

invertebrate secondary consumers (Fulton, 2010). ECOPATH with ECOSIM

(Christensen 1992, Walters et al. 1997) currently dominates attempts worldwide to

provide information on how whole ecosystems might respond to changes in fishery

management practices and has been used for policy exploration and scenario modeling

(Pinnegar et al. 2008). ECOPATH creates an initial static mass-balanced snapshot of

populations and their interactions and ECOSIM produce a dynamic simulation from this

initial state. ECOSPACE is a spatial explicit version of ECOSIM. As a last contribution

to end-to-end modeling, ATLANTIS (Fulton 2010) present a modeling framework that

allow the inclusion of each part of the adaptive management cycle, like biophysical

conditions, industry, monitoring, assessment, management, and socioeconomic. Up to

now, these models are not used for quantitative management decisions, but they are

qualitatively very useful for developing alternative scenarios of environmental

conditions and/or fishing activity. Insight into system function, impacts of human

activities and the implications of combinations of management actions have been gained

using end-to-end models within a management strategy evaluation framework.

The relationship between atmospheric indices like NAO, oceanographic variables and

ecological features has been largely demonstrated, in particular the connections existing

between the recruitment and oceanographic conditions, primary and secondary

production. Thus predicting recruitment involves not only the development of complex

models, but also predicting environmental conditions. There are increasing efforts for

improving forecasting general climatic and oceanographic conditions (Keenlyside et al.

2008). Although this knowledge cannot be still incorporated in the estimation of

biological reference points BRPs, it can help to define environmental scenarios where

the ecosystem is modeled differently, for example using different growth rates, egg

production, recruitment success or trophic interactions, all of it producing different

BRPs and management plans. The end-to-end models would serve on this sense due to

its capacity of integrating fishing, biological, ecological and oceanographic drivers.

The integrating approach presented here represents an important step away from the

traditional view of single species management in Flemish Cap. The conceptual model

developed to study the ecological functioning of the demersal community in Flemish

Cap provides the necessary hindsight for developing successful management

alternatives in the future. This type of contributions constitutes major steps towards a

new framework for fisheries management that incorporates theoretical background on
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the functioning of marine ecosystems. Fishery management should promote fisheries

sustainability of both individual exploited species, as well the ecosystem. Therefore the

concept of sustainability should be extended to the ecosystem. Achieving this requires

to focus on sustaining relationships between species, which includes fishery within

complex evolving ecosystems. Fisheries management should maintain these

relationships stable and robust within a resilient ecosystem.
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Analysis of ecological indicators and changes in the demersal community

1. The most abundant species in Flemish Cap have been Sebastes marinus, S. mentella, S.

fasciatus, Gadus morhua, Reinhardtius hippoglossoides and Pandalus borealis

accounting on average for the 85.6% of total annual biomass across the study period.

Historically G. morhua and Sebastes spp. have been the most important commercial

species, although since 1996, with the collapse of G. morhua stock, fishing was mostly

focused on P. borealis and R. hippoglossoides.

2. Since 1988 survey biomass and abundance indexes of the 35 most important demersal

species showed marked variations, which were gathered by a few common trends. G.

morhua competitor species like R. hippoglossoides or Anarhichas spp. as well as G.

morhua prey species such as P. borealis, S. fasciatus or S. marinus showed, with

different time lags, opposite trends to the pattern observed in G. morhua.

3. Environmental effects appeared to be linked to the temperature preferences of the fish

species, suggesting that temperature regimes have an important role in determining the

dynamic of the demersal community through its effect on recruitment, growth and

survival.

4. The abundance of piscivorous species, mostly determined by the abundance of large

individuals of G. morhua and R. hippoglossoides, showed a negative effect in the

biomass of most demersal species.

5. Fishing presented a significant negative effect on important commercial species like G.

morhua or Sebastes spp. and determined globally the dynamic of the Flemish Cap

demersal community. Competition release from G. morhua and other dominant

demersal fish species (e.g. Sebastes spp.) produced an indirect positive effect of fishing

on species like P. borealis, Lumpenus lumpretaeformis or Lycodes reticulatus.

6. Changes in the relative abundance of species and the combined effect of fishing and low

recruitment led to an impoverishment in the size structure of the demersal community

and a marked decline of maximum and average size, leading to changes in the relative

location of abundance and biomass k-dominance curves.

7. Biodiversity and richness indices showed important variations although this need to be

consider in the context of changes in other influential factors like species identification

expertise or sampling capacity.
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Changes in feeding habits of the fish demersal community

8. Fish feeding habits change with fish size in most fish demersal species of Flemish Cap.

Accordingly, the consideration of trophic instead of biological species is requested to

study long term changes in feeding habits and trophic interactions in multispecies

models.

9. Trophic species of the demersal community of Flemish Cap are organized into four

different trophic guilds: piscivorous, benthic, pelagic and bentho-pelagic feeders,

although some trophic species like those of genus Anarhichas change from trophic guild

depending on the prey availability.

10. Common trends in feeding habits across the study period were observed. First, the

presence of Pandalus borealis increased in the diet of most fish demersal species;

similarly, the predation over Sebastes spp. by the piscivorous guild increased; both lead

to a parallel decline in the diet of the former usual prey species like hyperiids, copepods,

ctenophores or ophiuroids. The abundance of these prey species accounted for most part

of variation in diet composition.

11. Taking into account the whole study period, i.e. considering all years at once, diet

overlap was low and most species occupied a relatively specific area in the trophic

space all across the period 1993-2008, suggesting that in the long term competition for

food resources between most species is relatively low. Some trophic species of genus

Sebastes, Nezumia bairdi as well as the pair formed by juvenile trophic species of G.

morhua and R. hippoglossoides were notable exceptions. This would be in agreement

with the observed opposite trends in biomass between R. hippoglossoides and G.

morhua.

12. In an annual basis, the observed common patterns in feeding habits toward a

preponderance of P. borealis and Sebastes spp. produced an increase in diet overlap and

competition among most fish species since early 2000’s. Trophic habits of the fish

demersal community were virtually based on these two prey species since late 1990’s.

13. In contrast, diet overlap among small and large trophic species of genus Anarhichas and

Sebastes decreased due to the change of feeding habits in large species toward the

consumption of Sebastes spp. and P. borealis respectively. Diversification of feeding

habits between juveniles and adults could favor higher potential growth for populations,

as observed since 2003 in Sebastes.
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Maturation, Growth and Reproductive potential

14. In the Flemish Cap Gadus morhua stock, A50 and L50 declined steeply during the 1980´s

and especially in the 1990´s cohorts and a further reduction of A50 in the late 1990’s and

early 2000’s cohorts. Both phenotypic plasticity and genetic frequency change have

been involved in earlier maturation.

15. High fishing pressure especially focused on younger and immature individuals, on the

1980’s and early 1990’s cohorts induced a genetic frequency change. This genetic

selection produced the observed shift toward earlier maturation at smaller sizes in the

early 1990’s cohorts.

16. G. morhua growth and condition increased since 1997 due to three factors: i) a decline

of the stock abundance, ii) changes in the demersal community (both together lead to

the increase of food availability) and iii) a rise of water temperature. These factors

produced a phenotypic change toward further earlier maturation but at slightly larger

size in the late 1990’s and early 2000’s cohorts.

17. The decrease in G. morhua female spawning biomass in the early-mid 1990’s, together

with the rejuvenation of the reproductive stock, reduced the stock reproductive potential

leading to the decrease in the total egg production.

18. This decrease in the G. morhua stock reproductive potential was largely responsible of

the recruitment failures since 1992. However, the low temperatures recorded between

1989 and 1997 may have also lead to unfavorable conditions for G. morhua recruitment.

19. The study of fecundity variations and its relationship with the environmental conditions

will be necessary in order to understand the benefits of using egg production instead of

spawning biomass in the stock assessment.

Food web model and functioning of the Flemish Cap community:

20. The Flemish Cap food web is characterized by two sub-systems, the grazing and the

detritus sub-systems, being the demersal community the link between them. The grazing

chain is dominant at high densities of G. morhua and Sebastes spp, when P. borealis is

kept at lower densities and Hyperiids and Copepods transfer most of the energy from

phytoplankton to plankton feeder fishes while Sebastes spp. does it from zooplankton to

piscivorous fishes.

21. The demersal community dynamic is the result of multiple interactions between internal

forces of populations as reproductive potential, growth and size and age structure and
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external forces as physical environmental conditions, fishing, predation and

competition.

22. The fish stocks dynamic is regulated by both bottom–up and top–down mechanisms at

different stages. Environmental conditions emerge as important factors influencing

recruitment success; mortality by piscivorous predators as an important driver for

juvenile and/or small-sized fish; and large predatory fish are in turn also subject to

mortality by fishing, making fisheries another important regulatory force shaping the

Flemish Cap fish community.

23. Thus, fishing pressure on G. morhua since 1960’s depleted the stock, produced genetic

changes and reduced the reproductive potential, which in conjunction with cold

temperatures, hindered recruitment and produced the collapse in 1997.

24. Fishing depleted G. morhua and Sebastes spp. stocks in the early 1990’s. It decreased

predation on P. borealis, which in conjunction with good recruitments favored by cold

temperature produced an unprecedented increase of this species. The same pattern was

observed in other competing species of G. morhua with cold water preferences like

Anarhichas spp. and R. hippoglossoides.

25. S. marinus and S. fasciatus juvenile survivorship increased since early 2000’s due to

low predation by G. morhua and the rise of water temperature, leading to a sharp

increase of their populations since 2003.

26. The increase of reproductive potential in G. morhua due to higher food availability and

higher water temperature favored recruitment and the recovery of the stock since 2006.

27. P. borealis biomass declined since 2005 due to the high fishing pressure affecting both,

abundance and sex ratio, the increasing predation mortality by G. morhua and Sebastes

spp. and a higher temperature regime.

28. A further increase in abundance of larger G. morhua produced higher predation and the

decline of S. marinus and S. fasciatus stocks since 2007.

29. The decline of P. borealis and Sebastes spp. in conjunction with the increase of G.

morhua will probably produce a decrease in growth rate and condition, as well a

delayed age at maturation at smaller size that would entail a lower reproductive

potential of the stock. Accordingly, the state of the hyperiids stock will be determinant

for future growth and reproductive potential in G. morhua.

30. Multispecies and ecosystem approaches taking into account trophic interactions

between the most important species, environmental influence and reliable measures of

the reproductive potential, integrated in ecological models are necessary to promote

sustainable fishing in the Flemish Cap.
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Figura 1.- Patrón dominante de las corrientes en el
Atlántico noroccidental. La corriente de Labrador (LC)
se divide en la rama interna (IBLC) y la rama externa
(OBLC), que se reune con la Corriente del Golfo (SG) en
la cola del Gran Banco (GB) que forman la Corriente
del Atlántico Norte (NAC). El giro anticiclónico sobre la
zona del Flemish Cap (FC) formado por la OBLC
también se muestra.

VI.5. Introducción
La mayor parte de los recursos pesqueros marinos en todo el mundo se encuentran en un

estado de sobreexplotación. Por otra parte los ecosistemas marinos han experimentado

una pérdida generalizada en biodiversidad y calidad de los hábitats. Desde mediados del

siglo XX, ha habido una creciente conciencia sobre la necesidad de que la ciencia

contribuya en la gestión de la pesca, más allá del enfoque tradicional monoespecífico

basado en TACs (García, 1992). Esta conciencia aumentó especialmente desde el

colapso de los stocks de bacalao Gadus morhua del Atlántico Noroeste (incluyendo el

bacalao de Flemish Cap). Ya desde los años 80, y de forma paulatina, la necesidad de

un enfoque multiespecífico y ecosistémico para gestionar la pesca fue ganando terreno

(García et al, 2003).

Flemish Cap es una montaña submarina situada en la zona 3M de regulación de la

NAFO separada de los Grandes Bancos de Terranova por el Flemish Pass, un canal de

hasta 1200 m de profundidad, llevando a un alto grado de aislamiento de las especies

demersales someras como el bacalao

(Pérez-Gándaras, 1991; Templeman

and Fleming 1963, Konstantinov,

1970) y la platija Americana

Hippoglossoides platessoides

(Morgan y Bowering, 2004).

La oceanografía está determinada por

las corrientes del Labrador (LC) y

Noratlántica (NAC), que junto con la

topografía de Flemish Cap producen

una circulación anticiclónica casi

permanente más o menos centrada

sobre la zona menos profunda (Figura

1) (Kudlo y Borokov, 1975; Gil et al,

2004). La temperatura superficial

presenta un claro patrón estacional

que oscila entre 3 º C en invierno y 13

º C en el verano. Por debajo de 100 m

la temperatura es bastante uniforme y estable a lo largo de las estaciones y de los años,
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Figura 2.- Total catches and catches of the main
targeted species in the Division 3M. The declared
catches were considered up to 1988, from this year the
estimated catches were available and were employed
instead. These data were obtained from the NAFO
website http://www.nafo.int/about/frames/about.html.

oscilando entre 3º a 4º C. La integridad e intensidad del giro anticiclónico se ha

presentado como una de las principales causas de variabilidad en el reclutamiento de

especies tales como la gallineta (Sebastes spp.) y el bacalao en el Flemish Cap (Hayes et

al, 1977; Serebriakov et al, 1987; Borovkov, 2006; Kudlo y Boytsov, 1979;

Konstantinov, 1981).

Flemish Cap presenta anualmente una productividad de carbono superior a 180 g cm2

(Berger et al, 1989), la base para la alta productividad observada. Hay un ciclo

estacional, con la producción primaria por lo general a partir de abril (Anderson, 1990)

y se extiende hasta el otoño (Maillet et al., 2005). Desde abril el zooplancton está

dominado por los copépodos (principalmente Calanus finmarchicus), aunque los

hipéridos (principalemente Themisto spp.) y quetognatos son también muy abundantes

(Anderson, 1990). De las 129 especies de peces identificadas en las campañas de la

Unión Europea entre 1988-2008, según la información encontrada en FishBase (Froese

and Pauly 2012), 65 son especies de hábitos demersales. Como valor promedio, desde

1960 el 99% de las capturas declaradas anuales corresponden a la pesca de especies

demersales, destacando la escasa importancia de especies como el capelín Mallotus

villosus, el arenque Clupea harengus o el lanzón Ammodytes spp., muy importantes en

la plataforma de Terranova. El camarón boreal Pandalus borealis y la pota Illex

illecebrosus son los invertebrados de mayor importancia.

La actividad pesquera en el Flemish Cap

fue insignificante antes de 1950. Desde

ese momento se incrementó y el

promedio anual de capturas totales fue de

51.800 toneladas (t) a lo largo del período

1960-2010,  oscilando entre 21.400 t en

1970 y 137.000 t en 1990. Las mayores

capturas se obtuvieron en el período

anterior al colapso del bacalao, 1989-

1996, con un promedio de 91.300 t por

año. Las siete especies que aparecen en

la figura 2 en promedio han supuesto el

94% de las capturas totales desde 1960.
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De 1960 a 1990 las capturas se debieron casi en un 100% a la pesquería del bacalao y la

gallineta y en menor importancia por la platija americana. Entre 1990 y 1996 se produjo

una transición en la composición de las capturas: con una reducción de 40.000 t a 2.600

t entre 1990 y 1996 en la pesquería del bacalao, de 81.000 t a 5.700 t en la de la

gallineta y de 3800 a 142 t para la platija americana. La flota tradicional dirigida al

bacalao y gallineta abandonó la zona en 1997 debido a las bajas capturas (NAFO, 1997)

y en 1998 se estableció una moratoria indefinida para la pesca del bacalao. Desde 1996

la actividad pesquera estuvo enfocada sobre todo hacia el camarón, que supuso en

promedio un 71% del total de las capturas entre 1996 y 2008. Las capturas de camarón

se redujeron desde el año 2004, y en 2011 no ha habido pesca dirigida a esta especie en

Flemish Cap debido al estado del stock, cercano al colapso. La moratoria de la pesca del

bacalao se levantó en 2010, con una captura total de 9.200 t y las capturas de gallineta

se incrementaron desde 2005. En 2010, las capturas totales se debieron otra vez

principalmente a la pesca de estas dos especies (72%).

Además de los cambios en las capturas la estructura de edades de dichas capturas de

bacalao mostró también cambios muy importantes, disminuyendo notable y

paulatinamente desde un rango de 5-9 años en la década de los 60, a 2-3 años en la

década de los 90. En la pesquería de gallineta, a diferencia de bacalao, la composición

por edades de las capturas no mostró variaciones importantes en todo el período

estudiado. Sin embargo, la captura incidental de gallineta en la pesquería de camarón

produjo desde 1993 un notable incremento en las capturas de individuos menores de 5

años (Ávila de Melo et al, 2011). La pesquería del camarón estuvo basada en las

excelentes clases anuales de 1988, 1993, 1994, 1999 y 2002. Esta especie es

hermafrodita protándrica, el cambio de sexo suele darse a la edad de 4-5 años

(Skúladóttir et al, 2007). Esta característica hace que esta especie sea especialmente

vulnerable a la explotación debido a que la pesca se centra casi exclusivamente en las

hembras.

VI.6. Objetivos
El objetivo general de esta tesis es analizar el funcionamiento ecológico de la

comunidad demersal de Flemish Cap, el cual se aborda mediante el análisis de los

diferentes procesos y cambios por separado:
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• Análisis de los cambios en abundancia y biomasa de la comunidad de especies

demersales y determinación de las tendencias comunes y variables explicativas (capítulo

III).

• Estudio de la composición de la dieta de las especies de peces demersales más

importantes en relación con la abundancia de presas, de la competencia y las

condiciones oceanográficas. (capítulo IV).

• Determinación de los cambios en las características del ciclo de vida de bacalao: el

crecimiento y la maduración. (capítulo V).

• Determinación del papel funcional de las principales especies de peces de la zona del

Flemish Cap y construcción de un modelo de la red trófica (capítulo VI).

VI.7. Material y métodos
La mayoría de los datos empleados se han obtenido de las campañas de prospección

pesquera de arrastre de fondo de la Unión Europea llevadas a cabo anualmente desde

1988 en el período junio-julio. El diseño de estas campañas (muestreo aleatorio

estratificado) permite estimar la abundancia y la biomasa para todas las especies de

peces e invertebrados usando el método de área barrida (Gunderson, 1993). Para las

especies comerciales además se desarrolló un muestreo biológico detallado: sexo,

tamaño, edad y estado de madurez. Los datos sobre temperatura y salinidad se

recogieron también en las campañas de las UE haciendo estaciones de CTDs. Los datos

del contenido estomacal comenzaron a recolectarse en 1993 en la campaña de la EU, e

incluyó las especies de peces más importantes.

De las campañas anuales de invierno de arrastre de fondo realizadas por el por el

Departamento de Pesca y Océanos de Canadá (DFO) hasta el estrato 19 en el período

1978-1985, se utilizó la información sobre talla, edad, estado de maduración y

fecundidad de bacalao. El DFO también aportó para este estudio información sobre la

temperatura del agua en julio desde el año 1980.

Los análisis sobre los cambios en la comunidad demersal (capítulo III) se realizaron de

dos maneras diferentes: primero analizando los cambios en los índices de biomasa y la

abundancia, y en segundo lugar mediante el estudio de los indicadores ecológicos.
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Para el análisis de los cambios repentinos y las tendencias comunes en los índices de

biomasa y abundancia, las 65 especies de peces identificadas como demersales, el

camarón boreal Pandalus borealis y la pota Illex illecebrosus se distribuyeron en los

siguientes grupos:

Grupo I: Especies que aparecieron todos los años a lo largo del período estudiado, y

representaron más del 0.5% de la biomasa total al menos 1 año.

Grupo II: Las especies que comprendieron menos del 0.5% de la biomasa total de todos

los años, pero aparecieron más de 15 años.

Grupo III: Las especies que supusieron menos del 0.5% en la biomasa de todos los años

y aparecieron menos de 15 años.

El análisis de los cambios bruscos en las series temporales de biomasa se realizó con la

técnica Chronological clustering (Legendre et al, 1985), un método de agrupación que

impone una restricción de contigüidad temporal. La descripción completa de esta

metodología se puede encontrar en Legendre y Legendre (1998). El análisis de las

tendencias comunes se llevó a cabo con el análisis factorial dinámico (DFA; Zuur et al,

2003a), una técnica que tiene como objetivo modelar N series temporales en términos

de M tendencias comunes. DFA puede trabajar con series temporales cortas y está

especialmente diseñado para extraer las tendencias comunes entre varias series

temporales y evaluar su relación con ciertas variables explicativas. Las variables

explicativas consideradas representan procesos clave en la dinámica de las especies

estudiadas: como las condiciones oceanográficas, la depredación y la pesca. Como

representante de la oceanografía se usó la media móvil del índice NAO en el periodo

comprendido entre los años t-4 y t-7, cuando se reclutó la mayor parte de la biomasa para

las especies comerciales que conforman el año t. Como indicador de la presión de

depredación se usó la abundancia de las principales especies piscívoras en Flemish Cap

(el bacalao, el fletán de Reinhardtius hippoglossoides y los perros Anarhichas spp.).

Como medida de presión pesquera global para todo el ecosistema se usó el índice de

pesca (AFI) (Koen-Alonso et al., 2010).

Debido a la naturaleza dispersa de los datos de las especies del grupo III, no fue posible

llevar a cabo los análisis indicados en el párrafo anterior. En este grupo, las diferencias

en la composición relativa de las especies se estudiaron con  el MDS y PERMANOVA.

PERMANOVA es una técnica multivariante diseñada para testar si existen diferencias
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significativas entre dos o más conjuntos de datos en relación con uno o más factores

(Anderson, 2001). En este caso, el factor considerado fue la anomalía en la temperatura

anual del fondo en relación a la temperatura promedio en el período estudiado, dando

lugar a dos grupos, años cálidos y fríos.

Por otra parte, para el análisis de los cambios en la comunidad demersal se usaron un

conjunto de indicadores como las curvas ABC (Warwick, 1986) y su correspondiente

estadístico W (Clarke, 1990). También se estimó una serie de indicadores basados en la

talla, como la longitud media (Lmean), la talla máxima (Lmax) y el percentil 90 (L90). Los

espectros de talla se construyeron también anualmente usando distribuciones

acumuladas de los valores logarítmicos de la abundancia por rango de longitud. La

biodiversidad y la riqueza específica se evaluaron con los índices de diversidad de

Simpson y de Shannon y la riqueza específica, estimada a partir de curvas de

acumulación de especies.

El análisis de los cambios en los hábitos de alimentación de las principales especies

demersales de peces  (capítulo IV) fueron analizados a partir de la información sobre

contenido estomacal recogida como parte del protocolo de muestreo de las campañas de

la UE desde 1993. Para el análisis de los hábitos de alimentación se calculó el

porcentaje en volumen total (PTV), la frecuencia de ocurrencia (FO) y el índice relativo

de contenido estomacal (RSCI). Para llevar a cabo los análisis de cambios en la dieta,

las especies biológicas se dividieron en especies tróficas, es decir, subgrupos basados en

la talla cuyos individuos presentaron una dieta relativamente homogénea. La técnica

chronological clustering fue usada para determinar la talla de separación de las especies

biológicas.

Para el análisis de cambios comunes en los hábitos de alimentación en el período 1993-

2008 entre las especies tróficas, en primer lugar se redujo la elevada dimensionalidad de

la dieta con el MDS a 3 dimensiones. A continuación se usó DFA para la estimación de

tendencias comunes en cada una de estas dimensiones. En este análisis se incluyeron

variables explicativas que pueden inducir la variabilidad en los hábitos alimentarios: la

abundancia de presas, la competencia por alimento y la temperatura. Las abundancias de

presas pelágicas como copépodos calanoideos, hipéridos y quetognatos se obtuvieron

del Continuum Plancton Recorder (CPR) del programa de monitoreo de la Fundación

Sir Alister Hardy de Ciencias Oceánicas2 (SAHFOS). Las abundancias de otras presas

2 SAHFOS: http://www.sahfos.ac.uk
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como gallineta juvenil (inferior a 15 cm) y camarón boreal se obtuvieron de los índices

de la campaña de la UE. La competencia por el alimento dentro de cada gremio trófico

se evaluó incluyendo la suma de la abundancia de todas las especies tróficas que

componían cada grupo trófico. Por último, las condiciones ambientales se incluyeron en

el análisis a través de la temperatura de fondo. El solapamiento en la dieta entre las

especies tróficas se evaluó con PERMANOVA. Los cambios bruscos en el RSCI se

estudiaron con Chronological clustering.

Los estudios de la variabilidad en el proceso de maduración y sus causas así como los

cambios en el potencial reproductivo del bacalao en el Flemish Cap se presentan en el

capítulo V. El efecto de la edad y talla en el proceso de maduración fue estudiado con

modelos lineales generalizados con una función de enlace logit y un error binomial

(McCullagh y Nelder, 1989). La A50 y L50 se estimaron a partir de estos modelos. Para

el análisis de los cambios en las normas de reacción de maduración (PMRNs) se usó el

método demográfico (Barot et al, 2004). Las cohortes disponibles para este estudio

debieron reorganizarse para cumplir con los requisitos que se indican en Barot et al

(2004). Con la intención de situar las variaciones en el proceso de maduración en un

contexto ecológico y pesquero, se consideró también la información relacionada con las

variables que pueden influir en la maduración, como el reclutamiento, la temperatura, la

disponibilidad de alimento y la tasa de crecimiento.

Las variaciones en el potencial reproductivo en el período 1978-2008 se estudiaron

mediante la estimación de la producción total de huevos (TEP) y la biomasa del stock

reproductor femenino (FSSB).

VI.8. Indicadores ecológicos y tendencias comunes
en la comunidad demersal
Las características oceanográficas como los movimientos del agua, la temperatura así

como otras derivadas de ellas (producción primaria y secundaria) pueden tener un gran

impacto en el reclutamiento en peces (Cushing, 1990; Wooton, 1998; Synclair, 1988).

Los juveniles de muchas especies de peces soportan una tasa de depredación intensa y

son la presa principal de muchas especies piscívoras (Bailey, 1994; Bax, 1998). Por otra

parte,  la pesca puede ser considerada la fuente más importante de la mortalidad de

adultos y pre-adultos de muchas especies comerciales y no comerciales (Gulland, 1977;

Hall, 1999), siendo responsable en todo el mundo del colapso de poblaciones de peces
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(Fogarty y Murawski, 1998; Myers et al, 1996; Vázquez y Cerviño, 2001). Por otra

parte, los indicadores ecológicos han sido defendidos y utilizados en el enfoque

ecosistémico a la ordenación pesquera debido a su amplio alcance y poder de

integración al capturar el estado global de las comunidades o ecosistemas (Rice, 2000;

2003; Magurran, 2004, Rochet y Trenkel, 2003).

En el presente estudio, se utilizaron todas las especies de peces, camarón boreal y la

pota con el fin de analizar las tendencias comunes y los cambios repentinos en la

evolución de la biomasa y abundancia en la comunidad demersal. Se consideraron

también variables explicativas que dieran cuenta de tales tendencias comunes. Los

indicadores ecológicos  (índices de diversidad, los indicadores basados en la talla y las

curvas ABC) se usaron también para estudiar los cambios en la estructura de la

comunidad de peces demersales en el Flemish Cap.

El análisis con chronological clustering mostró divisiones marcadas en la biomasa y la

abundancia en todo el período de tiempo estudiado, que fueron similares para ambos

grupos de especies I y II y que podrían ser claramente atribuida a cambios en la biomasa

de especies concretas. El análisis con DFA identificó tendencias comunes en las

trayectorias de muchas de las especies de peces en los grupos I y II (figura 3). Además,

las variables explicativas consideradas en los análisis fueron importantes en ambos

grupos, lo que sugiere que las condiciones ambientales, junto con la depredación y la

mortalidad por pesca, son motores importantes de toda la comunidad de peces. Después

de la inclusión de estas variables explicativas en el análisis DFA, la tendencia común

restante fue similar entre ambos grupos de especies (r = 0,98, p <0,01), lo que sugiere

que la dinámica de las principales especies demersales en el Flemish Cap (Grupos I y II)

están interconectadas y se pueden resumir en algunos patrones comunes.
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La abundancia de piscívoros tuvo un efecto negativo generalizado en ambos grupos de

especies I y II, lo cual concuerda con lo esperado. El índice de presión pesquera (AFI)

exhibió un efecto variable dependiendo de la especie y resultó ser mayor en el Grupo I,

que contiene las especies comerciales. El índice NAO tuvo un efecto positivo sobre todo

en las especies del Grupo I y negativo para las especies del Grupo II, lo cual mostró

relación con la preferencia en temperatura de la mayoría de especies (27 of 31 species).

El índice NAO se considera un buen indicador del clima mundial en el Atlántico Norte

(Hurrell et al., 2003), y está vinculado con el éxito en el reclutamiento de las

poblaciones de peces de fondo como el bacalao y el eglefino Melanogrammus

aeglefinus (Brodziak y O'Brien , 2005; Stige et al, 2006).

Para las especies incluidas en el Grupo III, que se caracterizan por la aparición

esporádica y la escasa biomasa total, Flemish Cap puede ser una zona con condiciones

no óptimas y en el que pueden ser menos competitivas. En este contexto, los resultados

de PERMANOVA muestran diferencias significativas en la composición de especies de

este grupo entre los años cálidos y los fríos. Esto se visualiza claramente en el MDS de

dos dimensiones. Teniendo en cuenta el patrón de temperatura que se produjo en el

Flemish Cap (caliente a frío 1988-1991, el frío a cálido 1997-1999) en el MDS (Figura

Figura 3.- Las tendencias comunes de los grupos I y II de los mejores modelos DFA sin
variables explicativas (paneles superiores). La tendencia única y común para cada uno de estos
grupos obtenidos a partir del mejor modelo DFA, cuando las variables explicativas se incluyeron
en el análisis (paneles inferiores). Las variables incluidas en los modelos DFA finales fueron el
índice de la NAO, la AFI, y la abundancia de piscívoros en ambos grupos.
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4), las diferencias en la composición de especies del Grupo III son probablemente

resultados de procesos de reclutamiento y no debido a eventos migratorios.

Figura 4.- MDS de dos dimensiones llevado a cabo con el grupo de especies III. Los cuadrados negros
representan años con una temperatura de fondo por encima del promedio durante el período 1988-2008, y
los cuadrados vacíos años con temperaturas por debajo de este promedio.

Tanto la el índice de Simpson como el de Shannon mostraron patrones similares. A

pesar de los importantes cambios en la abundancia de algunas especies como el bacalao,

platija americana, fletán negro y los perros, hubo un período estable hasta el año 2004,

cuando se produjo una marcada disminución a partir de 2004 que coincidió con el

aumento sin precedentes en la abundancia de oro de la gallineta.

En las curvas ABC (con y sin camarón) la curva de abundancia se mantuvo por encima

de la curva de la biomasa casi todos los años desde el inicio del período de estudio, lo

que sugiere que la comunidad demersal de Flemish Cap ya estaba muy alterada cuando

los estudios exploratorios se iniciaron en 1988. Con base en la longevidad, la edad de

primera maduración y de cambio de sexo, fecundidad y transporte de los huevos, en el

camarón boreal puede ser considerado mucho más cerca de la estrategia de la K que de

la r. Las especies de gallineta por su estrategia vital se situa aún más cerca de la

estrategia de la K que el camarón (Saborido-Rey, 1994). Bajo estas consideraciones, los

cambios observados en las curvas ABC podrían deberse al resultado de los procesos de

reclutamiento y a la pesca de los individuos de mayor tamaño y no a un cambio hacia

una composición de selección-r especies. Los indicadores basados en el tamaño (figura

5) mostraron cambios similares a los reflejados con las curvas ABC y que podrían

atribuirse a la disminución de la abundancia de bacalao entre 1988 y 1995 y los

procesos de reclutamiento exitosos de la gallineta.
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Figura 5.- Lmax, Lpercentile90 Lmean para la toda comunidad de peces demersales. Se incluyen también los
intervalos de confianza del 95% (obtenido a partir de una distribución de 999 valores estimados con
arranque).

VI.9. Tendencias comunes y solapamiento en los
hábitos alimentarios de la comunidad de peces
demersales
La depredación y la competencia por el alimento (es decir, las interacciones

trofodinámicas) se encuentran entre las interacciones más importantes entre especies y

son el núcleo de muchas de las variaciones en la abundancia de las poblaciones (Frank

et al, 2005; Stefánsson et al, 1998; Lilly et al, 2000). Por tanto, la viabilidad y

sostenibilidad a largo plazo de las poblaciones explotadas depende en gran medida de

que se tengan en cuenta estas interacciones interespecíficas así como las vías tróficas

clave en el ecosistema (Fogarty y Murawsky, 1998).

Los cambios ontogénicos en peces suelen conllevar variaciones en la talla de 3 a 4

órdenes de magnitud. Esto lleva asociados cambios en la dieta debido a las restricciones

de tamaño y morfología, criterios de optimización y de cambio de hábitat (Cohen et al

1993; Gerking, 1994). Por estas razones, se consigue una mejor comprensión de las

redes tróficas si se consideran especies tróficas (grupos de organismos con dietas muy

similares) en lugar de especies biológicas, y cuando los análisis se hacen dentro de

gremios tróficos (grupos de especies con similar función dentro del ecosistema) en lugar

de agrupar las especies por afinidad taxonómica.

Las especies marinas se caracterizan por un alto grado de omnivoría oportunista

(Cohen, 1994, Link, 2002) o capacidad de adaptación trófica (Gerking, 1994). Cuando

aparece una fuente alternativa de alimento muchas especies son capaces de aprovechar
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esta oportunidad cambiando sus hábitos alimenticios. Este comportamiento general

podría llevar a dietas altamente solapadas e interconectadas.

En este capítulo se estudian los cambios en los hábitos alimentarios de las principales

especies demersales de peces durante el período comprendido entre 1993 y 2008. En

primer lugar, las especies biológicas se separaron en especies tróficas en base a la

detección de cambios marcados en la dieta con la talla. En segundo lugar, se definieron

los gremios tróficos y se analizaron las tendencias comunes en los hábitos de

alimentación entre especies tróficas del mismo gremio, con énfasis en las variables

explicativas, como la abundancia de presas, la competencia y la temperatura del agua.

Por último, se estudió la superposición de la dieta entre las especies tróficas a lo largo

del periodo 1993-2008.

La mayoría de las especies mostraron cambios importantes en los hábitos alimentarios

con el tamaño (Figura 6). Como resultado del criterio equilibrado entre la información

biológica (chronological clustering) y la disponibilidad de individuos muestreados, las

especies biológicas se dividieron en especies tróficas por rangos de talla (Tabla 1).

Nueve se dividieron en dos especies tróficas, denominadas como "1" la de menor talla y

"2" la mayor. Las especies restantes se mantuvieron como las especies tróficas

completas.
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Tabla 1.-Divisiones establecidas ((cm)) como resultado del chronological clustering y la división final
basado en la combinación del chronological clustering y el estudio de la abundancia de individuos
muestreados.

Chronological clustering Biological and logistical criteria
Species Division 1 Division 2 Division 3 Division 1 Trophic Species
Amblyraja radiata 16.5 AR
Anarhichas denticulatus 31.5 76.5 AD
Anarhichas lupus 41.5 41 AL1; AL2
Anarhichas minor 21.5 56.5 46 AM1; AM2
Gadus morhua 26.5 61.5 71.5 46 GM1; GM2
Glyptocephalus cynoglossus GC
Hippoglossoides platessoides 22.5 HP
Lycodes reticulatus LR
Macrourus berglax 10.5 22.5 15.5 MB1; MB2
Nezumia bairdii 4.5 6 NB1, NB2
Phycis chesteri 16.5 PC
Reinhardtius hippoglossoides 41.5 31 RH1; RH2
Sebastes fasciatus 22.5 21.5 SF1; SF2
Sebastes juvenile SJ
Sebastes marinus 31.5 49.5 27.5 SMa1; SMa2
Sebastes mentella 25.5 37.5 27.5 SMe1; SMe2

Se detectaron cambios importantes en los hábitos de alimentación a lo largo del periodo

estudiado (figura 7). La mayoría de las especies tróficas mostraron un aumento de la

importancia del camarón del Norte en la dieta, sobre todo desde finales de 1990. Como

resultado de este incremento otras presas mostraron disminuciones notables en PTV,

como Hyperiidea en GM1, GM2 y RH1, diversos invertebrados bentónicos

(especialmente ofiuras y erizos) en AM1, AL1, HP o LR, o invertebrados pelágicos

(copépodos, quetognatos e hipéridos) en SF2, SMa2 o SMe2. Las grandes especies

tróficas como AL2, AM2, GM2, RH2 y AD mostraron un aumento de PTV de gallineta

desde el año 2000. Esto produjo una disminución en el PTV de los ctenóforos en AD,

hipéridos en GM2, invertebrados bentónicos y camarones en AL2 y AM2 y otros peces

en RH2.
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Los resultados del análisis clúster (tabla 2) y las similitudes observadas en la evolución

de la dieta entre las especies tróficas se usaron para definir los gremios tróficos. Estos

gremios tróficos puede atribuirse a cuatro grupos de alimentación: los que se alimentan

de invertebrados bento-pelágicos (gremio trófico I), caracterizado principalmente por el

consumo de Pandalus borealis y Hyperiidea; los que depredan principalmente sobre

invertebrados bentónicos (gremio trófico II); los que se alimentan sobre todo de

invertebrados pelágicos (gremio trófico III); y las especies piscívoras (gremio trófico

IV), con Sebastes como elemento principal presa desde 2003.

Tabla 2.- Se muestran los resultados del análisis clúster utilizado para la definición de los gremios
tróficos (última columna). Se crearon siete grupos fueron con un nivel de similaridad del 30%. Se presentan
el número de años de que cada especie trófica en cada clúster.

Trophic species Group a Group b Group c Group d Group e Group f Group g Trophic guild
AR 15 1

GM1 9 6 1
MB1 3 12 1
MB2 15 1
NB1 12 1
NB2 11 1 1
PC 1 11 1

RH1 5 10 1
AL1 9 6 2
AM1 2 3 1 3 6 2
GC 15 2
HP 1 8 3 3 2
LR 1 5 6 2

SF1 15 3
SF2 13 2 3
SJ 15 3

SMa1 15 3
SMa2 10 2 3 3
SMe1 14 1 3
SMe2 3 12 3

AD 10 4 4
AL2 5 8 2 4
AM2 4 11 4
GM2 6 7 2 4
RH2 15 4

La elevada dimensionalidad de los datos (45 presas) se redujo a 3 dimensiones con el

análisis de MDS (figura 8) (de aquí en adelante el espacio trófico de la comunidad de

peces demersales de Flemish Cap). La dimensión I es la que contiene más información

sobre el tamaño de la presa, se observa una transición de copépodos en el lado negativo

a través de Hyperiidea, camarón boreal, ctenóforos y finalmente peces en el lado

positivo. La dimensión II contiene más información relacionada con la distribución

vertical de las presas, de ctenóforos y Sebastes en el lado negativo a poliquetos y

Ophiuroidea en el positivo, pasando por los copépodos, Hyperiidea y camarón. La
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dimensión III, separa principalmente la zona donde las especies tróficas consumieron

principalmente camarón boreal de las presas restantes.

Figura 8.- Se muestra la distribución de las distintas especies tróficas en cada una de las tres
dimensiones del espacio trófico definido por las 3 dimensiones del MDS a lo largo del período 1993-2008

A pesar de la variabilidad, se observaron cambios similares entre las especies tróficas en

los valores de los tres ejes del espacio trófico dentro de cada gremio trófico (figura 9).

El análisis de las tendencias comunes con DFA mostró una tendencia común para todos

los gremios tróficos en las tres dimensiones del espacio trófico. Estas tendencias

mostraron un aumento de la importancia del camarón boreal en la dieta. En el gremio

trófico IV, el análisis de las tendencias comunes de DFA mostró un aumento tanto del

camarón como de Sebastes en la dieta. Las variables incluidas en los modelos DFA

finales en los grupos I, III y IV (Tabla 3) fueron: 1) la competencia dentro del gremio

trófico, 2) la abundancia de invertebrados pelágicos como Hyperiidea en el gremio

trófico I y Calanidae en el gremio trófico III; la abundancia de juveniles de gallineta en

el gremio IV, y de forma generalizada el camarón boreal. La temperatura de fondo fue

especialmente importante en el gremio III.
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Table 3.- AIC para los modelos de DFA con una sola tendencia (AIC*) y los modelos con una tendencia
y las variables explicativas (AIC**) para cada nivel trófico y dimensión. Se presentan también los modelos
finalmente seleccionados.

Trophic guild Dimension AIC* AIC** Selected model

I I 339 262.4 1 trend+SumGroup1+Northern shrimp+Hyperiidea

I II 342.5 243.8 1 trend+SumGroup1+Northern shrimp+Hyperiidea

I III 293.1 244.6 1 trend+SumGroup1+Northern shrimp +Redfish

II I 208.1 1 trend

II II 205.5 1 trend

II III 195.2 1 trend

III I 282.5 276.6 1 trend+BottomTemp+Sebastes+Calanidae

III II 292.6 277.3 1 trend+BottomTemp+Sebastes+Calanidae

III III 330.9 311.7 1trend+BottomTemp+Northern shrimp+Calanidae+Hyperiidea

IV I 216 207.8 1 trend+SumGroup4

IV II 209.1 196.4 1trend+ BottomTemp+Northern shrimp +Sebastes15

IV III 212.4 200.1 1 trend+Northern shrimp

El análisis con chronological clustering mostró cambios importantes y repentinos en el

índice de contenido estomacal relativo (RSCI) en la mayoría de especies tróficas

durante el período de estudio (Figura 10). En el gremio trófico I se identificaron tres

períodos distintos: 1993-1995, 1996-1999 y 2000-2008; dos períodos en el gremio II:

1993 - 1998 y 1999-2008; en el gremio trófico IV los períodos 1993-2002 y 2003-2008

fueron significativamente diferentes. En el gremio III pesar de que los años 1993, 1997

y 2002 presentaron valores bastante diferentes del resto de la serie temporal, no se

hicieron subdivisiones. En cuanto a las variables explicativas (abundancia de

Hyperiidea, Calanidae, Pandalus borealis y género Sebastes, y la temperatura del

fondo) se encontraron las siguientes agrupaciones: 1993-1997, 1998-2003, 2004-2008.

Con una diferencia de uno o dos años, estas subdivisiones en las variables explicativas

fueron bastante consistentes con los obtenidos para las divisiones de los gremios

tróficos.

Figura 10.- Valores
normalizados del
RSCI para cada
especie trófica en
los diferentes
gremios tróficos.
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Como se refleja por el MDS 3D (figura 8) la mayoría de las especies tróficas ocupaba

un área relativamente localizada y exclusiva en el espacio trófica a través de los años. El

análisis PERMANOVA mostró que a lo largo del período 1993-2008 los hábitos de

alimentación de la mayoría de especies tróficas no se solaparon de manera significativa,

con la excepción de las parejas GM1-RH1, NB1-NB2 y la mayor parte de las especies

de gallineta, para las que se encontró una similitud significativa en la dieta (p-

valor<0.001). El estudio anual de la similitud en la dieta mostró que el solapamiento en

la dieta se ha incrementado con el tiempo a lo largo del período de estudio.

Los patrones globales de aumento en la importancia del camarón boreal y la gallineta en

la dieta y la disminución de presas como hipéridos, copépodos, ctenóforos y ofiuras

puede presentarse como la razón de la homogeneización de la dieta entre especies

tróficas, produciendo un aumento en el solapamiento de las dietas, lo cual se refleja en

la disminución del espacio trófico. A partir de estos resultados se puede concluir que el

solapamiento temporal de la dieta entre especies tróficas diferentes en años concretos no

hace peligrar la coexistencia de estas especies, sobre todo cuando este solapamiento se

debe al aumento de la abundancia de ciertos recursos, como el camarón y la gallineta.

Por otro lado, el estudio detallado del rango de tamaño de presa consumido por cada

predador y el rango de profundidad que cada especie trófica ha explotado podría llevar a

valores inferiores de solapamiento entre especies tróficas.

La información mostrada en este capítulo debería que ser integrada en modelos

multiespecíficos y ecosistémicos junto con información sobre la estructura de tallas de

las  poblaciones y su demografía para dar un paso significativo en el enfoque

ecosistémico a la ordenación de la pesca.

VI.10. Maduración, crecimiento y potencial
reproductivo
La maduración es un proceso ontogenético que se produce una vez en la vida y que

lleva asociados cambios fisiológicos y morfológicos importantes, y muy especialmente

cambios en la distribución de la energía (Dieckmann y Heino 2007; Roff 1992, Stearns

1992, Bernardo, 1993). En las últimas décadas se ha descrito a nivel mundial una

reducción en la edad y la talla de maduración en especies explotadas (Vainikka et al,

2009) y se ha atribuido a la alta presión pesquera (Trippel 1995, Law 2000;. Grift et al

2003). En las últimas dos décadas, se han usado cuatro métodos diferentes para
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distinguir la naturaleza, fenotípicas y/o genética, de los cambios observados en la

maduración de especies de peces comerciales: entre ellos la variación contra-tendencia

y el análisis de las normas de reacción de maduración probabilísticas (PMRNs)

(Trippel, 1995, Olsen et al., 2005, Dieckmann y Heino, 2007). Se ha demostrado que la

reversión a valores iniciales de los cambios en la maduración es mucho más lenta si

dichos cambios se deben a variaciones en las frecuencias génicas poblacionales que si

son debidos puramente a plasticidad fenotípica, lo cual es extremadamente importante

para las decisiones de gestión pesquera (Law 2000; Olsen et al 2005).

El potencial reproductivo (SRP) (Trippel 1999) está influida, entre otras cuestiones, por

la producción total de huevos del stock (TEP). Debido a la similitud de la estimación de

la TEP y la biomasa del stock reproductor femenino (FSSB), si los coeficientes

alométricos de las relaciones fecundidad-longitud y peso-longitud son similares, TEP y

FSSB presentarán curvas paralelas.

En este capítulo se persigue, en primer lugar determinar la importancia de los cambios

genéticos y la plasticidad fenotípica como posibles causas de los cambios observados en

la maduración del bacalao de Flemish Cap. En segundo lugar evaluar la variabilidad

anual en el potencial reproductivo. Las estimaciones de TEP se comparan con la FSSB

y ambos parámetros se examinan para determinar su capacidad para predecir el

reclutamiento a la edad de 1.

El reclutamiento del bacalao (abundancia a la edad 1) mostró tres períodos de valores

altos desde 1972: en 1973-1974, en 1985-1987 y en 1991-1992 (Figura 12). De 1988 a

1997 la mortalidad por pesca para las edades de 3-5 llegó a un valor promedio de 0,9,

Figura 12.- Reclutamiento, biomasa y tasa de mortalidad desde el año 1972 a 2009 obtenido a partir de
análisis de VPA.
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con valores tan altos como 1,55 y 1,4 en 1992 y 1995, respectivamente. Después de este

período de alta mortalidad pesquera la biomasa total se redujo y en 1998 se estableció

una moratoria para la pesca de bacalao en Flemish Cap.

Las ojivas de madurez por edad y longitud se estimaron para las cohortes entre 1978 y

2002. Basándose en la evolución tanto de la A50 como de la L50 tres períodos distintos

de cohortes pueden ser fácilmente identificados: 1972-1980, 1980-1990 y 1991-2002

(Figura 13).

Para la estimación de PMRNs, se utilizaron estos tres grupos de cohortes. Globalmente

los PMRNs el grupo cohorte 1981-1990 ya mostró un cambio en comparación con la

del grupo 1972-1980, sin embargo el cambio más notable se observó en el grupo de

1991-2002 (Figura 14). Para evaluar si los cambios en PMRNs ya ocurrieron a

principios de los 90 se realizó un segundo análisis (Análisis II) con sólo dos grupos de

cohortes: 1981-1990 y 1991-1996. Como resultado a los 4 años la Lp50 ya mostró una

disminución en el grupo de la cohorte 1991-1996 en relación con el grupo de 1981-

1990.

Figura 13.- Ojivas de
maduración con la longitud
(panel superior) y edad (panel
inferior) por cohorte. La edad y
la longitud al 50% de
probabilidad de ser maduro se
muestran en los paneles
interiores.
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En cuanto a la tasa de crecimiento durante el período analizado las edades de 1 y 2

mostraron las mayores variaciones, sobre todo para las cohortes posteriores a 1995. La

relación entre la condición y la tasa de crecimiento a las edades de 1 y 2 parece ser

lineal (Pearson: 0.46 y 0.72 respectivamente; p-valor<0.01). La tasa de crecimiento a

estas edades también mostró una estrecha relación con la temperatura (Pearson: 0.53 y

0.56 respectivamente; p-valor <0.01). En consecuencia se ajustó un modelo lineal por

separado para las edades 1 y 2 con estas dos variables explicativas que fue altamente

significativo (p-valor<0.001).

Se detectaron cambios contratendencia: i) las tallas medias a edad no fueron

significativamente diferentes en los grupos de cohortes 1972-1980 y 1981-1990

respecto al grupo 1991-1996; ii) la disminución en la temperatura superficial del agua

entre los 11,4 º C en 1988 a 5 º C en 1992, que duró hasta 1997; iii) Con base en la

correlación positiva del índice de condición y de la temperatura a las edades de 1 y 2,

una disminución de la condición podría ser la hipótesis de 1988 a 1992, cuando la

temperatura descendió. Estas tres tendencias son contracorriente porque todas ellas

deberían haber llevado a un incremento en la edad de maduración o bien no haber

producido cambios, y sin embargo la A50 disminuyó en las cohortes de la primera

mitad de los 90.

Las series temporales de FSSB y TEP estimadas fueron muy similares, reflejando

ambas el patrón observado en el reclutamiento a la edad de 1 (Figura 15). Los modelos

de Beverton-Holt y de Ricker se ajustaron a estas series temporales de FSSB y TEP

respecto al reclutamiento a edad 1. La proporción de varianza explicada aumentó

cuando el TEP se incluyó en el modelo en lugar de FSSB. El coeficiente de

determinación mostró que la predicción del reclutamiento mejora notablemente cuanto

Figura 14.- Panel de la izquierda:
las normas de reacción para los tres
grupos de cohortes utilizados en el
análisis I (líneas continuas), el Lp50

para cada edad y su respectivo
intervalo de confianza (puntos y barras,
respectivamente), y los cuartiles 25 y 75
de los PMRNs (inferior y superior
respectivamente). Panel derecho:
PMRNs para 4 años de edad para los
grupos de cohortes utilizados en el
análisis II: 1981-1990 (color gris) y
1991-1996 (amarillo).
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mayor es la diferencia del coeficiente de alometría de la relación talla-fecundidad en

comparación con el coeficiente de la relación talla-peso.

Las variaciones observadas en la maduración en el bacalao de Flemish Cap durante el

período analizado es muy probable que se deban a dos procesos diferentes. En primer

lugar, la elevada presión pesquera provocó un cambio de frecuencia genética durante la

década de 1990 que seleccionó individuos de maduración más temprana y menor talla.

La elevada presión de pesca ya en los 70, pero especialmente en los años 80 y principios

de los 90, centrada en una población muy joven, pudo llevar a la selección de un

subconjunto de la reserva genética original. En segundo lugar, un cambio en la

expresión fenotípica de este subgrupo genético seleccionado desde mediados de los 90,

como resultado de cambios en el crecimiento, la condición y la temperatura del agua,

pudo ser la causa de una maduración más temprana, pero en tamaño ligeramente mayor.

En resumen, los cambios en la maduración se han podido deber tanto a un componente

ecológico que opera a través de la plasticidad fenotípica como un componente evolutivo

que actúa a través de la adaptación genética.

El factor que más ha afectado a FSSB y TEP es, obviamente, la abundancia y la

biomasa. El fuerte descenso en la biomasa del bacalao total de 1990 a 1995 llevó al

colapso, y a un descenso en FSSB y TEP, impidiendo una rápida recuperación posterior.

La reducción de la A50 y L50, ya sea como plasticidad fenotípica o debido a una fuerza

evolutiva, puede compensar las pérdidas de biomasa en edades mayores, y por lo tanto,

en cierta medida, recuperar el FSSB y el TEP. Este proceso de compensación podría

reducir el efecto de la disminución del stock, pero no necesariamente lleva a una

recuperación de la producción de huevos. Los resultados parecidos obtenidos con TEP y

FSSB podrían deberse a la similitud entre los coeficientes de alometría de las relaciones

talla-fecundidad y talla-peso. Por otro lado la incorporación de la variabilidad potencial

Figura 15.- FSSB,
Reclutamiento y TEP para el
bacalao de Flemish Cap. Los
datos de reclutamiento se
corresponden con la
abundancia a edad 1.
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anual de la fecundidad debería dar lugar a una estimación más realista de la TEP y daría

lugar a un mayor desacoplamiento de las series temporales de TEP en relación con

FSSB. Otra razón que podría haber contribuido a las similitudes entre TEP y FSSB es el

hecho de que la longitud por sí sola no sea el mejor predictor de la fecundidad.

En resumen, junto con los cambios en la abundancia de bacalao de Flemish Cap ha

habido cambios en la reproducción, el crecimiento y la condición. La alta mortalidad

pesquera registrada a finales de 1980 y principios de 1990 han contribuido de manera

muy importante a la disminución observada en la biomasa del bacalao y el posterior

colapso (Vázquez y Cerviño, 2001). Por otro lado, se ha demostrado un cambio genético

hacia edades más tempranas y tallas menores de maduración. La disminución de la

FSSB, junto con el rejuvenecimiento de la población reproductora, condujo a la

disminución en el TEP. La alta correlación de la TEP con el reclutamiento durante este

periodo el apoya la idea de que la disminución en el potencial reproductivo fue en gran

parte responsable de los fallos de reclutamiento desde mediados de los 90. Sin embargo,

las bajas temperaturas registradas entre 1989 y 1997 pudieron dar lugar a condiciones

desfavorables para el reclutamiento de bacalao. Desde mediados de los 90, los procesos

denso-dependientes condujeron al aumento observado en la condición y el crecimiento,

favoreciendo la maduración más temprana y un FSSB creciente. Es probable que,

durante este período se haya producido una mayor fecundidad relativa, dando lugar a un

aumento en el TEP. Sin embargo, la ausencia de estimaciones de fecundidad anual no

permite poner a prueba esta hipótesis. En ausencia de presión pesquera, un mayor

potencial reproductivo, junto con el incremento en las condiciones de alimentación y

temperaturas puede haber favorecido los buenos eventos de reclutamiento observado en

los últimos años.

VI.11. Discusión integradora
En este capítulo se discuten los procesos clave para el funcionamiento del ecosistema de

Flemish Cap desde una perspectiva holística, integrando los diferentes puntos de vista y

los resultados de los capítulos precedentes para explicar las variaciones observadas en la

abundancia de las principales especies demersales de Flemish Cap.

Basándose en los resultados presentados en los capítulos III y IV y la información

recopilada de la literatura, hemos desarrollado un modelo conceptual de la cadena

trófica de la comunidad Flemish Cap (Figura 16). En Flemish Cap 17 especies, (Grupo

I, capítulo III), constituyeron en promedio el 99% de la biomasa demersales en el
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período 1988-2008. 14 de estas especies así como sus respectivas presas principales se

han usado para generar el modelo representado en la Figura 1. Se pueden distinguir dos

sub-sistemas en nuestro modelo (Figura 16), el subsistema grazing y el subsistema

detritus, siguiendo la terminología de Pimm y Lawton (1980). En el subsistema grazing

(el dominio pelágico), los componentes principales son los copépodos que transmiten la

energía y materia desde el fitoplancton a los Hipéridos y otros depredadores, de estos a

juveniles y adultos de gallinetas, bacalao y otras especies, y por último los piscívoros.

En el sub-sistema detritus (el dominio bentónico) equinodermos, crustáceos, poliquetos

y pequeños bivalvos son las presas más importantes de este grupo, que son depredados

por especies de peces como de la platija americana hippoglossoides platessoides, el

mendo Glyptocephalus cynnoglossus y los perros ( Anarhichas spp.). Los subsistemas

pelágico y bentónico se funden a través de especies demersales como el bacalao, perros,

granaderos y el camarón boreal. Especialmente el camarón boreal y la gallineta han

jugado un papel central en el ecosistema de Flemish Cap como transmisores principales

de la energía de las cadenas grazing y detritus, especialmente desde mediados de 1990

en el caso del camarón, y desde principios de 2000 para la gallineta nórdica.

En la figura 17 se muestra una versión simplificada de la red trófica anterior, con los

componentes más importantes. Este modelo nos permitirá construir un modelo

conceptual ecológico que incorpora tanto elementos internos de la red alimentaria como

otros factores externos tales como la pesca y el clima (Figura 18). Las interacciones

tróficas dan cuenta de la mortalidad de la presa por el consumo del depredador. La

energía asimilada se asigna al crecimiento, a la condición somática y la reproducción, e

incluyen los procesos migratorios y la producción de huevos (TEP). La pesca ejerce una

de las principales causas de mortalidad en los niveles tróficos superiores y

especialmente en las tallas mayores, mientras que la producción primaria y el

reclutamiento están notablemente influenciados por las condiciones oceanográficas.

Todos estos factores han sido analizados en los capítulos anteriores y se discuten a

continuación.
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Figura 17.- Principales interacciones tróficas de la red trófica simplificada en Flemish Cap.

La interacción entre los diferentes procesos del modelo ecológico conceptual (Figura

18) permite explicar la dinámica del bacalao, camarón boreal y gallineta desde 1988 a

2008. El bacalao de Flemish Cap ha experimentado una presión pesquera muy elevada

desde hace décadas, con creciente intensidad sobre edades más tempranas. Esto condujo

a una reducción del TEP, así como en la época y amplitud de la época reproductora.

Desde 1970, la abundancia de bacalao ha sido muy dependiente de los eventos de

reclutamiento que tuvieron lugar aproximadamente cada 5 años (1980-1981, 1985-1986,

1990-1991). Las cohortes de 1985-1986 y 1990-1991 sufrieron tasas de mortalidad

pesquera extremadamente altas. La disminución de la TEP en conjunto con el período

frío en 1990-1995 probablemente han sido las causas de los pobres reclutamientos que

llevaron a la ruptura del ciclo de 5 años de reclutamientos que había mantenido a la

pesquería del bacalao, y finalmente se produjo el colapso de la población. Este patrón

también se observó en otras poblaciones de bacalao en la zona (Myers et al, 1996). Las

poblaciones de gallineta soportaron altas tasas de mortalidad pesquera hasta 1996,

especialmente en las edades mayores de 7 años, dando lugar a una disminución marcada

en la abundancia total (Ávila de Melo et al, 2011). Las bajas temperaturas y la

liberación de la presión de la depredación por parte de unas poblaciones de bacalao y

gallineta en descenso pudieron favorecer el aumento de la abundancia del camarón. Este

aumento fue seguido por el comienzo de una pesquería de camarón en 1993.
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La considerable reducción de la presión depredadora de bacalao debería haber ayudado

a la recuperación de las poblaciones de gallineta, sin embargo no hubo buenos

reclutamientos hasta el año 2000. Las bajas temperaturas observadas en el período

1990-1995, y el aumento de la depredación por el fletán negro en aguas menos

profundas podrían ser responsables del retraso en la recuperación de las poblaciones de

gallineta. Desde el año 2000 se produjo un considerable aumento en la gallineta

posiblemente como consecuencia de la disminución de la biomasa del fletán negro y la

no recuperación del bacalao. La tasa de crecimiento de bacalao a las edades de 1 y 2 fue

notablemente elevada desde 1996 a 2005, debido a la baja densidad de población y al

incremento de la biomasa de camarón que en conjunto produjeron una mayor

disponibilidad de alimento. En segundo lugar, el aumento de la temperatura del agua

favoreció la condición en estas edades. Esto produjo la reducción de la edad de

maduración en las cohortes de 1997-2005 por plasticidad fenotípica. Todo esto llevó a

eventos de reclutamiento moderadamente buenos desde el año 2005. En 2009, el índice

de la biomasa del bacalao llegó al nivel de principios de los 90. La pesca de bacalao en

Flemish Cap se reabrió en 2010 tras haber sido prohibida desde 1998. Desde el año

2005 la biomasa de camarón disminuyó y en 2010 alcanzó casi el colapso (Casas,

2010). Esta disminución fue el resultado de los reclutamientos pobres desde el año

2003, tal vez influenciado por el aumento de la temperatura del agua durante este

período (Anderson, 2000; Koeller, 2009). Pero probablemente la causa principal de la

disminución en biomasa ha sido la alta mortalidad por pesca, que estuvo dirigida

principalmente a individuos grandes, fundamentalmente hembras lo que pudo llevar a

un desequilibrio en la proporción de sexos, reduciendo el potencial reproductivo de la

población de camarón boreal. Por otra parte, la presión de depredación que ha soportado

el camarón ha sido probablemente muy elevada, sobre todo tras la recuperación

experimentada por las poblaciones de bacalao y gallineta, contribuyendo de forma muy

importante a la disminución de la biomasa del camarón desde el año 2006.

Después de un período de buen reclutamiento desde el año 2000, la biomasa de gallineta

alcanzó valores su máximo en 2008, año a partir del cual ha mostrado una disminución

repentina (Ávila de Melo et al, 2011). La mortalidad por pesca por sí sola no explica

esta caída en la biomasa y se ha estimado que para explicar este cambio en la biomasa

deberían considerarse valores de mortalidad natural de al menos 0,4 sobre todo en

edades más tempranas (Ávila de Melo et al, 2011). La hipótesis más plausible a esta alta

mortalidad natural es el aumento de la depredación por parte de la población de bacalao
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en aumento. Esto estaría de acuerdo con nuestros resultados que demuestran el efecto

negativo de la biomasa de piscívoros sobre la gallineta nórdica.

El índice de abundancia de fletán negro se ha relacionado positivamente con el índice

NAO, es decir, temperaturas bajas, lo cual concuerda con estudios previos (Bowering y

Nedreaas, 2000; Albert et al, 2001). Ambos, bacalao y fletán negro comparten presas

tanto en la etapa juvenil (camarón e Hipéridos) como en la edad adulta (especialmente

gallineta). El aumento en la abundancia de fletán negro en Flemish Cap desde el año

1995 puede haber sido el resultado de los buenos eventos de reclutamiento registrados

durante el período de frío y por la liberación de la competencia con el bacalao por

alimento y espacio. De igual forma, la disminución en biomasa desde 2005 puede haber

resultado del aumento de la población de bacalao.

A lo largo de la presente tesis, los factores más importantes implicados en la dinámica

de las poblaciones de Flemish Cap han sido considerados. Se ha demostrado que una

forma de mejorar la evaluación pesquera es la obtención de los índices más exactos

posibles de reproducción, como TEP, para ser utilizados como puntos de referencia en

sustitución del FSSB (Morgan et al, 2010), lo cual requiere la estimación rutinaria de la

fecundidad. Otra cuestión importante para la gestión son los cambios genéticos que

probablemente causaron la disminución de la edad y el tamaño en la madurez, ya que

estos cambios son más difíciles de restaurar que los cambios fenotípicos. La condición y

tasa de crecimiento también son importantes para estimar los índices de potencial

reproductivo. Debe tenerse en cuenta que debido al empobrecimiento potencial de las

condiciones de alimentación para el bacalao en los años venideros por la tendencia

observada en las poblaciones de gallineta y camarón, el devenir de las poblaciones de

hipéridos, en conjunción con los cambios en la temperatura del agua puede ser muy

importante en la futura condición de la población de bacalao y en su potencial

reproductivo.

Bacalao, gallineta, camarón y fletán negro son todas especies de importancia comercial

con una gran interdependencia. No tener en cuenta estas interacciones entre especies

puede dificultar e incluso impedir la gestión sostenible de este caladero. Nuevos pasos

hacia el enfoque ecosistémico en la gestión pesquera van a requerir del desarrollo de

modelos multiespecíficos y ecosistémicos para Flemish Cap.
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Análisis de los indicadores ecológicos y de los cambios en la comunidad demersal

1. Las especies más abundantes en Flemish Cap fueron Sebastes marinus, S.

mentella, S. fasciatus, Gadus morhua, Reinhardtius hippoglossoides y Pandalus

borealis, con un promedio del 85,6% de la biomasa total anual en todo el período

de estudio. Históricamente G. morhua y Sebastes spp. han sido las especies

comerciales más importantes, aunque a partir de 1996, con el colapso del stock de

G. morhua, la pesca se centró principalmente en P. borealis y R. hippoglossoides.

2. Desde 1988, la biomasa y abundancia de las 35 especies demersales más

abundantes mostraron importantes variaciones, las cuales fueron recogidas por

unas cuantas tendencias comunes. Especies competidoras de G. morhua como R.

hippoglossoides o Anarhichas spp., así como las especies presa de G. morhua

como P. borealis, S. fasciatus o S. marinus mostraron, con diferente retardo de

tiempo, las tendencias opuestas al patrón observado en G. morhua.

3. Los efectos ambientales parecen haber estado relacionados con las preferencias de

temperatura de las especies, lo que sugiere que los regímenes de temperatura

tienen un papel importante en la determinación de la dinámica de la comunidad

demersal a través de su efecto sobre el reclutamiento, crecimiento y supervivencia.

4. La abundancia de especies piscívoras, mayormente determinada por la abundancia

de individuos grandes de G. morhua y R. hippoglossoides, mostraron un efecto

negativo en la biomasa de la mayoría de las especies demersales.

5. La pesca presentó un efecto negativo significativo sobre las especies comerciales

importantes como G. morhua o Sebastes spp. y determinó globalmente la dinámica

de la comunidad demersal de Flemish Cap. La liberación de competencia por G.

morhua y otras especies dominantes (por ejemplo Sebastes spp.) a mediados de los

90 produjo un efecto positivo indirecto de la pesca en especies como P. borealis,

Lumpenus lumpretaeformis o Lycodes reticulatus.

6. Los cambios en la abundancia relativa de las especies y el efecto combinado de la

pesca y del bajo reclutamiento llevaron a un empobrecimiento de la estructura de

tallas de la comunidad demersal y una marcada disminución de tamaño máximo y

medio, dando lugar a cambios en la posición relativa de curvas de abundancia y

biomasa acumulada en las ABC-curves.

7. Los índices de biodiversidad y riqueza específica mostraron importantes

variaciones, aunque estos resultados necesitan ser considerados en el contexto de

los cambios en otros factores influyentes como la experiencia o la capacidad de

identificación de las especies.
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Cambios en los hábitos de alimentación de las principales especies de peces de la

comunidad demersal

8. Los hábitos de alimentación cambiaron con el tamaño en la mayoría de las

especies de peces demersales de Flemish Cap. En consecuencia, es necesario

considerar las especies tróficas en lugar de las especies biológicas para estudiar los

cambios a largo plazo en los hábitos de alimentación y de las interacciones tróficas

en los modelos multiespecíficos.

9. Las especies tróficas de la comunidad demersal de Flemish Cap se organizan en

cuatro gremios tróficos diferentes: piscívoros, predadores bentónicos, pelágicos y

bento-pelágicos, aunque algunas especies tróficas como los de género Anarhichas

cambian de grupo trófico en función de la disponibilidad de presas.

10. La alimentación de las principales especies demersales ha sufrido claras tendencias

comunes a lo largo del periodo de estudio. En primer lugar, la presencia de

Pandalus borealis aumento en la mayoría de las especies de peces. De manera

similar la depredación sobre Sebastes spp. Aumentó en los piscívoros de forma

generalizada. Estas dos tendencias comunes llevaron a una disminución paralela en

la importancia de las especies de presas habituales en la dieta, como los hipéridos,

copépodos, ofiuras o ctenóforos. La variación en la abundancia de las especies

presa fue la causa principal de los cambios y tendencias comunes observados en la

dieta de las 25 especies tróficas.

11. Teniendo en cuenta todo el período de estudio, es decir, considerando todos los

años a la vez, entre las distintas especies tróficas el solapamiento de la dieta fue

bajo y la mayoría de las especies ocupó un área relativamente específica en el

espacio trófico. Esto sugiere que la competencia a largo plazo por los recursos

alimentarios entre la mayoría de las especies es relativamente baja. Algunas

especies tróficas del género Sebastes, Nezumia bairdi así como la pareja formada

por las especies tróficas menores de G. morhua y R. hippoglossoides fueron

excepciones notables. Esto estaría en concordancia con las tendencias opuestas

observadas en la biomasa entre R. hippoglossoides y G. morhua y refuerza la idea

de fuerte competencia entre estas especies.

12. Anualmente, los patrones comunes observados hacia una preponderancia de P.

borealis y Sebastes spp. en la dieta de la mayoría de las especies, produjo un

aumento en el solapamiento de la dieta entre muchas especies desde finales de los

90.
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13. En contraste, el solapamiento de la dieta entre las especies tróficas pequeñas y

grandes de los géneros Anarhichas y Sebastes disminuyó debido al cambio de los

hábitos de alimentación hacia el consumo, en las especies tróficas grandes, de

Sebastes spp. en Anarhichas y P. borealis en Sebastes. La diversificación de los

hábitos alimentarios entre juveniles y adultos podría favorecer un mayor

crecimiento potencial para la población, como se observó desde 2003 en Sebastes.

Maduración, crecimiento y potencial reproductivo

14. En el stock de Gadus morhua de Flemish Cap, los parámetros A50 y L50 sufrieron

una fuerte reducción en las cohortes de la década de 1980 y especialmente en las

cohortes de la década de 1990. La A50 experimentó una reducción aún mayor en

las cohortes de finales de 1990 y principios de 2000. Tanto la plasticidad

fenotípica como el cambio en las frecuencias génicas parecen haber sido las causas

de la maduración más temprana.

15. Una elevada presión pesquera, especialmente centrada en los individuos más

jóvenes, especialmente en la década de 1980 y principios de 1990, indujo un

cambio en las frecuencias génicas poblacionales. Esta selección genética produjo

el cambio observado hacia maduración más temprana a tallas menores en las

cohortes de finales de los 80 y primera mitad de los 90.

16. El crecimiento aumentó desde 1997 debido a tres factores: i) la disminución de la

abundancia de la población, ii) los cambios en la comunidad demersal (los dos

juntos llevaron al aumento de la disponibilidad de alimentos) y iii) un aumento de

la temperatura del agua. Estos factores produjeron un cambio fenotípico hacia una

maduración más temprana en las cohortes de finales de 1990 y principios de 2000,

pero a tallas un poco mayores.

17. La disminución de la biomasa de hembras reproductoras de G. morhua a principios

de los 90, junto con el rejuvenecimiento de la población reproductora, produjo la

reducción observada en el potencial reproductivo, con una reducción en la

producción total de huevos.

18. Esta disminución en el potencial reproductor fue en gran parte responsable de los

fallos en el reclutamiento desde 1992. Sin embargo, las bajas temperaturas

registradas entre 1989 y 1997 pudieron también haber dado lugar a condiciones

desfavorables para el reclutamiento.
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19. Los estudios de las variaciones de la fecundidad y su relación con las condiciones

ambientales serán necesarios para entender los beneficios de utilizar la producción

de huevos en lugar de la biomasa reproductora en la evaluación del stock.

Modelo de red trófica y funcionamiento de la comunidad demersal de Flemish

Cap:

20. La red trófica de Flemish Cap está formada por dos subsistemas, el pelágico y el

bentónico, siendo la comunidad demersal el vínculo entre ellos. El subsistema

pelágico es dominante a altas densidades de G. morhua y Sebastes spp, cuando P.

borealis se mantiene a densidades más bajas y los hipéridos y los copépodos

transfieren la mayor parte de la energía a partir de fitoplancton hacia los peces

zooplanctívoros mientras que Sebastes spp. lo hace desde el zooplancton hasta lo

piscívoros.

21. La dinámica de la comunidad demersal es el resultado de múltiples interacciones

entre fuerzas internas de la población, como el potencial reproductivo, el

crecimiento y la estructura de tallas y edades, y fuerzas externas como las

condiciones oceanográficas, la pesca, la depredación y la competencia.

22. La dinámica de los stocks está regulada tanto por mecanismos bottom-up como

top-down en diferentes estadíos de desarrollo. Las condiciones ambientales

aparecen como unos factores de gran importancia influyendo en el éxito del

reclutamiento; la mortalidad producida por los predadores piscívoros es un factor

de gran importancia durante el estadío juvenil; finalmente la pesca afecta

mayormente a los individuos de mayor tamaño.

23. De esta forma, la presión pesquera sobre G. morhua desde 1960 llevó a la

reducción excesiva del stock, produciendo cambios genéticos y reduciendo el

potencial reproductivo, que junto con las bajas temperaturas dificultaron el

reclutamiento y llevaron al colapso de la población en 1997.

24. La pesca disminuyó drásticamente la abundancia de G. morhua y Sebastes spp. a

principios de los años 90. Esto llevó a una disminución de la predación sobre P.

borealis, lo cual, junto con los buenos reclutamientos favorecidos por las bajas

temperaturas produjeron un aumento sin precedentes en la abundancia de este

crustáceo. El mismo patrón fue observado en otras especies competidoras de G.

morhua como las del género Anarhichas o R. hippoglogossoides.
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25. La supervivencia de los juveniles de S. marinus y S. fasciatus aumentó desde el

año 2000 debido a la baja predación por G. morhua y al aumento en la temperatura

del agua, llevando al crecimiento de las poblaciones de estas especies de Sebastes

desde 2003.

26. El aumento en el potencial reproductivo de G. morhua debido a la mayor

disponibilidad de alimento y el aumento de la temperatura del agua favorecieron el

reclutamiento y la recuperación del stock desde 2006.

27. La biomasa de P. borealis disminuyó desde 2005 debido a la elevada presión

pesquera que afectó tanto a la abundancia como a la sex ratio, debido al aumento

en la presión depredadora por G. morhua y Sebastes spp. y a las altas

temperaturas.

28. El aumento en la abundancia de individuos grandes de G. morhua produjo una

mayor depredación y una disminución de la población de S. marinus y S. fasciatus

desde 2007.

29. La disminución de las poblaciones de P. borealis y Sebastes spp., junto con el

incremento del stock de G. morhua producirá probablemente una disminución en

la tasa de crecimiento y en el estado de condición de los individuos, llevando a un

retraso en la edad de maduración, a tallas menores, que podría llevar a una

disminución del potencial reproductivo del stock. De esta forma, el estado del

stock de hipéridos será de gran importancia para el crecimiento y el potencial

reproductivo de G. morhua en el futuro.

30. Estos resultados muestran que para una pesca sostenible en Flemish Cap son

necesarios enfoques multiespecíficos y ecosistémicos que tengan en cuenta las

interacciones tróficas de las especies más importantes, la influencia de las

condiciones oceanográficas, el potencial reproductivo, y que permitan el desarrollo

de modelos matemáticos integradores.
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List of acronyms:

Name Acronym
Abundance Biomass Comparison ABC
Condition Index CI
Department of Fisheries and Oceans of Canada DFO
Dynamic Factor Analysis DFA
Ecosystem Approach to Fisheries EAF
European Union EU
Exclusive Economic Zone EEZ
Female Spawning Stock Biomass FSSB
Frequency of Ocurrence FO
Homogenized Prey Species HPS
Name Acronyms
Northwest Atlantic Fisheries Organization NAFO
Percentage by Total Volume PTV
Probabilistic Maturation Reaction Norms PMRNs
Relative Stomach Content Index RSCI
Spawning Stock Biomass SSB
Standardized Absolute Volume SAV
Stock Reproductive Potential SRP
Total Allowable Catch TAC
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