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Executive Summary
Introduction

Most if not all cod stocks in the North Atlantic have been overexploited and are presently in a depleted state. Close examination of data collected in the years leading up to the collapse of individual fish stocks reveals some recurrent patterns. Firstly, old individuals have become an increasingly rare component of the age structure. Coincident with this, both size and age at maturity have decreased. Finally, as overall abundance has decreased the spatial distribution has collapsed into decreasingly small parts of the original area, possibly reflecting the loss of distinct sub-stocks. The latter is of particular concern because there is evidence that a diverse sub-stock structure is necessary to ensure the long term health and productivity of fish stocks. In recent years, genetic and other stock discrimination studies (including this project) have revealed the existence of complex stock structures showing that in many cases the geographical units, historically managed as single stocks, represent a multitude of sub-stocks or distinct units with different life histories. In this project, the overall objective was to develop a conceptual and mathematical basis for advising on how fisheries management measures might be framed to conserved or restored not only stock biomass, but also sub-stock diversity of cod in the Icelandic waters, West of Scotland and the North Sea.
Main results

The main results of the METACOD project have demonstrated the existence of stock structure within both the Icelandic and North Sea/West of Scotland cod stocks. All exploratory tools - genetic, life historical, behavioral and oceanographic - support the existence of a degree of stock richness in these areas, characterized by temporal variation in productivity between sub-stock units. 

Around Iceland, genetic differences between North and South regions were found to be significant (Fst=0.003 with neutral markers) and temporally stable between the years 2002-2003. Additional differences were also detected between spawning groups inshore and offshore of the 125 m isobath within the main spawning grounds at the southwest coast. Otolith shape analysis also revealed significant differences between the North and South regions at Iceland, and between the groups spawning either side of the 125 m isobath in the south. The presence of significant genetic differences between the Northern and Southern spawning Icelandic cod indicate that the sub-stock structure is maintained by some process which restricts the exchange of genetic material between north and south. This may be a consequence of oceanographic dispersal patterns which restrict mixing between the offspring from different regions, or active homing of individuals to their spawning site of natal origin regardless of where they spend their juvenile years. There is also evidence of local adaptation of cod to different local environment. For example, first-spawning migrations of cod from Greenland into Icelandic waters, which have frequently been observed throughout the last century, could be interpreted as homing behavior of spawning individuals to their natal site of origin. However, oceanographic modeling in the project indicates that these fish are most likely to have originated from only a small subset of the spawning area so any upstream migration behavior would bring them back to the vicinity of their natal origins. Tagging and recapture data provide evidence for some partial migration between the different components. In the south, individuals tagged at the deep water stations have been recaptured 1-2 years later in more shallow waters at spawning sites along the Southern shore. Similarly, occasional cod tagged at Northern or Eastern located spawning sites have been recapture spawning at South- or Southwesterly located spawning sites. None, or very few cod tagged at the Southern spawning sites have been recaptured at North- or East located spawning sites. Although tagging experiments provide information on movements of specific individuals, they do not provide evidence for contribution of the immigrants to the gene pool of the receiving population. However, the presence of straying between populations may be sufficient to override the source of large genetic structure across the species range (microsatellite) and therefore explain the low genetic differences between the SW and NE areas.

Results of the DNA analysis of spawning cod in Scottish waters were less conclusive than results of the other stock discrimination tools. This was especially true for the North Sea – West of Scotland cod where microsatellite genetic differentiation among spawning components was found to be very limited or lacking. Only the samples collected at the Faeroe plateau and the Faeroe Bank displayed significant differentiation from the rest of the samples. However in Scottish waters, significant differences in otolith shape were detected among spawning components in the North Sea and Moray Firth as well as the Papa Bank, Irish Sea, Clyde and Minch, with high classification success. Similarly, the micro-elemental composition of otoliths was found to be highly characteristic of fish from different spawning areas, and in the sites studied it appeared that once settled as juveniles, fish strayed relatively little on attaining maturity. Results based on tagging experiments further indicate the presence of resident spawning groups on the Moray Firth and the Clyde. 

To assess the consequences of sub-stock structure for management strategies intended to preserve the structure and diversity of the stocks, two different modelling approaches were taken. Firstly, a spatially resolved, age structured, multi-stock model capable of tracking genetic lineages of cod in a management region was constructed, parameterised and tested for the the North Sea/West of Scotland region. The model represented the closed life-cycle of cod and incorporated inputs from oceanographic models in a process based representation of the early life stages. We refer to this model as METAFOR. Secondly, a partial life-cycle model capable of automatic optimisation to survey data, with recruitment being one of the fitting parameters, was constructed to explore different sub-stock structures of cod in Icelandic waters. We refer to the model as GADGET.  Results from METAFOR in conjunction with data on otolith elemental analysis and genetics, indicated that in the North Sea and West of Scotland area it was not necessary to assume precise homing of fish back to natal spawning areas in order to account for the observed properties of fish in different sub-regions. An explanation based on separation-by-distance and oceanographic features was more effective. Simulated natal dissimilarity based on the homing scenario showed a threshold of physical separation distance of 800-1000km, above which groups were effective completely dissimilar. No such threshold effect was evident in the available genetic data. Results of GADGET showed that in Iceland, the best fit to the cod survey data was obtained when the model was set up for two stocks in two areas, i.e. one stock which spawned in the North and another one in the South with relatively little exchange between the two. 

In terms of advice on management of fishing activity to maintain or rebuild stock richness (number of sub-stocks in a management region), the conclusions from the modeling studies were rather different depending on whether the structure was assumed to be maintained by homing or oceanography and separation-by-distance. In the former, recolonisation of extinct spawning areas is only possible by straying of mature fish which tagging data indicate to occur at only low rates. In the latter, recolonisation can occur spontaneously as a result of anomalies in oceanographic dispersal in a given year and the most effective management measure is to protect and build up the spawning biomass in upstream areas likely to supply potential recruits.

Conclusion

In this project we have shown that cod in the existing management units at Iceland and European waters are clearly not homogeneous and exhibit spatial structure of properties related to their natal origin and future spawning site fidelity. The mechanisms by which structure is maintained may vary between regions. At Iceland, where genetic structure is more evident, there is evidence of possible homing to natal spawning areas. In European waters, the observed structure can be best explained in terms of separation-by-distance and oceanographic processes.

The consequences of the assumed structuring mechanism for management strategies intended to conserve or rebuild sub-stock richness are profound. Our modeling studies indicate how richness may be related to spatial management strategies.

Recommendations

Our research indicates a number of future priorities:

1. Continuing analysis of temporal stability of the existence of different spawning component in Icelandic waters is needed. This can be done with techniques developed in MEATCOD by employing genetic and elemental fingerprint analysis to material subtracted from archived otoliths.  

2. Further analysis of behavior linked with feeding migrations, dispersal of juveniles, immature and spawning cod and the resulting composition of the harvested stock in Iceland is needed. Results indicate limited mixing of different spawning components on the feeding grounds. As a result, management based on estimation of stock abundance of separate stock units is likely to be possible. 
3. The METACOD study area needs to be extended to understand the scale of interactions among all spawning areas in the North Sea. 
4. As well, the METACOD study area needs to be extended to understand the scale of interactions between Icelandic and Greenland waters. This can be done with tools developed in METACOD by: i) using the circulation model developed in METAOCD to map the temporal changes associated with the flow of the North Icelandic Irminger Current, ii) use the circulation model and genetic tools to determine the source of cod offspring that are transported into Greenland waters,  iii) estimating proportions of first-spawning migrations from Greenland into Icelandic waters using tagging data as well as genetic and elemental fingerprint analysis.

5. The METAFOR modeling work indicated some key areas where knowledge of fish behaviour and ecology is lacking. These are a) the ecology of pelagic juvenile fish at settlement (habitat selection, competition, migration and mortality), b) migration behaviour recruit fish from their nursery area to first spawning site, and c) ecology of predation mortality leading to density dependent responses in the population.
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Introduction

1.1
Background

Current management strategies for EU fish stocks are designed to maintain the populations within ‘safe biological limits’ of overall spawning stock biomass and fishing mortality. These limits are based on the historical time series of fluctuations in stock abundance and mortality and take into account the inherent uncertainty in the annual stock assessments. They are intended to protect the stock from collapse due to over-exploitation, predicated on the assumption that the underlying properties and productivity of the stock remain constant over time. Defining these limits for individual stocks, and then restraining catches to within these limits, have proved to be the major challenges for fisheries management in the second half of the 20th century. 

In general, fish populations are thought to be relatively resilient to exploitation compared to populations of many terrestrial species (Myers et al., 1995; Myers et al., 1997). This is due to the existence of compensatory aspects of the population dynamics of fish whereby the per-capita reproductive rate increases with decreasing stock size. In contrast, many terrestrial species have depensatory aspects to their population dynamics, requiring some minimum population size in order to achieve successful reproduction (Frank and Brickman, 2000). Hence, an underlying tenet of the safe biological limits approach to fisheries management is that stock collapse should be reversible by the imposition of a moratorium on exploitation.

Where effective curtailment of exploitation has been implemented, most of the depleted stocks have eventually recovered to some extent. However, the post-recovery populations have often exhibited very different productivity and spatial characteristics to the pre-collapse state. In addition, it is clear that for some stocks, the time scale for recovery appears longer than might be expected simply on the basis of historical stock-recruitment data. In general, those stocks which have been most severely depleted suffer the longest delays in recovery (Hutchings et al., 1993; Frank and Brickman, 2000; Hutchings, 2000). The implication is that, although fish populations have the a general capacity for recovery, over-exploitation has inflicted some more permanent damage to the stocks, which has changed their character in some way and impaired their reproductive rate at low stock sizes.

Close examination of data collected in the years leading up to the collapse of individual fish stocks reveals some recurrent patterns. Firstly, old individuals have become an increasingly rare component of the age structure. Coincident with this, both size and age at maturity have decreased. Finally, as overall abundance has decreased the spatial distribution has collapsed into decreasingly small parts of the original area (Frank and Brickman, 2000; Hutchings, 2000). Ground-fish stocks in particular seem to have suffered in this way, and a high proportion world-wide are perceived to be in a severely depleted state relative to their condition at the onset of large scale commercial harvesting. In all cases, the accumulated impacts of high rates of fishing mortality, sometimes acting in concert with adverse environmental conditions, have been responsible for the population collapses.

The spatial collapse of ground-fish stocks which has accompanied declines in abundance has often resulted in increased catchability, and the maintenance of fishery catch-per-unit-effort (CPUE) over a wide range of stock abundance (Bishop and Shelton, 1997). Since CPUE data have, in many cases, been a cornerstone of stock assessments this phenomenon has effectively disguised the signals of stock collapse until the decline has reached extreme limits and drastic management action has become necessary as. The archetypal example is the case of the Northern Cod stock off Newfoundland/Labrador and the Grand Banks (NAFO areas 2J3KL).

Prior to the well documented collapse of cod abundance off Newfoundland (Hutchings, 1996; Bishop and Shelton, 1997), this stock was managed as a single unit straddling Canadian territorial waters and the International waters on the northern Grand Banks. Following the collapse, it became apparent, from genetic and other data, that the stock had actually been composed of numerous inshore and offshore sub-units, and that the collapse was associated with the near extinction of the offshore units (Ruzzante et al., 1998, 2000). Since 1996 there has been evidence of recovery in the inshore units, but no evidence of recovery offshore. A currently contentious issue of debate is the extent of harvesting of inshore cod can be sustained without jeopardising restoration of the offshore sub-stocks through re-colonisation. The current state-of the-art in fish stock assessment and prediction cannot easily take account of such issues. This project is intended to provide the basis for incorporating the key aspects of spatial structure into the scientific advisory process as the basis for resolving exactly the type of situation currently being faced in relation to the 2J3KL cod off Newfoundland. The project will also aim to set out guidelines as to how fish stocks might be managed to meet the dual aims of conserving both stock biomass and the spatial structure which appears to be so important for the long-term persistence of the stocks. 

1.1.1
Detailed aspects of project rationale and innovation

How could the changes in biological and spatial characteristics which have accompanied recent collapses reflect damage to the stocks? 

Ground-fish, and especially cod, congregate annually at particular geographical locations to spawn. These locations are usually identifiable as shallow banks, sedimentological or oceanographic features. There are strong indications that each spawning congregation represents a discrete group of fish, which return each year to the same location. Studies of meristic and morphometric characteristics, otolith chemistry, genetic composition, and tagging studies support the case for a high degree of site fidelity among repeat spawning fish in each congregation. It seems unlikely that these differences could be maintained without also a high degree of fidelity to parental spawning sites.

Catch control measures designed to manage the population abundance of fish stocks are, for practical reasons, applied at spatial scales which typically encompass the annual migration ranges of many individual spawning congregations. Hence, although the stock management units usually have some basis in demography, biology and oceanography, do not represent single spawning stocks, but complex aggregations, or metapopulations, comprising many sub-stocks. The number of sub-stocks comprising a stock has been referred to as the “stock richness” (Sinclair, 1988; Frank and Brickman, 2000).
It is not clear whether the individual sub-stocks comprising a stock are isolated by virtue of the distance between spawning locations, or whether the isolation is a product of heritable behavioural properties which result in the maintenance of distinct spawning units with minimal straying. Regardless of the actual mechanism, it is clear that each sub-stock must contribute differently to the overall reproductive rate of the metapopulation.

At the integrated stock level, the relationship between spawning stock and recruitment is typically represented by some asymptotic or dome shaped relationship such as the Beverton and Holt or Ricker formulations. In both these cases, the reproductive rate (survivors per egg produced) approaches a maximum at the origin of the relationship, and declines with increasing spawning stock abundance. In the Beverton and Holt model, the number of surviving recruits approaches some maximum value with increasing spawning stock (the carrying capacity of the stock region). In the Ricker model, the number of recruits attains a peak value at some value of spawning stock and further increases in spawning stock result in reduced recruitment. In these models, reproductive rates at low spawning stock abundances are maximal due to a lack of competition between larvae and/or juveniles for some critical resource (food, shelter from predation). At high spawning stock abundances, these resources become limiting, and survival is said to be density dependent.

Analysis of stage specific abundance data during the development of annual cohorts of cod and haddock indicate that competition, and hence density dependent survival, occurs mainly during the transition from pelagic to demersal stages. In haddock, settlement habitat appears to be the key limiting factor, whilst for cod, other factors such as cannibalistic tendencies may lead to density dependent regulation of juvenile numbers. Hence, the number of eggs produced at each spawning location has a limited bearing on the proportion that will survive to the end of the pelagic phase. We know from modelling studies, supported by field observations, that this proportion is dictated by the environmental conditions experienced by the eggs and larvae along their particular drift trajectories. However, at the onset of the competitive phase, the survival of offspring from any one spawning location becomes very much affected by the number of pelagic phase survivors from other locations and the extent of intermingling as a result of diffusion and dispersal by water currents. 

The conceptual model which emerges from these considerations is that the individual sub-stocks which constitute a stock complex potentially have unique stock-recruitment relationships, which are essentially independent at low overall spawning stock abundance, but become increasingly inter-dependent as overall spawning stock abundance increases. Hence, the metapopulation stock-recruitment relationship should become increasingly sensitive to stock richness as the overall spawning stock abundance decreases. Degradation of stock richness through over-exploitation should, therefore, have an effect on expectations of recruitment to the metapopulation, especially at low overall stock abundances.

A key component of the rationale behind this project is the extent to which erosion of stock richness is reversible. In other words, once sub-stocks have been lost, how quickly can we expect their spawning locations to be recolonised by vagrants from other sub-stocks? Where depleted stocks have recovered, we know that the recovered stock can have a very different sub-stock complement to the original state, with different migration and productivity patterns, as for example in the Norwegian Sea spring spawning herring. The key issue is whether loss of stock richness reflects loss of genotypic diversity in the metapopulation, which may take many generations to restore, or simply loss of phenotypic diversity, which may be reversible in relative short time scales. 

1.1.2
Innovative aspects of methodology

Key to the success of this project is the ability to successfully discriminate between the different spawning sub-groups making up a stock-metapopulation. In the past, enzyme genetics and mitochondrial DNA studies have largely failed to resolve the genetic sub-structure. However, Syp I locus, mini- and micro-satellites probes have been extremely successful in resolving structure, especially in cod stocks (Cross and Payne, 1978; Mork et al., 1985; Fevolden and Pogson, 1995; Galvin et al., 1995; Pogson et al., 1995; Fontaine et al., 1997; Ruzzante et al., 1997, 1998; Árnason et al., 2000; Jónsdóttir et al., 2000, 2003;). The microsatellite markers and the Syp I locus have shown to be useful in differentiating spawning stocks of cod.   Microsatellites consist of short tandemly repeated nucleotide sequences scattered around the genome, two to four nucleotides long (Tautz, 1989). These have been used successfully in population genetic studies in recent years in cod (Ruzzante et al., 1997, 1998; Miller et al., 2000; EU FAIR-CT95-0282). Syp I locus is a PCR amplified locus showing two allele polymorphism and has been used successfully to study cod populations (Fevolden and Pogson, 1995, 1997; Pogson et al., 1995; Jónsdóttir et al., 2000, 2003). 

In this project, we have combined the successful micro-satellite DNA approach with another new approach to resolving the history of individual fish – analysis of micro-elemental composition in otoliths. Some of the trace elements incorporated into the growing surface of fish otoliths have been shown to reflect the physical and chemical characteristics of the ambient water (Begg et al., 1998; Campana 1999; Campana et al., 2000). To the extent that groups of fish inhabit different environments, the otolith elemental composition (the “otolith elemental fingerprint”) then becomes a natural marker or tag of those groups.  Use of an elemental fingerprint as a natural tag takes advantage of the fact that otoliths are metabolically inert, and cannot change appreciably in size or composition over a brief time period.  Once the elemental fingerprint of all potential source (eg- spawning) groups has been determined, fish remain identifiable as to their spawning group, despite any mixing with other groups, until later otolith growth substantially alters overall elemental composition.  An appealing feature of this application is that the elemental fingerprint need not be linked to potential sources or locations in the environment.  Rather, the fingerprints are used as natural, short-term tags of pre-defined groups of fish.

Finally, we have use these state-of the art techniques to validate a suite of numerical modelling methods designed to integrate the physical and biological aspects of the early life of fish and simulate the growth, dispersal and survival in response to changes in ocean climate and spawning stock abundance.

Prior to this project, each of these techniques had so far been used only rarely to address applied problems in fisheries science. Used together, these tools have advanced our understanding of sub-stock structure and dynamics of fish populations.

1.2
Objectives

The geographical management units (stocks) of most commercially exploited fish species almost certainly do not represent single spawning stocks, but complex aggregations, or metapopulations, comprising many distinct sub-stocks. The number of sub-stocks comprising a stock has been referred to as the “stock-richness”.

Stocks of many commercial fish species in the North Atlantic are considered to be over-exploited, but ground-fish, and especially cod, appear to be in a particularly depleted state. A recurrent feature of the decline in cod stocks (and those of many other species) has been collapse of the spatial distribution of fish into decreasingly small areas of the original stock regions, implying loss of stock-richness. From theoretical considerations, erosion of stock-richness should decrease the genetic diversity and reproductive potential of the stock as a whole. Indeed, where moratoria on exploitation have been effectively implemented, recovery of depleted stocks appears to have proceeded more slowly than might be expected on the basis of historical reproductive rates. If the depleted stocks have been damaged in this way by over exploitation, then the lesson to be learned is that fisheries management measures should be concerned not only with maintaining stock biomass within safe biological limits, but also with conserving stock-richness.

The high-level objective of this project was to develop a conceptual and mathematical basis for advising on how fisheries management measures might be framed to conserve or restore not only stock biomass, but also sub-stock diversity (stock-richness). 

We aimed to accomplish this by studying cod off Iceland and Scotland, as archetypes of the species and stocks where concerns about loss of sub-stock diversity are a major issue. Cod are one of the major commercial species in the North Atlantic and the stock off Iceland appears to have a rich sub-stock structure, undergone restoration from a depleted state around 20-30 years ago. In contrast, cod in the northwest European waters are currently declining in abundance and the most recent assessments of abundance and biological characteristics (e.g. mean age and size at maturity) indicate that the stocks are approaching a seriously depleted state. 

At a more detailed level, the objectives of this project were to:

· Establish the current state of, and where possible the trends over the last 40 years in, stock-richness of cod around Iceland and to the west and northwest of Scotland, and relate these to changes in stock biomass. 

· Establish the genetic, behavioural and oceanographic basis for the richness of the cod stocks, and the variations in productivity between sub-stocks.

· Compile all the strands of evidence for sub-stock diversity in these cod stocks into a conceptual and mathematical model of the overall population dynamics incorporating sub-stock dynamics.

· Use the models to generate advice on how the dual aims of conserving or restoring stock biomass and sub-stock diversity might be achieved.

The achieve these objectives we undertook the following specific tasks:

· Documented, from historical trawl survey, egg survey, and fishery data, and the indigenous knowledge of fishermen, the past and present day spawning locations of cod around Iceland, to the west of Scotland and in the north-western North Sea.

· Related trends in the distribution of spawning locations to changes in overall stock biomass.

· Analysed historical tagging data, and undertook new tagging experiments, to determine the spawning site fidelity of cod, and the annual migration scales of cod from different spawning locations.

· Analysed microsatellite DNA and Syp I from samples of cod from different spawning locations, to establish the extent of genetic differentiation of spawning groups and their stability through time. Examined temporal stability by analysing the genetic composition of historical samples of cod (obtained from archived otolith collections) and correlated genetic structures with known changes in population size. 

· Characterized each of the spawning groups in terms of their otolith elemental fingerprint and otolith shape, for use as a natural tag or marker in tracking subsequent movements.

· Assembled and collected information on biological parameters influencing reproductive outputs and estimated total egg production by each spawning component.  Constructed a population abundance index that can be used to partition the total stock into spawning components.

· Developed a fine scale hydrodynamic models of the spawning regions around southern Iceland, west of Scotland, and the north-western North Sea. Then, conducted particle tracking simulations of the dispersal of eggs and larvae, in order to establish the extent of mixing between offspring from different spawning locations.

· Conducted sampling of juvenile cod populations which the tracking models indicated should comprise fish from a mixture of spawning groups, estimated their actual composition from analysis of microsatellite DNA and Syp I genetic markers, otolith elemental composition and growth rates from analysis of otolith microstructure.

· Estimated the survival to juvenile stage from different spawning groups using an existing bio-physical model of dispersal, growth and mortality, calibrated using the genetic and otolith data collected from mixed juvenile populations.

· Examined the composition of mixed feeding aggregations generally targeted by fisheries, by quantifying the proportions of fish from the various regional spawning components using discrimination techniques developed in the project.

· Conducted an assessment of the sub-stock structure of the Icelandic, west of Scotland and north-western North Sea cod stocks, to include estimates of the yield per recruit, and stock-recruitment relationships of the main sub-stocks. 

· Developed advice on how catch and/or effort control measures might be structured in space and time to both manage the population abundance at the scale of whole stock, and conserve or hasten the rebuilding of sub-stock structure.

1.3
Project structure
The project was organised into 5 main topics, each containing a number of work packages. The topics represented a progression, beginning with the gathering of basic information on where and when cod spawn in the regions of interest, through state-of-the-art molecular analysis, oceanographic and bio-physical modelling, and culminating in the development of proposals as to how fish stock might be managed to conserve or restore both stock biomass and stock richness.

The topics and work packages are listed below. In this final report, WP’s 1-6 have been combined in Chapter 2; WP’s 7-9 in Chapter 3; WP 10 in Chapter 4 and WP´s 11-12 in Chapter 5.

Topic 1: Where are the spawning groups and how have they changed?
· WP1: Past and present day spawning locations of cod.

· WP2: Relationship between stock-richness, catch and stock biomass.

Topic 2: How distinct are the spawning groups?
· WP3: Tagging studies to determine spawning site fidelity and migrations.

· WP4: Genetic differentiation among spawning components.

· WP5: Natural markers for the different spawning groups based on otolith elemental fingerprints and otolith shape. 

· WP6: Growth and reproductive properties of different spawning groups.
Topic 3: How do oceanographic processes segregate juveniles from different spawning groups?

· WP7: Hydrodynamic and particle tracking models of egg and larval dispersal.

· WP8: Identification of spawning group origins in mixed populations of juveniles.

Topic 4: What are the differences in recruitment performance of the various spawning groups?
· WP9: Modelling the survival of offspring from different spawning groups.

Topic 5: What advice can we give to fisheries management?

· WP 10: Contribution of spawning groups to the harvested stock.
· WP11: Assessment of sub-stock structure of Icelandic, west of Scotland and north-western North Sea cod stocks.

· WP12: Development of advice on future catch and/or effort control measures.

2. 
Identification of spawning units

Whilst Atlantic cod are widely distributed throughout the continental shelves of the North Atlantic, they often tend to congregate annually at particular geographical locations to spawn (Brander, 1975; Rose, 1993; Robichaud and Rose, 2001). These different spawning congregations may represent more or less discrete groups of fish, which return to the same location each year. In this section we first identify the important spawning congregations of cod in the waters around Iceland and in ICES areas VIa and IV. We then consider the degree to which spawning congregations reflect reproductively distinct spawning units through a variety of genetic and non-genetic approaches. Reproductive isolation is further considered from the degree of adult fidelity, based on tagging studies. Combining this information we then propose a number of spawning units that may represent local populations. Phenotypic variation is then considered in relation to these spawning units. Finally, temporal changes in the productivity of these spawning units are considered over several decades, in order to consider whether there is any evidence of asynchronous population dynamics. 

2.1.
Size and location of spawning sites

2.1.1.
Iceland

In Iceland, the main spawning grounds of cod are located along the South and West coast (Smith, 1909; Sæmundsson, 1924). Distribution of eggs and larvae in Icelandic waters was first surveyed by Smith in 1904 (Smith, 1909; appendix 2.1.1.1).  He was also the first scientist to observe the clockwise drift of eggs and larvae away from the spawning grounds in the South, northbound along the west coast and into the colder waters off the North and East coasts. Smith (1909) did not observe any spawning of cod in the colder waters of the north and the East coasts and he concluded that the cod was not able to spawn in colder waters than 4-5°C.  

Spawning at other locations within the fjords of the West and North coasts was later confirmed by Sæmundsson (1924), but it was considered to be on a much smaller scale and insignificant in comparisons to the main spawning grounds on the South coast. 

The location of the main spawning areas at the south and southwest coast as well as the dispersal of eggs and larvae with the west- and northward flowing coastal current clockwise from these spawning sites was later confirmed during a series of surveys conducted in 1976-1981 (Fridgeirsson, 1984; Appendix 2.1.1.1). 

Therefore for the most part of last century it was generally accepted that all major spawning of cod occurred at the south and southwest coast of Iceland and that any spawning outside this area was of little importance.  However, recent studies based on back-calculated hatch dates of 0-group cod sampled all around the country have indicated that other areas located within fjords of the West, North and East coasts of Iceland appear to contribute significantly, at least in some years, to the surviving population of pelagic juveniles (Marteinsdottir, et al., 2000; Begg and Marteinsdottir, 2000, 2002).

In this study we describe the location of cod spawning sites in Icelandic waters by exploring the distribution of the fishery targeting spawning cod and the occurrence of spawning cod confirmed by samples collected by the MRI during the last 3 decades.  Information on location of fishing gear targeting the spawning cod was also used to estimate relative geographical size of each spawning site and the catch per unit effort was used to estimate the number of spawning cod present at each time (see appendix 2.1.1.1 for further details on methodology).
A total of 94 spawning sites have been identified (Fig. 2.1.1). These sites vary in size with the largest ones on the main spawning grounds, south, southwest and west of the country (Appendix 2.1.1.1).  Spawning areas northwest, north and east of the country were generally much smaller.
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Figure 2.1.1.  Atlas of spawning sites for cod in Icelandic waters.



2.1.2. 
West of Scotland (ICES VIa) and northern North Sea (ICES IV)

Like many cod stocks, those off the Scottish west coast (ICES area VIa) and the North Sea (ICES area IV) are in a very depleted state (ICES, 2005). The spawning stock biomass of these stocks has reached a historic low. There is a pressing need for information on spawning sites to inform emergency measures to protect spawning aggregations. Precautionary closures have been implemented in the north of VIa and North Sea as well as, on a smaller scale, in the Clyde Sea area (Anon., 2001a; Anon., 2001b; Anon., 2002). The Clyde Sea closure continues under national UK legislation. Results from this project have already been used to inform this debate as described below.

Information on Atlantic cod spawning grounds to the West of Scotland and northern North Sea can be derived from the catches of mature sized adults in ICES and Scottish research surveys (Hedger et al., 2004) but the ability of cod to migrate large distances immediately prior to spawning can limit the usefulness of such data. More accurate information is provided by egg surveys or surveys designed to determine the densities of spawning adults. In this study various data sources were employed to map spawning areas and changes in their use. In this project information on cod spawning grounds came from i) compilations of historic fish survey data (Anon, 1971; Daan, 1978; ICES 1994), ii) dedicated sampling of all spawning cod during 1st quarter surveys in 2002 and 2003 and iii) various ichthyoplankton and trawl surveys carried out between 1919 and 2004. Using all such data sources, a report was compiled on the North Sea Cod Spawning Grounds, which was provided for EC discussions on cod recovery plans in May 2002 and as a working document for ICES (Wright et al, 2003; Appendix 2.1.2.1). A manuscript detailing cod spawning grounds off the Scottish west coast (ICES VIa) and adult fidelity, based on archived tagging data has been recently published (Wright et al, 2006a; Appendix 2.1.2.2). An overview of cod spawning grounds in areas VIa and the North Sea was created by importing all available data into ArcGIS (ESRI UK Ltd) to give a general indication of the main spawning areas (Fig. 2.1.2). A summary of this analysis is given below.

Whilst a comprehensive survey of eggs or spawning cod throughout Scottish waters is lacking, the northern part of this region, together with the northern North Sea was examined over the spawning season in a series of egg surveys in the 1950s (Saville, 1959; Raitt, 1967). These egg surveys indicated some clear spawning concentrations, although it was also apparent that cod used to spawn over much of the region. An icthyoplankton survey covering a similar region in 1992 indicated that whilst the extent of spawning had markedly declined some of the earlier identified concentrations remained (Heath et al., 1994). Sampling of spawning fish around the Scottish coast in the 1960s and 1970s indicated that the Clyde, Inner Hebrides and east coast waters were probably important spawning areas (West, 1970; Hislop, 1986). The recent surveys of spawning cod distribution are in broad agreement with historically observed concentrations in west coast waters off the Butt of Lewis, south of the Minch, the Clyde and in the North Sea off the north east coast of Scotland and between Shetland and Viking bank. Therefore, it seems likely that these spawning concentrations have persisted during the marked decline of the VIa and IV stocks. The recent publication of the ICES PGEGGS results for the North Sea (Fox et al., 2005; Appendix 2.1.2.3) indicate a high degree of overlap in the cod egg distribution in 2004 compared to the historic egg distribution reviewed by this project. This suggests a persistence of spawning concentrations, as has been documented in some other North Atlantic cod stocks (Ruzzante et al., 2001). The main difference between sample periods appears to be the high densities of eggs between Shetland and Viking bank in the 2004 survey. This area has also become more important to the fishery in recent years.
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	Figure 2.1.2. Distribution of major Atlantic cod spawning grounds around the UK based on data from all available sources [number >2.0 stage III-VI cod eggs.m-1 in the 1950s (Saville, 1959; presented by Raitt, 1967), 1968 and 1976 (Brander, 1994) and numbers >2.0 spawning fish.h−1 between 1999, 2002–2004 (Wright et al, 2006a).




2.2.  Discrimination of spawning units 

In this section we consider the degree to which spawning congregations reflect reproductively distinct spawning units through a variety of genetic and non-genetic approaches. The genetic method of stock identification has attributes that make it a uniquely valuable source of information for analysis of stock identification, allowing direct tests of reproductive isolation and gene flow among populations. However, whilst genetic differentiation should form the basis for any inferences concerning population distinction, the level of gene flow within a metapopulation may prevent the detection of genetic differences (Begg and Waldman, 1999; Kinlan and Gaines, 2003; Palumbi, 2003). Under such circumstances, non-genetic means of differentiation can play an important role in identifying populations (Swain et al., 2004).

Otolith shape is species specific and the gross morphology can often vary geographically within a species (L’Abee-Lund, 1988; Lombarte and Lleonart, 1993). Variation in the shape of otoliths have been found to be effective in distinguishing between groups of fish that are at least partly separated and inhabit different environments (Bird et al., 1986; Campana and Casselman, 1993; Begg and Brown, 2000; Begg at al., 2001; Smith et al., 2002). Otoliths accrete throughout the life of the fish and are not subject to resorption (Casselman, 1987; Wright et al., 1992), thereby remaining unaffected by short-term changes in fish condition that can confound body morphometrics (Campana and Casselman, 1993). Otolith shape changes with fish growth due to the addition of new growth planes emanating from accessory growth centres (Wright et al., 2002). Genetic variation can also influence otolith shape (Cardinale et al., 2004), however, shape does not always vary between groups of fish from comparable environments even where genetic differences have been found (Smith et al., 2002). For this project, we investigated the differences in otolith shape between the adults of different spawning groups in the northern North Sea (Moray Firth, Shetland, Viking and Papa Bank) and west coast of Scotland (South Minch, Firth of Clyde and Irish Sea).

 Otolith elemental composition is being increasingly used as an aid to stock identification (Campana, 1999; Thresher, 1999; Campana and Thorrold, 2001). This approach is based on two assumptions; firstly, that the elemental composition of the otolith reflects the physico-chemical characteristics of the environment to which the fish was exposed (Secor et al., 1995; Bath et al., 2000) and secondly, that the material deposited on the otolith is metabolically inert after deposition, and is not susceptible to resorption or remobilisation (Mugiya et al., 1991). Hence, otolith elemental concentrations may represent elemental fingerprints that reflect differences in the chemical composition of the individuals’ habitat. Otolith elemental fingerprint analysis has been widely used to detect differences between groups of fish (Thorrold et al., 1998; Edmonds et al., 1991; Rooker et al., 2001) including Atlantic cod (Campana et al., 1994). 

2.2.1.
 Iceland

2.2.1.1. The genetic structure of cod in Iceland

The objective of this section was to assess whether cod was genetically structured in Icelandic waters, using a suite of neutral markers (nine microsatellite loci) and a locus known to be under selection (the Pan I locus; Pampoulie et al., 2006; Appendix 2.2.1.1.). 

Sampling

A total of 2534 individuals was sampled for either gills or fin-clips tissue stored in ethanol during the spawning season of 2002 and 2003. Samples were collected from 22 spawning locations (Fig. 2.2.1), among which six temporal replicates (spawning locations 211, 311, 511, 812, 921 and 931). All collected samples were identified with a three digit number where the first digit indicated spawning region (1-9), the second indicated depth (1 = 0-75 m; 2 = 75-125 m; 3 ≥ 125 m), and the third indicated the sampling station (see locations in Fig. 2.2.1).
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	Figure 2.2.1. Geographical regions, main oceanic currents (modified from Gunnarsson et al. 1998) and sampling location of cod Gadus morhua around Iceland. Circles indicate samples collected in 2002, triangles in 2003 and squares in 2004. Light grey arrows: East Greenland current; Dashed grey arrows: East Icelandic current; Black arrows: warm Atlantic current. The geographical areas are delimited by line and numbers indicate the name of the areas.


Genetic separation based on Microsatellite loci
The analyses carried out with the nine microsatellite loci revealed a significant genetic differentiation among spawning components in Icelandic waters, which was consistent during the two consecutive years of survey (2002, FST = 0.0038; 2003, FST = 0.0029; Pampoulie, et al., 2006; Appendix 2.2.1.1.).
In addition, the comparisons of the samples collected in the exactly same location during the spawning seasons 2002 and 2003, showed that temporal samples were genetically indistinguishable (211, FST = 0.0002, P = 0.3973; 311, FST = 0.0038, P = 0.0501; 511, FST = 0.0017, P = 0.0899; 812, FST = -0.0004, P = 0.3664; 921 FST = 0.007, P = 0.0967 and 931 FST = 0.0019, P = 0.0614). Therefore, for further analysis, temporal samples collected from the same location were clustered into one single group for each location (22 spawning locations studied).
All traditional genetic analyses performed (pairwise FST, see Annexe 2.2.1.1 Pampoulie et al., 2006; Multidimensional Scaling analysis, see Fig. 2.2.2) revealed the presence of two spatially well defined spawning components of Icelandic cod, one in waters off Northeast Iceland involving regions 3, 4, 5 and 6, the other in waters off the Southwest of Iceland involving regions 1, 2, 8 and 9.
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	Figure 2.2.2. Multidimensional scaling analysis (MDS) on 22 spawning areas of Icelandic cod Gadus morhua based on FST values computed for nine microsatellite loci. Southwest samples are surrounded by a black line. (see Figure 2.2.1.1 for samples location).


The geographical genetics approach conducted with the software BARRIER (Manni et al., 2004) on the microsatellite loci suggested two main barriers to gene flow (Fig. 2.2.3) located in the two areas that coincide with the two main oceanic fronts located around the country in the Northwest and Southeast regions, where warm and cold waters meet. It therefore confirmed that the Northeast and Southwest spawning components are two distinguishable populations located in the Northeast and Southwest regions with limited connectivity.
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	Figure 2.2.3. Areas of genetic discontinuity identified by BARRIER using the Monmonier algorithm (Manni et al. 2004). Solid lines represent barriers to gene flow. Bold numbers represent the number of loci supporting the barrier. Circles indicate samples collected in 2002, triangles in 2003 and squares in 2004. Average temperature data of the Data Storage Tags (DST) are given. Temperature of the East coast (samples 612 and 621) were recorded during sampling process.


In addition, depth also appears to play a role in the genetic divergence of cod around Iceland, as indicated by the differences observed between inshore and offshore samples (see Pampoulie et al., 2006, Appendix 2.2.1.1). A positive correlation was also found between expected and observed heterozygosity of microsatellite loci (Fig. 2.2.4). When an analysis of molecular variance (AMOVA) was performed to assess the potential effect of depth on the genetic variability of samples, a significant part of the genetic variance was attributable to depth of collected samples (0.0017, p < 0.01). However, an AMOVA carried out on the shallow water samples suggested that the observed genetic divergence between the Northeast and Southwest regions was not due to the deep samples collected in the area 9 (931, 932, 933), and therefore that depth was not the primarily source of the observed genetic variation.
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	Figure 2.2.4. Microsatellite overall observed heterozygosity (HO) according to depth (r2 = 0.3765, P = 0.003, n = 22). The relationship was also significant for the HE (r2 = 0.3196, P = 0.006, n = 22; data not shown).


The microsatellite loci employed during this survey therefore revealed that cod around Iceland is structured genetically into two major components, Northeast and Southwest, and that oceanic fronts played a key role in the observed genetic differentiation.

The Pan I locus

For the two consecutive years investigated, the results of the Pan I locus were concordant with those of the microsatellite loci (see Fig. 2.2.5 for the multidimensional scaling analysis), but revealed a stronger genetic differentiation among the Northeast and Southwest spawning component as expected for a locus supposedly under selection (2002, FST = 0.229; 2003, FST = 0.197). As for the microsatellite loci, temporal stability was observed for all replicates samples available. Therefore, for further analysis, temporal samples collected from the same location were also clustered into one single group for each location (22 spawning locations studied).
Using (2 tests, genotype frequencies were also significantly different among populations (χ2[2] = 1165.92, P = 0.0001; Fig. 2.2.6). Pan IBB and IAB genotypes were present in relatively high proportion in the Southwest but not in the Northeast samples.
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	Figure 2.2.5. Multidimensional scaling analysis (MDS) on 22 spawning areas of Icelandic cod Gadus morhua based on FST values computed for the Pan I locus (b). Southwest samples are surrounded by a black line.
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	Figure 2.2.6. Genotypes distribution of the Pan I locus in the different spawning locations around Iceland. Black bars: BB genotypes; Grey bars: AB genotypes; White bars, AA genotypes. The Northeast component comprises the samples 311, 411, 412, 423, 511, 612, 621 and 811.



Temporal stability and effective population size of cod in Iceland
The objectives of this part of the genetic study was to estimate changes in genetic diversity, evaluate the long term stability of the genetic stock structure, and to estimate effective populaton size, an important evolutionary parameter for biological conservation. To obtain samples for a long term study of the genetic composition DNA was extracted from the surface of otoliths. A total of  990 otoliths from two locations (area 9 and area 2; these are identified as FJA and BRE in Table 2.2.1, respectively) were used for temporal analysis of genetic variation of spawning cod. The choice of sampling years was based on the availability of at least 100 otoliths at each time point (March-April in each year) at  the same spawning location or geographically as close as possible. Four timepoints were analyzed for area 2 (See Fig. 2.2.1; site 211 and 222, sampleyears: 1948, 1979, 1996 and 2000) and seven for area 9 (See Fig. 2.2.1; site 911, sample years: 1957,1959,1966,1973,1976,1985 and 1996).  This study covers the 50 year period over which a well documented overall decline in the Icelandic cod stock has occurred

For this study eight microsatellite markers were used for the investigation of neutral genetic variation. Further, markers developedat DIFRES for the PanI locus,that has been shown to be under selection, were analyzed. PCR amplification of DNA isolated from otoliths was successful in the majority of the samples (75-90%) correlating with  size of locus, primer pairs and  age of the collection (i.e. earlier sampling years frequently showed a lower amplification success rate) and other condition of the collection.  

Patterns of temporal genetics stability, estimated by Microsatellite analysis

A number of genetics parameters were estimated using established methodology. Overall heterozygosity levels were high in both locations (Hexp= 0.7838/ Hobs= 0.7805 in Area 9 and Hexp= 0.7938/ Hobs= 0.7900 in Area 2 respectively. In neither location were any signs of changes neither in heterozygosity nor in allelic diversity.  The sample year 1976 from Area 9 displays an exception with higher then usual heterozygosity (Hexp= 0.833/ Hobs=0.850).

All sample years within Area 2 were within HW expectations (p = 0.500). Calculations of fixation index between all sample years within Area 2 gave an overall Fst of 0.0030 (Fst table not shown here) where sample year 2000 (BRE00) showed the highest divergence to the other years (2 out of 6 comparisons significant: BRE00 vsBRE48 and BRE00vs BRE79).

Overall value for all populations and all loci in Area 9 showed significant departure from Hardy-Weinberg equilibrium, mainly due to deviation in the data from 1976. The estimation of genetic differentiation showed an overall genetic divergence (FST =0.0038, table not shown here) where 15 out of 28 comparisons showed significant genetic variation. Highest divergence was detected for the population from 1976, where 5 out of 7 comparisons were significantly different from other sample years. On the other hand, the sample from 1985 showed most similarities to other sample years; the assumption of genetic similarities could only be rejected in 2 of 7 comparisons.
An analysis of molecular variance showed that the majority of variation can be ascribed to variation within populations (99.61, p = 0.000) but also a significant part could be ascribed to variation among sample years (0.39, p = 0.000). Variation between the two location was on the other hand not significant (0.01, p = 0.346).

These results indicates a lack of long-term genetic stability in data and is mostly caused by significant departures from homogeneity for sample year 1976 in Area 9 and 2000 in area 2 (see Table 2.2.1 for all pair wise comparisons of sample years and locations).

Table 2.2.1.  Fst values between all pairs of samples. FJAxx: Area9, BRExx: Area2. Numbers (xx) indicate sample years. Below diagonal significance levels from pairwise exact tests after applying Bonferronial corrections (*=<0.00091, **=<0.00018, ***=<0.00002) for 11 groups. Calculations carried out in GENETIX and GENEPOP.
	
	FJA
57
	FJA
59
	FJA
66
	FJA
73
	FJA
76
	FJA
85
	FJA
96
	BRE48
	BRE79
	BRE
96
	BRE00

	FJA
57
	0
	0.0029
	0.0019
	0.0005
	0.0101
	0.0019
	0.0071
	0.0049
	0.0043
	0.0043
	0.0097

	FJA
59
	n.s.
	0
	0.0024
	0.0016
	0.0100
	0.0019
	0.0068
	0.0042
	0.0033
	0.0052
	0.0096

	FJA
66
	n.s.
	n.s.
	0
	0.0015
	0.0063
	0.0035
	0.0059
	0.0034
	0.0026
	0.0026
	0.0087

	FJA
73
	n.s.
	n.s.
	n.s.
	0
	0.0078
	0.0006
	0.0055
	0.0025
	0.0032
	0.0005
	0.0074

	FJA
76
	***
	***
	*
	***
	0
	0.0076
	-0.0007
	0.0042
	0.0046
	-0.0001
	0.0033

	FJA
85
	n.s.
	n.s.
	n.s.
	n.s.
	***
	0
	0.0020
	0.0019
	0.0017
	0.0023
	0.0083

	FJA
96
	*
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.
	0
	0.0006
	0.0023
	-0.0005
	0.0026

	BRE48
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.
	0
	0.0040
	0.0012
	0.0033

	BRE79
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.
	0
	0.0027
	0.0088

	BRE96
	n.s.
	*
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.
	0
	0.0016

	BRE00
	***
	**
	**
	*
	n.s.
	*
	n.s.
	n.s.
	**
	n.s.
	0


Estimation of Effective population size

Effective population size is an important parameter of biological conservation since it indicates the genetic condition of the population in question.

Effective population is the size of an ideal population that behaves genetically (loss of heterozygosity, inbreeding and variance in allele frequencies) as the real population. A real population will always differ in some (if not all) characteristics of an ideal one, that will generally lead to effective size to be lower than the census size. Effective population size is usually? Lower than the actual population size. Moreover, highly fecund marine species with type III survivorship will generally have effective population sizes several orders of magnitude lower than their census sizes. The primary factors influencing this are unequal sex-ratio, high variance in family sizes and fluctuating population sizes. It has been shown that several marine fishes with type III survivorship have effective size several orders of magnitude lower then their census sizes.  High variance in reproduction success will also lead to even lower Ne/N ratio.

The data for Area 9 was used to estimate the Ne of the Icelandic cod stock (see Table 2.2.2). The MNE temporal method from Wang (2001) is best suited for the data since it is able to take several time points into the calculation. Depending on method and sample years used for the calculations the effective population size lies within range of 500-4000 individuals.  These calculations will lead to a Ne/N ratio as low as 10-5-10-6 for the Icelandic cod stock. Theses estimation are in accordance to previous estimates (Árnason, 2004). These low Ne/N ratios suggest that even high census size (tens of millions) of the Icelandic cod stock could be subject to loss of genetic variability in the long term. 

Table 2.2.2. Ne estimations using several temporal methods. T: Number of generations (generation time of 4.8 years). Ne max: prior information about upper limit of ne. CI: 95% confidence intervals for temporal methods of Waples and Wang, 90% confidence intervals for method of Berthier.
	Method 
	Comparisons
	T
	Ne max
	Estimation
	 CI

	Waples (1989)
	1957vs2002
	10
	
	257
	183-362

	Waples (1989)
	1957vs1996
	8
	
	166
	120-231

	Wang (2001)
	57-66-73-85-96
	8
	9000
	751
	499-1304

	Wang (2001)
	57-66-76-85-96
	8
	9000
	1260
	734-3094

	Wang (2001)
	57-66-73-96
	8
	9000
	770
	484-1499

	Wang (2001)
	1957vs2002
	10
	9000
	1450
	803-4068

	Wang (2001)
	1957vs1996
	8
	9000
	852
	487-2138

	Berthier et al (2002)
	1957vs1996
	8
	1000
	916
	667-1000

	
	
	8
	10000
	645
	435-1215

	
	
	8
	20000
	461
	311-868


Estimation of temporal genetic variaton using locus under selection: PanI locus

All samples were also used to examine the heterozygosity levels and genotypic frequencies for the Pan I locus. In area 9 the heterozygosity levels for the PanI locus showed a generally overall decrease for the data investigated (1957: Hobs= 0.58, 1996 :Hobs= 0.36) where as in area 2 the heterozygosity levels were higher and more stable in time (1948: Hobs = 0.672, 2000: Hobs = 0.644)

Genotype frequencies showed high level of fluctuations for Area 9  (Fig. 2.2.7a). PanIAA shows a steady decrease insamples from 1957 to 1973. In the 1976 sample high proportion of PanIAA genotype was detected and again in the 1996 sample. In 1996 no PanIBB genotype was found in the sample. In area 2 (Fig. 2.2.7b) there is an increase of the PanIAA  genotype except in sample from 1979 were no PanIAA  genotype was detected. 
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	Figure 2.2.7.  Genotype frequencies of the Pan I locus in temporal series from two locations around Iceland. Letter in captions indicate location (BRE= Area 2, FJA= Area 9) and numbers indicate sample year. 




Conclusions

For Icelandic cod, we used two kinds of genetic markers to identify stock components in Icelandic waters, the microsatellite loci and the Pan I locus. The analysis based on a suite of nine presumed neutral microsatellite DNA loci provided evidence for at least two spatially well defined spawning components, one in waters off Northeast Iceland involving regions 3, 4, 5 and 6, the other in waters off the Southwest of Iceland involving regions 1, 2, 8 and 9. The spatial structure identified was stable in all the regions for which we had temporal replication. That the evidence for spatial structure identifying two major spawning components was consistent across two types of molecular markers, a suite of neutral markers and a marker known to be under selection provides strong support for the hypothesis that the structure may be driven by two distinct but non-exclusive processes: first, one of larval/juvenile retention driven by oceanographic mechanisms involving currents, fronts and eddies as well as the topography of the ocean floor, and second, one of adaptive changes driven by natural selection and facilitated perhaps by the differential characteristics of the water masses (for example temperature) in the Northeast and Southwest of Iceland. In addition, the interpretation of these results in the light of potential effect of geographic, oceanographic and depth barriers lead us to conclude that environmental conditions such as oceanic fronts and temperature gradient are likely to affect the temporally stable genetic structure we observed, and might have lead to local adaptation of spawning cod around Iceland.
Furthermore, the results indicate a lack of long term genetic stability supported both by the microsatellite markers and the PanI locus. 

Effective population size of the Icelandic cod stock lies between 500-3000. This leads to a low Ne/N ratio. The possibility of loss of genetic diversity in the Icelandic cod stock should be taken into consideration by fishery management although a loss in genetic diversity is not apparent in the short term (the time period this study covers). 

2.2.1.2. Otolith shape and chemistry

In Icelandic waters, female and male spawning cod were sampled during the peak of the spawning season in April 2002 and April/May 2003. Samples were collected from 12 and 17 spawning locations around Iceland in 2002 and 2003, respectively (Fig. 2.2.8; Jonsdottir et al., 2006a; Appendix 2.2.1.3). Each spawning location was identified with a three-digit number, the first digit representing one of nine regions, the second the depth interval (1, <75 m; 2, 75–125 m; 3, >125 m), and the last the station number. Sampling was carried out from fishing boats using gillnets, handlines, or Danish seines. In all, 35–121 mature or spawning cod were sampled at each spawning location (Jonsdottir et al., 2006a; Appendix 2.2.1.3).
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	Figure 2.2.8.  Sampling locations in spring 2002 (▲) and 2003 (■). Depth contours at 75, 125 and 500 m. Each spawning location was identified with a three digit number; the first digit represents one of the nine areas around Iceland, the second digit the depth interval (1; < 75 m, 2; 125 m > depth > 75 m, 3; > 125 m) and the last digit the station number. 




Otolith shape was described using variables correlated with size (otolith area, length, width, perimeter and weight) as well as shape (rectangularity, circularity and 10 Fourier coefficients). Only standardized otolith variables were used so as to remove the effect of otolith size on the shape variables.  

Cod were on average larger and older south of Iceland, where ambient temperature was higher than around the rest of Iceland. Otolith shape effectively discriminated between cod north and south of Iceland. Furthermore, it was possible to discriminate among cod spawning below and above 125 m at spawning locations south of Iceland (Fig. 2.2.9; Jónsdóttir et al., 2006a; Appendix 2.2.1.3). Correct classification of groups of cod at the different spawning locations ranged between 0 and 44%. However, incorrectly classified individuals were in most cases classified to adjacent spawning locations and a high percentage of cod south of Iceland was classified to other southern locations and cod north of Iceland to other northern locations. The temporal stability of otolith shape was studied at 6 spawning locations in two consecutive years. Greater differences in otolith shape were found between locations than among years within a location (Jónsdóttir et al., 2006a; Appendix 2.2.1.3). The spawning groups are therefore likely to have remained separate during much of their lifetime.

	[image: image11.emf]

	Figure 2.2.9. Mean values of the first two canonical variates based on otolith shape from a) 12 spawning locations in spring 2002 and b) 17 spawning locations in spring 2003. For locations see Fig. 2.2.1.



For the analysis of elemental fingerprints, five elements (Ba, Li, Mg, Mn and Sr) in whole otoliths were analysed with ICP-MS. Discriminant function analysis was used to discriminate between the different spawning groups. The results were concordant with the outcome of the shape analysis demonstrating the existence of two groups north and south of Iceland as well as the deep spawning cod south of Iceland (Fig. 2.2.10; Jónsdóttir et al., 2006b; Appendix 2.2.1.4). 
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	Figure 2.2.10. Discrimination of spawning groups of Icelandic cod in 2002 and 2003 using otolith chemistry. Red color indicates spawning locations south of Iceland above 125 m, green color indicates spawning locations south of Iceland below 125 m, blue corresponds to spawning locations north of Iceland, yellow to spawning locations east of Iceland and black to spawning locations west of Iceland. The first three digits indicate spawning location and the last two the year (02=2002, 03=2003). 


The temporal stability of both otolith shape and otolith chemistry was studied at 6 spawning locations in two consecutive years (Jónsdóttir et al., 2006b; Appendix 2.2.1.4). Differences between locations were in all cases greater than differences between years within a location. The spawning groups are therefore likely to have remained separate during much of their lifetime.

2.2.2 West of Scotland (ICES VIa) and northern North Sea (ICES IVa)

2.2.2.1. Genetics 

The aim of this work-package was to analyse microsatellite DNA and Syp I in samples of cod from different spawning locations around Scotland, thereby establishing the extent of genetic differentiation of spawning groups, and assess their stability through time by analysing the genetic composition of historical samples (obtained from archived otolith collections) and correlate genetic structures with known changes in population size.

Sampling

In total more than 2000 contemporary tissue samples were collected either as gill tissue or fin-clips during the project (MRI) and stored in ethanol. Samples were collected from seven locations both in 2002 and 2003 (Fig. 2.2.11). Further, one additional sample (Skagerrak) from a previous genetic study of cod in a more easterly part of the North Sea was included for comparison. Temporal samples of genetic material were obtained from historical collections of otoliths. In total, more than 600 otoliths formed the baseline for selection of individuals for historical analysis.


[image: image13]
Fig. 2.2.11. Map showing sampling localities of cod used for inferring genetic differentiation among spawning groups around Scotland.

Microsatellites

A high number of microsatellite genetic markers (20+) were tested for potential application in this study. The majority of discarded microsatellites were not applied due to technical problems, related to inconsistent PCR amplification or ease of scoring. One particular locus applied to almost all previous cod population genetic studies - Gmo 132 - was, however, discarded from the general analysis of neutral genetic differentiation due to its highly elevated levels of genetic differentiation compared to other microsatellite genetic markers. A broad scale geographical evaluation based on previous studies of cod revealed that this locus almost exclusively showed the highest level of genetic differentiation (Fig. 2.2.12). 
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Fig. 2.2.12.  Estimates of genetic differentiation (FST) in Atlantic cod (Gadus morhua) from previously published studies employing the microsatellite locus Gmo132. (■) relationships between FST for Gmo 132 and mean FST,(▲) relationships between the mean of all other loci employed and mean FST,(―) FST = mean FST.
Accordingly, this locus could be under influence of selection, most likely due to linkage with a genetic polymorphism subject to differential selection in different environments. To investigate this potential selection more thoroughly, we included cod samples covering most of the species distribution. Using a newly developed statistical method (lnRθ; Sclötterer 2002), we were able to demonstrate that not only did Gmo 132 show highly elevated levels of genetic differentiation, but also showed clearly reduced levels of genetic variability (e.g. allelic richness, heterozygosity) in the northern populations (Fig. 2.2.13). This is compatible with a scenario of a selective sweep caused by a beneficial mutation in a linked gene. Further, two additional loci also showed signs of hitch-hiking selection. The finding of presumed neutral marker loci not behaving as such have large implications for inferring population structure in any organism, but in particular for marine fishes, such as cod, where the general levels of genetic differentiation are low. Our findings implies that previous findings of population structure in cod employing Gmo 132 have to be critically re-evaluated in order to assure that levels of genetic differentiation are not inflated by including a locus affected by selection. For more information see Appendix 2.2.2.1, Nielsen et al. 2006.
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Fig. 2.2.13. Plot of standardized genetic differentiation (G´ST) against standardized: lnRH for the six pair-wise comparisons: Baltic Sea – North Sea ((), Baltic Sea – Barents Sea (■), Baltic Sea – Newfoundland (▲), North Sea – Barents Sea ((), North Sea – Newfoundland ((), and Barents Sea – Newfoundland ((). Dashed lines indicate the 95% confidence intervals (-1.96, + 1.96).

Pan I

The Pan I locus in gadoid fishes have been shown to display elevated levels of genetic differentiation compared to other loci, and, accordingly, has attracted much attention for application in Genetic Stock Identification (GSI). Most studies have applied restriction analysis to relatively large PCR amplified fragments of DNA (+300 bp). However, as we wanted to apply this kind of analysis to historical otoliths, it was necessary to develop a method, which was not sensitive to small amounts of partially degraded DNA extracted from historical collections. Accordingly, we designed a new method for Pan I restriction analysis based on new primers for a 142 base-pair segment spanning the diagnostic Dra I restriction site discriminating between the Pan IA and the Pan IB alleles: 

Forward: 5´-ggcaaatgaaacccagaaaa

Reverse: 5´- atgacacttgtggcaagcag

Dra I restriction analysis of cod provided a 142 base pair band for Pan IA homozygotes, two bands of 40 and 102 bp. for Pan IB homozygotes and all three bands for heterozygotes. Generally, high amplification success was achieved from close to 100% for contemporary samples down to 96% for the historical samples. For more information see Appendix 2.2.2.2, Nielsen et al. in prep.

Genetic differentiation among spawning components
Microsatellites
The analyses of 10 microsatellite loci revealed overall genetic differentiation among spawning components. On a large geographical scale, the Faeroe populations (bank and plateau) were clearly distinguishable from the rest of the population samples (Fig. 2.2.14). Likewise, the more southerly sample from the Skagerrak showed significant genetic differentiation from the other samples. The majority of samples, however, did not reveal any significant genetic differentiation (red circle). The three groups were also supported by a BARRIER analysis (Manni et al., 2004) revealing a likely genetic barrier between the Faeroese populations and the rest of the other samples, as well as a barrier between the Scottish coastal samples and the other samples.
[image: image115.emf]
[image: image16]
Fig. 2.2.14. MDS plot of pairwise genetic distances using microsatellites (Nei’s 1978). Included samples are: Viking 2002, 2003 (VI 2, 3) Moray Firth 2002, 2003 (MF 2, 3), Shetland 2002, 2003 (SH 2, 3), Butt of Lewis 2002, 2003 (BL 2, 3), Clyde 2002, 2003 and juveniles (CL 2, CL 3 CL J), Faeroe Plateau (FP), Faeroe Bank (FB) and Skagerrak 1996 (SK).

On a more limited geographical scale there was small but significant genetic differentiation between the two samples collected at the Faeroe Bank and Faeroe Plateau. An analysis of molecular variance within the group of Scottish coastal cod revealed that the genetic variance was distributed within (99.86, p < 0.00) and not between sampling localities (-0.04, p = 0.68). A significant part was ascribed to variation among years (0.18, p = 0.02), however, caused exclusively by differences at the Gmo 141 for the comparison between 2002 and 2003 for the Moray Firth population samples. In short, there appears to be a number of genetically differentiated spawning populations in the Northern part of the North Sea. However, the coastal Scottish spawning sites seems to constitute a rather homogenous entity. This should on the other hand not be interpreted as evidence (juvenile and adult) completely unrestricted and random migration of cod within the Scottish coastal zone.

Pan I

The results from the Pan I locus generally corroborated the microsatellite findings. However, this locus is not particularly informative for cod within the sampled area since it is monomorphic, i.e. only contains the Pan IA allele, in most populations. The only spawning populations showing polymorphism were the two samples from the Faeroe Islands (see Fig. 2.2.15; next paragraph).

Temporal stability and effective population size

Microsatellites

The effective population size (Ne) is an important parameter for conservation and management of exploited fish populations. It is defined as “The size of an ideal population with the same rate of genetic change as the population in question”. Accordingly, Ne determines the level of inbreeding and the amount of genetic variation lost from wild populations due to random genetic drift. It is therefore of primary importance to obtain reliable estimates of Ne in natural populations in order to evaluate whether dwindling populations are able to maintain sufficient genetic variation to adapt to future environmental changes. Effective population sizes in the range of 500 to 5000 have been suggested as necessary to secure such an evolutionary potential of natural populations. We used historical otolith collections and microsatellite analysis to evaluate temporal genetic changes, (i.e. has there been a loss of variation?) and to estimate the genetically effective population sizes in cod populations. To cover populations found in very different habitats we contrasted patterns of change between the Moray Firth and the Baltic Sea (Bornholm Basin). For the Moray Firth we found no significant genetic change (Fst not significantly different from zero) over time comparing samples from 1965 and 2002, while small albeit significant changes were observed for the temporal analysis of Baltic samples (see Table 2.2.3).

Table 2.2.3.  Above diagonal FST values between all pairs of samples with 95% confidence limits in parentheses, determined by bootstrapping 10.000 times over loci using the program Fstat (Goudet 1995); Below diagonal significance levels from pair-wise exact tests for differentiation after sequential Bonferroni correction (initial k=13).

	
	MF65
	MF02
	BA28
	BA97

	MF65
	-
	0.0012

(0-0.006)
	0.0331

(0.017-0.051)
	0.0373

(0.020-0.055)

	MF02
	NS
	-
	0.0400

(0.022-0.06)
	0.0378

(0.023-0.053)

	BA28
	***
	***
	-
	0.0057

(0-0.012)

	BA97
	***
	***
	**
	-


Subsequently, these estimates of temporal change could be translated into long term estimates of genetically effective population sizes (Table 2.2.4) using a number of different variants of the temporal method originally developed by Waples (1989). Effective population sizes for both populations appeared to be high, most likely ranging in the thousands for both populations meeting the criteria for genetically healthy population sizes. The overall conclusion based on these estimates is that effective population sizes of these dwindling cod populations still appear to be relatively high in a conservation genetic context and, accordingly, should be of minor concern. However, the ecological role of cod has most definitely been altered and the apparently sound effective population sizes should not be taken as evidence for sound management. For more information see Appendix 2.2.2.3. and Poulsen et al. 2006.

Table 2.2.4. Estimates of effective population size (Ne) using the temporal method by Berthier et al. (2002). T denotes the number of generations between temporal samples. Ne-MAX denotes the prior information about the upper limit of Ne. Median and 90% posterior probability interval (PPI) of Ne estimates are listed.
	Population
	Method applied
	T
	Ne-MAX
	median
	90% PPI

	Moray Firth
	Waples, 1989
	8.87
	-
	1068
	423-infinity*

	
	Wang, 2001
	8.87
	10 000
	2067
	651-10 000*

	
	Bethier et al., 2002
	8.87
	1000
	739
	412-973

	
	
	8.87
	10 000
	1229
	450-9159

	
	
	8.87
	100 000
	37 716
	1511-92 134

	
	
	8.87
	1 000 000
	491497
	1673-926 450

	
	
	11
	10 000
	2283
	711-8970

	The Baltic
	Waples, 1989
	16.83
	-
	844
	428- 2353*

	
	Wang, 2001
	16.83
	10 000
	1193
	605-4680*

	
	Bethier et al., 2002
	16.83
	1000
	766
	511-978

	
	
	16.83
	10 000
	1381
	617-6065

	
	
	16.83
	100 000
	1752
	643-80 000

	
	
	23
	10 000
	1622
	859-5996


*95% confidence interval

Pan I

The elevated levels of genetic differentiation at The Pan I locus in cod has been shown to be most likely due to temperature selection. However, little is known about the long term dynamics at this locus. Therefore, we wanted to investigate whether the current pattern of genetic differentiation among spawning groups have changed, allegedly due to increases in ocean temperatures. We used our newly developed method presented above for investigating temporal differentiation at the Pan I locus using historical samples form the Faeroe Islands, the Moray Firth and included historical samples from the Baltic Sea for comparison. This first study ever on temporal Pan I differentiation, however, showed no evidence that a temperature induced selective sweep had recently eradicated the “cold” allele (Pan IB) from the southern populations or reduced its frequency around the Faeroe Islands (Fig. 2.2.15). Instead the patterns of genetic differentiation for this locus appeared remarkably stable. For more information see Appendix 2.2.2.2, Nielsen et al. in prep.

[image: image17.png]



Fig. 2.2.15. Location of temporal cod samples and Pan I allele frequencies. Grey: Pan IA; black: Pan IB. Included samples were Faeroe Plateau 1969, 2002 (FP69, FP02),  Faeroe Bank 1978, 1992, 2002 (FB78, FB92, FB02), Moray Firth 1965, 2002 (MF65, MF02) and Bornholm Basin 1928, 1997 (BA28, BA97).
Conclusions

Based on this very detailed spatial and temporal analysis of cod from the area around Scotland a number of very interesting conclusions have emerged. A number of those are of high general interest to the scientific community (and published in high ranking general journals), while others provide key-stone information which can be applied in local cod stock management. Below we have outlined the most significant findings and conclusions.

Genetic differentiation among spawning groups of cod around Scotland

· Cod in the Northern North Sea is separated into three major groups, Scottish coastal, Faeroe Islands and Eastern North Sea based on our sampling. 

· Scottish coastal cod seems to constitute a relatively genetically homogenous entity with high migration/gene flow among spawning groups.

· Two populations at the Faeroe Islands were identified, Faeroe Bank and Faeroe Plateau.

Temporal stability and effective population size

· Short and long term temporal stability of cod population structure was observed.

· No loss of neutral genetic variation (alleles) was apparent although population sizes were severely reduced.

· The limited changes over time could be translated into relatively large effective population sizes (thousands).

Genetic markers

· Careful evaluation of “neutral” genetic markers has to be undertaken to identify loci not only affected by demographic processes but also by selection. 

· One of the most commonly applied microsatellite genetic markers for cod (Gmo 132) cannot be used as a neutral genetic marker in cod studies and a the conclusions from a number of previous studies should be reassessed.

· By designing new primers we have developed a method to assess historical Pan I variation, enabling for the first time the evaluation of temporal stability of a marker inferred to be affected by changes in temperature.

2.2.2.2. Otolith shape 
Otolith shape analysis was conducted on adult (ages 2- 4) cod sagittae from 8 spawning areas across the northern North Sea and West Coast of Scotland. Otolith shape was described using Cartesian Fourier analysis of the otolith outline and the morphometric variable rectangularity. Two statistical approaches were applied to this data; pair-wise randomisation analysis of Fourier descriptors and discriminant analysis of rectangularity and Fourier descriptors. The two analysis methods revealed differing results associated with the relative otolith dimensions (notably rectangularity) and degree of crenulations. Significant differences and a high classification success (>70%) in otolith shape indicated that spawning groups from Viking Bank and Moray Firth had different shapes to fish from other areas (see Fig. 2.2.16 below). 

	[image: image18.emf]

	Figure 2.2.16. Relationship between mean (( SE) fish size at age 3+ (open circles) and a) mean (( SE) rectangularity (closed circles) and b) mean (( SE) harmonic 2 (closed circles) with area. Area descriptors: MF-Moray Firth, SH-Shetland, SM-South Minch, CL-Clyde, IS-Irish Sea, VK-Viking, PB-Papa Bank. * Indicates result significantly different from more than one other location.




These results appear consistent with genetic evidence for a low gene flow between these areas (Hutchinson et al., 2001; Appendix 2.1.2.1) and tag recapture evidence for resident populations (see Wright et al., 2006a; Appendix  2.1.2.2). Significant differences in otolith shape of age 2 cod suggested that otoliths from the South Minch and Irish Sea were different to those from the Moray Firth and the Clyde (Table 2.2.5). This work is currently in press in the ICES Journal of Marine Science (Galley et al, 2006; Appendix 2.2.2.4).
Table 2.2.5. Proportion of otolith shape randomisations that produced harmonic distance greater than or equal to the observed harmonic distance for each area comparison, age 2 fish. Asterix indicates significant value.
	
	n
	Moray Firth

24
	South Minch

50
	Clyde

86

	South Minch
	50
	0.028*
	
	

	Clyde
	86
	0.429
	0.000*
	

	Irish Sea
	59
	0.816
	0.004*
	0.224


2.2.2.3. Otolith Chemistry

In order to obtain information both useful to consider adult segregation and to aid in the understanding of the links between spawning adults and nursery areas, otolith micro-chemical analysis was focused at the juvenile component of the adult otolith. A total of 278 otolith cores from 4 spawning areas were decontaminated in preparation for ICP-MS analysis (Table 2.2.6).

Table. 2.2.6. Number of cores analysed for ICP-MS, by spawning location.
	ICES Division
	Spawning Area
	No. cores

	IVa
	Shetland
	97

	IVa
	NE Coast (Moray Firth & Buchan)
	28

	Via
	South Minch
	95

	Via
	Clyde
	58

	Total No. analysed =
	278


The methodology for this analysis is described in Wright et al. (2006b; Appendix 2.2.2.5). Discriminant analysis (DA) was applied to the data in order to determine the extent that the groups can be separated. Isotope data were transformed as required to fit the assumptions of normality. A backward selection procedure, using Mahalanobis distances, was used to find which of the elements provided the highest discrimination between samples in the four areas. A backward stepwise discriminant analysis indicated that the elements Mn and Ba contributed most to group separation. The estimated discriminant scores along the first two axes are presented in Figure 2.2.17. The large text represents the four group averages. The percentage of samples correctly assigned to their groups was 92, 98, 42 and 33% for Moray Firth, Shetland, Hebrides and Clyde, respectively. The group Clyde and Shetland otoliths were characterised by having the highest and lowest levels of Mn, respectively. Most misclassification of the west coast samples were to the adjacent area. Thus these results suggest a high degree of segregation of adults between spawning areas in Shetland, the Moray Firth and the west coast. Both west coast samples were taken south of the major north Rona- Butt of Lewis spawning area. 
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Figure 2.2.17. Discrimination between otoliths of cod juveniles, based on concentrations of Mn, Ba, Mg, Sr and Na. Symbols refer to the 4 areas. Group means for Shetland (SH), Moray Firth (MF), Southern Hebrides/ South Minch (HE) and Clyde (CL) are presented.

Thus, based on the two non-genetic markers (otolith shape and otolith chemistry) there appears to be segregation between spawning areas in the northern North Sea, the Scottish east coast, Shetland and the west of Scottish (VIa). There is also some suggestion of differences within VIa spawning areas based on otolith shape alone. It is also important to note that the historically important Butt of Lewis cod spawning area could not be considered in these analyses due to low sample sizes.

2.3. Tagging experiments (spawning site fidelity, feeding migrations and juvenile dispersal)
Conventional tag-recapture experiments have been used to provide information on site fidelity in adult Atlantic cod (see Robichaud and Rose, 2004 for review), although the timing of release has often been inappropriate to consider fidelity to spawning areas. The recent development of electronic data storage tags (DSTs) has shown that the true extent of movements can also be underestimated from the distance between release and recapture positions of tagged fish (Bolle et al., 2005).

Robichaud and Rose (2004) proposed four categories of cod populations according to the degree of migration and philopatry; ‘sedentary residents’ that exhibit year round site fidelity, ‘accurate homers’ that return to spawn in a specific area, ‘inaccurate homers’ that home to a much broader area around the original release site in subsequent years, and ‘dispersers’ that move and spawn in a haphazard pattern within large geographical areas. Sedentary residents and seasonal migrants are most likely to represent reproductively isolated groups of fish (Ruzzante et al., 2000; Hutchinson et al., 2001; Knutsen et al., 2003). Resident populations appear to be most common in coastal areas.

In this project, historic tag-recapture records were combined with new DST experiments in order to consider site fidelity of adult cod from several significant spawning aggregations.

2.3.1. Iceland

In Iceland, determination of spawning site fidelity and migrations of adult cod were examined based on two data source: a) tagging experiments conducted within the METACOD project in 2002-2003; b) archived data from tagging experiments conducted in 1991-2001. Additionally, determination of juvenile dispersal and fidelity to local nursery sites were based on tagging experiments conducted within the METACOD project (see 2.3.1.3)
2.3.1.1. Spawning site fidelity:

Of the 3624 individuals tagged in 2002, 154 were recaptured in the spawning season of 2003 and 2004, and of the 2912 individuals tagged in 2003, 80 were recaptured in the 2004 spawning season (Pampoulie et al., 2006; Appendix 2.2.1.1).  

For both tagging years, individuals were recaptured from 9 tagging locations in subsequent spawning seasons. These recaptures only include those with sufficient information to identify the recapture position. Recaptures were assessed by the spawning region of their tagging location with the number of returns by region tabulated. As there are differences in the catches in the different regions, the number of recaptures was scaled by the catch in the recapture region or area. Logbook and landings data were used to calculate total catch from each region for the year and time period corresponding to the tag returns. The distribution of recaptures was then calculated as scaled percentages by tagging region.

Spawning season recapture positions from each tagging location are presented in Figures 2.3.1. and 2.3.2. for 2002 and 2003 tagging locations respectively. If scaled recaptures within region are considered (Table 2.3.1), the percentage recaptured in the same region is: 100% for region 2, 86% for region 4, 72% for region 5, 82% for region 8 and 72% for region 9. When individual tagging locations are considered (Table 2.3.2) there are notable exceptions, e.g. 43% (scaled) of individuals tagged at one of the region 4 locations was recaptured in region 2, with only 41% in region 4. There is, however, very little fishing in the immediate vicinity of this tagging location. In region 9 the recapture rates vary between the 2 years with only 39% and 60% of recaptures in region 9 for the fish tagged in 2002 but 100% for all 2003 tagging.

Table 2.3.1. Recaptures in the spawning season as proportion scaled by catch. Rows are the tagging region and columns the recapture region (see Fig.2.3.1.5 for division of regions). Bold indicates recaptures in the same region. 

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	2
	0.00
	1.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	4
	0.00
	0.10
	0.04
	0.85
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	5
	0.00
	0.00
	0.00
	0.11
	0.72
	0.17
	0.00
	0.00
	0.00
	0.00

	8
	0.00
	0.00
	0.01
	0.02
	0.04
	0.02
	0.03
	0.82
	0.05
	0.01

	9
	0.03
	0.06
	0.00
	0.00
	0.00
	0.00
	0.02
	0.11
	0.72
	0.05


Table 2.3.2. Fidelity of cod by region. 

	Tag year
	Tag region
	Scaled fidelity (%)

	2002
	4
	95

	2002
	4
	94

	2002
	4
	41

	2002
	5
	82

	2002
	5
	82

	2002
	8
	91

	2002
	8
	77

	2002
	9
	63

	2002
	9
	30

	2003
	2
	100

	2003
	5
	60

	2003
	5
	40

	2003
	8
	87

	2003
	8
	86

	2003
	8
	73

	2003
	9
	100

	2003
	9
	100

	2003
	9
	100


Results from tagging experiments conducted in 1991 to 2003. 

A general approach was applied to all years with more detailed analyses (including correcting for fishing) of tagging experiments conducted in conjunction with genetics sampling. 
Spawning season recapture data were taken from March, April and May at least 300 days after the date of tagging.  The degree of spawning site fidelity was classified for all years of data. Each returned tag was classified according to distance of recapture from the tagging location with the classes being: within 20km radius, 50km radius, 80km radius, same region, adjacent region, region +2, region +3, region +4.

More than 70% of spawning season recaptures are within 80km of the tagging location for all regions except region 4 (56%), region 8 (66%) and region 10 (53%). The highest return rate at this scale is 94% for region 2. Most recaptures from one tagging site (Húnaflói) furthest to West in region 4 are predominantly returned from region 2 but some returns from Eyjafjörður (mid-region 4) were also recaptured in region 2. Recaptures from region 8 tagging are most commonly in region 8 (77%) but dispersed along the coast.

When spawning regions rather than distance was considered, all regions except region 4 had at least 90% of spawning season recaptures within the same or an adjacent region.

For most spawning locations (the main exception being Húnaflói) there was a high degree of spawning site fidelity. There was, however, a marked difference in the degree of fidelity between the inshore and offshore spawning areas in the south-west. It should be noted that recaptures in April were limited due to extensive area closures.

	
[image: image20.emf]

	Figure 2.3.1. Icelandic tagging experiment carried out during the spawning peak of 2002. The circle represents the area in which spawning cods were tagged. The position of recapture of each individual during the spawning season of 2003 is represented by the black dots.




	
[image: image21.emf]

	Figure 2.3.2. Tagging experiment carried out during the spawning peak of 2003. The circle represents the area in which spawning cods were tagged. The position of recapture of each individual during the spawning season of 2004 is represented by the black dots.




2.3.1.2. Feeding migrations:

Tag recaptures in autumn (September, October and November) were from 9 (Fig. 2.3.3) and 11 (Fig. 2.3.4) locations from 2002 and 2003 respectively. Of individuals tagged in 2002, 130 were recaptured in 2002 to 2004 (with 87 recaptured in 2002) and 124 tagged individuals from 2003 were recaptured in 2003 and 2004 (with 100 recaptured in 2003).  Recaptures by region were rescaled in the same way as the spawning season data (Table 2.3.3).  Given the distribution of feeding fish shown in Fig. 2.3.5 the feeding recaptures were scaled by splitting the east into 2 regions with 6.1 region 6 north of 65° 15’ latitude and 6.2 to the south. When the data are scaled by catch, the regions with the lowest recaptures in the same region are 2, 8 and 9, with 8 and 9 displaying the greatest degree of movement away from the spawning region. 

Table 2.3.3. Recaptures in the feeding season as proportion scaled by catch. Rows are the tagging region and columns the recapture region (see Fig.2.3.1.5 for division of regions).  Bold indicates recaptures in the same region. 

	
	1
	2
	3
	4
	5
	6.1
	6.2
	7
	8
	9
	10
	100

	4
	0.00
	0.00
	0.00
	0.65
	0.20
	0.10
	0.00
	0.00
	0.05
	0.00
	0.00
	0.00

	5
	0.00
	0.00
	0.00
	0.03
	0.66
	0.20
	0.00
	0.02
	0.05
	0.00
	0.00
	0.00

	1
	0.93
	0.00
	0.07
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	2
	0.61
	0.39
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	8
	0.02
	0.00
	0.00
	0.00
	0.00
	0.00
	0.18
	0.17
	0.41
	0.00
	0.00
	0.23

	9
	0.45
	0.00
	0.07
	0.00
	0.00
	0.00
	0.16
	0.07
	0.00
	0.24
	0.00
	0.00


	
[image: image22.emf]

	Figure 2.3.3. Tagging experiment carried out during the spawning peak of 2002 showing the position of recaptured individuals during the feeding months. The circle represents the area in which spawning cods were tagged. 


	
[image: image23.emf]

	Figure 2.3.4. Tagging experiment carried out during the spawning peak of 2003 showing the position of recaptured individuals during the feeding months. The circle represents the area in which spawning cods were tagged.


Results from tagging experiments conducted in 1991 to 2003. 

Feeding ground recapture data were taken from September, October and November. For only 2 regions (1 and 6), was there at least 70% of recaptures within 80km of the tagging location but only 3 regions (8, 9 and 10) have fewer than 50% of recaptures within 80km of the tagging site. Regions 8, 9 and 10 also have fewer than 80% of recaptures within the same or an adjacent region. Exceptionally, region 4 has a higher level of recaptures with the 80km radius in the feeding than spawning season.

For all regions combined, the proportion of fish recaptured within 80km of the tagging location is different between the spawning and feeding seasons (χ2 = 206.2709, df = 1, p = 0) with 79% and 50% respectively. This indicates that for at least some of the regions, the fish display accurate spawning site fidelity rather than being resident.

The amount of migration away from the spawning sites varies considerably among the regions. There are significant differences in the proportion recaptured within 80km of the tagging location between the spawning and feeding seasons for all regions except 1 and 4.

Testing for differences in the proportion recaptured within the same or an adjacent region between the spawning and feeding seasons produces significant (1 sided with α = 0.05) differences for regions 8, 9 and 10 with marginal differences for 1 (p = 0.0847) and 5 (p = 0.0798). 

For most regions, even though many fish move away from the immediate vicinity of the spawning ground during the feeding season most recaptures are no further than adjacent regions. The exception to this are the relatively resident regions 1 and 4 (although 4 covers a large area) and regions 8, 9 and 10 from which the fish migrate for greater distances to the feeding grounds.

The distribution of adult fish during September to November is summarised in Figure 2.3.5. Autumn recaptures of fish tagged north of latitude 65° 15’ on the east coast and east of longitude 22° on the north coast are marked with red and fish tagged on spawning grounds in the west and south are marked with blue.
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	Figure 2.3.5. Location of  recaptured cod during fall and early winter months based on  tagging experiments conducted on spawning cod in spawning areas south (blue) and north (red) of the country in 1991-2003


2.3.1.3. Dispersal of Juvenile cod

Juvenile cod (15-40 cm, age 2-4 years) were tagged and released at five inshore locations around Iceland in 1993, 1997 and 2002 (Appendix 2.3.1.1; Fig. 2.3.6). A total of 554 (9 %) juvenile cod were recaptured after 27 to 1906 days at liberty (Appendix 2.3.1.1.). The majority of recaptures were made during the first two years following the tagging. 
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	Fig. 2.3.6. Location of tagging (●) and statistical areas (1-9) and 27 sub-areas based on depth (< 75 m, 75 – 150 m, 150 – 500 m). The inset shows reference points used to calculate migration distance.




Generally, tagged juveniles were recaptured within or near the vicinity of their tagging location with more than 90% of recaptured juvenile cod occurring within the sub-area of tagging or adjacent sub-area (Fig. 2.3.7 and figures showing results from other tagging locations in Appendix. 2.3.1.1.). The migration distance ranged from 0 km to 792.6 km with the greatest distances observed among recaptured cod from areas 1 and 3 and the shortest distances in areas  2 and 4. The the median distance varied from approximately 5-14 in areas 1 and 3 and 18-72 km in areas 2 and 4. The migration distance, all data pooled, was both positively correlated with time at liberty (r = 0.39; p = 0.00) and length (cm) at recapture (r = 0.41; p = 0.00).
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	Fig. 2.3.7. Recaptures from tagging experiment in subarea 1.1 in 1993 by age, one dot represents one recapture and green triangle the tagging site. Red dots represent recaptures in January - May (fishery in relation with spawning); black dots represent recaptures in June - Desember.


2.3.2. West of Scotland (ICES VIa) and northern North Sea (ICES IVa)

Site fidelity of spawning aggregations was examined using historic tag-recapture experiments and individual geolocation estimates from data storage tagged fish. The FRS tag recapture database for the period 1960-1987 was used in the analysis. New tagging experiments involving electronic data storage tags were conducted at spawning locations to the north and west of Scotland in 2002 and 2003. Following the successful submission of another EU project CODYSSEY QLRT-2001-00813, further work was focused in the northern North Sea. The CODYSSEY project funded further releases at Shetland in 2003. Data storage tags were used since the environmental information they record can be used to estimate horizontal movements. 

Analyses were restricted to mature sized cod (≥ 30 cm total length) released during the spawning period, taken as December through to April. Tag release areas were grouped together into the following areas; Clyde (SW Scotland), Minch (NW Scotland), Moray Firth (NE inshore Scotland), Viking (NE offshore North Sea) and east and west Shetland corresponding to significant spawning aggregations (see section 2.1.2). To ensure that estimates of fidelity were not biased by the distribution of fishing activities, the numbers of recaptured cod were adjusted for fishing effort (days fished) by gear in the recapture area (ICES statistical rectangle) for the month and year of recapture. Horizontal movement was inferred from the DST depth records. All details of methodology are given in Wright et al. (2006; Appendix 2.1.2.2.) and Wright et al. (2006b, Appendix 2.2.2.5).
Spawning fidelity could be considered from 383 tag recaptures both released and recaptured during the spawning season. Site fidelity was considered from 1671 tag recaptures that were released during the spawning season (December-April) in the spawning areas and were at liberty for > 30 days. The majority of recaptures were located in the Moray Firth spawning area, and there were very few recaptures from Shetland and Viking Bank. Release areas ranged from 162 – 274 km apart and so displacement distances much less than this range should indicate regional fidelity. Spawning and site fidelity results were similar. The average displacement distance of effort standardised recaptures from the centre of release areas ranged from 77 – 95 km. Displacement distances were shorter in the coastal regions of the Clyde, North Minch and Moray Firth than at areas east of Shetland. The proportion of recaptures > 200 km from the release site was also lower in these coastal areas, although there was clearly some level of movement between spawning areas. 
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Figure 2.3.8. Distribution of recaptures from cod tagged at five sites to the west of Scotland and North Sea. Colour coded hatched area represents different release areas, numbers refer to percent standardised recaptures from releases in the spawning season recaptured during the year. DST release and recapture sites indicated by open and closed circles, respectively. Polygons represent maximum estimated extent of DST cod by release site. Crosses show position of tidal stations used in geolocation.

Out of 346 cod that were released with DSTs, 56 (16 %) were recaptured. Recapture rates were highest around Shetland, but very low for the north and west coasts of Scotland and the Moray Firth. The mean number of days between release and recapture (days at liberty) was 179 and ranged from 3 to 909. Cod were recaptured throughout the year and the average distance moved between release and recapture was 28 km (although this ranged from 0 to 152 km). There was no correlation between the distance moved and the number of days at liberty. The possible extent of movement estimated from bathymetry and tidal signals is presented along with the conventional tag-recapture data in Figure 2.3.8. The low number of DST recaptures in areas such as the Clyde, Moray Firth and Minches precludes any thorough analysis of movements by all regions. 
In the region with the highest recaptures around Shetland it was also possible to distinguish movements of cod at sites on the west and east coast. Those on the west coast remained within coastal waters, very close (within 15 km) to the release site throughout the year, whereas a number of the cod released to the east of Shetland moved significant distances offshore to deeper waters and could have overlapped in range with the cod released on Viking bank. As with the conventional tag recapture experiments, those released to the east Shetland never entered waters to the west of Shetland. Similarly, there was no DST evidence to suggest that cod from west Shetland migrate eastward. 

The analysis of tag recapture data highlights that, even outwith the spawning period, a cod’s distributional range occupies a fraction of the stock unit. Given the scale of spawning aggregations the high proportion of recaptures within 100 km of release sites in the Clyde, Moray Firth and the Minch provides evidence of a network of ‘sedentary residential’ groups. DST derived geolocation estimates of cod movements indicate that individual home ranges are of a similar scale to the group level inferences from conventional tag-recapture studies. Therefore, the DST results, although limited, do increase confidence in conventional tag-recapture estimates of within-stock movements (Bolle et al., 2003). Whilst the DST data generally suggested that the distribution of adults from different spawning areas rarely overlap there was one exception in home range between the north east North Sea and East Shetland. The comparatively large movements and lack of fidelity to a discrete spawning ground could be considered to reflect a disperser strategy in these fish. However, recent egg surveys of the region indicate an extensive area of spawning east of Shetland to Viking Bank (Fox et al., 2005). As such they could be regarded as residents of one large spawning ground and movement of spawning cod in this region may simply reflect the larger extent of spawning grounds compared to the Moray Firth and Clyde. 

Curiously, there does not appear to be movement between the east and west side of Shetland suggesting fine scale adult segregation in this region (see also Neat et al., 2006). This apparent lack of exchange may reflect an ecological segregation between east and west of Shetland as the hydrography of the two areas differs considerably (Turrell et al., 1996). Water to the west of Shetland is dominated by the relatively stable and warm North Atlantic and Slope currents. The basin to the east of Shetland is more complex, becoming highly stratified in the summer leading to the bottom water being trapped and remaining cool throughout the summer period. Interestingly, Turrell et al. (1996) suggest that a cyclonic gyre exists in the east Shetland basin which could serve to retain eggs and larvae further reinforcing population separation.

Further details of the work on adult fidelity can be found in the following manuscripts arising from this study; Fidelity of adult cod to spawning grounds in Scottish waters (Wright et al, 2006a; appendix 2.1.2.2), Evidence for metapopulation structuring in cod from the west of Scotland and North Sea (Wright et al., 2006b; Appendix 2.2.2.5 ) and a joint publication arising from an analysis of both this project releases and those from CODYSSEY QLRT-2001-00813 on the Shetland cod movements (Neat et al., 2006; appendix 2.2.2.6). 
2.4. Characteristics of different spawning groups

Spawning stock size is estimated from weight and maturity at age for a stock region. However, it is becomingly increasingly acknowledged that these parameters may differ regionally within a stock. In this section we consider whether population structure, revealed by genetics and environmental isolation, is paralleled by phenotypic variation. Between population differences in Atlantic cod, have been observed in the field and in some cases, confirmed to have a genetic basis within common environment experiments (Purchase and Brown, 2000). 

2.4.1. Icelandic cod

Cod spawning in areas south of Iceland were in general larger than those from the northern spawning areas (Figs. 2.4.1 and 2.4.2; Jónsdóttir et al., 2006a; Appendix 2.2.1.3). In 2002-2003, mean length of cod south of Iceland ranged between 77 and 102 cm and individual cod ranged between 42 and 137 cm. West of Iceland the mean length of cod was 70 - 91 cm, with individuals between 46 and 117 cm. Mean length of cod ranged between 65 and 85 cm north of Iceland, with individuals ranging between 43 and 117 cm. East of Iceland the mean length of cod was 66 cm, with individuals between 52 and 89 cm. Mean age of spawning cod ranged between 6 and 9 years at spawning areas south and north of Iceland, while it was between 6 and 8 years west of Iceland. Mean age was 6 years East of Iceland. Mean growth rate was in general highest south of Iceland, ranging between 11.6 and 14.7 cm year-1, north of Iceland it was between 9.3 and 11.5 cm year-1, west of Iceland it was 10.4 and 13.3 cm year-1 and east of Iceland it was 10.9 cm year-1 (Fig. 2.4.2).

	[image: image28.emf]
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	Figure 2.4.1. Mean size (mm) of 6 year old spawning cod in 2002 and 2003 based on data from the gill net survey.
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	Figure 2.4.2. Mean length-at-age of cod at different spawning locations in spring of 2002 and 2003 (Jonsdottir et al., 2006a; Appendix 2.2.1.3).




Size and growth of spawning cod varied also between adjacent spawning areas. On the main spawning grounds southwest of the country (Area 9 in Fig. 2.2.8. or areas 83-94 in Fig. 2.1.1), cod from the shallow areas were on average twice as large and heavy as those from the more offshore Bank and Shelf areas (Petursdottir et al., 2006; Appendix 2.4.1.1). HSD tests showed that cod from the shallow coastal area were always in significantly better somatic condition than those from the Shelf and Bank (p < 0.001).  Otolith growth was affected significantly by all factors including year class, area and annuli (ANOVA, p < 0.0001). Comparisons of mean growth among areas within each year class revealed that within the 1989 year class the differences in increment width during the 2nd - 5th increment year were not significantly different between areas, while significant differences were detected for the 6th and 7th increment year (ANOVA, p < 0.01; Figure 2.4.3; Petursdottir et al., 2006; Appendix 2.4.1.1). For cod sampled from the 1990 year class (i.e., 6 year old cod) the differences in increment width during the 4th and 5th increment year were not significantly different between areas, while significant differences were obtained for the 2nd, 3rd and 6th increment year (ANOVA,  p < 0.01; Fig. 2.4.3).
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	Figure 2.4.3. Mean otolith growth (and standard deviations) for the year classes 1989 (top panel) and 1990 (bottom panel) during each increment year (1991-1996) and (1992-1996) at the three sampling areas; Coast (area 86), Bank (area 91) and Shelf (area 90) in Fig. 2.1.1. (Petursdottir et al., 2006; Appendix 2.4.1.1).


The different growth and otolith morphometric patterns of cod from the adjacent spawning areas are not likely to be solely influenced by prevailing environmental conditions on the main spawning ground, e.g. as cod in this area do not stay on the spawning areas after the completion of spawning (Jonsson, 1996; Thorsteinsson and Marteinsdottir, 1998). Instead they are more likely to result from different migration patterns and associated environmental conditions experienced by the cod during the migration to and from the feeding areas. Iceland is located in the north Atlantic where cold currents from the north meet the warmer water masses from the south. Therefore, the hydrographical conditions and temperatures vary both spatially and temporally (Malmberg and Valdimarsson, 2003). As a result, the distribution of post-spawning cod into areas of different temperatures and food availability will influence the growth rate expressed by the different units of the stock. The differences in otolith growth observed at 6th and 7th increment years are likely to be related to maturation. Age at 50% maturity (A50) for cod south of Iceland has, however,  been shown to be 5.9 years compared to 6.6 years among the slower growing cod north of Iceland (Marteinsdottir and Begg, 2002). Although growth is usually expected to decline at maturation, such a decline may be less pronounced among these cod do to associated changes in behaviour and habitat selection. As such, it is possible that cod that spawn on the southwest spawning ground, and especially the fast growing cod in the Coast area, may alter their behaviour as they mature (Begg and Marteinsdottir, 2002).  In general, immature cod in Icelandic waters reside in colder waters, northwest, north and east of the country, until they become mature and start their spawning migration into the warmer waters off the south coast (Jonsson, 1996; Begg and Marteinsdottir, 2002). It has also been demonstrated that after spawning, many of these cod return to the relatively colder waters of the main feeding ground northwest and east of the country (Jonsson, 1996; Schopka, 1994). However, reports based on fisherman logbooks, observers onboard trawlers and gill net fishing boats and recaptured tags have indicated frequent occurrences of large cod (> 100 cm) in southern located feeding areas through out the summer, fall and early winter months (i.e. along the south and southwest coast including the Reykjanes ridge SW of the country; unpublished observations by the authors and results from tagging experiments by Thorsteinsson at the Marine Research Institute).  Therefore, the relatively high increment growth during the 6th and 7th year for cod from the inshore Coastal area, as well as increasing differences in size with age (Marteinsdottir and Petursdottir, 1995; Marteinsdottir et al., 2000) suggest that these cod may remain in the warm waters after the first spawning season or at least in waters of high food abundance.
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	Figure 2.4.4.  Maturity oogives of female and male cod. Subdivisions with equal slopes are identified with the same color (see L50 in Table 2.5.1.1.).


Size at maturity did also vary among the different areas. In general, cod spawning south of the country matured earlier at a smaller size compared to those that spawned NW, north and east of the country (Figs. 2.4.4 and 2.4.5; Table 2.4.1)
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	Figure 2.4.5. Maturity oogives of cod in areas 1-9 (see figure 2.4.14) at depths < 75 (i), 75-125 (m) and > 125 m (o). 


Table 2.4.1. Size (cm) at 50% maturity (L50) of female and male cod from different areas (see location of areas in Fig. 2.4.1.4).

	Areas
	Females
	Males

	
	Shallow 

(< 75 m)
	Intermediate

75-125 m
	Deep

(>125 m)
	Shallow 

(< 75 m)
	Intermediate

75-125 m
	Deep

(>125 m)

	1
	78.1
	71.0
	65.2
	70.6
	56.1
	56.4

	2
	
	82.9
	74.3
	
	75.4
	65.2

	3
	82.7
	83.9
	80.3
	76.6
	76.6
	72.7

	4
	65.5
	
	68.9
	
	
	

	6
	71.4
	
	74.2
	61.2
	
	66.4

	8
	82.7
	
	66.8
	72.3
	64.6
	55.8

	9
	58.7
	67.1
	71.7
	56.3
	61.9
	48.44


2.4.2. West of Scotland (ICES VIa) and northern North Sea (ICES IVa)

Work on changes in reproductive investment in cod from different regions around Scotland between a period of high (1969, 1970) and low (1999, 2002, 2003) spawning stock size was published in 2004 (see Yoneda and Wright, 2004; Appendix 2.4.2.1). Further work has since been conducted on maturity. This information has been used to produce spatially resolved egg production estimates for VIa and the North Sea. A summary of this work is given below.

Specimens (n = 3,921) were obtained from research vessel and commercial sources between January and March in 2002 and 2003. In the North Sea specimens were collected from four locations: Shetland Isles, Moray Firth, Viking bank (ICES, IVa), Central North Sea (IVb). West coast specimens (VIa) were caught mainly from three locations; Butt of Lewis, North Minch, and South Minch. In addition to considering sites individually, North Sea sample sites were grouped into inshore and offshore in accordance with the genetic separation reported by Hutchinson et al. (2001) and the present project (see Section II.2.2) Details of sampling and measurements are given in Yoneda and Wright (2004). Data on maturity at length was also extracted from ICES North Sea 1st quarter surveys (1983 – 2004) and Scottish spring groundfish surveys (1990 – 2004) with annual sample sizes ranging from 951 to 3306 over the entire stock regions.

Regional comparisons of size at age for a given year-class were compromised for all but the recent collection years because of generally low sample sizes from routine ICES surveys. Significant regional differences in length at age were apparent from the recent sampling programme (RM ANOVA Area effect p = 0.013; area:age interaction p < 0.0001; Fig. 2.4.6). Cod from the West of Scotland and Northern North Sea were significantly larger at ages 2+ than from the Scottish east coastal waters and the Forties area. Within an age group the length of mature cod in North Sea was significantly greater than immature cod  (U-test, p < 0.01) whilst in west coast cod the length of mature and immature fish were statistically similar (p = 0.070 [age 2]; p = 0.365 [age 3]). There were significant differences in length of mature fish at age 3 and 4 among Via, northern North Sea and Scottish coastal sites (Kruskal-Wallis test, p < 0.001).
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Figure 2.4.6. Regional differences in length at age for cod spawning units from 1999 year-class. Area 1 = Clyde, 2 = West coast, 3 = Shetland, 4 = Northern North Sea, 5 = Scottish east coast, 6 = Forties area.

Maturity – size relationships were considered using the probabilistic reaction norm method (Heino et al., 2002a) since it accounts for size at first maturity and mortality effects that confound maturity ogives. A description of the entire reaction norm involves specifying these probabilities for all relevant ages and sizes. As we did not have data to distinguish between first-time and repeat spawners, we used a refinement of the probabilistic reaction norm method (Barot et al., 2004) by which the probability of maturing at age a and size s, denoted by m(a,s), is derived from the probability of being mature at age a and size s, denoted by o(a, s), and from the mean annual growth increment at age a, s(a):
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where ∆s(a) refers to the length gained from age a – 1 to age a. The function o(a, s) is referred to as the age- and size based maturity ogive. The above equation for m(a, s) determines the probability of maturing as the frequency of fish that have matured (numerator) relative to the frequency of fish that could have matured (denominator). The equation assumes that immature and mature individuals within a given age- and size-class have the same survival and growth rates, although this estimation is relatively robust to a relaxation of this assumption (Barot et al., 2004). Maturity ogives were estimated by fitting logistic regression models to year-classes with > 100 specimens per age-class with individual maturity state (juvenile or mature) as a binary response variable. Year-class and age effects were considered in the model but, with the exception of the Forties region, age did not improve the maturity-size fit. Only females were analysed in this study. Growth was estimated as the difference in mean body length between two consecutive ages of a cohort.

There has been a decline in the size and age at maturity in all cod spawning units during the last few decades (Fig. 2.4.7; see also Yoneda and Wright, 2004; Appendix 2.4.2.1). The cause of this declining trend in maturity probability is not known although similar studies have invoked fisheries-induced evolution (Barot et al., 2004). In the 1980s cod from the west coast of Scotland matured at a smaller length than those from the North Sea. However, this difference in length at 50% maturity probability was not evident in recent years, except in comparison to the Northern North Sea. This was because the length at maturity probability for North Sea fish decreased by a greater extent than that of the west coast cod over the survey period. Cod from the inshore Scottish coastal region and Forties area mature at a smaller size than other areas. 
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Figure 2.4.7. Length (cm) at 50% maturity probability for 4 regions: the west coast (excluding the Clyde), the Northern North Sea, Forties region and the Scottish east coast inshore region.

Cod fecundity data were grouped according to geographic proximity and detectable differences in relationships (see Yoneda and Wright, 2004). The relationship between potential fecundity and size indicated larger cod in Scottish waters are now more fecund than in 1970. Cod from the North Sea inshore region now have a higher fecundity at a given size and age than the cod from Northern North Sea and the west of Scotland. There was no such spatial trend around 1970. Similarly, whilst the relative fecundity of cod in recent times is positively correlated with size and age, no such relationship was evident in 1970. Nutritional influences on maturity and fecundity, particularly liver condition, were also evident from the recent study. However, the temporal and spatial differences in fecundity – size relationships were not consistent with a change in growth conditions, as there was no increase in body condition in cod from recent years. 

2.5. Changes in spawning units

Metapopulations are characterised by local populations exhibiting differing demographic rates and population fluctuations but linked by a variable degree of movement and gene flow, and also by the potential of local populations to undergo extinction and re-colonisation (Hanski, 1999; Smedbol and Wroblewski, 2002; Smedbol et al., 2002; Kritzer and Sale, 2004). Evidence for re-colonisation at one North Sea spawning area has been found from a study of long-term genetic variation (Hutchinson et al., 2003), supporting the idea that the North Sea and VIa cod may comprise a metapopulation. However, no study has tested whether there is asynchrony in the dynamics of different spawning groups of cod, as would be expected if these spawning groups behaved like local populations within a metapopulation (Hanski, 1998). Asynchronous population dynamics is important to metapopulation persistence as it makes the simultaneous extinction of all local populations unlikely. In order to consider the synchrony between spawning units we examined spatial variation in the use of spawning grounds and regional estimates of stock parameters.

2.5.1. Iceland

For each year, 2002 and 2003, female maturity ogives and the sex ratio were calculated for each spawning component using data from the MRI gillnet survey (Brickman et al., 2006; Appendices 2.5.1.1 and 2.1.1.1). In cases where there were insufficient data, the sex ratio or maturity ogive from the most similar (in length at age) adjacent component was used. The total length distribution from the gillnet survey for each spawning component was then disaggregated using the sex ratio and maturity ogive to generate the length distribution of spawning females (Fig. 2.4.1) and the proportion of spawning females in each component calculated. Within components, each region was considered to have the same proportion of female spawners. The number of female spawners by region was then scaled by the total number of gillnet stations in the region to produce an abundance index of spawning females (Fig. 2.4.1; Brickman et al., 2006; Appendix 2.5.1.1). 
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	Figure 2.5.1. Relative abundance of spawning female cod in 2002 (upper panel) and 2003 (lower panel).


Egg production was estimated for thirteen spawning areas (Table 2.5.1). Combining the spawning ground choices with the area based absolute abundance estimates, and using the fecundity-length relationship:  EQ eggs/spawner=0.01178*Length\s\up6(4.37032);  the fraction of eggs spawned per spawning ground was be computed (Table 2.5.1)
Abundance of spawning females varied both spatially and temporally (Fig. 2.5.1).  Greates numbers of females spawned on the main spawning areas in the South west and west of the country while much fewer females spawned on the smaller spawning sites northwest and north of the country.  In 2002,  most of the spawning appeared to have occured in Breidifjordur (mid West) with considerable spawning at the SW main spawning areas as well as at the SE (shallow) areas. In 2003, a greater number of females were detected at the SW main spawning areas and the South deep areas while less numbers were in Breidifjordur (West) and the SE shallow areas, compared to 2002.

Results showed that the main spawning grounds were responsible for 30-50% of the total eggs spawned, with significant contributions, 10-25%, from the southeast areas (73-77 in Figure 2.1.1). The total contribution from all northern (and eastern) spawning grounds was estimated to be <5%. Total eggs spawned for each year was about 1.5 * 1014. These numbers were used to constrain the Bio Physical Model use in the particle tracking exercises.

Table 2.5.1. Peak spawning and estimates of egg production (fractions) at 13 spawning areas (Fig. 2.1.1) around Iceland (Brickman et al., 2006; appendix 2.5.1.1).

	Spawning areas (Fig. 2.1.1.1)
	Location
	Peak spawning

(DOY)
	Fraction of egg production

	5, 90-94
	SW - Main spawning area
	90
	0.285

	9-10
	W - Faxaflói
	90
	0.036

	11-13
	W - Breidifjordur
	140
	0.286

	25-26
	W - Ísafjordur
	145
	0.107

	35-37
	N – Húnaflói
	150
	0.036

	41
	N-Skagafjordur
	145
	0.036

	46-48
	N - Eyjafjordur
	150
	0.036

	49-50
	N - Skjálfandi
	150
	0.036

	51-53
	N - Öxarfjordur
	155
	0

	54-55
	N - Þistilfjordur
	155
	0.036

	58-70
	East coast
	115
	0

	71-77, 82
	SE coast shallow
	100
	0.036

	81-85
	S-SE coast deep
	125
	0.071


2.5.2. West of Scotland (ICES VIa) and northern North Sea (ICES IVa)

2.5.2.1. Variation in egg production

It is not possible to produce an accurate time series of changes in the use of spawning grounds due to the lack of a regular survey for eggs or spawning adults. Nevertheless, using a combination of length survey data on mature sized cod and estimates of fecundity we estimated spatially resolved egg production for the years 1983 to 2004. Egg production per area (Ej), based on the number of eggs produced per km2 swept by a trawl, was estimated for each length class and year within an ICES statistical rectangle from the following equation:
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Where for each area j, Tj is the area swept (km2) based on a pre-determined ‘‘effective gear width’’ (wing spread and headline height for the GOV was estimated to be 22m and  4m,  respectively - Reid et al., 2000) and duration of survey tows, Nji was the total number caught at each area j and year i,  m is the proportion of females mature at length, PF is the potential fecundity at length and fj = proportion of females in area j. Nji was calculated from catch per unit effort and length distributions from quarter 1 annual ICES International Bottom Trawl Surveys (IBTS) conducted in the North Sea and Scottish surveys west of Scotland. Due to selectivity of the gear the numbers caught will be lower than the numbers present but there is no published information that would enable suitable correction for this downward bias.  Estimates of maturity at length were calculated for spawning units and the potential fecundity – length relationship was based on estimates from West (1970) and Yoneda and Wright (2004). Egg production was then raised to an ICES rectangle, r according to:
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Where Ar = the area of seabed < 250 m within each ICES rectangle was estimated using a bathymetric map (Digbath 250) implemented within ARC GIS, At = the area swept and Ejl = the eggs produced for each length class l and ICES rectangle j.

As with previous estimates of the distribution of mature sized adults (Hedger et al., 2004) the present estimates of spatially resolved egg production are likely to exaggerate the extent of  spawning, since cod can migrate large distances immediately prior to spawning. However, the spatial variation in estimates of egg production for 1992 and 2004 were broadly comparable with two studies of egg density. Estimates for 1992 were compared to observed egg densities in April 1992 (Heath et al., 1994) (see Fig. 2.5.2). Whilst the densities are very discrete in the actual egg survey there are some similarities in the 3 concentrations that Heath et al. (1994) detected. The output of the swept area approach for 2004 was similarly compared to observed egg densities in the ICES PGEGGS survey in March 2004 (ICES 2006; Fig. 2.5.3). The predicted high densities of eggs in the Southern and German Bight and to the far east of Shetland are largely consistent with the results of the 2004 cod egg survey by the ICES PGEGGS group (Fox et al., 2005; see Appendix 2.1.2.3). Moreover the predicted low densities between the Scottish east coast and that further south are consistent with observations.
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Figure 2.5.2. Distribution of stage I eggs.m-2 from a synoptic survey in April 1992 (Heath et al.,1994) and estimated spatially resolved egg production over the spawning period in 1992.
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Figure 2.5.3. Distribution of stage I eggs from ICES PGEGGS (2006) and estimated egg production by ICES rectangle (sqrt transformed) for 2004.

 If we therefore assume that these estimates provide a reasonable reflection of trends in egg production we can see that there has been a marked reduction in overall average egg production per statistical rectangle over the last 20 years since the peak in 1983 (Fig. 2.5.4).
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Figure 2.5.4. Average egg production per ICES rectangle from 1983-2004 in the North Sea and west coast of Scotland.

These estimates of egg production also support the persistence of spawning grounds identified in previous egg surveys.  The average spatially resolved egg production estimates indicate that areas near Dogger, Viking, north Rona and the Clyde are generally important spawning areas (Figure 2.5.6a). When changes in egg production are viewed in terms of the coefficient in variation in the yearly estimates we can see that these areas of high average egg production generally correspond with those of low inter-annual variation (Figure 2.5.6b). The northern North Sea, and the southern North Sea (Southern Bight areas) have shown more consistency in egg production over the study period, despite the total reduction in production. In contrast,  there has been an apparent loss of egg production in the central North Sea in ICES Area IVb, west of 3(E and in many offshore grounds in area VIa.
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	Figure 2.5.6. a) Average  and b) coefficient of variation in estimated egg production by ICES rectangle for the period 1983-2004 . Data sqrt. Transformed.




2.5.2.2. Variability in cod dynamics between spawning units in the North Sea and West of Scotland 

In the present study, estimates of the recruitment and spawning biomass of putative populations are used to test whether there is evidence for asynchrony within the stocks and hence evidence for a type of metapopulation dynamics.

The structuring of cod based on spawning distributions and adult movements, described in the sections given above and from previous literature, was used to define putative populations exhibiting high levels of spawning fidelity (Fig. 2.5.7). First quarter research vessel trawl survey data was then aggregated over these putative areas and a survey based method of assessment (SURBA; Needle, 2002) used to derive smoothed indices of local abundance, and to obtain time series for the stock indicators of spawning stock biomass (SSB) and recruitment (defined as numbers at age one). Initial results of this work using the SURBA model were published in an ICES paper presented at the Annual Science Conference in Aberdeen in 2005 (Holmes and Wright, 2005; Appendix 2.5.2.1). However, the methodology has since been modified to avoid the assumptions (smoothing) in this modeling approach. Instead un-modified abundance indices were fitted using Generalized Additive Modelling. Also additional evidence related to areas of high spawner fidelity lead to an increased number of putative sub-populations being defined.
	[image: image117.emf]

	Figure 2.5.7. Chart of the areas defined for putative populations of Cod in the waters to the west and north of Scotland and in the North Sea. Area Definitions: 1. Clyde, 2.Southwest, 3.Minches & North, 4.Shetland, 5.Viking, 6.Moray, 7.East Coast, 8.Fisher, 9. Flamborough, 10.Dogger. 


To test for statistical significance in differences of long term trends between areas the results for SSB and recruitment were fitted by Generalized Additive Models (GAMs), firstly using a common smoothing term across all areas being considered and then allowing a unique smoothing term for each area. A correlation matrix of the residuals from the fits to each area (using unique smoothers for each area) was produced to assess evidence for within year correlation across areas due to year effects. 

To determine the significance of treating spawning areas separately compared to assuming a common trend across areas an F-test can be performed to give the probability that the improvement in residual sum of squares (RSS) gained from use of unique smoothing terms could have arisen by chance. If significant correlation exists between the error structures among areas the usual reference F-distribution is not appropriate. In this case the F-statistic can be compared to an empirical reference F-distribution, constructed by bootstrapping as described by Youngson et al. (2002). This bootstrapping method was applied to both SSB and recruitment data.

Pair-wise comparisons between areas were also conducted. In all cases the Ftest was applied to the log catch ratio between the two areas, i.e.

zy = f1(y) – f2(y) + ε1y – ε2y = g(y) + δy
where fa(y) is a smooth function describing how the logged value in area a varies over time, εay and δy are error terms and g(y) = f1(y) – f2(y) is a smooth function measuring the difference in trends between areas. The null hypothesis is then that g(y) equals a constant. This comparison automatically accounts for any correlation between areas. When conducting pair-wise comparisons it is standard to multiply the resulting probabilities by the number of tests (Bonferroni correction) to counter the increased chance of falsely significant results. A problem occurs, however, if the number of comparisons is large as even initially strongly significant results can be made to look insignificant. Evidence from the work described in the previous sections suggest little link (in terms of juvenile and adult movement at least) between the areas defined to the west of Scotland and those defined within the North Sea. Pair-wise comparisons were therefore considered separate in these two regions. Even so there remained a total of 21 comparisons within the North Sea region.

As a visual aid to the pair-wise comparisons figures displaying ‘reference bands’ are also produced. If there is no statistically significant difference in the trend in stock indicator (SSB or recruitment) between two areas, the smooth lines of the GAM fits to the respective time series stay within their reference bands; otherwise they do not. 

 Visual inspection of results showed a decline in SSB in all areas (Fig. 2.5.8) but also a contrast in the North Sea region between larger areas incorporating offshore waters and three inshore areas, ‘Moray’, ‘East coast’ and ‘Flamborough’. The most northerly offshore area (‘Viking’) shows a very shallow decline. The inshore areas show steeper declines, the most pronounced being Flamborough. The series for the region as a whole reflects the trends for the larger offshore areas, which is to be as expected if using a simple arithmetic mean, and does not reflect the sharp declines in biomass observed in the inshore areas. To the west coast of Scotland the most south westerly putative spawning area considered appears to have suffered what is effectively a local extinction.

[image: image48]
Figure 2.5.8. GAM smoothed fits of SSB for putative populations. Shaded area refers to estimated 2 SE.

F-tests confirmed that the difference between assuming a common trend in SSB for all North Sea areas and assuming independent trends was significant at the 1% level. The same test for the west coast was significant at the 5% level. In terms of pair-wise comparisons, to the west of Scotland no significant difference could be discerned between the ‘Clyde’ and ‘Minch’ areas but the SSB trend for the far South West area was determined to be significantly different because of the severe decline in catch per unit effort in recent years, (Table 2.5.2a and Fig. 2.5.8). In the North Sea region the relatively large number of areas made few pair-wise comparisons significant once a Bonferroni correction was applied but the ‘Flamborough’ area still stands out, unfortunately again because of the severity of the biomass decline recorded (Table 2.5.2b and Fig. 2.5.8). 

Table 2.5.2. Results from F tests of SSB pair-wise comparisons of putative populations in a) west of Scotland b) North Sea.  Significance values: *** ≡ p*n<0.001; ** ≡ p*n<0.01; * ≡ p*n<0.05; ( ≡ p*n<0.1; ‘ ‘ ≡  p*n> 0.1; where ‘n’ equals the number of pair-wise comparisons

a)
	
	p *3

	
	Clyde
	South

 West
	Minch

	Clyde


	NA
	*
	

	South West
	0.003
	NA
	**

	Minch


	0.138
	0.001
	NA

	
	p (unadjusted)


b)

	
	p *21

	
	Shet-land
	Viking
	Moray
	East Coast
	Fisher
	Flam- borough
	Dogger

	Shetland


	NA
	
	
	
	
	*
	

	Viking


	0.376
	NA
	
	
	
	***
	

	Moray


	0.028
	0.038
	NA
	
	
	
	

	East Coast
	0.032
	0.006
	0.297
	NA
	
	
	

	Fisher


	0.045
	0.037
	0.199
	0.015
	NA
	**
	

	Flam- borough
	0.002
	2.40E-5
	0.195
	0.247
	2.02E-4
	NA
	**

	Dogger


	0.026
	0.011
	0.266
	0.031
	0.707
	1.95E-4
	NA

	
	p (unadjusted)
	


Figure 2.5.9 illustrates the difference in SSB trend for Flamborough compared to the large offshore area to the north of the North Sea (Viking) through use of reference bands. This figure also shows how reference bands can illustrate the lack of significant difference in trends between two areas. In panel b) it can be seen how, although the GAM fits of SSB in the central and southern areas of the North Sea differ in detail they stay within their respective reference band.  


[image: image49]
Figure 2.5.9. Reference bands used to make graphic illustration of pair-wise comparisons (SSB). a) Highly significant difference in SSB trends between inshore area to south of North Sea (Flamborough) and large offshore area in north North Sea (Viking). b) Lack of difference in SSB trends between large offshore areas to south of North Sea (Dogger) and central North Sea (Fisher).

Recruitment series were found to contain more noise than those for SSB (Fig. 2.5.10). However, in the North Sea region a pattern dependent on latitude seems to be present amongst the large offshore areas. The most southerly area (up to and including the Dogger Bank) shows a long term decline throughout the time period. The areas further north indicate improving recruitment followed by a downturn relatively recently, with the downturn coming most recently in the most northerly region. Among the inshore areas recruitment trends again alter from south to north. Furthest south there has been a definite downturn in recruitment over the last decade, furthest north there is evidence for a gradual improvement in recruitment overall. 

The noise inherent in the recruitment series reduces the power of the statistical tests, the most heavily affected areas being those to the west of Scotland and the Shetland area. No pair-wise comparison was significant beyond the 5% level if Bonferroni correction was applied (Table 2.5.3). Without this correction it can be seen from Table 2.5.3 that comparisons between the trend for the Dogger area and those further north receive p values that are significant, (see also Fig. 2.5.11)
. Similarly the trend in the Moray area is consistently different to those further south, (Table 2.5.3 and Fig. 2.5.11a). As well as showing example reference band plots Figure 2.5.11 also highlights the greater noise inherent in the recruitment series. The test considering the difference between assuming a common trend for all North Sea areas and assuming independent trends was again significant at the 1% level. 

These new results, which are considered as more transparent and less reliant on subjective judgment than the SURBA model results, were presented to the Fisheries Society of the British Isles symposium, Aberdeen in July 2006.
[image: image118.emf]
Figure 2.5.10. GAM smoothed fits of recruitment for putative populations. Shaded area refers to estimated 2 SE.

Figure 2.5.10. . GAM smoothed fits of recruitment for putative populations. Shaded area refers to estimated 2 SE.

Table 2.5.3. Results from F tests of recruitment pair-wise comparisons of putative populations in a) west of Scotland b) North Sea.. Upper triangle shows significance levels after Bonferroni correction. Lower triangle shows uncorrected p values.  Significance values: *** ≡ p*n<0.001; ** ≡ p*n<0.01; * ≡ p*n<0.05; ( ≡ p*n<0.1; ‘ ‘ ≡  p*n> 0.1; where ‘n’ equals the number of pair-wise comparisons.
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	0.305
	0.003
	NA
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	0.994
	0.037
	0.001
	NA
	
	
	

	Fisher


	0.598
	0.029
	0.035
	0.098
	NA
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	0.832
	0.183
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	0.055
	0.248
	NA
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	0.422
	0.019
	0.002
	0.193
	0.003
	0.019
	NA

	
	p (unadjusted)
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Figure 2.5.11. Reference bands used to make graphic illustration of pair-wise comparisons (recruitment). High inherent noise in recruitment series clearly visible. a) Significant difference in recruitment trends between northern inshore area (Moray; recruitment increasing) and offshore area to south of North Sea (Dogger; declining recruitment). b) Different recruitment trends between adjacent offshore areas to south of North Sea (Dogger) and central North Sea (Fisher).

Regional variability in these stock indicators supported the hypothesis of unique demographics of putative populations, especially between North Sea inshore resident populations and larger offshore populations. The study indicated that whilst there has generally been a decline in SSB, such decline may not be ubiquitous. Further, in areas showing stock decline the onset and relative severity of the decline has varied among regions. Declines in SSB were particularly severe in the ‘Flamborough’ and ‘Southwest’ population regions. The data series of recruitment were very noisy, even after accounting for strong year effects and so it is not clear if there is asynchrony in recruitment. Nevertheless, regional trends did suggest that recruitment in the southern North Sea (Dogger) population may have collapsed prior to that seen in the total stock. The evidence for asynchronous dynamics among spawning groups may indicate that the North Sea and VIa cod stocks are comprised of a meta-population type of structure. The present study identifies a number of concerns to the state of the North Sea and VIa stocks. The collapse of recruitment and the subsequent spawning stock in the Dogger area prior to that seen in the total stock seems to parallel the situation in the Northern cod collapse. If the North Sea stock is a meta-population one might expect eventual re-colonisation from the adjacent Fisher area. However, it must be noted that the Fisher area also shows declines in SSB, especially in recent years. Plans are currently underway to develop the ICES paper, using the modified methodology as presented at the FSBI symposium, for submission to a peer reviewed journal.
3.
Oceanographic processes and contribution of spawning units to juvenile populations

Cod eggs, larvae and pre-settlement juveniles are transported by currents from the spawning grounds to the juvenile nursery areas for a considerable length of time (typically some 3 months from spawning to settlement length in the northern North Sea).  For most of that period, cod early life stages have very limited or no locomotory ability and there is no evidence of directed swimming other than ontogenetic vertical migration behaviour among larvae and juveniles.  Consequently, to be able to quantify the degree of retention of spawning products within specific sub-populations and the level of exchange of juveniles between different sub-populations, we developed a high resolution hydrodynamic model of the areas of interest (Iceland and North Sea and adjacent waters; section 3.1), bio-physical modelling tools to estimate transport and survival of early life stages of cod (sections 3.2 and 3.3), and field-based validation techniques (genetics, otoliths) to complement our modelling methods (section 3.4).  The present Chapter describes the work carried out to estimate the contribution of the various spawning units to the juvenile populations in the waters around Iceland and the North Sea/west coast of Scotland.

3.1.
Hydrodynamic modelling

Following the assembly of all relevant initial and forcing datasets, collected from institutional records and other sources (topographic data, meteorological data and climatological temperature and salinity data), a hydrodynamic model system was developed, consisting of a North Atlantic Model domain in which two high resolved areas (Icelandic and Scottish waters) were embedded.  A detailed report of the hydrodynamic modelling work, including a comprehensive description of the model system and the model validation exercises which were carried out, is presented in Appendix 3.1.1.

In summary, the model appeared to capture all relevant far field features of the circulation in the model domain, while also performing well in coastal areas. Simulated flow fields as well as T and S distributions were highly variable and agreed very well with observed structures such as topographic eddies or seasonal features (warming/cooling). In particular the regional differences in certain areas between advection or local forcing were very well reproduced. Smaller discrepancies in the far field or in deeper regions were due to the grid configuration, which was a compromise between highest possible resolution and economic performance (computing time). The results of the hydrodynamic model runs provided the physical environmental conditions affecting the transport, growth and survival of cod juveniles in Icelandic and northeast Atlantic (North Sea and west coast of Scotland) waters, as simulated by the bio-physical models presented in the following sections.

3.2.
Modelling transport and survival of early life stages of cod: Icelandic waters

The focus of this work was modelling the survival of offspring from different spawning groups in Icelandic waters, in order to understand how various areas contribute to sub-stock structure.

Some spawning is thought to occur in most of Iceland’s bays and fjords, with the main spawning grounds being in the southwest. Spawning was simulated from 15 spawning grounds in Icelandic waters (Fig. 3.2.1 below). Two data periods were considered: (1) the climatology (1970-1998), and (2) 2002, 2003 – the METACOD focus years. Flow fields for particle tracking were provided by the high resolution circulation model of the region developed for the project (section 3.1 and Appendix 3.1.1). For full details of this work, consult the three attached papers and manuscripts (Appendices 3.2.1, 3.2.2 and 3.2.3).

3.2.1.
Climatological simulations in Icelandic waters
The Icelandic 0-group survey occurs during August and includes a pelagic trawl designed specifically to sample juvenile cod. There are 3 characteristic features to the climatological  0-group  distribution:  (1) The majority of juveniles are found along the northern  shelf;  (2)  There  is  an  inshore-offshore  gradient  in  abundance  along  the northern shelf with the majority of juveniles found inshore, and (3) There exists a spatial gradient in age with age decreasing sharply travelling clockwise around the northwest corner of Iceland (see Appendix 3.2.1, Fig. 1). 

The climatological distribution was investigated and reported in 2 manuscripts (Appendices 3.2.1 and 3.2.3). Appendix 3.2.1 presents a particle tracking study designed to understand the general pattern of the juvenile distribution. That paper introduced a probability density function (PDF) approach to compactly describe the results from hundreds of thousands of particle tracks. The work presented in Appendix 3.2.3 used the PDF approach to formulate a computationally efficient biophysical model of the drift and survival of cod early life stages, and developed an optimization technique that allows for the determination of numerous poorly known model parameters by minimizing the misfit between model prediction and data. 

The model did a good job reproducing the climatological age and abundance distributions (Appendix 3.2.3 Figs. 4 and 8). Results confirmed the importance of the main spawning grounds in determining the climatological 0-group distribution, but also revealed that the northern spawning grounds can be responsible for up to 20% of the spawned eggs.

3.2.2.
Simulations of years 2002 and 2003

Data
The 2002 0-group data are similar to climatology, although the spatial patterns are not as strongly expressed. For example, the inshore/offshore abundance gradient along the north shelf – defined as the ratio of the average #/km inside versus outside the 100m isobath (Appendix 3.2.2 Fig. 1 bottom panel) – is ~1.5 in 2002 versus ~ 7.7 for climatology.   The  spatial  age  gradient  –  defined  as  the  average age in boxes from SW to NE (Appendix 3.2.2 Fig. 1 top panel) – is (118, 104, 98, 89) for 2002 versus climatology (108, 103, 87, 83).  The length frequency distribution for 2002 is similar to climatology (roughly Gaussian, peak ~50mm, s.d.~10mm), but the abundance estimate is almost 5 times greater than average.

The 2003 data (Appendix 3.2.2 Fig. 2) exhibit neither the characteristic abundance distribution nor the classic age gradient. Rather, there is a more uniform age structure along the north shelf (age gradient (118,116,126,129)), with more juveniles found outside the 100m isobath than inside (inshore/offshore abundance gradient ~ 0.3).  Concomitantly, the length distribution is shifted toward larger juveniles (95% between 60-80mm), consistent with earlier spawning times and/or faster growth. The abundance estimate for 2003 is similar to climatology.

Model Results
The model does a good job of simulating the 2002 and 2003 age and abundance distributions (Appendix 3.2.2 Figs. 8 and 10), although abundance tends to be overestimated along the south coast. In particular, the distinct age distributions were well simulated in both years. Most of the optimally determined biophysical model parameters were within expectations, although for 2003 the predicted peak spawning times for the major spawning grounds on the west coast were somewhat early. This possibility is supported by other indirect data. For more details see Appendix 3.2.2.

Mixing indices for 2002, 2003

The model computes age and abundance on a grid cell by grid cell basis. At a given grid cell, the abundance can be decomposed into the contribution from each of the 15 spawning grounds. These model data can be analyzed in a distributed (i.e. gridded) or aggregated fashion. As the juvenile genetics data is grouped into east and west components, the biophysical model data are presented in an equivalent way. 
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Figure 3.2.1. The 13 spawning areas used in the study. Area 1 is broken into 3, making a total of 15 spawning grounds.

Model results show that a much larger fraction of juveniles found in the northern section originated from spawning ground 1 in 2003 versus 2002. (Figs. 3.2.2 and 3.2.3 below).  Regarding the eastern section, the model predicts that all these juveniles originated from the northern spawning grounds in 2002, while in 2003 there is a small contribution from spawning grounds along the south coast. Western juveniles are predicted to come mostly from spawning ground 1 in 2002, but in 2003 spawning ground 13 is the major contributor, with a significant contribution from the western-most northern spawning ground. These results can be compared to predictions coming from other analyses in the project, presented elsewhere in this report. 
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Figure 3.2.2. Mixing indices for 2002.The lower panel shows the fraction of modeled juveniles predicted to have come from the various spawning grounds.
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Figure.3.2.3. Mixing indices for 2003. The lower panel shows the fraction of modeled juveniles predicted to have come from the various spawning grounds.

3.3.
Modelling transport and survival of the early life stages of cod: North Sea and west of Scotland waters
Here we present a bio-physical modelling study to investigate the survival of the offspring of different sub-population of cod in the North Sea and Scottish west coast (Fig. 3.3.1), from spawning to the early settled juvenile period (0-group) and to quantify the potential effect on recruitment at the whole-stock and sub-stock level of increases in spawning stock biomass from recent levels to the historic maximum.  For full details of this work, consult Appendix 3.3.1.

[image: image54.emf]
Fig. 3.3.1. Map the model domain, showing the geographical division into natal units and the depth contours.

3.3.1.
Survival of the offspring of sub-population in the North Sea and Scottish west coast

The fine-scale hydrodynamic model system (H/M, in the terminology of Appendix 3.3.1) developed for the North Sea and Scottish west coast waters was used to carry out bio-physical modelling simulations to investigate the relative survival of the spawning products of the different sub-stocks in two recent years (2002 and 2003), plus a “climatological” year.  Computing hardware limitations prevented us from using fully temporally-resolved spawning curves and from applying horizontal diffusion, in order to keep particle numbers within limits that ensured manageable runtimes (please note that we implemented density-dependent processes at juvenile settlement, which prevented us from using an offline PDF approach like the one described in Appendix 3.2.1).  Therefore, spawning was collapsed to single egg releases at the peak spawning date for each sub-population and the horizontal transport module of the bio-physical model was purely deterministic.

The spatial patterns were quite similar in the 3 years (2002, 2003 and climatological year), although in 2003 the distribution was more patchy and in the climatological year more diffuse, with 2002 presenting an intermediate spatial coverage. Even though juvenile cod could be potentially widespread throughout the North Sea and Scottish west coast, when we examine the settlement distribution of the offspring of each individual sub-population, it is evident that the spatial patterns are quite consistent between years and specific to each natal unit.  The juveniles from the Clyde are retained locally but could also settle along the west coast, the Minches and the north.  West coast juveniles settle in the west coast, the Minches and the north.  The Minches/north coast sub-population juveniles settle more widely, from the west coast all the way to the Moray Firth and Viking/Bergen areas.  Shetland juveniles settle locally and also spread out towards Viking/Bergen and Moray.  Viking/Bergen juveniles, on the other hand, are retained within their own general area.  In these simulations without horizontal diffusion the young cod were unable to cross the Norwegian Coastal Current into more coastal areas in the Norwegian fjords but it would be interesting to compare these results with simulations with horizontal diffusion, since some shoreward transport could be expected.  The amount of retention within the Moray Firth area varied between years but there was some consistent transport to Fisher and the east coast areas.  The east coast appeared to be a fairly retentive area, with some interannual variation in the degree of alongshore dispersal.  The settlers from Fisher remained in the area but also were transported to most adjacent areas, while Flamborough was generally retentive although with some export to the north and south, especially in the climatological year scenario.  Dogger/Southern Bight fish settled mostly locally, although their east-west spread varied somewhat between years.

The patterns of survival were very consistent between sub-populations for all the simulated years.  They were the result of differences in growth in the pelagic stage, as the consequence of higher temperature histories during their early development.  In general, survivorship decreased from the west coast-northern sub-populations towards the central and southern North Sea.  When we only consider those juveniles that settle in the areas that had been identified as cod nursery grounds (see Fig. 2 in Appendix 3.3.1), survival during the settlement window more quite variable among the northern and westerly subpopulations with relatively small nursery grounds.  Survivorship still decreases generally in a south-easterly direction but populations in the central and southern North Sea benefit from more extensive nursery grounds, enabling greater numbers of juveniles to settle.

3.3.2.
Sub-stock structure and North Sea cod stock recovery

One of the objectives of the bio-physical modelling work was to investigate how changes in the abundance of individual sub-stocks, e.g. as a result of spatially variable stock recovery plans, would affect the stock recruitment relationship at the whole stock and sub-stock levels.  If the offspring from different sub-stocks potentially share common nursery areas and density-dependent growth and/or mortality processes take place during the early demersal stage, changes in the reproductive biomass (and therefore egg production) of any particular sub-stock could impact recruitment to those sub-stocks that share common nursery grounds.

To simulate a range of stock recovery scenarios and their influence on stock-recruitment relationships at the whole-stock and sub-stock level, we scaled egg production in 5 steps from the 2002 level up to that of a historic maximum (1971) resulting from the reanalysis of stock-assessment data (Heath et al., 2003), following the same spatial and temporal patterns of 2002 for each sub-population.  Given the computing time requirements to carry out an array of multiple fine-scale (H/M) simulations, we had no option but to use the coarser resolution flowfields simulated by SNAC (Logemann et al., 2004). The chosen year (2002) was available for both SNAC and H/M models, which allowed a comparison of model results using both sets of flowfields and demonstrated that the coarser-scale simulation results were a reasonable approximation, although they were somewhat more dispersive.

We considered 3 stock recovery scenarios (Fig.3.3.2): 

· progressive recovery of northern populations (4-8; proportional to their relative sub-stock size in 2002), while the egg production of west coast (1-3) and southern (9-10) North Sea sub-populations remained at the 2002 level

· progressive recovery of southern populations (proportional to their relative sub-stock size in 2002) while the egg production of west coast and northern North Sea sub-populations remained at the 2002 level

· progressive recovery of both northern and southern populations, proportional to their relative sub-stock size in 2002, while west coast populations remained at the 2002 level.
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Fig. 3.3.2. Cod stock egg production scenarios (see text) representing a recovery of northern sub-stocks (top left panel), southern sub-stocks (top right panel) and proportional recovery of both northern and southern sub-stocks (bottom panel).

We examined the relationship between whole-stock (west coast plus northern and southern North Sea) egg production (EP) and total number of settlers (recruitment: R) at the end of the simulation period (end of August), for each of the three stock recovery scenarios.  The recovery of the northern sub-populations yielded a somewhat higher number of recruits than the southern sub-populations, with the proportional north-south recovery showing intermediate recruitment.  As in the case of fine-scale simulations, this pattern was the result of higher temperature-mediated growth in the north, resulting in higher survival.  Only counting as successful recruits the juveniles that settle on any of the defined nursery areas showed a somewhat different pattern.  In this case, the recovery of the southern sub-populations yielded a somewhat higher number of recruits than the northern sub-populations, with the proportional north-south recovery showing again intermediate recruitment.  The reason for the switch, also observed in the fine-scale simulations, was the wider availability of nursery grounds to the southern sub-populations.  We also investigated if the spawning stock recovery in any of the scenarios considered impacted the recruitment to other sub-stocks sharing common nursery grounds.  In the case of a noticeable density-dependent interaction, the increase in recruitment resulting from the increased egg production of the recovering sub-stocks would result in a decrease in recruitment among the sub-populations not subject to recovery.  However, the results of the analysis showed no signs of such interaction, as the consequence of relatively low overlap in the juvenile distribution in the defined nursery areas.

3.4.
Identification of spawning group origins in mixed populations of juveniles in Icelandic waters.
3.4.1. Spatial and temporal variation in distribution of juvenile cod in Icelandic waters

Mapping of spatial and temporal distribution of juvenile Icelandic cod (age group I-IV) was performed using data collected in the Ground fish survey (1985-2002) and the 0-group survey (1984-2000).
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	Figure 3.4.1.  Correlation between proportion of 0- and I-group cod within the 9 METACOD areas (Fig. 2.2.1) during 1984-2002.
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	Figure 3.4.2. Correlation between proportions of I- and II-group cod within the 9 METACOD areas during 1984-2000.



First results have showed that except for age groups I and II, the distribution within each year class changed from one year to the next during the first 4 years of life. As such, great abundance of 0-group in a particular area during a specific year did not lead to a great abundance of I-group cod in the same area during the following year (Fig. 3.4.1). However, a significant (p < 0.05) correlation was found between abundance of I and II group cod in three main nursery areas (4-6), characterized by the greatest abundance of juveniles (Fig. 3.4.1).

Most of the 0-I group cod was found in areas 3-6, North and East of Iceland (Fig. 3.4.3). The proportional distribution of the 0-group and I-group the following year did not seem to cover the same areas and no correlation was detected (Fig. 3.4.1). High abundance of the 0-group in areas 2 and 3 were for example followed by low abundance of the I-group in same areas the following year (Fig. 3.4.1). The correlation was never close to being significance except in area 7 (p-value = 0.0533 and r = 0.47) (Fig. 3.4.1). The I-group cod was generally most abundant in areas 4-6, North and East of Iceland (Fig. 3.4.1 and 3.4.1) or in areas more easterly than the 0-group. The year classes 1988-1990 were however exceptional and the I-group was in those years more westerly than the 0-group. 

The areas 4-6, North and East of Iceland, contained in general the highest abundance of age groups I and II (Fig. 3.4.2). There was a definite relationship between proportional distribution of age groups I and II during the following year within areas and significant correlation was obtain in 7 of the 9 areas (Fig. 3.4.2). Less correlations were detected between group II and III, and between III and IV.
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	Figure 3.4.3. Geographic distribution and relative abundance (Log numbers nautical mile-1) of cod year classes 1984-2000, age groups 0-IV, based on data from the annual 0-group and the Spring ground fish surveys. The 150 m and 500 m depth contours are shown.
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	Figure 3.4.3. continued
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	Figure 3.4.3. continued


The influence of latitude, longitude, depth and bottom temperatures on the distribution of juvenile cod was examined using GAM (Fig. 3.4.4). All covariates were in general found to affect the relative abundance of the age groups within year classes.  The covariate latitude affected relative abundance of the 0-group generally between 65-66.5°N but age groups I-IV were distributed further North (Fig. 3.4.4). The covariate longitude affected the relative abundance of the 0-group generally between 23°W and 15°W (areas 4-5) but increasing effects on relative abundance of the I-group from 20°W and Eastward (areas 4-6) (Fig. 13). The relative abundance of the II-group was generally highest in between 21°W and 15°W but also in East of Iceland (areas 4-6) (Fig. 3.4.4). The effects due to the covariate longitude on relative abundance of the III and IV-groups increased eastward compared to age groups I-II and was greatest in East of 15°W (areas 5-6) (Fig. 3.4.4.). 

The year class effect was found to significantly affect the relative abundance of all year classes with a decline in abundance between 1984 and 1990 followed by increasing effects on relative abundance of age groups 0-III from the early 1990s toward 2002 (Fig. 3.4.4). The year class effects on relative abundance of IV-group however decreased between 1985 and 1995 with increasing effects in recent years (Fig. 3.4.4). The year class 1984 was measured relatively large as 0-group and also as I, II, III and IV groups (Fig. 3.4.4). However, since 1995 the 0-group does not appear to have contributed similarly to the cod stock through ages I-IV as in 1984, probably due to increased mortality on age groups I-III (Fig. 3.4.4).

The covariate depth seemed to be positively related with age, as such were the IV-group generally at deeper waters than the I-group (Fig. 3.4.4). The relative abundance of I-group cod was highest in depths < 100 m (Fig. 13). The II group appeared to have binary distribution and was relatively abundant in depths < 100 m and around 200 m (Fig. 3.4.4). The III group was relatively abundant at depths < 250 m but the IV group seemed to be in highest relative abundance from 150 m – 300 m depths (Fig. 3.4.4). 

	
[image: image63]

	Figure 3.4.4. Gam smooths of the conditional effects of depth, bottom temperature, latitude (North) and longitude (West) on the spatial distribution of cod, age groups 0-IV, all data combined. The y-axes is scaled to zero and reflects the relative importance of the covariate; rugplot on the x-axes represents the number of observations; dashed lines represents the upper and lower pointwise twice-standard-error curves.




3.4.2.
Classification of juvenile cod based on hatch date estimation 
Samples of 0-group cod were obtained from 6 areas during the annual 0-group survey conducted by the MRI in August 2002 and 2003 (Fig. 3.4.5; see location of areas in Fig. 2.2.1). 
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	Figure 3.4.5. Number/mile of juvenile cod caught during the 0-group survey in August 2002 and 2003 and location of sampling for otolith analysis (red dots).
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	Figure 3.4.6. Hatch date distribution of 0-group cod in 2002 and 2003 (see location of areas in Fig. 2.2.1).


In 2002, as in previous years (Marteinsdottir et al., 2000), the age of 0-group cod declined from West to East. As such, the oldest individuals were captured in areas west and northwest of the country, while the youngest individuals were captured in areas north and east of the country (Table 3.4.5). However, in 2003, this general pattern was not repeated. Relatively old individuals were found in all areas and the differences between the south-southwest and the north-northeast locations were not as pronounced in this year as in 2002 or actually any of the other years (1995-2000) that have been sampled for aging. The mean age in 2003 ranged from 108-128 days while in 2002 it ranged from 77-107 days. The different age distributions were reflected in the hatch day distributions. As such, the mean day of hatch increased from West to East in 2002 while this was not the case in 2003 (Table 3.4.5 and Figure 3.4.6). In 2002, areas SW, West and NW of the country, 94-96% of the 0-group cod had originated from hatch that occurred in April or May while only 34-65 % of 0-group cod in areas North and East of the country originated from such an early hatch. In contrast, in 2003, all 0-group cod in all areas originated from a hatch that occurred in April and May. 
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	Figure 3.4.7. Hatch date distribution of larvae collected on the main spawning grounds at the Southwest coast of Iceland in 13-16 June, 1998. DOY ranged from 105 (15 April) – 150 (30 May).


Previous results from 1995 as well as data analysed in this study (Fig. 3.4.7) have shown that on the main spawning grounds at the Southwest coast, most of the hatching is over by 1st of June (Marteinsdottir et al., 2000).  Therefore, hatching occurring at a later time is likely to have occurred in colder waters characteristic for the Northwest, North and the East areas (Marteinsdottir et al., 2000). 

Table 3.4.1. Number of pelagic juvenile cod sampled for ageing in 1995-1999 and 2002-2003, mean age adjusted to 20th August, mean hatch day (DOY) and % that originated from hatching that overlaps with the main hatching period on the main spawning grounds (April and May) on the Southwest coast of Iceland (see location of areas in 2.2.1).

	
	1995
	1996
	1997
	1998
	1999
	2002
	2003

	Area 1 (SW)
	
	
	
	
	
	
	

	Number aged
	29
	-
	50
	82
	67
	94
	

	Mean age
	82 ( 11
	-
	96 ( 14
	97 ( 10
	112 ( 13
	107 ( 13
	

	Mean Hatch day
	147 ( 11
	-
	134 ( 14
	134 ( 10
	119 ( 13
	124 ( 13
	

	% hatch in May
	58
	-
	90
	96
	100
	97
	

	Area 2 (West)
	
	
	
	
	
	
	

	Number aged
	37
	31
	49
	54
	71
	96
	79

	Mean age
	73 ( 12
	71 ( 9
	88 ( 11
	93 ( 12
	100 ( 12
	96 ( 13
	119 ( 13

	Mean Hatch day
	157 ( 12
	163 ( 8
	141 ( 11
	137 (12
	131 ( 12
	135 ( 13
	112 ( 13

	% hatch in May
	24
	3
	77
	87
	98
	94
	100 

	Area 3 (NW)
	
	
	
	
	
	
	

	Number aged
	33
	35
	51
	85
	92
	88
	96

	Mean age
	67 ( 9
	68 ( 8
	75 ( 9
	69 ( 7
	91 ( 11
	86 ( 12
	117 ( 15

	Mean Hatch day
	164 ( 9
	165 ( 6
	155 ( 9
	162 (7
	140 (  11
	145 ( 12
	114 ( 15

	% hatch in May
	9
	6
	33
	7
	82
	65
	100

	Area  4 (North)
	
	
	
	
	
	
	

	Number aged
	68
	48
	53
	91
	73
	94
	83

	Mean age
	69 ( 12
	71 ( 7
	79 ( 12
	75 ( 6
	91 ( 14
	94 ( 15
	128 ( 15

	Mean Hatch day
	161 ( 12
	163 ( 7
	151 (12
	157 ( 8
	140 ( 14
	148 ( 15
	103 ( 15

	% hatch in May
	25
	10
	47
	24
	79
	49
	100

	Area 5 (NE)
	
	
	
	
	
	
	

	Number aged
	33
	44
	47
	53
	72
	127
	97

	Mean age
	61 ( 8
	62 ( 7
	74 ( 11
	65 ( 8
	88 ( 15
	79 ( 16
	115 ( 16

	Mean Hatch day
	170 ( 8
	172 ( 7
	157 ( 11
	166 ( 8
	144 ( 15
	152 ( 16
	116 ( 16

	% hatch in May
	0
	0
	34
	2
	61
	40
	98

	Area  6 (East)
	
	
	
	
	
	
	

	Number aged
	32
	-
	50
	73
	76
	94
	82

	Mean age
	55 ( 7
	-
	76 ( 11
	61 ( 7
	87 ( 16
	77 ( 16
	108 ( 16

	Mean Hatch day
	175 ( 7
	-
	154 ( 11
	171 ( 7
	144 ( 16
	154 ( 16
	123 ( 16

	% hatch in May
	0
	-
	36
	1.4
	64
	34
	100
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	Figure 3.4.8. Proportion of 0-group cod that originated from hatching in April and May. Regions are listed in a clockwise order with R2 at the West coast; R3-R5 at the North and Northeast coast and R6 at the East coast (as shown in Fig. 2.2.1).


Distribution and abundance of 0-group cod was also distinctly different in the years 2002 and 2003 (Figure 3.4.9). As such, 0-group cod were present in a greater abundance in 2002 compared to 2003, especially in the shallow areas next to the coast. 
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	Figure 3.4.9. Distribution and abundance (numbers per mile) of pelagic 0-group cod in 

August 2002 and 2003.


3.4.3.
Genetic origin of 0-group cod in Icelandic waters
To assess the potential origin of the 0-group cod in Icelandic waters, we employed the software STRUCTURE (Pritchard et al., 2000). STRUCTURE is a model-based Bayesian, Markov chain Monte Carlo approach that clusters individuals to minimize Hardy–Weinberg disequilibrium and gametic phase disequilibrium between loci within groups. Two genetically distinguishable spawning components (populations) were previously described in Icelandic waters (Pampoulie et al., 2006) using 9 microsatellite loci and the Pan I locus. Because the detected level of genetic differentiation between these two genetically distinguishable populations was low with the microsatellite loci employed, we combined both datasets to improve the accuracy of the individual’s assignment. The posterior distribution of individual admixture proportions (q) of juveniles samples was therefore estimated by assuming an admixture model with two populations, i.e. the Northeast and Southwest of Iceland. We used a burn-in period of 150000 steps and 500000 Markov-Chain Monte Carlo simulations. Several runs were carried out to estimates convergence of the admixture proportions (q). Based on the admixture proportions (q), 0-group individuals were then inferred to one of the two spawning components. To assess the temporal stability of the spawning component contribution to the 0-group aggregations, we compared the proportion of individuals inferred to the spawning grounds using a χ2 test implemented in Statistica 6.0 (StatSoft Inc. 2001).
Within the 0-group located in the Northwest of Iceland, most individuals were likely to originate from the Southwest population (65% in 2002, 71% in 2003; Figure 3.4.10) with lower contribution from the Northeast one (35% in 2002, 29% in 2003). The contribution of the two spawning populations to the 0-group of the Northwest was temporary stable (χ2 test, χ2=2.90, p=0.0888).

0-group located in the Northeast of Iceland predominantly originated from the Northeast spawning component in 2002 (64%) and from the Southwest component in 2003 (63%), thus suggesting temporal instability in the contribution of the spawning components (χ2 test, χ2=35.01, p=0.00001). The relative contribution of the Northeast and Southwest spawning components to the Northeast and Northwest 0-group was significantly different both in 2002 (χ2 test, χ2=61.38, p=0.00001) and 2003 (χ2 test, χ2=3.94, p=0.0472). In both years, the Northeast component contributed more to the Northeast aggregation than to the Northwest one (Figure 3.4.11).

	
	2002
	2003

	Juveniles West
	[image: image72.emf]
	[image: image73.emf]

	Juveniles East
	[image: image74.emf]
	[image: image75.emf]


Figure 3.4.10. Estimated contribution of the Northeast and Southwest Icelandic populations to the 0-group of cod in Icelandic waters. Black colour represents the contribution of the Southwest population, and white the contribution of the Northeast one.


[image: image76]
Figure 3.4.11. Estimated contribution of the Northeast and Southwest Icelandic populations to the 0-group of Icelandic cod. Filled circles represent the 0-group samples collected in 2002, the triangle the samples collected in 2003. The contribution of each spawning component is detailed by samples collected; two pies indicate the temporal replicates (left pie: 2002, right pie: 2003). The black and white colours in the pies represent respectively the contribution of the Southwest and Northeast populations.

A previous biological study proposed that the recruitment in the 0-group aggregation located in the Northeast and Northwest off Iceland was related to physical transport mechanisms, food availability and spawning stock sizes (Begg and Marteinsdóttir, 2002). Back-calculated birth date distribution also suggested that most of the juveniles found on the nursery ground originated from the main spawning ground off the Southwest coast, although significant contribution from smaller regional spawning components could be detected (Marteinsdóttir et al. 2000). The strength of the coastal current was the predominant factor affecting the spatial distribution of juveniles cod and strong coastal current resulted in a higher proportion of juveniles originating from the Southwest spawning components in the nursery areas (Begg and Marteinsdóttir, 2002). Eggs and larvae of the North spawning regions were also suggested to be retained within fjords and inshore waters, although in some years, local spawning components contributed to the juveniles’ aggregations (Marteinsdóttir et al., 2000; Begg and Marteinsdóttir, 2002). Our results confirmed these findings although significant proportion of the 0-group aggregation originated from local spawning grounds off the Northeast. Indeed, the composition of the Northwest 0-group of Icelandic cod, from which 2/3 of the individuals originated from the Southwest population, was temporally stable, while the Northeast composition varied within years. In 2002, most of the juveniles collected on the Northeast aggregation were likely to originate from the Northeast population. Oceanic features such as strength and direction of currents often play an important role in the dispersal of marine fish’s juveniles from spawning grounds to nursery areas (Sinclair, 1988; Knutsen et al., 2004). In Iceland, two main oceanic currents might play a role in the dispersal of eggs/larvae from the Southwest spawning components to the northern nursery: the Irminger current flowing along the south and west coasts of Iceland (offshore current) and the coastal current originating from the southeast coast flowing in a clockwise direction around the country. Their strength mainly depends on the northerly wind which would enforce the East Greenland currents and thus reduce their influx into the northern regions (see Logemann and Harms 2006). In 2003, the Irminger and coastal currents strength was stronger than in 2002 (Logemann and Harms, personal communications). This phenomenon is largely reflected in the observed contribution of the spawning component to the Northeast nursery area which was mainly composed of juveniles originating from the Southwest population in 2003 but not in 2002. Our data strongly support these earlier findings and confirm that the composition of the two main nurseries depends strongly on the strength of the oceanic currents.
3.4.4
Classification of juveniles in relation to their future spawning groups.

The stock identity of juvenile aggregations can be interpreted in either a backward- or forward-facing perspective; traditional backward-facing analyses determine the spawning group which produced the juveniles, while forward-facing analyses determine the spawning group to which the juveniles later recruit. On average, one would expect the juvenile progeny of a particular spawning group to later recruit to that same spawning group. However, in a variable environment, and particularly where year-to-year variations in current flow and direction result in variable distributions of juveniles, a substantial portion of the juveniles may recruit to other spawning locations.  Discrimination between the two possible measures of stock identity requires different approaches.  DNA markers are most suited to determining the spawning source of the juveniles, but cannot be used to determine their subsequent spawning location as adults.  In contrast, otolith elemental fingerprints cannot be used to determine the source of the juveniles, but are well suited to determining their eventual fate (through comparison with the elemental fingerprint of the otolith core, corresponding to the juvenile phase, of the juvenile year-class once it begins spawning). The aim of this study is to classify juveniles collected in previous years (1996 and 1997) to their future spawning groups through comparison of the juvenile elemental fingerprints with those characteristic of the adult spawner otolith cores from the same year-class  sampled in 2002 and 2003. 

	[image: image77.emf]
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	Figure  3.4.12. Sampling locations of juvenile cod in 1996 and 1997.


Samples of pelagic 0-group cod were collected from the annual 0-group survey of the Marine Research Institute in August 1996-1997 (Fig. 3.4.12). Spawning cod (year classes 1996 and 1997) were sampled during the peak spawning season in April 2002 and April/May 2003 (see total number of individuals: Fig. 3.4.14). 

Whole otoliths from the 0-group juvenile cod were used for elemental analysis. Otoliths from the adults were sectioned and the core representing the first summer and autumn growth of the otoliths were removed using a MicroMill device. The juvenile otoliths were decontaminated by brushing with nylon hairs rinsing with Super Q water a supersonic bath for 5 minutes and rinsing three times with Super Q water. Same method was used with the cores from the adult otoliths, except for the brushing (Campana et al., 2000). Five elements (Ba, Li, Mg, Mn and Sr) were analysed with ICP-MS.

	
[image: image79]

	Figure  3.4.13. Average otolith weight of 0-group cod from different areas in 1996 (yellow) and 1997 (blue).


	[image: image119.emf]

	Figure 3.4.14. The total number of juvenile otoliths (left column) and adult otoliths (right column) collected from the 1996 and 1997 year classes in each area. 1996 year-class and lower, 1997 year-class.
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	Figure 3.4.15. Discrimination between different groups of 0-group cod in 1996 and 1997 using the trace elements Ba, Mg, Mn and Sr. Discriminant scores of all individuals used in the analysis are represented by small fonts while the weighted average for each sampling area is identified in a large font. B = Breidifjordur, I = Isafjordur, H =Húnaflói, E and S = Eyjafjordur + Skagafjordur, T = Thistilfjordur and L = Lodmundarfjordur (see locations in Fig. 3.4.12.




In 1996, discrimination between 0-group juveniles from the different areas was successful (Fig. 3.4.15). The first dimension separated between juveniles from the West and East areas (Isafjordur and Thistilfjordur) (Pearson's Chi-squared test X-squared = 47.675, df = 3, p-value = 2.497e-10) and explained 71.8% of the variance. The second dimension separated the Hunafloi area from the other areas (Pearson's Chi-squared test X-squared = 17.9407, df = 3, p-value = 0.0004524). The second dimension explained 17.3% of the variancenorth of Icelandno.
In 1997, discrimination between groups of 0-group cod was also successful, however with less clarity (Fig. 3.4.15). The first dimension separated Brei, Isa and Lodm from the rest (Pearson's Chi-squared test X-squared = 26.4745, df = 5, p-value = 7.218e-05). The first dimension explained 68% of the variance. The second dimension separated Hunafloi from Eyjafjordur+Skagafjordur and Thistilfjordur (Pearson's Chi-squared test X-squared = 15.2161, df = 5, p-value = 0.009478). It also separated Brei from Isafjordur and Lodmundarfjordur, but the last two could not be separated by this method. The second dimension explained 30.4% of the variance.

In 1996, the classification accuracy ranged between 58% and 84% (Table 3.4.2). In 1997, the classification accuracy ranged between 17% and 83% (Table 3.4.3).

Table 3.4.2. Classification accuracy from discriminant analysis between juvenile cod in 1996. Emboldened numbers indicate classification accuracy for correctly classified juveniles.

	
	Isa
	Huna
	Skox
	Thist

	Isa
	64
	20
	12
	4

	Huna
	3
	76
	14
	7

	Skox
	13
	25
	58
	4

	Thist
	0
	8
	8
	84


Table 3.4.3. Classification accuracy from discriminant analysis between juvenile cod in 1997. Emboldened numbers indicate classification accuracy for correctly classified juveniles. 

	
	Brei
	Isa
	Huna
	Eysk
	Thist
	Lodm

	Brei
	44
	6
	3
	9
	16
	22

	Isa
	20
	17
	13
	10
	0
	40

	Huna
	3
	0
	83
	10
	0
	3

	Eysk
	3
	17
	28
	21
	24
	7

	Thist
	17
	13
	7
	7
	53
	3

	Lodm
	23
	13
	10
	0
	3
	50


The objective of Mixed Stock Analysis (MSA) models is to separate the training data into clearly distinguished groups. For a successful outcome, sampling of all groups is required (Millar, 1987). According to the results of the 0-group surveys in August 1996 and 1997, the distribution of the 0-group juveniles supports the assumption that all major groups of 0-group cod were sampled for the present study (Fig. 3.4.16). The fact that it was not possible to discriminate between Isafjordur and Lodmundarfjordur may, however, cause problems.
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	Figure 3.4.16. Annual relative distribution and abundance (numbers nautical mile–1) of 0-group cod Gadus morhua, in 1996 and 1997 (Begg and Marteinsdottir, 2000).
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	Figure 3.4.17. Results of the mixed stock analysis (Maximum Likellihood Analsyis). Pies indicated locations of spawning groups and small circles indicate sampling locations of juveniles. The colors in the pie correspond with the sampling locations of the juveniles. Unfilled circles represent null samples


The results of the Mixed Stock Analysis based on the data from the 1996 year-class showed a clear homing to the Hunafloi – Eyjafjordur area in the North (Fig 3.4.17). Almost 70% of all spawners from the 1996 year class (collected in 2002-2003)   seem to have originated from this area as juveniles in August 1996. The abundance of 0-group cod in 1996 was low and the distribution was restricted to the Northern area in the vicinity of Hunafloi (Fig. 3.4.16). The total abundance in this year was only approximately 1/3 of an average year (Begg and Marteinsdottir, 2002). As a result, both juveniles and adults from this year class were scarce.  Adequate juvenile samples were only caught at four locations and only two spawning areas contained > 20 adults from this year class (Fig. 3.4.14).

Juveniles of the two year classes, 1996 and 1997 experienced quite different environmental conditions during their first summer. In 1996, the inflow of Atlantic water into the area North of Iceland was weak compared to 1997 (Jónsson and Valdimarsson, 2005). In 1997, it was much stronger and the mixing of spawning products from different areas (spawning areas in the south, west, north and east) was considerably greater than in 1996. Consequently, in 1997, hatch day distribution did indicate that the surviving population of 0-group cod had originated from both southern and northern spawning areas (Marteinsdottir et al., 2000). While in 1996,  there was no indication of a southern contribution to the surviving population of 0-group cod. 

In the present study, the surviving spawning adults of the 1997 year-class had mostly originated from juveniles that were located in  two areas when captured at the age of 3-4 months, i.e. Isafjordur in the NW and Loðmundarfjordur at the East coast (Fig. 3.4.17). It was not possible to discriminate between these two areas. Based on the strength of the coastal current in this year, carrying eggs and larvae from the southern located spawning sites onto the NW, North and Eastern located nursery sites, it is difficult to estimate the origin of these juveniles. The results show that spawners from this year class arriving to spawn in the southern located spawning areas had originated from juveniles caught East and North of the country. It is quite possible that these congregations of juveniles had consisted of 0-group cod that had drifted from the southern areas and mixed in with juveniles from the northern areas. As a result, this method does indeed give a good demonstration of the differences between the two year classes, consisting of little mixing in 1996 and great mixing in 1997, while it could not be employed to decipher the origin and homing of adult spawning cod under conditions of great mixing. 

3.5.
Field estimates of juvenile distribution and sub-stock connectivity in the northern North Sea and west of Scotland waters
The density distribution of 0-group cod revealed by both historical and recent surveys conducted as part of this project demonstrate that whilst juveniles occur extensively over much of the west Scottish shelf region (ICES VIa) and northern North Sea a (ICES IVa), the majority are confined to a few small coastal areas (Figure 3.5.1). Approximately 97% of all 0-group cod were found within 60 km of the coast, but occupied only around 26% of the total area swept. By mapping an entire stock region, the present study is the first to confirm that such shallow (depths < 20m) and near shore areas are the most important nursery areas for cod.  Many of the high densities areas of 0-group cod occurred within the regions of resident adult cod, suggesting there may be a link between the resident spawning areas and these nursery areas. As with most other regions, there is no reliable information on the nursery areas which supply resident spawning groups in the North Sea and west of Scotland or the level of exchange of juveniles among nursery areas. This project has addressed this issue with the preparation of two manuscripts based on field data, one investigating the degree of segregation of nursery areas (Gibb et al., in press; Appendix 3.4.1) and the other the link between nursery and spawning grounds (Wright et al., 2006a,b; Appendices 2.1.2.2 and 2.2.2.5). 
3.5.1.
Genetic assignment of juveniles to spawning units

The assignment of juveniles to spawning population based on the genetic information was hampered by the very low or lacking genetic differentiation among Scottish spawning components. A number of statistical programs for assignment were used for assignment, such as frequency based methods; GeneClass (Cornuet et al. 1999) and Bayesian methods; STRUCTURE (Pritchard et al., 2000) and BAYES, (Pella and Masuda, 2001). However, power tests have revealed that no statistical power was obtained for assigning juveniles to different spawning grounds. Accordingly, assignment of juveniles from Scottish coastal areas to spawning population was not successful. However, assignment to other areas in the North Sea was shown to be successful (Nielsen et al., 2005; Appendix 3.5.1).
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	Figure 3.5.1. Density (n..km-2) distribution of 0-group cod in the North Sea and west coast of Scotland. SH: Shetland, MF: Moray Firth, BU: Buchan, CL: Clyde.




3.5.2.
Offspring hatch dates

A comparison of hatch date of newly settled juvenile cod among four key nursery areas in Scottish waters (Clyde, Shetland Isles, Moray Firth and Buchan) was made using microstructural analysis of juvenile cod otoliths collected in August and September, 2003 (Fig. 3.5.2). Significant differences in hatch date compositions of demersal survivors were found between the Clyde, Shetland and east of Scotland (Buchan and Moray Firth) populations (Kolmogorov-Smirnov Two Sample Test, p<0.01). Whilst there was no significant difference between juvenile hatch dates from Shetland and the Moray Firth (p>0.01), or between the Moray Firth and Buchan area (p>0.1).  Clyde juveniles appear to have hatched later than North Sea fish, suggesting a different spawning time and possibly origin. Hatching times were more protracted in Shetland than in other regions studied.
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Figure 3.5.2. Cumulative hatch date distribution plot of juvenile fish collected in 2003.

3.5.3.
Segregation of nursery areas revealed by otolith elemental analysis

Segregation among four key nursery areas in Scottish waters (Clyde, Shetland Isles, Moray Firth and Buchan) was investigated using whole otolith chemistry of juvenile cod otoliths collected in August and September, 2003. Details of otolith chemistry analysis are given in Gibb et al. (in press) (3.4.1). 

Discriminant analyses of otolith elemental composition showed a clear separation between nursery areas based on the concentrations of three elements (manganese, barium and magnesium) present in juvenile cod otoliths collected in both 2001 and 2003 (see Gibb et al., in press; Appendix 3.4.1). The concentration of these elements was not affected by the age or size of individuals. Classification accuracy exceeded 90% for all four sites (Table 3.4.1). This between-group difference in elemental composition could have resulted from differences in the early environment, either during larval transport and/or from a low rate of movement following settlement. The relative importance of these two scenarios to the results cannot be determined by the approach used in the present study because only whole otoliths were examined. However, the regional differences in otolith elemental composition may reflect a period of site attachment after settlement. Certainly, the high classification success indicated there can be little or no inter-mixing between nursery patches more than 200 km apart. This scale of segregation is consistent with the distribution of spawning congregations and adult residency indicated from adult movements (Neat et al., 2006; Wright et al., 2006a, Appendix 2.1.2.2). 

Table 3.5.1. Classification accuracy of the quadratic discriminant analysis for juvenile cod from the four nursery areas.

	Nursery Area
	N
	Buchan
	Moray Firth
	Shetland
	Clyde
	% Accuracy

	Buchan
	50
	46
	2
	
	2
	92

	Moray Firth
	50
	1
	47
	2
	
	94

	Shetland
	50
	
	1
	48
	
	98

	Clyde
	50
	1
	
	
	49
	98


Evidence of temporal persistence in the relative spatial differences in elemental concentrations between two sites (Shetland and Clyde) for two year-classes was found. There was no overlap in the concentration of Mn between the two regions in either year and Ba concentration was persistently higher in the Shetland area. Nevertheless, there were significant differences between years and areas for elements (MANOVA; p< 0.001) other than Mg (MANOVA Year effect; pp = 0.124)

3.5.4.
Contribution of spawning units to juvenile populations

A comparison of the elemental signature of the otoliths of 0-group and the 0-group component from the same year-class at age 2 indicated that most adults originate from local nursery areas (Wright et al., 2006a; Appendix 2.1.2.2). The otolith core chemistry of about 93, 91 and 100% of adults from Shetland, the Inner Hebrides and Clyde were classified to the local 0-group baseline data, respectively (Table 3.5.2).
In coastal Shetland waters, 7% of adults had core chemistry similar to the Minch juveniles. In the Inner Hebrides, around 9% of adults were classified to the Clyde. Thus migrants in the areas studied appear to be mostly limited to movement from adjacent nursery grounds. Moreover, there did not appear to be detectable exchange between spawning areas > 200 km apart, such as the Clyde and Minch or Shetland and the Inner Hebrides. The mixed sample analysis indicates that the source of recruits to spawning areas is mainly from 0-group juveniles inhabiting adjacent nursery grounds. If settled juveniles had originated from local spawned offspring then the similarity in age 2 core and juvenile elemental concentrations would suggest there is a high degree of natal philopatry. Although only one year class of adults was investigated, the otolith chemistry results suggest that populations may be self-sustaining or relatively closed. The evidence for self-sustaining local populations rather than the non-philopatric recruitment of juveniles to adult aggregations is consistent with a metapopulation type of structuring wherein the major spawning components are largely reproductively distinct, but receive a low level of immigrants from other spawning aggregations (Smedbol and Wroblewski, 2002; Kritzer and Sale, 2004).

Table 3.5.2. Results of maximum likelihood analyses for adults of unknown juvenile origin. Values refer to estimated proportions ± SD from bootstrapping. 

	Juvenile area 
	Shetland
	Minch
	Inner Hebrides
	Clyde
	No. adult otoliths analysed

	Adult area
	
	
	
	
	

	Shetland
	0.93 ± 0.09
	0.07 ± 0.08
	0
	0
	98

	Inner Hebrides
	0
	0
	0.91 ± 0.23
	0.09 ± 0.16
	96

	Clyde
	0
	0
	0.00 ± 0.05
	1.00 ± 0.09
	58


4. 
Contribution of the spawning groups to the harvested stock 
Distribution of the fishing stocks is generally well recorded both in annual surveys and in fishermans log-books. However, no information exists with respect to their origins. Annual fluctuations in abundance within different areas of the main fishing grounds may be influenced by a diverse array of factors (fishing, environment, changes in distribution, migration and variable cohort structure), that operate in a complex, multiplicative fashion.  Distinguishing the effects of these factors is a necessary process in understanding stock and recruitment processes, but are rarely known (Begg and Marteinsdottir, 2000).  Furthermore, in order to successfully explore the dynamic behaviour of fishing populations the first prerequisite calls for a sufficient knowledge of the populations structure. 
The aim of this part of the study is to examine the composition of mixed feeding aggregations. Using maximum likelihood methods of Mixed Stock Analysis (MSA) and log-likelihood methods of assignment tests, we will quantify the proportions (and the confidence intervals) of fish from the various regional spawning components that contribute to mixed aggregations found on common feeding grounds and generally targeted by fisheries. This will be done in several regions to be decided. Microsatellite DNA and otolith shape and elemental fingerprint data will be analyzed using published methodologies and readily available statistical programs (Fournier et al., 1984; Millar, 1987; Utter and Ryman, 1993; Paetkau et al., 1995; Waser and Strobeck, 1998; Cournet et al., 1999). This approach has already been applied successfully to classify the stock composition of a mixed stock fishery in Canadian waters, using a combination of microsatellite DNA, otolith elemental fingerprints and vertebral number (Campana, 1999; Ruzzante et al., 2000).
4.1. Composition of mixed feeding aggregations of cod in Icelandic waters 
 Historically, the Icelandic cod has been traditionally thought to originate from a main spawning ground located in an area off the Southwest coast, and other regional spawning events around the country were considered negligible (Saemundsson, 1924; Jonsson, 1982). Recent evidence (from the 5th FP STEREO, based on back calculate hatch dates and information on spawning and hatching periods around the country have indicated that smaller regional components at the West, North and East coast may contribute significantly to the population of surviving 0-group cod (Begg and Marteinsdóttir, 2000, 2002; Marteinsdóttir et al., 2000b). Furthermore, results of the present study based on otolith shape (Jónsdóttir et al., 2006a; Appendices 2.2.1.3 and 2.2.1.4) and genetic structure (Pampoulie et al., 2006; Appendix 2.2.1.1) have revealed the presence of two distinguishable populations located in the Northeast and Southwest regions with limited connectivity. Environmental conditions such as oceanic fronts and currents were shown to influence the adults’ dispersal among the detected populations (Jónsdóttir et al., 2006a; Pampoulie et al., 2006). Adults’ aggregations other than spawning (feeding aggregations) are usually composed of a multitude of individuals originating from several distinguishable populations. Fisheries that do exploit the aggregation resources require information on the relative contribution of the distinct stocks to the harvest mixtures in order to prevent detrimental effects on small local endangered populations (Conover and Munch, 2002). In the case of the Icelandic cod, although tagging studies gave information on the migration from spawning grounds to the two major harvest-mixed aggregations (winter feeding migration), they naturally do not provide any information on the possible number of individuals originating from the different populations of interest. Jónsson (1996) study nonetheless revealed that cod tagged in the Southwest spawning grounds of Iceland were essentially recaptured in the feeding ground of the Northwest, with little migration to the Northern and Northeast winter aggregations. Also he noticed a certain increase in recapture southwards along the east coast. Jónsson (1996) therefore drew conclusion on the feeding migration by suggesting that southwest post-spawning cod undertake migration to the Northwest winter aggregation and occasionally to the Northeast one by migrating along the Southeast coast of Iceland.  The objective here were therefore to assess the potential contribution of the two spawning components previously described (see Pampoulie et al., 2006 and Jónsdóttir et al., 2006a) to the two main harvested aggregation located at the Northeast and Northwest of Iceland using several discriminative techniques such as genetic markers (nine microsatellite loci and the Pan I locus) and otolith shape and chemistry.
  4.1.1. Mixed stock analysis of cod in Icelandic waters using genetic tools 
A total of 2534 spawning cod were collected from 22 spawning locations (6 temporal replicates) around Iceland during the breeding season of 2002 and 2003 (see Chapter II). Cod were also collected from the main adult feeding aggregations (n=1110) of mixed origin located in the Northeast and Northwest of the country, in the winter 2002 and 2003 (Fig. 4.1.1). Individuals were genotyped for nine microsatellite loci and the Pan I locus. PCR condition and genotyping processes are described in Pampoulie et al. (2006; Appendix 2.2.1.1).  
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	Figure 4.1.1. Sampling location of mixed winter aggregations of Atlantic cod, Gadus morhua in Icelandic waters. Circles indicate samples collected in 2002, triangles in 2003.




To assess the potential origin of cod collected on the feeding aggregations, we employed the software STRUCTURE (Pritchard et al., 2000). STRUCTURE is a model-based Bayesian, Markov chain Monte Carlo approach that clusters individuals to minimize Hardy–Weinberg disequilibrium and gametic phase disequilibrium between loci within groups. Two genetically distinguishable spawning components (populations) were previously described in Icelandic waters (Pampoulie et al., 2006). Because the detected level of genetic differentiation was low with the microsatellite loci employed, we combined both datasets to improve the accuracy of the individual’s assignment. The posterior distribution of individual admixture proportions (q) of feeding aggregation samples was therefore estimated by assuming an admixture model with two populations, i.e. the Northeast and Southwest of Iceland. We used a burn-in period of 150000 steps and 500000 Markov-Chain Monte Carlo simulations. Several runs were carried out to estimates convergence of the admixture proportions (q). Based on the admixture proportions (q), individuals were then inferred to one of the two spawning components. To assess the temporal stability of the spawning component contribution to the winter aggregations, we compared the proportion of individuals inferred to the spawning grounds using a χ2 test. 
Within the feeding aggregation located in the Northwest of Iceland, most adults were likely to originate from the Southwest population (72% in 2002, 76% in 2003; Fig.4.1.2) with lower contribution from the Northeast one (28% in 2002, 24% in 2003). The contribution of the two spawning populations to the feeding aggregation was temporary stable (χ2 test, χ2=1.20, p=0.2738). Within the feeding aggregation located in the Northeast of Iceland, most adults were also likely to originate from the Southwest population (79% in 2002, 81% in 2003) with lower contribution from the Northeast one (21% in 2002, 19% in 2003). The contribution of each spawning component to the feeding aggregation was temporally stable (χ2 test, χ2=0.36, p=0.5478). The relative contribution of the Northeast and Southwest spawning components to the Northeast and Northwest feeding aggregations was significantly different in 2002 (χ2 test, χ2=6.31, p=0.0120), but not in 2003 (χ2 test, χ2=0.83, p=0.3626). In 2002, the Northeast component contributed more to the Northwest aggregation than to the Southwest one 
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	Figure 4.1.2. Estimated contribution of the Northeast and Southwest Icelandic populations to the winter Atlantic cod aggregations. Black colour represents the contribution of the Southwest, and white the contribution of the Northeast.


The genetic results obtained during this study, using 9 microsatellite loci and the Pan I locus, contradict the tagging experiments previously carried out, by primarily revealing that the composition of the adults’ winter aggregations was temporally stable and that more than 2/3 of the individuals originated from the Southwest population described. However, surprisingly, we also observed an unexpected high proportion of adults originating from the Northeast population, globally varying from 19 to 24%. Indeed, spawning events in the Northern Icelandic waters were thought to be limited and dispersed, attributable to small reproductive units composed of high number of small mature cod, which did not contribute to the productivity of the stock (Begg and Marteinsdóttir, 2003). Although representing less than 1/3 of the aggregation composition, the contribution of the Northeast population was expected to be lower and linked to its supposedly low productivity. Therefore, the observed values can either be due to a higher productivity in this population or to a decrease of productivity in the main spawning component, e.g. the Southwest population, which will virtually increase the contribution of the Northeast population. Alternatively, it could also be linked to potential differences in migration patterns among Northeast and Southwest populations. Although the general notion is that all Icelandic cod undertake migration to the two main feeding areas, recent tagging experiments showed that the Northern Icelandic cod might be more resident than the Southern one (V. Thorsteinsson, personal communication). Indeed a certain proportion of cod stays in relatively cold waters of the Northern Icelandic fjords all over the year. 

Our results also suggest that the composition of harvest-mixed aggregations might depend on the strength and direction of the oceanic current which could restrict migration from the Northeast population to the harvest-mixed aggregations of the Northwest. The relative contribution of the Northeast population to the harvest-mixed aggregation of the Northwest was higher in 2002 than in 2003. In 2003, the minor branch of the Irminger current flowing along the Southwest cost of Iceland towards the Northwest was stronger than in 2002, and part of this current reached the Northern regions, probably preventing migration of adults from the Northeast populations into the Northwest harvest-mixed aggregation. The Direction and strength of currents are known to restrict the dispersal of several marine fishes and promote genetic divergence among geographically distant or nearby populations (Ruzzante et al., 1998; Viñas et al., 2004), but no evidence did exist on their potential effect on the composition of harvest-mixed aggregations. 
4.1.2. Mixed stock analysis based otolith shape and chemistry of cod in Icelandic waters 
Mature and spawning cod was sampled at 12 and 17 spawning locations around Iceland in spring 2002 and 2003, respectively. Based on the discrimination of the spawning groups using otolith shape (Jónsdóttir et al., 2006a) and otolith chemistry (Jónsdóttir et al., 2006b) spawning groups were pooled into 4 groups in 2002 and 5 groups in 2003. In 2002, a total of 263 samples were collected northwest of Iceland and 265 samples east of Iceland. Only 75 and 93 of these individuals were in the age range 5 – 8 years (which was the common age range of cod at all spawning and feeding locations) northwest and east of Iceland, respectively. In 2003, a total of 600 samples (300 from each feeding ground) were collected northwest and east of Iceland. In the age range 5 – 8 years, 179 and 260 cod were sampled northwest and east of Iceland, respectively. 

Stock composition was estimated with a refined version of the Integrated Stock Mixture Analysis (ISMA), which is a maximum likelihood based technique used to estimate a stock composition of a mixed group. The reference data were the spring spawning groups sampled in spring and the unknown samples were the mixed samples from the autumn the same years. The product of the analysis was the proportion of each reference group to the mixed harvested group. Three elements contributed to the discrimination of the spawning stocks (Sr, Li and Ba). These variables were used for the mixed stock analyses. Additionally, fish length-at-age was used for the mixed stock analyses. Ba, Li and length-at-age were standardised to remove the effect of otolith weight or age. Evaluation on the methods indicated that otolith shape was likely to be worse than otolith chemistry to recognise individuals in the mixed group. Therefore, otolith shape was not used for the mixed stock analysis. 

There were indications that the spawning groups did not contribute equally to the harvested stock. Using both otolith chemistry and length-at-age in 2002, cod at both feeding grounds was estimated to originate from spawning locations northwest and north of Iceland and from the deep southern location (Fig. 4.1.3). In 2003, the majority of cod from feeding grounds northwest of Iceland was estimated to originate from spawning locations northwest, north and northeast of Iceland (Fig. 4.1.3). Furthermore, the deep southern locations contributed to feeding grounds northwest of Iceland. However, the majority of cod at the eastern feeding grounds was estimated to originate from the deep southern locations but also from spawning locations northwest, north and northeast (Fig. 4.1.2). Th results indicate that cod spawning at the main spawning area south of Iceland did not contribute to the two main feeding grounds in the years 2002 - 2003. Tagging studies have shown that cod at the main spawning area migrate to the main feeding grounds, but many appear to stay in the warmer waters off the south coast during the winter (Palsson and Thorsteinsson, 2003; Thorsteinsson, unpublished). It seems like the sampling locations in this study were slightly north of the areas where the bigger cod is found during the autumn. Cod spawning outside the main spawning area has been considered limited and of little significance (Jónsson, 1954, 1982). The main cod fishing in autumn (September – November) is northwest and east of Iceland. Hence, cod originating from the main spawning area do not seem to support great fishing at two of the major fishing grounds in the autumn. This suggests that the smaller local spawning areas west, north and east of Iceland may be more important than previously considered. 
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	4.1.3. Estimated proportional spawning stock origin of cod sampled at the main feeding grounds northwest and east of Iceland in 2002 and 2003. Stock composition was estimated with a four and five group baseline of spawning samples based on otolith chemistry and length-at-age.


4.1.3.   Migration and composition of mixed feeding aggregations of cod in Icelandic 

The distributional range of adult cod from the southern located spawning areas appears to be distinctly different to the one observed among those from the northern and northeast  located spawning areas (Figure 2.3.1.5). Those from the southern located spawning areas, clearly disperse into feeding areas southeast, south, west and northwest of the country, while those from the northern located spawning areas disperse into more northern and north-easterly located feeding areas. 

Based on results from the genetic analysis, cod from both the NW and East feeding areas did mostly originate from the southerly located spawning sites with however an additional contribution from the northern spawning grounds that varied between years and areas (Fig. 4.1.2). According to the results from the otolith elemental fingerprints, the majority of the cod at the NW and East feeding areas originated from the Northern spawning sites in both years but also from the deep areas in the south. In 2003, the cod at the Eastern located feeding grounds were mostly from the deep stations in the south.  The disparity between the results of the genetic and otolith chemistry analysis is likely to stem from the fact that the genetic difference between the south and north populations was weak and the difference between the south shallow and deep stations was not great enough to allow these areas to be entered as separate populations into the base line of the mixed stock analysis. As a result, the genetic MSA may have overestimated the contribution of the southern areas, or provided misleading information indicating that all of the southern spawning sites were contributing to the mixes stock at the feeding grounds. Furthermore, due to somewhat similar genetic composition at two of the south-shallow stations and the northern stations (see genetic properties of the shallow stations 911 and 811 in the graph showing the results of the multidimensional scaling analysis; Figure 2.2.1.5), the genetic analysis may have underestimated the contribution of the Northern spawning sites. This problem was not encountered during the otolith MSA, as the elemental analysis distinguished clearly between the north and south spawning cod as well as between cod from the southern shallow and deep spawning areas. 

Results of the tagging experiments showed that cod from the southern areas did migrate to feeding grounds south, southeast, west and northwest of the country (Figure 2.3.1.5). The cod from the northern spawning areas did migrate to areas north and east of the country and did therefore not overlap extensively with the distribution of the southern cod expect at the main feeding areas NW and East of the country. It is therefore demonstrated that spawners from both the north and the south components did migrate to the main feeding areas studied in this paper. The distribution of cod from the deep southern areas was mostly towards the deep SE as well as along the continental edge East of the country (Figure 4.1.4).  One cod was captured at the NW feeding area.  These results fit especially well with the otolith chemistry, demonstrated f. ex. by the high proportion of south-deep component at the East feeding area in 2003. Tagging experiments did further show that cod tagged at the main spawning area, i.e. the South-shallow station, did mostly stay in shallow water southwest of the country (Fig. 4.1.5). A small proportion did migrate into the main feeding grounds NW of the country, however it should be noted that the fishing effort in that area is many times greater than the fishing effort in the shallow areas, therefore if these data were corrected for fishing effort they would show an even greater difference between the shallow and deep migrations. These data fit well with the results of the otolith chemistry, but they showed that cod from the main spawning grounds in shallow water at the SW coast did not contribute to the fishing stock at the main feeding areas NW or East of the country. 
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	Figure 4.1.4. Cod from tagging experiments conducted during peak spawning in 1997-2003, recaptured on feeding grounds in June-February. Tagging location is identified with a blue circle; individual recaptures with red dots.


	
[image: image93.wmf]June-August

63°

64°

65°

66°

26°

24°

22°

20°

18°

16°

14°

12°

10°

September-November

63°

64°

65°

66°

26°

24°

22°

20°

18°

16°

14°

12°

10°

December-February

63°

64°

65°

66°

26°

24°

22°

20°

18°

16°

14°

12°

10°



	Figure 4.1.5. Cod from tagging experiments conducted  during peak spawning in 1997-2003, recaptured on feeding grounds in June-February. Tagging location is identified with a blue circle; individual recaptures with red dots


4.2. Composition of mixed North Sea cod feeding aggregations 
The overall aim of this work package was to examine the composition of mixed feeding aggregations generally targeted by fisheries, by quantifying the proportions of fish from the various regional spawning components using genetic methods, so-called Mixed Stock Analysis, “MSA” (see Pella and Masuda, 2001). The specific aim here was to investigate the potential contribution from spawning populations of Northern and Western Scotland to the potentially mixed feeding aggregations at Papa Bank targeted by fisheries.   
4.2.1. Mixed stock analysis of North Sea cod using genetic tools 
Sampling and genetic analyses  

As baseline for conducting mixed stock analysis we used a subset of the samples collected for delineating population structure among spawning groups around Scotland. As Papa Bank is located between coastal Scottish populations we used Shetland and Butt of Lewis to represent this component bearing in mind that no genetic differentiation was found between any of the coastal spawning groups (see Chapter II). We used both the Faeroe plateau and the Faeroe Bank samples to represent the potential Faeroese components and the Viking sample to represent the off-shore component (see Fig. 4.2.1). 
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	Figure 4.2.1. Map showing sampling localities for baseline and mixed samples of cod used for MSA of feeding aggregations of cod at Papa Bank.


For each area we used approximately 50 individuals from each of 2002 and 2003. For the mixed sample we used 200 individuals collected in 2002. We used 10 neutral microsatellites, one microsatellite inferred to be under selection (see chapter II) and the Pan I locus known to be under selection in cod. 

Mixed stock proportions at Papa Bank  
Basic genetic analyses revealed that the sample from Papa Bank was not significantly different from Shetland and Butt of Lewis (Fst 0 and 0.0016, respectively). Likewise Shetland and Butt of Lewis were not significantly different from each other. However, Papa Bank was significantly different from Viking, Faeroe Plateau and Faeroe Bank (Fst = 0.0040, 0.0049, 0.0062, respectively). All others pair-wise comparisons were also significantly different (0.0035 -0.0067). The the Pan IB allele was not found for cod at Papa Bank. 
We conducted MSA following Pella and Masuda (2001) using three predefined regions based on genetic differentiation among samples. The regions were Scottish coastal (SC), Viking (VI) and Faeroe (F). Estimated proportions at Papa Bank originating from each of the three regions were: SC: 67 (49-84), VI: 28 (11-46), F: 5 (0-18). Figure 4.2.2 shows the probability distributions for the three different stock groups.  
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	Figure 4.2.2. Probability distributions for estimates of stock proportions. Stock group 1 represent Scottish coastal, stock group 2 Viking and stock group 3 Faeroe. 


Apparently most cod originate (as anticipated) from Scottish coastal populations, but a significant proportion is estimated to (surprisingly) come from the Viking population, while no contribution from the Faeroe Island cod is estimated. 

To make proper inferences on the validity of the presented estimates, however, it was necessary to conduct simulation studies. Accordingly, we simulated a number of potential contributions from the baseline populations to the mixed aggregation. To avoid using the same individuals in both baseline and in simulated mixtures we used population samples from 2002 as baselines and used the 2003 samples to simulate mixtures. 

First we simulated a mixture of consisting of four stock groups: Shetland, Butt of Lewis, Viking and Faeroese consisting of the following proportions SC: 50, BL 50, VI 0, F 0. The rationale behind this simulation was 1) to identify the sensitivity to either including Shetland or Butt of Lewis (with not apparent differentiation) individuals, 2) to evaluate the proportion of Viking and Faeroe fish mis-identified by the method, when we know they are not present. The estimated proportions were: SH: 20 (3 – 38) BL: 64 (47 – 80), VI: 13 (0.002 - 28), F: 2 (0 – 10). Accordingly, the method tends to assign a higher proportion to Butt of Lewis than to Shetland (overall 84) and to assign a small, but significant proportion to Viking even when we know that Viking fish are not present (see also fig. 4.2.3). No significant proportion of Faeroese fish was estimated. 
For convenience we again pooled the data into three regions (SC, VI, F) and assessed simulations based on two different mixture proportions: 80, 20, 0 and 50, 50, 0. The resulting MSA estimates were 65 (42-82), 27 (10-50) 8 (0.7-20) and 51 (32-69), 39 (19-59) 10 (0-26). Overall the simulations showed that our method provides a relative good estimate of the true proportions but tend to overestimate the contribution from populations not present or rare, in particular, when the genetic differentiation is small, as between Viking and Scottish coastal populations, while the problem seems smaller regarding the potential Faeroese contribution. 
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	Figure 4.2.3. Probability distributions for estimates of stock proportions. Stock group 1 represents Shetland, stock group 2 Butt of Lewis stock group 3 Viking and stock group 4 Faeroe. 


Conclusions  

If we compare our estimates from the Papa mixed sample with simulated mixtures a number of conclusions emerge. 1) There is a high proportion of Scottish coastal cod in the sample; however, 2) the estimated proportion of cod from Viking is larger than can be explained by misidentification due the applied method alone. 3) There are apparently no cod from the Faeroe Island present at Papa Bank; at least at the time and location our fish were sampled.  
4.2.2. Mixed stock analysis of North Sea cod based on otolith chemistry 

Papa Bank is an important fishing area between Orkney and Shetland, and was the primary sample area investigated for the composition of mixed feeding aggregations off the coast of Scotland. Samples from two further locations (off the east and the west coast) supplemented this investigation. As otolith shape changes with age (see Galley et al., 2006; Appendix 2.2.2.4) we were unable to relate the otolith shape of this mixed stock sample (primarily age 1 and immature) with that of spawning groups that were age 2+. To quantify the proportions of fish from the various regional spawning components in this fished stock we therefore restricted the analysis to otolith elemental analysis of the age-1 core. A total of 100, 17 and 18 sagittae were analysed for core ICP-MS from the Papa Bank, Buchan and west coast, respectively, following established techniques described fully in chapter 2. Baseline data were obtained from the spawning group-specific elemental fingerprints, from the same year class sampled in 2003 (see section 2). Hence the same part of the otolith was analysed for both the adult baseline and 1-group mixed stock sample. A further analysis was conducted using the 2001 juvenile sample as a baseline data set in order to consider links to possible nursery sites (see chapter 3). 
The mean concentrations for the 3 elements used in the mixed stock analysis are given in Table 4.1. The mean concentration of manganese within the Papa Bank 1-group otoliths was higher than that found for 0-group juveniles from Shetland coastal waters but intermediate to that found in juveniles from the Minch and the Moray Firth. Barium concentration was also similar to the Moray Firth. Maximum likelihood based estimates of the proportion contribution of 1-group cod from Papa Bank that originated from the different sites indicated that about 71% of 1-group cod had an otolith chemistry similar to that of adult cod from the east of Scotland (Table 4.2). The remaining age-1 cod had elemental concentrations similar to the Minch (17%) or Shetland (12%). As such, these results suggest  that there may be significant movements away from spawning areas during periods of active feeding. Given that we were unable to obtain a baseline sample for Papa Bank it is possible that the age-1 may have been more local than the classification results suggest. The low classification to the Shetland sample was perhaps surprising given the close geographical proximity. However, when the juvenile 0-group sample was used as a baseline none of the age-1 cod were classified to Shetland. As such these results provide evidence for segregation of Shetland coastal cod from more offshore concentrations. Given the apparent isolation of adult cod indicated by DST information (Neat et al., 2006; Appendix 2.3.1.1) these results together suggest an isolated resident coastal population. Age 1 cod from the two smaller samples were largely classified to the nearest adult sample (west coast sample 79%; east coast sample 96%; Table 4.1).  
Table 4.1. Comparison of element concentration of 0-group juvenile otoliths by area in the baseline adult data (see WP 5 for further details) and age-1 mixed sample.  

	Area  
	Element Concentration  

(mean ± SE µg.g)  

	
	ln Mn  
	ln Ba  
	Mg  

	Age 2 adults- baseline  

	Moray Firth  
	2.34±0.04  
	1.00±0.06  
	43.91±0.8  

	Shetland   
	1.12±0.04  
	1.49±0.05  
	33.42±0. 9  

	Minch   
	2.17±0.05  
	1.33±0.04  
	43.39±1.3  

	Clyde   
	2.64±0.06  
	1.08±0.03  
	44.48±0.92  

	Age 1 juveniles – mixed stock  

	Papa bank   
	1.97±0.05  
	0.98±0.04  
	48.89±0.90  

	East Scotland  
	2.25±0.13  
	1.01±0.11  
	45.85±2.38  

	Clyde & west  
	2.21±0.18  
	1.17±0.10  
	43.68±3.73  


 

Table 4.2 Results of maximum likelihood analyses for age-1 juveniles collected during the feeding period of unknown adult origin. Values refer to estimated proportions assigned to adult spawning baseline data ± SD from boot strapping. 

	Adult area 
	Moray Firth 
	Shetland 
	Minch 
	Clyde 

	Age-1 area 
	
	
	
	

	Papa Bank 
	0.71 ± 0.14 
	0.12 ± 0.06 
	0.17 ± 0.16 
	0.0 

	Buchan & Moray 
	0.96 ± 0.18 
	0.03 ± 0.05 
	0.01 ± 0.03 
	0.0 

	Clyde&west 
	0.10 ± 0.25 
	0.10 ± 0.12 
	0.50 ± 0.28 
	0.29 ± 0.18 


            
4.2.3. Migration and composition of North Sea and VIa cod mixed feeding aggregations  

As summarised in chapter 2, adult cod generally exhibit a high degree of site fidelity mostly with a home range of < 100 km (see Wright et al., 2006a,b; Appendices 2.1.2.2. and 2.2.2.5). The main exception in the study region is the comparatively large-scale movements and exchange of cod in the northern North Sea between the east of Shetland and Viking Bank. Tagging studies suggest that this large offshore component remains separate from the inshore west of Shetland cod (Wright et al., 2006b). Whilst the limited tagging information does not indicate a feeding migration to the Papa Bank region, given the extensive migratory behaviour of these offshore cod group it is conceivable that some might migrate to Papa Bank, as the genetic evidence suggests. Such a movement could explain why the otolith elemental signature of cod caught at Papa Bank differs from that of Shetland coastal cod. 

5.
Assessment of sub-stock structure and development of advice on future catch control

The component work-packages of the METACOD project have conducted in-depth investigations of the sub-stock structure of cod in Icelandic and Scottish waters, giving new insight on, for example, the genetic discreteness of spawning groups and the migratory behaviour of spawning adults. But, bringing all these strands of evidence together to form a new view of the basis for structuring in these cod stocks, and then to assess the consequences for how we might better manage their exploitation in order to minimise structural damage to the populations, is a difficult task.

Two different modelling approaches have been taken. Firstly a a spatially resolved, age structured, multi-stock model capable of tracking genetic lineages of cod in a management region was constructed, parameterised and tested for the the North Sea/West of Scotland region. The model represented the closed lifecycle of cod and incorporated inputs from oceanographic models in a process based representation of the early life stages. We refer to this model as METAFOR. Secondly, a partial life-cycle model capable of automatic optimisation to survey data, with recruitment being one of the fitting parameters, was constructed to explore different sub-stock structures of cod in Icelandic waters. We refer to the model as GADGET.  
The starting point for both models was the observation that within the groups of cod which are currently regard as being unit stocks for assessment purposes, there are number of discrete spawning groups. On closer investigation, the fish in these groups are found to have distinctively different characteristics in terms of migration, growth, age structure and in some cases genetics. Our hypothesis is that these groups of fish are to a degree isolated from each other, such that each reflects a sub-population within the stock, and the stock is in fact a metapopulation.
5.1 
General principles of the METAFOR model

As a result of the detailed studies carried out in the project, we can identify four types of dispersal and migration which may influence the degree of isolation of sub-populations: 1) passive drift of eggs and larvae with water currents, 2) first-spawning migration of virgin fish from nursery areas, 3) seasonal migrations of adult fish between summer feeding and spring spawning areas, and 4) degree of spawning site fidelity of repeat spawners. Hence, a models to predict the consequences of spatial management measures on a such a spatially structured stock will need to represent the physical oceanographic features and fish behaviour patterns that maintain spatial organisation, as well as the spatial patterns of production (recruitment and growth) and mortality (natural and fishing), and how all of these may have changed over time in response to climate fluctuations and harvesting. This type of modelling represents a significant departure from the current modelling approaches as applied to fish stocks. 

In our model, each identifiable spawning area has associated with it a ‘natal population’ comprising all of the surviving offspring, of all ages, from spawning in that area. Each annual cohort of eggs and larvae produced by a natal population is dispersed by water current and may be displaced far from its area of origin. There are then a number of alternative scenarios for the choices made by these fish when they mature and come to spawn for the first time, only one of which is that they return faithfully to spawn in the natal area. Alternatives involve a variety of patterns of infidelity. The consequences for the overall population dynamics and population discreteness of varying the degree of faithfulness to natal spawning areas is one of the key issues for the METACOD project. 

Spatial modelling of physiologically structured populations is a well known source of numerical difficulty (Gurney and Nisbet, 1998). To resolve these difficulties we made the simplifying assumption that all individuals in a given natal population are endowed at birth with the same future growth trajectory, which they follow regardless of where they eventually live in the model domain. This allowed us to employ an age-based, discrete time methodology for simulating the population dynamics, without the penalties associated with most spatial versions of such types of model. 

Endowing fish at birth with a future growth trajectory results in a number of simulated outcomes that mimic properties of fish populations which we observe in the field. For example, spawning groups comprising fish of a variety of natal origins will exhibit a range of lengths at age within the group. In other species (herring), variation in length at age within a group of mature fish has been related to nursery area origin using parasite fauna (Heath and Baird 1983). Clearly, nursery area origin is not necessarily the same as natal origin, but the particle tracking simulations carried out during METACOD indicate that there is a loose connection between the two. Our assumption regarding growth trajectories could therefore be summarised as being that most fish in each natal population follow a similar trajectory through the environment over the course of their life, and hence we assume that the development rates of the majority are applicable to all in the population. In addition, recent evidence indicates that cod from different sub-regions of the North Sea and west of Scotland do have inherently different developmental schedules under exposure to equivalent environmental conditions. Yoneda and Wright (2004) showed that reproductive investment of inshore cod from the northern North Sea has diverged significantly from that of cod from offshore groups over a 30 year period. The authors speculate that the difference has arisen due to genetic changes in the population arising from intense size selective fishing mortality. There are also precedents for such an assumption amongst other vertebrates, for example the adult survival rate of red billed choughs on the island of Islay has been shown to be more related to natal region than to subsequent settlement and breeding region, implying either a genetic basis for survival differences between natal groups, or a degree of conditioning by early life environment (Reid et al., 2006).

5.1.1  Implementation of the METAFOR model of cod population dynamics in European waters

A full description of the METAFOR model for cod in European waters is provided in Appendix 5.1.1.
The domain of our model was a subset of the region covered by the annual ICES stock assessments of the North Sea, Skagerrak and eastern Channel (ICES Divisions IIIa (Skagerrak),IV & VIId) and west of Scotland (Division VIa); namely the North Sea and west of Scotland (Divisions IV and VIa). Based on tagging data, geographical distributions  of fish from surveys and landings, and studies of fish morphology and microchemistry, (Wright et al., 2003; Wright et al., 2006b; Metcalfe et al., 2005; Galley et al., 2006) we identified 10 potentially distinct groupings, or sub-stock units of cod in this region, each associated with a geographically fixed spawning area. Our model was configured to represent each of these (Figure 5.1.1). ICES Divisions IIIa (Skagerrak) and VIId were not explicitly included in this analysis although implicitly Division VIId is incorporated in area 10 (Dogger Bank/Southern Bight) and Division IIIa (Skagerrak)  is incorporated in area 8 (Fisher Bank).
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Figure 5.1.1. Maps of natal areas, spawning and nursery areas. In the left-hand panel, numbers indicate the natal areas delineated by the black outlines: 1 – Clyde, 2 – West coast, 3 – Minches and north coast, 4 – Shetland, 5- Viking/Bergen Banks, 6 – Moray Firth, 7 – East coast, 8 – Fisher, 9 – Flamborough, 10 – Dogger Bank and Southern Bight. Bathymetric contours shown at 200m (thick grey) and 50m (thin grey). Dark grey shaded rectangles indicate cells denoted as spawning areas (left panel) or nursery settlement areas (right panel).

The fish in each sub-stock unit were defined as having all been born in the same spawning sub-area of the model domain. Hence, we refer to the sub-stock units as natal populations, and to their associated sub-areas of origin as natal areas. However, there was no requirement in the model that fish should necessarily return to spawn in their natal area, although this was a structural option, so that the group of fish spawning in a sub-area could in principle be composed of fish from a variety of natal populations. But, the offspring of all fish spawning in a sub-area belonged to the ‘local’ natal population for the rest of their lives, regardless of the natal origin of the parents or where they subsequently spawned as adults. Straying, and the processes which might influence straying, were therefore key structural aspects of the system. Hence, the model tracked annual cohorts of genetically homogeneous fish, and was capable of simulating the proportion of fish spawning in an area which were themselves of local origin. The model could therefore provide an assessment of the scope for genetic isolation, subject to a range of alternative interpretations of the processes controlling migration and interaction between sub-stocks.

Within each natal area we identified firstly, a set of ¼° latitude x ½° longitude rectangles representing cod spawning areas, on the basis of egg survey data and catches of spawning fish, and secondly a set of rectangles representing suitable nursery habitat for juvenile cod based on trawl survey data (Figure 5.1.1). Rectangles recorded as containing either > 2 cod eggs. m-2 in plankton surveys, or >1 spawning fish per hour in trawl surveys were designated as spawning sites. Similarly, rectangles in which age 1 concentrations of cod ≥ 0.01 m-2 were encountered at any time during annual trawl surveys in February, were designated as settlement sites.

An age-structured cohort approach was adopted to simulate the number and state (body length, maturity) of fish in each natal population with monthly time increments. During the first six months of life, from egg to settlement of pelagic juveniles to the seabed, dispersal across nursery areas and survival was derived from an independent biophysical particle tracking model driven by hydrodynamic model output. Thereafter, development was a function of natal origin, and mortality was a function of body size and fishing. Fishing mortality varied depending on age and location in the model domain.

Structural alternative defining scenarios of active migration were coded into the model. These referred to different concepts of the first-spawning migration of virgin fish, that is fish leaving their nursery area in search of a site to spawn for the first time. The alternatives were 1) fish return to their spawning site of natal origin, 2) fish spawn at the spawning location local to their nursery site regardless of their natal origin, and 3) a proportion of newly matured fish move to adjoining regions to spawn for the first time and the remainder spawn locally. We refer to alternative (1) as the ‘homing’ scenario since it implies a memory of the spawning site origins of fish and an active homing migration. We refer to alternative (2) as the ‘oceanography’ scenario since the first spawning location is dictated entirely by oceanographic dispersal of eggs and larvae. We refer to alternative (3) as the ‘diffusion’ scenario.

Initial conditions for the model (numbers at age on 1 January in a given year in each natal population) were derived from a combination of trawl survey data and the annual ICES cod stock assessments for regions VI and IV (west of Scotland and North Sea respectively). The mode of operation of the model was first to select one of the alternative scenarios of first-spawning migration (homing, oceanography or diffusion), repeat spawner straying switched on or off, and a specific year to represent ocean circulation and temperature climatology. Regardless of the configuration selected, the model was then run to a quasi-steady state with a repeating annual cycle of climatology and fishing mortality rates. Each simulation year, the programme output the total numbers of fish at age and the spawning biomass on 1 January from each natal population which was associated with each spawning area.

Defining the spatial and temporal distribution of fishing mortality rates of cod was highly problematic, and we estimated values for each spawning by apportioning the rates applicable at the ICES regional scale (North Sea, west of Scotland) to sub areas, based on annual trawl survey data. Other parameters of the model were assembled largely from the data generated by other Work-packages in the project, as indicated in Table 5.1.1.
Table 5.1.1 Links between METACOD Work-packages and the various cpomonents and properties of the METAFOR model.

	General components of the model
	Specific properties of the model
	WP in METACOD supplying data for parameterization.

	Physical setup

	Natal geography
	1

	
	Spawning and nursery areas
	

	Development

	Growth
	6

	
	Maturation
	

	
	Fecundity
	

	Survival

	Natural mortality
	2, 8, 10

	
	Fishing mortality
	

	Recruitment


	Egg and larval dispersal
	7, 9

	
	Pelagic survival
	

	
	Settlement
	

	Sub-stock mixing

	Recruitment migration
	3, 4, 5

	
	Adult straying
	

	
	Seasonal migrations
	


Assessment of the model performance and applicability of alternative scenarios for first-spawning migrations.

We compared the model to observations in various ways. First, we compared simulated equilibrium values of spawning biomass, recruitment and yield at different levels of fishing mortality, integrated to the ICES regional scale, with corresponding observations from the ICES stock assessment outputs for North Sea cod and west of Scotland cod (ICES areas IV and VI). Secondly, we compared the distribution of spawning biomass across the 10 sub-areas of the model with data from annual trawl surveys. Finally, we analysed the natal composition of spawning groups in the model, which could be considered analogous to their genetic composition, and compared the spatial patterns of similarity between spawning groups with the spatial patterns from genetic studies.

No single one of the comparisons between model results and observations listed above conclusively identified one of the scenarios of first spawning migration as being the most appropriate caricature of cod behaviour. However, taken together, and with evidence from the otolith elemental analysis in Work-package 5 of METACOD (Gibb et al., 2006, Wright et al., 2006), we concluded that the oceanography scenario was on balance the most likely. In this scenario, isolation of sub-stocks occurred as a result of separation distance and oceanographic processes determining the dispersal of eggs and larvae. A key factor in dismissing the homing scenario was the spatial pattern of dissimilarity between spawning groups based on natal origins, compared to the pattern of genetic dissimilarity between groups (Hutchinson et al., 2001). Simulated natal dissimilarity based on the homing scenario showed a threshold of physical separation distance of 800-1000km, above which groups were effective completely dissimilar. No threshold effect such as this is evident in the available genetic data (Figure 5.1.2).
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Figure 5.1.2. Pairwise comparisons of the separation distance (km) between modelled spawning groups and their dissimilarity based on a Bray-Curtis analysis of the natal origins of fish in the group, compared to the equivalent pairwise comparison based on genetic data from Hurchinson et al. (2001). Left: model results assuming homing behaviour in first-spawning cod. Centre: model results assuming no homing behaviour (oceanography scenario). Right: genetic data.

One of the strengths of our model was that stock : recruitment relationships were an emergent property of the system and not constrained by any imposed functional relationship. Hence, the emergent stock : recruitment, yield per recruit, and maximum sustainable yield properties of the groups of fish spawning in each area were diagnostic of the spatial patterns of productivity (Figure 5.1.3).
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Figure 5.1.3. Emergent stock : recruitment relationships for individual spawning groups in the model, and for the west of Scotland (areas 1-3) and North Sea (areas 4-10)  regions, assuming different scenarios of first spawning migration behaviour.
Regardless of the assumed scenario of first spawning migration, the model exhibited very different relationships between equilibrium spawning biomass and recruitment for each spawning group. The maximum rate of recruitment – the slope near the origin of the stock : recruitment relationship – was largely explained by the patterns of dispersal of spawning products to suitable habitat for settlement of pelagic juveniles. For both the homing and oceanography scenarios, low rates of recruitment and low drift probabilities were simulated for spawning groups to the west of Scotland and in the Northern North Sea, and vice-versa for groups the southern North Sea and east coast of the UK.

Application of the METAFOR model to management issues

Can we diagnosis of spatial patterns of exploitation?

North Sea regional fishing mortality rates over the period 1980-1999 have been consistently higher than estimates of that leading to the maximum sustainable yield from the stock as a whole (FMSY) (eg. Cook and Heath, 2005), implying a degree of over-exploitation. However, our simulations of yield from individual spawning groups indicate that the degree of over-exploitation has not been uniform over the North Sea and West of Scotland region. Our results apparently suggest that the degree to which fishing mortality rates have exceeded FMSY has apparently been greatest for the western and northern spawning groups, and least for those in the central and southern North Sea. Strategies to reduce regional fishing mortality rates towards a target of FMSY could be made more effective if advised by patterns such as these emerging from our model.

Can we predict the probability of stock collapse for given harvesting strategies?

We have defined collapse of a stock in terms of thresholds of abundance (4% of the maximum observed spawning biomass) and stock richness (<50% of sub-stocks present at 4% of the maximum observed spawning biomass). Our model is the first to provide any quantitative assessment of the consequences of fishing mortality rates and patterns for stock richness. For any given set of assumptions about the behaviour of fish, and a set of climate conditions governing the dispersal and survival of early life stages, it was clearly possible to estimate levels and distributions of fishing above which equilibrium richness was below the stated threshold which we attribute to a state of collapse. 

Can we estimate a relationship between the magnitude and configuration of catch that optimise the probabilities of conserving stock richness and biomass? What guidelines can we provide as to how the system could be managed by constraining the spatial distribution of fishing effort?

The implementation of automatic numerical optimisation procedures to, for example, determine a spatial distribution of fishing mortality rate leading to maximum yield for a given fixed regional rate, was beyond the scope of this project. However, it is clear that such optimisation procedures could technically be achieved. One possible outcome of such a development might be that the distribution of fishing mortality rates across spawning areas leading to maximum yield would change with the regionally averaged rate. For example, the optimum distribution might be to concentrate fishing in one part of the domain at low regional rates of mortality, moving to another area as regional rates increased. Such a phenomenon would be an expected outcome of the differences in dome-shaped responses of yield to mortality between the individual spawning groups which our simulations to date have revealed. This sort of information would add a completely new dimension to attempts at developing spatial management schemes and closed area policies.

Can we estimate the probability of restoring stock-richness under scenarios of limited harvesting on a collapsed stock?

During the project we have conducted various demonstrations of the scope and time-scale for restoration of stock richness and abundance, and the re-colonisation of areas where cod are extinct. Time scales of both restoration and re-colonisation were critically dependent on our understanding of the underlying behaviour of juvenile cod as they migrate away from nursery areas to spawn for the first time in their life. This is one of the key areas where we are lacking knowledge. Pioneering work on analysis of the elemental composition of cod otoliths carried out during this project is beginning to provide answers. The other main uncertainty relates to changes in the non-fishing related mortality of cod as population abundance declines to low levels. This is difficult to research for obvious reasons, but it is conceivable that, for example, alternative species may assume dominance if cod abundance in a particular area declines below a threshold level, out-competing or predating on the remaining cod and leading to enhanced mortality. Such phenomena have not so far been included in our model due to lack of knowledge and understanding, but their effect would be to precipitate collapse and loss of richness at higher levels of fishing mortality and to inhibit recovery and re-colonisation.
5.2  GADGET model runs for cod in Iceland

In the Icelandic system, it is clear that while there are discrete spawning units, the fishery is predominantly of mixed sub-stocks. The fishery targeting the spawning grounds during the spawning season can be linked directly to the spawning sub-stocks, but that constitutes a minority of the catch, with most removals of fish prior to that stage. The modelling strategy has therefore been to assume that a model which better represents the population structure has the potential to be a more effective tool for management. In particular, if modelling two cod populations provides a better representation of the population dynamics than a model of a single population then it has the potential to provide a stronger base for management. Recognition of the spatial disaggregation of the sub-stocks can be used to create spatially disaggregated models taking the spatial and temporal distribution of fishing into account. It is important, however, to be aware that more detailed models are not necessarily better models. It should be noted that, increasing model flexibility where there is insufficient information in the available data can lead to models with poorly defined parameters, increasing model uncertainty.

In order to assess whether models containing two sub-stocks can better represent cod in Icelandic waters a sequence of models with different structures has been developed. To consider whether the sub-stock models (with a greater number of parameters) are required, they are compared with a range of simpler single population models. These models include very simple conceptual models of the cod population to test whether more complex models actually do generate more realistic descriptions of the observed dynamics. These models have been constructed in a statistical modelling framework. This approach allows the use of observed data to be considered in model evaluation as the response of the model to the spatial structure of the observed data provides information on model performance.

Gadget
The models have been developed in an existing statistical modelling framework Gadget (Begley, 2005).

Gadget, is a framework which is flexible in terms of structural models which can be developed and range of data types which can be included (appendix 5.2.1). It is a forward simulation model where, for a given set of parameters, the population can be projected from initial values to obtain a population trajectory for the time period of interest.  Given such a trajectory, values of the various data can be predicted and (negative log) likelihood functions evaluated.  The process is repeated (through the use of optimisation routines) with different parameter values until the likelihood function is maximised (negative log is minimised). Internally, the model tracks the number of fish by age and length within each area, time step and stock unit.  The development of the ecosystem of all such units is projected deterministically or simulated forward in time, resulting in a single realisation of the development of the ecosystem.  A single such simulation results in a variety of information including stock trends, mean length and so on, for each stock unit.

As Gadget can be used for multispecies models, this capability can be applied to modelling sub-stock structure. The structural flexibility means that each sub-stock can have different characteristics and it is also possible for different data sets to be used for each sub-stock. A range of likelihood data types can be used and these can be aggregated across sub-stocks and space. This means that observed data do not need to be assigned to a sub-stock and it is not necessary to partition the data artificially into  sub-stocks. Neither is it necessary to assume the relative contribution of each sub-stock to the mixed fishery which is an important consideration for this population . Standard samples (eg length distributions and age-length frequencies) from the catch and surveys can therefore be used directly

in optimisation. As the same data can be used for a range of structural models, the ability of the models to fit to the data can be compared.

Biological basis for the conceptual models
The main aspects of the background data and model are summarised here with more detail provided in the report for 2005.

Mature cod
Despite a large number of spawning locations being identified and a substantial proportion of fish displaying spawning site fidelity, genetic differentiation and tagging data classified the population into two main groups: northern and southern. The northern cod display more resident behaviour with southern cod migrating further to feed as they feed in northern water. To a large extent, these spawning populations can be considered spatially distinct. The main area where mixing is to be expected is in the north west  (NW in Figure  X space.ps) as it is a feeding ground for some southern fish. The mixed stock analysis indicates some separation of fish from the north and south in this area but the temporal stability of this separation is not known and a considerably more detailed study of this area during the feeding season is required. 

Immature cod
Immature cod are mostly in the northern areas (NW, N and SE in Figure X space.ps). In some years, data from the Spring survey show immature fish within the southern area but these are mostly close to the boundaries with the NW and SE. The NW and SE are areas of potential mixing of the immature with the southern mature stock.

Catches
The highest catches in numbers from the fishery are from the age groups 4 to 6. Most cod in these age groups are immature with <10% mature at age 4, 20-30% at age 5 and 40-50% at age 6 (MRI, 2005). While the mature components of each stock are predominantly separate throughout the year, with only a small amount of mixing, the immature fish, which constitute most of the fishery (in numbers) are mixed. Assumptions regarding the contribution of the immature components of each stock to the fishery are therefore very important.
Model structures
All models are based around the same core structure. The main differences in structure between models is in the spatial distribution of the immature and mature components. More detailed information on the models is provided in Appendix XX.

Single stock models on two areas
The two area models aggregate NW, N and SE in Figure X into a single northern area.

The model structures start from the most simple abstraction of the cod population dynamics. These structures are:

1. Immature in north, mature in south (S1): All immature cod are in north and move south when mature where they remain. All mature cod in the initial population start in the  south.

2. Immature in north and south, mature in south (S2): All immature cod start in the north and all move south when mature. Immature cod can also migrate south before maturation with the migration rate estimated.  All mature cod in the initial  population start in the south.

3. Immature in north, mature in north and south (S3): All immature cod are in the north and the migration of mature cod to the south is estimated (ie some stay in the north) but all mature cod in the initial population start in the south.

4. Immature in north, mature in north and south (S4): All immature cod are in the north and the migration of mature cod to the south is estimated (ie some stay in the north). The abundance of mature fish in the initial population is estimated for north and south. 

The simplest model (S1) assumes that all immature cod are in the north and when mature they migrate into the southern area. Given a small northern sub-stock this model would be expected to explain most of the population dynamics. Model 2 allows for some immature to move into the southern area as the data indicate that this does happen and the importance of it needs to be evaluated. Model 3 allows for some immature fish upon maturing to remain in the north as the proportion migrating south is estimated. Model 4 is an extension of model 3, if a large proportion of mature fish are estimated to remain in the north then the model needs to be initialised with mature fish in the north.

Two stock models on two areas
Only one population structure is used for this scenario. There are two mature stocks (north and south). All immature cod are in a single mixed stock, when they mature they enter either the northern or southern mature stock with the distribution into the north and south mature stocks estimated (and constant for all years).  All juveniles start in the north and stay there until mature. When they mature, those entering the southern mature stock all move south, with those moving into the northern mature stock remaining in the north. The initial populations of mature fish in the north and south are estimated separately with no relationship assumed between them.

The immature cod are grouped into one mixed stock as there is no information with which to separate them and the only information (available for a substantial number of fish) which can be used to split the mature stocks is the spatial distribution.

Models constructed on this basis are also used to consider different growth rates for the areas. 

Likelihood data
The likelihood data are of two main types: biological samples from the commercial catch and surveys and survey indices from both surveys. All categories of fish (ie maturity stages and stocks) are aggregated but in some models they are disaggregated by space.  

Despite migration being estimated in some of these models, tagging data have not been used (although it is possible to include tagging data as a likelihood component in Gadget). Tagging experiments have targeted spawning fish, whereas in all the scenarios the focus has been on modelling the migration of immature fish when they first mature, with mature fish remaining in the same area thereafter. Migration is therefore driven by the fit of the model to the survey indices and sampling data rather than to direct observations of fish movement. 
Model evaluation
When the model structure is a better representation of the population structure, the aggregation of the likelihood component data is expected to be less important. Where the model structure does not adequately describe the population structure the format of the likelihood data affects the ability of the model to optimise. Consideration of these factors is part of the model evaluation process.

The simplest models are a poor fit to the data and the model fit to the data deteriorates with the data spatially disaggregated. The lack of model flexibility in these scenarios means that the model cannot explain the spatial structure of the data, resulting in ever increasing biomass trajectories. In particular, in order to have sufficient abundance of fish in the north, estimated values for recruitment are excessive leading to an increasing biomass of mature fish.  

Evaluation of the model optimisation process and resulting predictions shows that it is necessary to have a spawning population in the north.  The simplest conceptual models of the population are not capable of representing the observed dynamics and models containing mature fish in the north (whether or not they are considered genetically separate) are capable of generating population dynamics considerably closer to those observed.  If the spawning population in the north were small and unimportant component in the total population the simplest models would be expected to be sufficient.  

The biomass trajectories of the two area, two mature stock models aggregated over the entire area are essentially the same as those from single area models.  This shows we can represent the same global population dynamics in a spatially and disaggregated model.  The spatial disaggregation of the population and fishery, however, provides more information on the population and the spatial impact of the fishery on the population.

By modelling these spatially distinct mature populations as separate populations they can have different characteristics.  In this way, more flexible models can be created and the relative importance of these different characteristics can be evaluated.  The importance of different growth rates has been considered and estimating separate growth rates for the north and south mature populations improves the fit of the model to the observed data. 

The model structures are compared and the behaviour of the two stock, two area models is described  more fully in Appendix XX.  

Conclusions

A two sub-stock, two area model of cod in Icelandic waters has been developed.  Testing of simpler model structures shows that it is necessary for a model to include a mature sub-stock in the northern area to represent the observed data, indicating that these fish are an important part of the population dynamics.  

These models produce similar global biomass trajectories as single stock, single area models but the spatial partitioning of the fishery and population provides an extra level of information which can be used as part of a management framework.  While further development of these models is expected to improve their fit to the observed data, the existing models are a solid base for future work and the parameter optimisation of these models is consistent.  Initial work on a more detailed three area model (the north being divided with the north west separate) with the existing two sub-stock structure shows promising results.  Being able to contrast the model behaviour and spatially disaggregated fishing mortality being predicted by these different spatial scales will provide novel information for this population.  

These spatial models of sub-stock structure provide additional information on the population and the interaction of the fishery with the population which is not available from single area, single stock models.  The statistical framework also enables models to be compared directly with unprocessed observed data and these comparisons can then be used to further enhance the models, such as by identifying years in which immigration from Greenland is important.  These models have the potential to be an important source of information within the management process.  

Management of the sub-stocks is a considerably more difficult issue. While there is some evidence that the mature sub-stocks are to a large extent spatially distinct on the feeding grounds, with little overlap, most of the fishery is on the mixed juvenile population with most fishing mortality on immature fish. Even for the mature population, the existing genetic work has been on a small scale and the temporal stability of these spatial divisions is not understood.  Tagging of fish on the feeding grounds could be a useful source of information on the spatial and temporal mixing of fish in these areas.  Information on the spatial distribution of the juvenile sub-stocks could be used to create conceptual models with juvenile sub-stocks.  If successful, such models would provide more information on the fishing mortality on the entire sub-stock rather than just the mature fish.  
6. 
Discussion, conclusion and recommendations

6.1  Discusssion
Nearly all cod stocks in the North Atlantic have been overexploited and are presently in a depleted state (Christensen et al., 2003; Marteinsdottir et al., 2006). A recurrent feature of declines in abundance has been collapse of the spatial distributions of fish and loss of the distinct sub-stocks (Melvin and Stephenson, 2007). There is evidence that a diverse sub-stock structure is necessary to ensure the long term health and productivity of fish stocks, but maintaining this has not been recognized as an objective of  fisheries management. 

The results of the present work demonstrate an existence of stock structure within both the Icelandic and North Sea cod stocks. All exploratory tools, genetic, life historical, behavioral and oceanographic do support the existence of a certain degree of stock richness in these areas characterized by temporal variation in productivity between sub-stock units. 

Results of the DNA analysis of spawning cod in Icelandic and Scottish waters were less conclusive than results of the other stock discrimination tools. This was especially true for the North Sea – West of Scotland cod but microsattelite genetic differentiation among spawning components around Scotland was found to be very limited or lacking. Only the samples collected at the Faeroe plateau and the Faeroe Bank displayed significant differentiation from the rest of the samples. However, in Iceland, the differences between North and South regions were found to be significant (Fst=0.003) and temporally stable between the years 2002-2003. Additional differences were also detected between spawning groups above and below 125 m within the main spawning grounds at the southwest coast. 
Otolith shape analysis also revealed significant differences between the North and South regions as between the groups spawning above or below 125 m in the south. In North Sea and Scottish west coast significant differences in otolith shape were also detected among spawning components from Viking Bank, the Moray Firth, Papa Bank, Minch and the Clyde.  Tagging experiments also suggested limited adult exchange between the Viking Bank and coastal areas around mainland Scotland with resident spawning groups in the Moray Firth, the west of Shetland and around the Clyde.  Additionally, differences in phenotypic characteristics, such as maturity and fecundity at size, were found between these regions. Limited straying between regions was also indicated in Iceland, but tagging experiments showed that cod tagged in specific regions were more likely to return and spawn in that or nearby regions than in any of the more distant regions. 

The hydrodynamic and particle tracking results revealed, that the egg drift in Icelandic waters from spawning to nursery areas was very much controlled by the cyclonic near coastal circulation. In this respect, the North Icelandic Irminger Current (NIIC) plays a key role. However, only a small branch of the NIIC (approx. 30%) is of coastal origin and takes the “inner path” along the West Icelandic coast over the shelf. Nevertheless, this inner branch is the most important pathway for cod eggs drifting to the north of Iceland. The observed spatial age gradient in climatological 0-group distributions is likely due to differences in the spawning location of the larvae, with the older larvae originating from spawning grounds in the southwest of Iceland, while the younger larvae have a more northerly origin. In general, the contribution from the main spawning grounds in the southwest is predicted to decrease with clockwise distance from the source region. The egg or larval drift from sub-regions on the main spawning ground at the south coast showed weak spatial differentiation. The NIIC controls to a large extent the hydrographic conditions on the north Icelandic shelf and hence the conditions in the nursery areas. The NIIC’s volume flux is highly variable and depends strongly on the local wind field north of Denmark Strait. There seem to be no significant correlations with global climatological indices like NAO which suggests that also the strength of certain year classes is not linked to those indices. During the period 1997 to 2003 decreasing northerly winds caused an increase of the NIIC volume and heat transport (18 % and 30 % respectively) leading to a warming of North Icelandic shelf by around 0.5 K. This increase in the NIIC volume was observed to correlate with greater contribution of 0-group cod from the main spawning grounds in the south towards the surviving population of juveniles on the nursery grounds NW, North and NE of the country.

Hatch date distributions confirmed the results of the particle tracking. In 2003, a much greater transport of juvenile cod from the southerly located spawning sites onto the northern shelf was confirmed by the existence of large and old 0-group cod at most locations NW, North and East of the country. The age and back-calculated spawning dates of these individuals were consistent with the expected spawning dates at southern spawning sites. 

Similarly, the genetic analysis did also confirm these results, showing that 0-group cod sampled NW, North and East of the country in 2003 had predominately originated from the southerly located spawning sites while in 2002 a generally greater contribution of the northern spawning sites was detected at locations North and East of the country. 

The fine-scale hydrodynamic model system (H/M, in the terminology of Appendix 3.3.1) developed for the North Sea and Scottish west coast waters was used to carry out bio-physical modelling simulations to investigate the relative survival of the spawning products of the different sub-stocks in two recent years (2002 and 2003), plus a “climatological” year. The spatial patterns were quite similar in the 3 years (2002, 2003 and climatological year), although in 2003 the distribution was more patchy and in the climatological year more diffuse, with 2002 presenting an intermediate spatial coverage. The offspring of the Clyde sub-population are retained locally but could also settle along the west coast, the Minches and the north.  West coast juveniles settle in the west coast, the Minches and the north.  The Minches/north coast sub-population juveniles settle more widely, from the west coast all the way to the Moray Firth and Viking/Bergen areas.  Shetland juveniles settle locally and also spread out towards Viking/Bergen and Moray.  Viking/Bergen juveniles, on the other hand, are retained within their own general area.  In our simulations, without horizontal diffusion, the young cod were unable to cross the Norwegian Coastal Current into more coastal areas in the Norwegian fjords but it would be interesting to compare these results with simulations with horizontal diffusion, since some shoreward transport could be expected.  The amount of retention within the Moray Firth area varied between years but there was some consistent transport to Fisher and the east coast areas.  The east coast of Scotland appeared to be a fairly retentive area, with some interannual variation in the degree of alongshore dispersal.  The settlers from Fisher remained in the area but also were transported to most adjacent areas, while Flamborough was generally retentive although with some export to the north and south, especially in the climatological year scenario.  Dogger/Southern Bight fish settled mostly locally, although their east-west spread varied somewhat between years.

The patterns of survival were very consistent between sub-populations for all the simulated years.  They were the result of differences in growth in the pelagic stage, as the consequence of higher temperature histories during their early development.  In general, survivorship decreased from the west coast-northern sub-populations towards the central and southern North Sea.  When we only consider those juveniles that settle in the areas that had been identified from field data as cod nursery grounds, survival during the settlement window more quite variable among the northern and westerly subpopulations with relatively small nursery grounds.  Survivorship still decreases generally in a south-easterly direction but populations in the central and southern North Sea benefit from more extensive nursery grounds, enabling greater numbers of juveniles to settle successfully.

Comparisons of micro-chemistry between the otoliths of settled 0-group juveniles and the juvenile component of the adult otolith indicate that most (>90%) adults originate from local juvenile nursery areas in coastal grounds near the Clyde, Inner Hebrides and Shetland.

For the management of structured stocks, differentiation of the mixed feeding aggregations targeted by the fisheries and quantifying of the proportions of fish from various regional spawning components is essential.  In Iceland, results based on the genetic and otolith chemistry did were not concurrent. Based on results from the genetic analysis, cod at the NW and East feeding areas did mostly originate from the south with however an additional contribution from the northern spawning grounds while the otolith elemental fingerprints indicated that these cod had originated mostly from northern located spawning site as well as the ones located in deep South. 

In Scotland, mixed stock analysis using genetic data showed that cod at Papa Bank, close to Orkney and Shetland, consisted of cod from the Scottish coastal populations and also a significant proportion from the Viking population. No contribution was detected from the Faeroe Island cod. Estimates of mixing based on otolith chemistry suggested that most of the Papa Bank sample originated from the east of Scotland with only 12% from nearby Shetland. The low classification to the Shetland area may reflect the local fidelity of adult cod evident from tagging. Samples of cod taken in two other feeding areas on the east and west coast of Scotland indicated much higher levels of fidelity than Papa Bank.

In Iceland, the discrepancy between the genetic and otolith data is likely to result from the weak discrimination power of the genetic data due to low level of genetic differences between the different populations. Or alternatively be due to a complex composition of the harvested stock calling for a greater sampling effort on a finer and wider geographical scale than was possible in this project. These results indicate that in order to disaggregate mixed feeding stocks, environmentally induced markers such as elemental fingerprints or  loci that are under selection (i.e Pan - I and Gmo 132) are likely to be more successful than neutral genetic markers.

According to the elemental fingerprints, the composition of the harvested stock on the main feeding grounds NW and SE of the country did not include spawners from the main spawning areas South and Southwest of the country. Only spawners from the deep south spawning areas were found in these feeding areas. This, as well as the results of the tagging experiments, does strongly indicate that mixing of different spawning components during winter months is much more limited than what would have been expected based on random mixing within the harvested stock. 

The objective of the final task of this project was to bring together all strands of evidence on the sub-stock structure in the Icelandic and Scottish cod populations and to assess the consequences for management in order to preserve the structure and diversity of the stocks. Two different approaches have been taken. Firstly a model entitled METAFOR was constructed, where results of all tasks were embodied into a model analysing the interaction and existence of sub-stocks. Secondly, a model entitled GADGET was constructed, where available data from stock surveys were used to test if a modelling of two populations provided a better representative of the population dynamics than a model of a single population. The starting point of both model was based on the observation that the groups of cod which are currently assessed as single stocks, are indeed composed of number of subunits. 
The domain of the METAFOR model was a subset of the region covered by the annual ICES stock assessments of the North Sea, Skagerrak and eastern Channel (ICES Divisions IIIa (Skagerrak),IV & VIId) and west of Scotland (Division VIa); namely the North Sea and west of Scotland (Divisions IV and VIa). Based on tagging data, geographical distributions  of fish from surveys and landings, and studies of fish morphology and microchemistry, 10 potentially distinct groupings, or sub-stock units of cod in this region were identified, each associated with a geographically fixed spawning area. The model was configured to represent the dynamics and interactions of these sub-units subject to oceanographic dispersal of eggs and larvae, settlement of pelagic juveniles, migration patterns of recruits and adults, and spatial patterns of fishing mortality. The model tracked annual cohorts of genetically homogeneous fish which were all born in the same spawning unit, and was capable of simulating changes in the proportion of fish of different natal origins which occupied the spawning sites in different years. The model could therefore provide an assessment of the scope for genetic isolation, subject to a range of alternative interpretations of the processes controlling migration and interaction between sub-stocks.

Taken together and with evidence from the otolith elemental analysis the modelling results indicated that isolation of sub-stocks most probably occurs as a result of separation distance and oceanographic processes determining the dispersal of eggs and larvae. A key factor in dismissing active homing as a likely scenario was the simulated spatial pattern of dissimilarity between spawning groups based on natal origins, compared to the pattern of genetic dissimilarity between groups. Simulated natal dissimilarity based on a scenario of active homing showed a threshold of physical separation distance of 800-1000km, above which groups were effective completely dissimilar. No threshold effect such as this is evident in the available genetic data.

The METAFOR model was shown to be capable of addressing various key issues related to the spatial management of cod stocks, which have not previously been available. The model was capable of estimating FMSY for each spatial sub-unit of the stock, and the results showed that there was probably a degree of variability in the extent to which different units have been exploited (as measured by the ratio of ambient fishing mortality rate to FMSY). The model is also the first to provide any quantitative assessment of the consequences of fishing mortality rates and patterns for stock richness. For any given set of assumptions about the behaviour of fish, and a set of climate conditions governing the dispersal and survival of early life stages, it was clearly possible to estimate levels and distributions of fishing above which equilibrium richness was below the stated thresholds attributed to a state of collapse. The model was also highly applicable to addressing issues of spatial recovery and recolonisation of extinct sub-units.

In GADGET, 4 scenarios of a single stock in two areas (north and south of Iceland) were identified (ranging from S1 where all immature cod were in the north and moved south when mature; S2 with all immature cod start in the north and all move south when mature; S3 where all mature cod in the initial population start in the south to S4 where an estimated proportion of the immature in north could remain behind and spawn in the north) and one scenario representing a two stock model in two areas. Model scenarios S1-S3 showed poor fit to the data while S4 (allowing for mature fish in the North area) was the more stable with respect to spatial disaggregation level of the likelihood data. The last scenario S5 (two mature sub-stocks; which was essentially same as S4 with the mature fish components in the different areas modelled as separate sub-stocks) showed  the best fit to the data. 

In Iceland, the presence of significant genetic differences between the Northern and Southern spawning Icelandic cod indicate that the sub-stock structure is maintained by some process which restricts the exchange of genetic material between north and south. This may be a consequence of oceanographic dispersal patterns which restrict mixing between the offspring from different regions, or active homing of individuals to their spawning site of natal origin regardless of where they spend their juvenile years. There is also evidence of local adaptation of cod to different local environment. For example, first-spawning migrations of cod from Greenland into Icelandic waters, which have frequently been observed throughout the last century, could be interpreted as homing behavior of spawning individuals to their natal site of origin. However, oceanographic modeling in the project indicates that these fish are most likely to have originated from only a small subset of the spawning area so any upstream migration behavior would bring them back to the vicinity of their natal origins. Tagging and recapture data provide evidence for some partial migration between the different components. In the south, individuals tagged at the deep water stations have been recaptured 1-2 years later in more shallow waters at spawning sites along the Southern shore. Similarly, occasional cod tagged at Northern or Eastern located spawning sites have been recapture spawning at South- or Southwesterly located spawning sites. None, or very few cod tagged at the Southern spawning sites have been recaptured at North- or East located spawning sites. Although tagging experiments provide information on movements of specific individuals, they do not provide evidence for contribution of the immigrants to the gene pool of the receiving population. However, the presence of straying between populations may be sufficient to override the source of large genetic structure across the species range (microsatellite) and therefore explain the low genetic differences between the SW and NE areas.

In terms of advice on management of fishing activity to maintain or rebuild stock richness (number of sub-stocks in a management region), the conclusions from the modeling studies were rather different depending on whether the structure was assumed to be maintained by homing or oceanography and separation-by-distance. In the former, recolonisation of extinct spawning areas is only possible by straying of mature fish which tagging data indicate to occur at only low rates. In the latter, recolonisation can occur spontaneously as a result of anomalies in oceanographic dispersal in a given year and the most effective management measure is to protect and build up the spawning biomass in upstream areas likely to supply potential recruits.

6.2 Conclusion

In this project we have shown that cod in the existing management units at Iceland and European waters are clearly not homogeneous and exhibit spatial structure of properties related to their natal origin and future spawning site fidelity. The mechanisms by which structure is maintained may vary between regions. At Iceland, where genetic structure is more evident, there is evidence of possible homing to natal spawning areas. In European waters, the observed structure can be best explained in terms of separation-by-distance and oceanographic processes.

The consequences of the assumed structuring mechanism for management strategies intended to conserve or rebuild sub-stock richness are profound. Our modeling studies indicate how richness may be related to spatial management strategies.

6.3  Recommendations

Our research indicates a number of future priorities:

1.  Continuing analysis of temporal stability of the existence of different spawning component in Icelandic waters is needed. This can be done with techniques developed in MEATCOD by employing genetic and elemental fingerprint analysis to material subtracted from archived otoliths.  
2.  Further analysis of behavior linked with feeding migrations, dispersal of juveniles, immature and spawning cod and the resulting composition of the harvested stock in Iceland is needed. Results indicate limited mixing of different spawning components on the feeding grounds. As a result, management based on estimation of stock abundance of separate stock units is likely to be possible. 
3. The METACOD study area needs to be extended to understand the scale of interactions among all spawning areas in the North Sea. 

4.  As well, the METACOD study area needs to be extended to understand the scale of interactions between Icelandic and Greenland waters. This can be done with tools developed in METACOD by: i) using the circulation model developed in METAOCD to map the temporal changes associated with the flow of the North Icelandic Irminger Current, ii) use the circulation model and genetic tools to determine the source of cod offspring that are transported into Greenland waters,  iii) estimating proportions of first-spawning migrations from Greenland into Icelandic waters using tagging data as well as genetic and elemental fingerprint analysis. 

5. The METAFOR modeling work indicated some key areas where knowledge of fish behaviour and ecology is lacking. There are a) the ecology of pelagic juvenile fish at settlement (habitat selection, competition, migration and mortality), b) migration behaviour recruit fish from their nursery area to first spawning site, and c) ecology of predation mortality leading to density dependent responses in the population. 
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� A greater difference would be apparent between the Dogger and Viking areas (to the south and north of the North Sea respectively) if it were not the case so few fish at age one have been found in the Viking area over the last three years. Anecdotal reports are currently being received of large numbers of “small cod” in the Shetland and Viking areas.
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mds

		Multidimensional		Scaling		Analysis

		Model:		MDS-juveniles

		Variable		(Stimulus)		Names:		(1		2		3		4		5		6		7		8		9		10		11		12		13		14		15)

		Analyzed		Dissimilarity		Data		(with		Additive		Constant).

		Derived		from		Matrix		(distances)

				VARIABLES

		1		0		1.83		1.83		2.02		0.29		4.13		2.79		2.02		2.69		2.5		2.79		1.06		0.58		3.65		3.46

		2		1.83		0		1.44		0.48		0.29		0.58		1.15		1.83		1.83		0.58		1.35		0.29		0.38		1.25		2.88

		3		1.83		1.44		0		0.1		0.19		2.4		0.29		0.19		0.38		1.63		1.35		1.83		0.19		1.06		1.35

		4		2.02		0.48		0.1		0		0.86		2.02		0.29		1.44		0.29		0.48		0.1		0.38		0.29		1.73		2.5

		5		0.29		0.29		0.19		0.86		0		0.29		0.48		1.54		0.1		0.19		1.92		0.86		0		2.02		2.02

		6		4.13		0.58		2.4		2.02		0.29		0		0.58		3.36		1.44		0.67		2.79		1.44		1.63		1.44		1.54

		7		2.79		1.15		0.29		0.29		0.48		0.58		0		0.38		0.67		0.67		0.38		0.58		0.48		1.83		1.25

		8		2.02		1.83		0.19		1.44		1.54		3.36		0.38		0		1.25		2.02		1.06		1.54		1.15		3.07		3.27

		9		2.69		1.83		0.38		0.29		0.1		1.44		0.67		1.25		0		0.67		0.58		0.48		0.19		2.59		2.69

		10		2.5		0.58		1.63		0.48		0.19		0.67		0.67		2.02		0.67		0		1.15		0.48		1.06		2.5		2.4

		11		2.79		1.35		1.35		0.1		1.92		2.79		0.38		1.06		0.58		1.15		0		0.1		0.58		2.5		2.69

		12		1.06		0.29		1.83		0.38		0.86		1.44		0.58		1.54		0.48		0.48		0.1		0		0.19		2.11		1.63

		13		0.58		0.38		0.19		0.29		0		1.63		0.48		1.15		0.19		1.06		0.58		0.19		0		1.73		2.4

		14		3.65		1.25		1.06		1.73		2.02		1.44		1.83		3.07		2.59		2.5		2.5		2.11		1.73		0		1.63

		15		3.46		2.88		1.35		2.5		2.02		1.54		1.25		3.27		2.69		2.4		2.69		1.63		2.4		1.63		0

		Additive		Constant:		3,554,671,191,395,400

		Current		Stress:		0.4593828544

		Eigenvalue		(amount		of		data		variance		fit),		Proportion		&		Cumulative		Proportion		of		variance		fit		for		each		dimension

				VARIABLES

		OBSERVATIONS		Var		1		Var		2		Var		3

		Obs		1		14.17		0.3		0.3

		Obs		2		6.21		0.13		0.43

		Obs		3		5.53		0.12		0.55

		Obs		4		4.85		0.1		0.65

		Obs		5		3.73		0.08		0.73

		Obs		6		3.09		0.07		0.8

		Obs		7		2.3		0.05		0.85

		Obs		8		2.21		0.05		0.89

		Obs		9		1.67		0.04		0.93

		Obs		10		1.1		0.02		0.95

		Obs		11		0.94		0.02		0.97

		Obs		12		0.65		0.01		0.99

		Obs		13		0.37		0.01		0.99

		Obs		14		0.32		0.01		1

		Obs		15		0		0		1

		Initial		Stimulus		Coordinates:

				VARIABLES

		1		-2.02		-1.23		0.58

		2		-0.01		0.02		0.84

		3		-0.17		-0.52		-0.91

		4		-0.27		0.28		-0.07

		5		-0.15		-0.41		0.63

		7		0.38		0.42		-0.48

		8		-1.31		0.47		-0.81

		9		-0.17		0.9		-0.09

		10		0.13		0.66		0.66

		11		-0.48		0.91		-0.63

		12		-0.21		-0.05		0.38

		13		-0.46		-0.15		0.18

		14		1.4		-0.7		-0.37

		15		1.46		-1.01		-0.72

		Current		Stimulus		Coordinates:

				VARIABLES

		1		-2.02		-1.23		0.58

		2		-0.01		0.02		0.84

		3		-0.17		-0.52		-0.91

		4		-0.27		0.28		-0.07

		5		-0.15		-0.41		0.63

		6		1.86		0.42		0.83

		7		0.38		0.42		-0.48

		8		-1.31		0.47		-0.81

		9		-0.17		0.9		-0.09

		10		0.13		0.66		0.66

		11		-0.48		0.91		-0.63

		12		-0.21		-0.05		0.38

		13		-0.46		-0.15		0.18

		14		1.4		-0.7		-0.37

		15		1.46		-1.01		-0.72
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