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Abstract 

I present a model of intrapopulation structure in non hem Atlantic cod (Gadus 

mOI'hua) inhabiting the coastal and continental shelf regions offnonheast Newfoundland 

and Labrador based on metapopulation dynamics. I suggest that the metapopulation 

concept may best explain the historical panems and present day observations of nonhem 

cod distribution. Evidence for subpopulation structure is assembled from new and 

pubtished dala sources, including studies of spawning time and location, migration 

behaviour, and genetic variation. A theoretical model of non hem cod metapopulation 

dynamics is derived from the simple model ofLevins (1970). I consider the various 

spawning components of nonhem cod historically centered on the offshore banks and in 

coastal bays as subpopulations of a nonhero cod metapopulation. I modifY the Levins 

(1970) model by separating the probability of subpopulation extinction into two 

component probabilities representing: (I) natural processes and (2) the effects of fishing. 

Metapopulation theory predicts that fewer suitable areas (spawning grounds) will be 

occupied as population abundance declines. The corollary prediction is that as population 

abundance recovers, spawners will recolonize the currently unoccupied spawning areas. 

The agents of colonization may be migratory adult fish and straying larvae. The model 

suppons the current view that overfishing may have played an imponant role in the 

extinction ofnonhem subpopulations offLabrador. 
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Chapter 1: Introduction 

1.1 The northern cod stock complex 

The nonhern cod stock (GadMs morhua) inhabits both the coastal and shelf regions 

of Labrador and nonheast Newfoundland within the Nonh Atlantic Fisheries Organization 

(NAFO) Divisions 2J, 3K, and 3L (Figure 1.1 ). Nonhern cod is considered the southern 

component of the lasger Labrador-East Newfoundland stock complex of Atlantic cod, 

extending from nonhern Labrador to the non hem Grand Bank (Figure I. I) (Templeman 

1979; Lear and i'assons 1993). This stock complex is the most broadly distributed in the 

nonhwest Atlantic with a geographic range exceeding 15 degrees oflatitude. For 

management purposes this stock complex was divided into two sections because the 

nonhem portion failed to recover following the collapse in abundance in the late 1960s 

due to overexploitation (Pinborn 1976). These two ponions asethe Nonhem Labrador 

Ponion located in NAFO Divisions 2G and 2H, and the Southern Labrador-East 

Newfoundland Ponion ("nonhem cod") ofNAFO Divisions 2J3KL (Lear and Passons 

1993). 

The nonhern cod popuiDiion, therefore, may be defined as those cod that live 

within the overall range ofthe complete Labrador-East Newfoundland stock complex of 

Atlantic cod as identified by Templeman (1979). For the purposes of this thesis, I 

consider the nonhern cod population to consist of those cod that occupy the range from 

Cape Chidley, at the nonhem tip ofl.abrador, to the nonhem ponion ofthe Grand Bank 



in NAFO Division 3L, and encompassing all of the coastal, shelf, and slope regions 

between these two areas (Figure 1.1 ). Hereinafter, the term "northern cod" will refer to 

the northern cod population in 2G, 2H, 21, 3K, and 3L unless otherwise specified. 

In general, northern cod inhabit both the coastal and shelf regions of Labrador and 

nonheast Newfoundland, and undergo an annual offshore overwintering and spawning. 

inshore feeding migration (Lear 1984; reviewed in Lear and Green 1984). Spawning 

begins in late winter and may continue for up to four months for the overall population, 

with spawning occurring earlier in the north and progressively later to the south (Myers et 

at. 1993). The bulk of spawning occurs over the offshore banks (Templeman 1979; 

Taggart et at. 1994; Wroblewski et at. 199S), but some spawning might occur across the 

entire shelf (Hutchings et at. 1993). Spawning is also known to occur in the bays of 

northeast Newfoundland (Hutchings et at. 1993; Braney 1997; Smedbol and Wroblewski 

1997; Smedbol et at. 1998). After spawning offshore on the continental shelf, a 

substantial portion of the adults migrate to the inshore feeding areas for the summer, and 

return to the offshore in the late autumn and early winter (Lear 1984; Lear and Green 

1984). The rest of the adults remain on the shelf(Taggan 1997). 

The question of whether northern cod is a panmictic population is of considerable 

importance. Early studies indicated that northern cod may not be a panmictic unit, but 

rather may have contained a number of partially isolated subcomponents. Based on mark

recapture studies, Templeman (1962; 1979) postulated that northern cod contained many 

local populations, 



"each with its own tendency to return to home waters in the summer 

feeding season and with its own panem ofwinter·spring distribution, but 

with much overlapping with adjacent local populations" (Templeman 

1979). 

Lear ( 1984) presented evidence for homing to specific offshore overwintering and 

spawning areas during the annual inshore-offshore migration, with some straying. These 

tagging studies also provide evidence for year round residency in panicular offshore 

regions. Lear (1984) reponed that some ponion of the cod assemblage found on the 

nonhem Grand Bank does not migrate inshore following spawning, and resides on the 

Bank during the summer months. 

Spawning and year-round residency are also characteristic of the coastal areas 

within the range ofnonhem cod (see Chapters2 and 3). A number of studies have 

provided evidence for spawning by cod along the nonheast coast of Newfoundland (e.g. 

Braney 1997; Smedbol and Wroblewski 1997; Smedbol et al. 1998). Mark-recapture data 

suggest a high degree oflocal residency within the coastal bays (Taggan et al. 1995; 

Wroblewski et al. 1996). Some fish occupy the inshore region throughout the year 

(Goddard et al. 1994; Wroblewski et al. 1994). 

Analyses of microsatellite DNA allele frequency variation at the population level 

have provided evidence against the exislence of a panmictic nonhem cod population. 

Recently Bentzen et al. (1996) detected small genetic differences between pooled samples 

of nonhem cod from the nonhwestem and southeastern areas of the nonheast 

Newfoundland Shelf. These genetic studies have been extended to include samples from 



inshore areas (see Chapters 2 and 3), resulting in the detection of five or more potential 

subcomponents of the nonhem cod population, located in both inshore and offshore areas 

(Ruzzante et al. 1996; Ruzzante et al. 1997; Ruzzante et al. 1998; Ruzzante et al. in 

press). A second, independent study also suggested the existence of several 

subcomponents in non hem cod, using different microsatellite loci (T. Beacham, 

Depanment of Fisheries and Oceans, Pacific Biological Station, Nanaimo, BC, personal 

communication). 

1.2 The metapopulation model 

A metapopulation is a set oflcx:al populations or subpopulations within some 

larger area (usually the population' s range) where typically migration from one 

subpopulation to at least some other subpopulation is possible (Hanskii and Simberlotr 

1997). Metapopulation theory describes the spatial dynamics of intercoMected 

subpopulations. The metapopulation's overall range is expressed as the total of discrete 

areas of suitable and unsuitable habitat. The degree of segregation between 

subpopulations may range from slight to almost complete isolation, depending upon 

factors such as the distance between areas of suitable habitat, the magnitude of variation in 

habitat quality, life history characteristics (e.g. discrete life stages), and the dispersive 

abilities of the species (e.g. Harrison and Taylor 1997). E.change between the 

subpopulations of the meta population prevents the development of separate, autonomous 

populations. As a result, subpopulations in a metapopulation may not (and need not) be 



genetically distinct, although such differentiation is suggestive of the existence of 

metapopulation structure with very low levels of exchange between subpopulations. 

In the simplest metapopulation model first proposed by Levins ( 1970), there are 

three assumptions: habitat areas have the same geographic extent and degree of isolation, 

each subpopulation has separate local population dynamics, and the rate of exchange 

(migration) of individuals among subpopulations is too low to affect local population 

dynamics. Local dynamics occur on a faster time scale than mctapopulation dynamics. 

Hanskii and Simberloff ( 1997) suggest that of major importance is the idea of discrete 

local breeding populations connected by migration. 

In the Levins model, habitats arc considered' either occupied or unoccupied. 

During each time step of the model (usually annual, such as breeding season to breeding 

season), each habitat area has a probabitity of being occupied or empty. The Levins 

(1970) model, in its simplest form, can be expressed as: 

1.1) dP = mP(l - P) - eP 
dt 

where P is the fraction of habitat patches occupied at time I, m is the "colonization" 

parameter, and e is the "extinction" parameter. The rate of colonization of empty habitats 

is assumed to be proportional to P, the fraction of occupied habitats, and to (I • P), the 

fraction of unoccupied habitats. 

The equilibrium value of P is: 



1.2) I . 
e 
m 

and therefore the metapopulation will persist as long as elm < I. In other words, for 

persistence to occ:ur, recolonization must occur at a sufficiently high rate within the 

metapopulation to offset the rate of extinctions (Hanskii 1997). Persistence may be 

augmented by migration (exchange) among patches (Hanskii 1991), and with increasing 

number of suitable areas and local subpopulations (Harrison and Taylor 1997). 

6 

Although abundance is not explicitly included in the model, investigations by 

Hanskii ( 1991) have shown that m is abo proponionat to overall metapopulation 

abundance, due to a "rescue effect" at higher abundances in which immigrants from other 

subpopulations enhance subpopulation persistence. The model, therefore, can be viewed 

as calculating the "occupancy" of suitable habitats within a population's range. Extinction 

is considered to be equally likely for all habitats (a constant), resulting in a subpopulation 

lifetime of order lie. The abundances oflocal subpopulations (within each habitat) are 

assumed to be either 0 (empty) or at the carrying capacity (full). Therefore, areas of 

suitable habitat are considered either empty or full. 

Models of metapopulation stNc:ture of various fonns have been used to describe 

the spatial dynamics of many terrestrial and aquatic species. Some examples include 

shrews (Peltonen and Hanskii 1991), butterflies (Hanskii 1994a), malleefowl (Day and 

Possingham 1995), and river fishes (GoteUi and Kelley 1993). These examples from 

diverse wca hold in common the occupation of ranges comprised of heterogenous habitat. 



1.3 Northern eod as a metapopulation 

I contend that during the spawning perind nonhem Atlantic cod (Gadus morhua) 

may be viewed u a metapopulation, and therefore metapopulation models may best 

explain the structure in spatial distnoution observed in mark-recapture and genetic studies 

of nonhern Atlantic cod. The model that I propose uses a strict definition of"habitat" 

Suitable habitats are defined as the ovetwinteringlspawning areas, of both inshore and 

offshore sub populations of the nonhern cod population. These local populations are 

identified using a number of criteria: genetic distinctiveness (microsatellite DNA allele 

frequency variation), morphometries (length-at-age, weight-at-age, fecundity-at-age), and 

residency in or interannual fidetity to discrete spawning areas. How such structure may 

form is unclear. The physical and (or) behavioural processes that result in the semi

isolation of these subpopulations in an open oceanic system are poorly known. For 

instance, it is not understood how juveniles might return to their natal grounds. However, 

the evidence points to the existence of such structure, regardless of whether or not the 

subpopulations are genetically discrete. 

The genetic data {e.g. Ruu.ante et al. 1997; Ruzzante et al. in press; see Chapter 

3) suggest that some subpopulations are more isolated reproductively than others. This 

depans from the simplest metapopulation model of Levins (1970) (see Figure l.2a), but 

metapopulations that conform to the assumptions of Levins ( 1970) may be rare {Harri.son 

and Taylor 1997). Nonhern cod may conform to the "mixed structure" metapopulation 

model of Harrison and Taylor {1997; Figure le, page 28), wherein the metapopulation 



includes patches combined by relatively high rates of exchange, together with more 

isolated peripheral ones (Figure 1.2b). 

The application of the metapopulation concept to nonhem cod is provided in 

Figures 1.2c and 1.3. For genetic differentiation to develop and be maintained among 

,;ubpopulations in the absence of selection, some process oflocal larval retention or natal 

philopatry is necessary. Figure 1.2c presents some possible mechanisms that may result in 

this semi-isolation of subpopulations. Prevailing winds are westerly or southwesterly 

during the spring and summer spawning season (spawning begins earlier in March to the 

nonh), but wind direction does vary. Events such as stonns can have a substantial effect 

on the direction of drift from year to year (see Helbig et al. 1992). Larvae that settle away 

from nursery grounds may be lost to the subpopulation (e.g. Sinclair 1988), but may also 

function in colonization of new habitat. As juvenile members of offshore subpopulations 

grow, they eventually join the adult spawning-feeding migration (Harden-Jones 1968; Lear 

and Green 1984). Conversely, the eggs and larvae of inshore subpopulations may be 

retained within the bay, and most juveniles and adults may reside within the inshore zone 

year-round. 

I model nonhem cod spatial distributions only during the spawning period. As a 

consequence I do not consider the same spatial structure as have other studies of dynamic 

population range in Atlantic cod, which have concentrated on spatial distribution during 

the post-spawning, feeding season (Swain and Wade 1993; Marshall and Frank 1994; 

Marshall and Frank 1995). Rather, the focus of this study is on the relative temporal 

stability of geographically discrete spawning components, as they might relate to 



metapopulation structure, genetic architecture, and rate of exchange between spawning 

groups. 

1.4 Sub populations of tbe northern cod metapopulation 

First I consider the various spawning components of no"hem cod historically 

centred on the offshore banks and in coastal bays as subpopulations of a metapopulation 

ranging over 190,000 km1 of continental shelf. Evidence for the past and present 

existence for these major spawning locations is derived from a variety of data sources. 

These subpopulations (spawning components) have been delineated in Figure 1.3. While 

some spawning may occur throughout the continental shelf (Hutchings et al. 1993), by far 

the bulk of spawning by the northern cod stock is concentrated in the areas noted in 

Figure 1.3. 

The most no"herly area identified as a major spawning location is the shelfbreak 

area ofSaglek Bank (Figure 1.3) in NAFO Division 2G (figure 1.1). Postolaky (1965) 

sampled prespawning and spawning aggregations in this area during the spring (March· 

April), at deptlu of 280.3 50 m. Newly spawned cod eggs were also sampled in this area 

during April (Postolaky 1965). The Saglek Bank area produced the highest number of 

recently spawned eggs in his SIUdy. The next major spawning location was determined to 

Ue along the shelfbreak ofNain Bank (figure 1.3), in NAFO Division 2H (figure 1.1). 

Postolaky (1965) captured spawning cod and cod eggs in this area in April. The area _of 

Makkovik and Harrison Banks (Figure 1.3) near the Division 2H·21 border (Figure 1.1) is 
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included in the metapopulation model because of the discovery of early stage cod eggs in 

this region by Serebryakov ( 1967), again in the early spring. 

Major spawning areas can be found along the eastern slopes of Hamilton Bank, 

Belle Isle Bank, and Funk Island Bank (Figure 1.3). Early evidence from the 1960s of cod 

egg (Serebryakov 1967) and spawning aggregations (Templeman and May 1965) has been 

reponed for the slope regions ofthe banks. Wroblewski et al . (1995), using data from 

thousands of trawl sets by commercial trawlers, found that many cod spawned along the 

shelf edge. More recently, Hutchings (1996) reponed interannually consistent, high 

density catches of cod in research trawl survey tows associated with these banks during 

the late fall from 1981-1992. In tight of the overall evidence, the three banks and adjacent 

areas have been designated as two spawning areas in this study (Hamilton Bank and Belle 

Isle-Funk Isle Banks). 

Another spawning area has been identified along the eastern continental shelf and 

slope in the nonh of Division JL (Figures 1.1 and 1.3), at the eastern terminus of the 

inshore migration path along the Bonavista Corridor (Rose 1993). Hutchings (1996) 

documented high density catches from research trawl survey tows in this area during 

October through December, from 1981-1992. In more recent years, cod spawning in this 

area has been documented on the eastern shelf (Rose et al. 1995) and slope (Wroblewski 

et al. 1995). Research trawl surveys have captured cod in spawning condition in this 

spawning zone (Hutchings et al. 1993). 

The most southerly spawning region for nonhero cod is located on the nonhem 

section of the Grand Banks (Figure 1.3) in Division JL (Figure 1.1). Evidence for cod 



spawning in this area has been reponed by several sources: research trawl surveys 

(Hutchings et al. 1993), tagging studies (Templeman 1962; Templeman and Fleming 

1962), and commercial catches (Kulka et al. 1995; Wroblewski et al. 1995). 

II 

Spawning areas have been identified in the coastal areas of the population range of 

nonhem cod. Cod in spawning condition have been caught, and eggs and larvae have 

been sampled at several locations in Gilben Bay (I. Wroblewski and J. Green, Memorial 

University, St. John's, unpublished data), however few data exist on possible inshore 

spawning locations along coastal Labrador. As a result of the paucity of data in the coastal 

Labrador region, only the Gilbert Bay area is identified as a known spawning area (Figure 

1.3). 

There are historical repons of an inshore fishery for nonhem cod in Groswater 

Bay, and Sandwich Bay, Labrador (Figure 1.3) (H. Best, Labrador Institute, Memorial 

University of Newfoundland, St. John's, personal communication). This fishery ceased in 

the 1960s after heavy fishing by foreign trawlers along the Labrador coast. The extinction 

of a slow growing coastal subpopulalion may be the cause of the collapse of the fishery in 

Groswater and Sandwich Bays. This location is noted in Figure 1.3, but is not given the 

status of subpopulation due to the lack of dara. 

Much more data exists for inshore spawning along the Nonheast coast of 

Newfoundland. Evidence for spawning in the coastal bays is provided by egg and larval 

surveys (Smedbol and Wroblewski 1997; Smedbol et al. 1998), the presence of pelagic 

(Anderson and Dalley 1997) and post-settlement (Methven and Badjic 1994; Pinsent and 

Methven 1997)juveniles, research trawl and gillnet surveys (Hutchings et al. 1993), 
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analysis of gonadal condition of commercial catches (Smedbol and Wroblewski 1997), 

sampling of individuals from spawning aggregations (Brattey 1997; Smedbol and 

Wroblewski 1997), and from interviews with local fishers (Neis et al. submitted). Most of 

these data were obtained from Trinity Bay (Figure 1.3). While there is some evidence for 

residency in adjacent Bona-ista and Conception Bays, I did not formally include these 

bays in the analysis as spawning areas as definitive studies of spawning have yet to be 

undertaken. 

At high population abundance, metapopulation models incorporating even a 

relatively low degree of exchange predict the occupancy of a high proportion of suitable 

habitats (e.g. Hanski 1991). In the metapopulation model for northern cod, this translates 

to the occupancy of most, if not all, ofthe major spawning areas in years of high 

population abundance. Tagging studiea reveal that a small proportion of cod stray long 

distancea from year to year, and also point to the limited exchange of adults between all 

major spawning components (Lear 1984; Taggart et al . 1994). This exchange is allowed 

in a metapopulation model. I propose that during the period of high abundance in the 

1960s (Bishop et al. 1993), alltheae subpopulations of northern cod existed. Several 

authors have noted this spatial "stability" in spawning locations, as evidenced from mark

recapture studiea (Templeman 1979; Lear 1984; Taggart et al. 1994), and to a lesser 

extent from reaearch trawling surveys (Hutchings 1996) and data derived from commercial 

trawlers (Wroblewski et al. 1995). 

When the northern cod population collapsed in the early 1990s mainly due to 

overfishing (Hutchings and Myers 1994), the spatial coverage of the population apparently 
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did not simply contract from the outer limits of its range. Rather, the fish were found 

overwintering/spawning at fewer areas (Kulka et al. 1995; Hutchings 1996; Rice 1997). 

The change in distribution has been interpreted as a shift in occupancy from the nonh to 

the south of the range due to environmental changes (deYoung and Rose 1993) and (or) 

shifts in prey distribution (Rose et al. 1994). Alternatively, overfishing and (or) 

unfavourable environmental conditions may have forced some sub populations to 

commercial extinction (Larkin 19n; Myers et al . 1997a). The current spatialstrucrure of 

the population during the overwintering/spawning season appears to be sharply discrete, 

with aggregations of overwintering/spawning adults now much smaller in size and 

occupying fewer areas, including Smith Sound, Trinity Bay (Smedbol et al . 1998) and 

Tobins Point (49"30' N, 50'30' W) on the nonhem Grand Bank (Rose 1996). In recent 

years, only small numbers of cod are found dispersed across the continental shelf betWeen 

these areas (Hutchings 1996; Shelton et al. 1996; Rice 1997). 

1.5 Objectives of this research 

In this dissenation I present published and unpublished evidence for the existence 

ofsubpopulations of northern cod in two inshore areas, Trinity Bay (Chapter 2) and 

Gilben Bay, southeastern Labrador (Chapter 3). Accepting that nonhem cod may be 

viewed u a metapopulation (Figure 1.3 ), I then use the simplest form of the 

metapopulation model (Levins 1970) to: (1) model relationships among subpopulations. of 

northern cod, (il) eatimate values for the colonization and extinction parameters for the 

model, and (iii) include the eii'CCI of fishing in the model. Finally, I discuss the 



implications for recolonization from currently occupied areas (inshore) to unoccupied 

areas (offshore). 
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My dissenation, therefore, has two major objectives. The first objective is to 

establish that inshore subpopulations ofnonhem cod exist. The study of Trinity Bay is 

presented in Chapter 2. The analysis ofGilben Bay is presented in Chapter 3. The second 

objective is to construct a metapepulation model for nonhem cod. The modelling study is 

presented in Chapter 4. In this modelling endeavour, the first task is to derive 

approximate parameter values. FoUowing development of the basic model, I consider the 

possible effect of commercial harvest on the spatial dynamics of nonhem cod, and 

incorporate a fishing effect into the model. I then u·se the model to develop predictions of 

how the spatial dynamics of the metapopulation might behave during periods of decline in 

population abundance. Finally, I develop predictions for the rate of spatial recolonization 

of unoccupied spawning areas during a period of future recovery. 
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Figure 1.1. Nonh Atlantic Fisheries Orpnization Divisions in the study area. 
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Figure 1.2a. Classic Levins (1970) metapopulation, modified from Figure Ia of Harrison 

and Taylor (1997). Filled circles, occupied habitat patches; empty circles, vacant habitat 

patches; dotted lines, boundaries of local populations; arrows, dispersal. 
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Figure 1.2b. Mixed structure metapopulation, modified from Figure le of Harrison and 

Taylor (1997). This metapopulation exhibits a structure that includes clustered and 

isolated patches. Some patches are combined by relatively high rates of exchange into a 

single subpopulation. Symbols as in Figure 1.2a. 
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Figure 1.2c. Northern cod as a metapopulation. Dotted lines are boundaries of 

subpopulations; arrows encircling spawning areas denote possible retention mechanisms. 

Overlayed on the structure of one subpopulation are the distributions of the egg/larval, 

juvenile, and adult life history stages. 
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Figure 1.3. Proposed subpopulations of northern cod. See text for details. Solid lines 

link areas that may contain a single subpopulation. 
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Chapter 2: A subpopulation in Trinity Bay 

2.1 Introductioo 

Before constructing a metapopulation model of northern cod, I will first review all 

of the evidence for spatially structured subpopulations within the overall geographic range 

of northern cod. While there was compelfing historical evidence for the existence of 

offshore stocks associated with the major offshore banks (see Chapter 1), the evidence for 

putative local populations in the inshore areas is more recent. Below I discuss evidence 

for the existence of a local population of cod in Trinity Bay drawn from data concerning 

(1) spawning times and locations, (i1) mark-recapture analysis of adult cod, and (iii) spatial 

variance of microsatellite DNA allele frequencies in northern cod. 

2.2 Spawoiog 

Reports of cod in spawning condition in major bays off northeast Newfoundland 

(Figure 2.1) are not new (Neilson 1894; Neilson 189S; Graham 1922). Hutchings et al. 

(1993) presented data from research gillnet surveys on the presence of cod in spawning 

condition in Trinity Bay during the sprin11 in the years 1967-68. Lawson and Rose (1999) 

have documented cod spawnin11 in Placentia Bay on the south coast of Newfoundland. 

Inshore spawning has been observed in cod populations found in other regions of 

the North Atlantic. McKenzie ( 1940) provided documentation of autumn spawning iii 

Halifax Harbour, Nova Scotia. Cod spawn annually in the fjords ofNoiWay (Trout 19S7; 
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Gede and SuMan! 1984; Jakobten 1987). Apparently inshore spawning is pan of the 

reproductive biology of Atlantic cod. Therefore, spawning would be expected to occur in 

Newfoundland inshore waters as well. 

Smedbol and Wroblewski (1997) determined that Atlantic cod spawned in Trinity 

Bay (Figure 2.1) in the early summer during each year of the period from 1991 to 1993. 

This conclusion was based on (i) the observed progressive maturation of bay cod from 

spawning to spent condition, (il) direct observation of a spawning aggregation of cod over 

Hean's Ease Ledge, and (iii) the presence of recently spawned (s 10 days) cod eggs in the 

study region (Figure 2.2). 

The data from commercial catches in the Rai.dom Island area of Trinity Bay 

document the development of gonadal tissue in adult cod in the bay during the spring of 

three consecutive years (1991·1993). A peak in the proportion of adults with gonads in 

spawning condition or partly spent &om mid-June through mid-July led the authors to 

suggest the bulk of spawning occurred during this late spring and early sununer interval in 

those years. 

Direct acoustic observations (Smedbol and Wroblewski 1997) in late June-early 

July led to the detection of a spawnina aggregation over Heart's Ease Ledge (Figure 2.2). 

This spawning occurred within the temporal range for inshore spawning estimated by 

Smedbol and Wroblewski (1997) from the commercial catch data in the region in 1991 

and 1992. 

The third piece of evidence was obtained from ichthyoplankton surveys in the. 

spring and summer of 1991 and 1993 (Smedbol and Wroblewski 1997), and the summer 



of l99S. Descriptions of the sampling protocol and statistical analyses are provided by 

Smedbol et al. (1998). Sampling stations are presented in Figure 2.2. 
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Estimated ages of cod eggs collected in the region during each year of the study 

provide spawning times that are also within the peak spawning period (late June-early 

July) delineated by the commercial catch data (Smedbol and Wroblewski 1997; Smedbol 

et al. 1998). In 199S a relatively large aggregation (16 800 toMes Rose 1996) was 

discovered in Smith Sound, Trinity Bay (Figure 2.2). The reproductive output of this 

aggregation was monitored and evaluated relative to egg densities in 1991 and 1993 

(Table 2.1, 2.2). The spawning of this aggregation resulted in elevated concentrations of 

eggs relative to 1991 and 1993 (Table 2.2, Figure 2.3). However, this did not result in a 

detectable increase in the number of settled age 0 juveniles in the region (Smedbol et al. 

1998). 

The spawning period estimated in the study by Smedboland Wroblewski (1997) is 

consistent with other research findings. Bralley ( 1997) reponed similar spawning times 

for cod in the area during 1996. Methven and Bajdik (1994) reponed that the timing of 

the initial appearance and settlement of pelagic juvenile cod in coastal regions ofTrinity 

Bay is usually during the last two weeks of August and the first two weeks of September. 

These authors reponed two periods of high abundance ofpelagically coloured juvenile 

cod (August-September and October-November) at the southern end ofTrinity Bay for 

the years 1982-1983 and 1989-1990. Calculated estimates of the time of fertilization of 

the September-October juveniles coincide with the June-early July peak spawning interval 

estimated by Smedbol and Wroblewski (1997). 
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A study by Pinsent and Methven (1997) provides further evidence that Trinity Bay 

is a spawning location of cod. The authors used daily growth increments of the lapillus 

otolith to backcalculate the date of spawning of individual age 0 cod. Pinsent and 

Methven (1997) conclude that age 0 cod caught in August (with a late May hatch date) 

were probably spawned in Trinity Bay because of the difference between spawning times 

within Trinity Bay (Smedbol and Wroblewski I 997) and in offshore areas (Myers et al. 

1993). 

Anderson et al . ( 1995) back-calculated spawning times from lengths oflarval cod 

found in Trinity Bay. They computed peaks in cod spawning of May, 1984 (day 130-

140), and late May/early June, 1985 (day 140-160). 'The authors concluded that an 

offshore source for these larvae was unlikely, and that these larvae probably originated 

from inshore spawning in the Trinity Bay area. In contrast, Anderson et al . (1995) 

computed an April peak in offshore spawning for the same years. 

There is historical data indicating that spawning is persistent over time, and not 

simply a recent occurrence. Graham ( 1922) and Thompson ( 1943) reported the presence 

of cod in spawning condition in Trinity Bay during the summer months (day 121-181). 

Examining historical data, Hutchings et at. ( 1993) reported the presence of adult cod in 

spawning condition in May/June, 1967 (day 121-181) at four locations in Trinity Bay. 

2.3 Behaviour 

U.l Overwiatering and residency or cod in Trinity Bay 
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Studies involving the sonic tagging and tracking of adult cod have demonstrated 

that adult cod overwinter in the Random Island area ofTrinity Bay (Figure 2.2) {Goddard 

et at. 1994; Wroblewski et at. 1994; Wroblewski et at. 1996). In these studies, many (14 

of26total) of the fish released with acoustic transmitters around Random Island in the 

late wtumn were relocated in the area during the following spring. Some fish tagged in 

these and related studies were caught by fishers in subsequent years inside the Random 

Island study area (Wroblewski et al. 1996; Hiscock, 1997; J. Wroblewski and W. Hiscock, 

Ocean Sciences Centre, Memorial University of Newfoundland, St. John's, NF 

unpublished data). 

Strong evidence for residency within Trinity 'say by adult northern cod (winter and 

summer) has been provided by investigations using mark-recapture data. Wroblewski et 

al. (1996) analysed tagging data from the Random Island region compiled by Taggan et 

al. (199S). During the winter and early spring of 1988, 1990, and 1991 a total of S021 

cod wereta!!lled and released in Southwest Arm, Trinity Bay (Figure 2.2). By January I, 

199S, a total of 1398 of these fish had been recaptured, with the month and location of 

capture reported. By the end of the first overwintering period 95% of the recapture 

locations were within 30 nrn of the release site; all but I recapture were within 60 nrn. 

Through November of the first year of release, 83 % of recaptures were within 30 nrn of 

the release site; aU but 12 were within 60 nrn. Following the end of the second 

overwintering period, a further 40 of 49 total recaptures occurred within 60 nrn (including 

Bonavista Bay). If returns from the first year of release are ignored, 68% of returnS came 

from within 30 nrn of the releue site, and 83 % from within 60 am. This pattern 



continued through the third and fourth years post-release, with reduced recaptures 

recorded. 
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In a reanalysis of the same mark-recapture data, Taggan et al. (1998), using 

objectively determined contours derived from the spatial pattern of the recapture data, 

reponed that> 70% of the recaptures occurred within JO nm of the original tagging 

location, and < 20 % of returns were fan her than 60 nm from the location of release. 

Returns during the first six months following release were excluded. Most fish were 

caught relatively close to their release site. This suggests that most individuals did not 

travel very far from their area of release, or later returned to the area in subsequent 

months. Recaptures in Bonavista Bay suggest that~ ponion of the fish in Trinity Bay may 

migrate between bays, as is also suggested by microsattelite DNA analysis (T. Beacham, 

Department of Fisheries and Oceans, Pacific Biological Station, Nanaimo, BC, personal 

communication). The relatively high probability of recapture near the release location is 

compatible with the hypothesis of a local, resident population of cod in Trinity Bay. 

2.4 Genetics 

Despite evidence from migration studies pointing to subpopulation st!\lcture (the 

residency of individuals in spawning areas) arising from tagging data, until recently studies 

of population genetics have been equivocal concerning the possible existence of 

geneticaUy distinct subpopulations within the northern cod stock complex. Studies based 

on mitochondrial DNA variation have provided no evidence for population differentiation 

across the geographic range of northern cod (Cart and Marshall 1991a; Cart and Marshall 
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199lb; Pepin and Carr 1993). Comparisons in mONA variation also did not resolve 

population segregation belween cod from inshore and offshore regions (Carr et al. 1995). 

Unlike mtDNA analyses, studies using microsatellite nuclear DNA have resolved 

genetic differences between cod in Trinity Bay and offshore components of the non hem 

cod population. Ruzzante et al. (1996) used microsatellite DNA to resolve statistically 

significant levels of allele frequency variation among samples gathered in spring and early 

summer from the Random Island area of Trinity Bay and samples from offshore locations. 

The samples from Trinity Bay included fish from the Hean's Ease Ledge spawning 

aggregation reported in Smedbol and Wroblewski (1997). Subpopulation structure was 

detected only when inshore cod with high antifreeze glycoprotein levels, which are 

indicative of overwintering in subzero water (Goddard et al. 1994), were compared to 

offshore samples. The authon concluded that cod overwintering inshore were genetically 

distinct even though individuals from offshore and inshore areas mix inshore during the 

summer feeding migration. 

Temporal stability of mic:rosatellite markers is a key factor because if the marker 

frequencies change from year to year, there may be other processes at work and other · 

facton involved in allele frequency. Genetic samples collected in subsequent years and 

analysed by Ruzzante et al. (1997) also showed the same genetic differentiation belween 

offshore cod and cod from Trinity Bay. This led Ruzzante et al. ( 1997) to conclude that 

the genetic panem reported by !Wuante et al. ( 1996) was temporally stable. 

2.5 Coaclusioa 
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I conclude that there is ample evidence supplied by studies examining the life 

history and population genetics of cod within Trinity Bay to suppon the hypothesis that a 

local subpopulation of the nonhem cod population exists in the bay. Local residency in a 

spawning area is supponed by the year-round occupation of Trinity Bay by adults as 

evidenced by sonic tagging and tracking studies, together with traditional mark-recapture 

and ichthyoplankton investigations. The presence of a local subpopulation is funher 

supponed by genetic differentiation between cod in Trinity Bay and offshore areas when 

sampled during the prespawning and spawning periods. Such genetic differences can only 

occur under at least panial reproductive isolation among breeding units. 
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Table 2.1. Cod egg densities (eggs·m·') at each station and survey period. HEL I, 2, and 3 

represent repeated samples at the Heart's Ease Ledge station (after Smedbol et al. 1998). 

June 1991 July 1991 June-July 1993 June 1995 
Station (day 168) (day 198) (days 180-187) (days 171-173) 

Sl 1.448 

S2 0.783 

S3 0.387 

S4 0.017 0.116 0.104 

S5 0.006 0.096 

S6 0.129 0.445 0.12 

S7 0.008 0.01 0.085 1.119 

S8 0.011 0.006 0.057 

S9 0.007 0.004 0.036 0.517 

SIO 0.009 0.007 0.011 

Sll 0.025 0.002 0.002 0.115 

S12 0.014 

S13 0.116 0.022 

HEL(I) 0.078 0.662 

HEL(2) 0.088 

HEL(l) 0.012 

Sl4 0.37 

SIS 0.122 

S16 0.227 

S17 0.266 

s1a• 0.001 

S19° 0.001 

S20 0.524 

S21" 0.001 

S22° O.oJ8 



Table 2 .2 . Comporison of egg densities (esss·m·') in 199S ond pooled surveys in 1991 ond 1991 in Trinity Bay. From Smedbol et al . 

(1991). 

JUlio of means, all Slltions 

Mean density 199S/sample 1995/pooled 
year years 

June 1991 0.025 20.5 14 
Day 168 

July 1991 0 .017 11.9 
Dayl98 

J-J 1991 0 .064 1.91 
Day 180-187 

June 1995 0 .512 
Day 171-171 

Mean density 
common stations 
only 

0 .011 

O.OOS 

0.041 

0 .584 

Ratio of means, common stations only 

1995/ 
sample year 

45 

117 

14 

199S/ 
pooled years 

10 
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Figure 2.1. Map of the northeast cout ofNewfouodland. The insel box in Trinity Bay 

provides the location of the ichthyoplankton survey area presented in Figure 2.2. 

Modified from Smedbol et al. (1998). 
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Figure 2.2. Mop ofthe Random Island area of Trinity Bay showing the ichthyoplankton survey sites sampled in 1991, 1993, and 1995. 

HEL is Heart's Ease Ledge, a known spawning area (Smedbol and Wroblewski 1997). The three stations !hat were sampled during 

every survey period (S7, S9, and Sll) are encircled; these are the"convnon stations" found in Table 2.2. From Smedbol e1 al . (1998). 
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standard erron. From 5medbol et II. (1998). 



Chapter 3: A subpopulation in Gilbert Bay 

3.1 latroduetion 

The purpose of this investigation was to determine if the coastal regions of 

Labrador also supported inshore subpopulations of northern cod. The more northerly 

location greatly reduces the like~hood that if a local subpopulation exists, its internal 

dynamics would be associated with that ofthe Trinity Bay subpopulation. which lies 

apprm<imately 4. S degrees of latitude further south (Figure 3 .I). 
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In addition to its more northerly location. Gilbert Bay (approximately 52' 35' N, 

ss• SS' W) differs in physical stNcture from Trinity Bay. Gilbert Bay is a nearly enclosed 

embayment due to its many islands and highly irregular shoreline (Figure 3.2), and does 

not contain drowned fjords such as Smith Sound, Northwest Ann. and Southwest Arm in 

Trinity Bay (Figure 2.2). Also, portions ofTrinity Bay are greater than 300 min depth, 

whereas all of Gilbert Bay is less than I 00 m in depth. The historical fishery for northern 

cod in Gilbert Bay was small, localized, and much more recent (Powell 1987) relative to 

the historical inshore fishery of Trinity Bay, which has existed in some form for hundreds 

of yean (Hutchings and Myers 1995). 

I hypothesize that the geography (semi-enclosed embayment) of Gilbert Bay may 

lead to at least some degree of reproductive isolation of local cod, resultins in the 

formation of a discrete local subpopulation belonsins to the northern cod mctapopulaiion. 

The hypothesis of the existence of a subpopulation in Gilbert Bay was tested in two ways: 
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(1) the comparison of morphometric and life history traits of cod from Gilben Bay to cod 

sampled in Trinity Bay (a known inshore local subpopulation) and to cod caprured 

offshore at latirudes similar to that of Gilben Bay, and (ii) comparison ofmicrosatellite 

DNA allele frequency distributions of cod from Gilben Bay to cod from other areas within 

the range of nonhem cod. 

l.:Z Materials and Methods 

3.2. 1 Samplin1 

Samples of adult cod were collected from six locations within Gilben Bay during 

1996-1997. All fish were caprured with rod and lure. A total of n = I 59 fish were 

sampled during the two years. In August 1996, a total of 122 cod were caprured at two 

locations (52" 36.2' N, 55' 55' W, and 52" 35.88' N, 55' 58.63' W) (Figure 3.2), and in 

October n = 12 fish were collected from two separate locations (52' 34.25' N, 55' 59.65' 

W, and 52" 37.25' N, 56' 01 .55' W) (Figure 3.2). The cod collected in October were 

released following measurement and blood sampling for genetic and antifreeze 

glycoprotein analysis (see procedure below). As a result of the lack of age determination 

( ototitha were not collected), these 12 fish &om October 1996 were excluded from the 

morphometric analysis. During May 1997, a fiuther 37 cod were obtained at two other 

nearby locations (S2" 3S.38' N, SS' SS .1S' W, and S2" 34.93' N, S6' 01.2S' W) (Figure 

3.2). 

Fish sampled in Trinity Bay, on Apri124, J99S were used as a comparison group in 

the following analyses. The fish were caprured with an otter trawl (#36 Yankee) with 



11.3 em stretched mesh and a codend liner. The trawl was towed for five minutes at a 

depth of 154 m. 
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In samples from both Trinity Bay and Gilbert Bay, individual age, sex. mass, and 

length were recorded. In the August 1996 sample (n = 122) from Gilbert Bay, only a 

subsample (n = 24) was weighed. Otoliths were removed and used for age determination. 

Stage of sexual maturity was designated following the criteria of Templeman et al. (1978). 

Blood samples for genetic and antifreeze glycoprotein analyses were collected from each 

fish in the October 1996 and May 1997 samples from Gilbert Bay only. 

J.l.l Antifreeze 1lycoprotein u81)'sis 

Cod collected from Trinity Bay in April 1995 and from Gilbert Bay in May 1997 

were examined for serum antifreeze activity (Ruzzante et al. in press). Following capture, 

blood samples were obtained from a caudal blood vessel using a 21 or 23 gauge needle 

and a 3 em' syringe. Samples were immediately transferred to a V acutainer (Becton 

Dickinson) containing sodium heparin. The samples were held on ice until they could be 

centrifuged later in the day. Following centrifugation the plasma samples were removed 

from the Vacutainers and placed in 1.5 ml Eppendorftubes and stored at ·20 'C. Samples 

were later analysed for antifreeze activity at Memorial University's Marine Science 

Research Laboratory (for methods see Goddard et al. 1992). The level of antifreeze 

activity is evaluated by measuring thermal hysteresis; the difference berween the melting 

and freezing point of the sample. Thermal hysteresis is directly proportional to the 

concentration of antifreeze glycoprotein in the blood plasma (Kao et al. 1986). Goddird 

et al. ( 1994) bas shown that in northern cod thermal hysteresis functions as a physiological 



time tag to estimate the duration an individual fish has been resident in sub-zero 

temperature water. 

3.1.3 Fecundity 

36 

Reproductive capacity, the amount of energy allocated to reproduction, and the 

resultant population growth rate are interdependent life history traits that can be used to 

differentiate between conspecific populations. These traits may be phenotypically plastic, 

and differ among subpopulations due to Vlriation in the local environment (e.g. 

temperature, prey abundance). Potential fecundity, defined as the number of viteiiogenic 

oocytes in an ovary prior to spawning (Kjesbu et al. 1991 ), can be used as a proxy metric 

of reproductive effort for a particular spawning seaSon. Potential fecundity-at-age, similar 

to length- and weight-at-age, may vary in cod as a result of differing environmental 

regimes (and perhaps genotype) between sampling locations (May 1967). 

The potential fecundities ofa subsample (n = 15) of the adult female cod captured 

in Gilbert Bay in May 1997 were eotimated by Ruzzante et al. (in press) using the 

gravimetric wet weight method (Bagenai 1978; Kjesbu 1989). Three subsampies of 

ovarian tissue (each 100-200 mg) were taken from the middle of the right ovary. 

ViteUogenic ooc:ytes > 250 ~m in each subsampie were counted using a dissecting 

microscope with an ocular micrometer. Subsample counts were averaged. Potential 

fecundity of each female then was calculated using the wet weight of the ovary. Relative 

fecundity was calculated following Kjesbu and Holm (1994) such that: 
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potential fecundity (oocytes) 
3.1) Relative fecundity -

somatic weight (g) 

These fecundities were compared to published fecundity estimates for offshore Labrador 

(NAFO Div. 2J; May 1967) and Trinity Bay (Pinhom 1984). 

3.1.4 Genetics 

Blood samples (n = 49) from the fish captured in Gilben Bay in October 1996 (n = 

12) and May 1997 (n- 37) were analysed by the Marine Gene Probe Laboratory, 

Dalhousie University (Ruzzante et al. in press). Varlability in allele frequency in five 

microsateUiteloci was analysed. The collection and processing of samples for DNA was 

conducted as described in Ruzzante et al. (1998). Polymerase Chain Reaction (PCR) 

amplification and analysis of these five loci was undenaken following Ruzzante et al. 

(1998). These five microsatellite loci were used in comparisons of the Gilben Bay cod 

with inshore cod from Trinity Bay, as well as with offshore cod from several areas on the 

Nonheast Newfoundland Shelf and the Grand Bank (Figure 3.1) (Ruzzante et al. in press). 

Estimates of subpopulation structure were obtained using F • (Wright 195 1) and R. 

(Slatkin 1995). Genetic distances among populations based on a Stepwise Mutational 

Model were estimated using Dsw (Shriver et al . 1995). For comparison D., (Nei et al. 

1983) a non-Stepwise Mutational Model estimate of genetic distance was also calculated. 

See Ruzzante et al. (in press) for details on the methods of the subpopulation structure 

and genetic distance analyses. 
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Blood samples (n = 87) from fish captured in Gilbert Bay in August 1996 (n = 50) 

and May 1997 (n = 37) were sent to the Pacific Biological Station, Department of 

Fisheries and Oceans, Nanaimo, BC, for a second, independent genetic analysis. Seven 

microsatellite loci were used in the analysis. These loci were different from those used by 

the Marine Gene Probe Laboratory (T. Beacham, Pacific Biological Station, Department 

of Fisheries and Oceans, Nanaimo, BC, personal communication). The analysis by 

Beacham wu compared to the analysis by Ruzzante et al. (in press). 

3.1.! Morphometries 

Length-at-age and weight-at-age were compared for the cod captured in Gilbert 

Bay during 1996 and 1997 to detesmine if these samples could be pooled in subsequent 

morphometric analyses. Length and weight data from Gilbert Bay cod were then 

compared to cod collected inshore in 1995 in the Smith Sound area of Trinity Bay (n = 

50), and to cod collected offshore by the Department of Fisheries and Oceans during 

annual research vessel surveys off Labrador during the years 1978-1995 (see Shelton et al . 

1996). Mean lengths-at-age (n = 177) and mean weights-at-age (n = 177) from the 

research vessel survey were obtained from Tables Jla and 32b respectively, in Shelton et 

al. (1996). Although mean values were used, the means were not weighted by sample 

size, u the numbers caught-at-age were not provided by Shelton et al. ( 1996). No older 

fish (ages 8+ years) were caught in the later years of the survey (1992-1995). This may 

resuk in an unknown level ofbiu. Statistical analyses of morphometric data were 

undertaken with a generallillear model routine (PROC GLM, SAS Inc. 1996). Since 

srowth in length- and weight-at-age are nonlinear functions, regressions were performed 
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on lo&101 transfonned data. and slopes were compared using an ANCOV A fonnat within 

PROCGLM. 

3.1.6 Foetor anolysis 

Prelimi!IIIY genetic analysis suggested the existence of two different groups of fish 

within the Gilbert Bay Slll)p(es from 1996 and 1997, unrelated to yeor of capture. This 

differentiation appeared to be due to allele frequencies in just one of the five microsatellite 

loci analysed (D. Ruzzante, Donish Institute of Fisheries Research, Silkeborg, personal 

communication). In order to further investigate the possibility of population subdivision 

within Gilbert Bay, I conducted univariate and multivariate comparisons ofthetwo 

possible groups of cod. 

Univariate comparisons were undertaken through simple analysis of variance using 

the SAS routine PROC GLM (SAS Inc. 1996). A suite of morphometric variables wu 

tested: length, age, sex, stage of maturity, wet weight, gonad weight, liver weight, gutted 

weight, thermal hysteresis, potential fecundity (subSIII)ple n • 15), and relative fecundity 

(subSIII)ple n • 15). 

A multivariate analysis wu undertaken to determine if the two possible groups 

identified genetically might be resolved through a simultaneous investigation of many 

morphometric meuurements. In this analysis a factor analysis in principal components 

orientation (e.1 Everitt and Dunn 1991) wu conducted using MINITAB (MINITAB Inc. 

1997). A total of eight variables were used: length, age, sex, stage of maturity, wet 

weight, gonad weight, liver weight, and thermal hysteresis. 
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3.3 Results 

3.3.1 Sample desuiptioa 

Cod captured in August 1996 (Appendix A) were sampled from a depth range ofO 

to 14.8 m. in water that ranged in temperature from 11.8 'Cat the surface, to 4.6 'Cat the 

bottom. The cod ranged in length from 38.5 to 69.5 em. in weight from 0.57 to 3.64 kg 

(subsample n = 24), and 4 to II years in age. The cod sampled in October 1996 

(Appendix B) were caught from a depth range of7 to 20m. with water temperatures from 

6.3 'C at the surface to 7 'Cat 20 m. The cod ranged in length from 44.5 to 65 em. and in 

weight from 0.80 to 2.60 kg. The cod sampled in late May 1997 (Appendix C) were all 

caught in the upper 3 m of the water column. Water temperatures ranged from 4 •c at the 

surface to .0.7 'Cat the bottom (approximately 10m). Sampled cod ranged from 38 to 

60 em in length, from 0.49 to 1.99 kg in weight, and 4 to IS years in age. 

3.3.1 Antirreae alycoprotein analysis 

All of the 3 7 cod from the 1997 sample had antifreeze glycoproteins in their 

plasma. and almost 80% exhibited thermal hysteresis levels exceeding 0.3 'C (S. 

Goddard, Antifreeze Protein Canada, St. John's, personal communication). Using the 

method of Goddard et al. (1994) the average thermal hysteresis level of0.37S 'C (SE = ± 

O.OIS 'C) suggests that these cod had been exposed to sub-zero temperature seawater for 

a minimum of60 days (Ruzzanle e1 al. in press). Since sub-zero seawater temperatures 

are usociated with inshore regions of the nonheast Newfoundland and Labrador, these 

6sh can be assumed to have overwintered in the Gilbett Bay area. 
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3.3.3 Fecundity 

The subsample of mature females used in the analysis is small (15 of37 fish). but 

two imponant results were evident in the data: the similarity in (i) fecundity-at-weight and 

the difference in (ii) fecundity-at-age of the Gilbert Bay sample relative to published 

values from other areas. While the female cod from Gilbert Bay were smal~ they had 

typical levels of oocyte production for their size. The potential fecundities as a function of 

weight of the Gilbert Bay females were comparable to the relationship reported by May 

(1967) for northern cod from the northern Grand Banks (Figure 3.3). The regression 

relationship reported in May (1967) was extrapolated to smaller weights as May (1967) 

did not sample any cod under 1.5 kg, and all of the females from the 1997 Gilbert Bay 

sample were below 1.5 kg in weight. 

Due to the relatively slow growth rate of cod in Gilbert Bay, these cod have 

consequently a low fecundity-at-age relative to cod from other areas within the range of 

northern cod. Potential fecundity as a function of age is lower in Gilbert Bay than 

published estimates for Trinity Bay (Pinhorn 1984), and this difference increases with age 

(Figure 3.4). 

3.3.4 Genetics 

Analyses of genetic substructure using estimates of two statistics (F. and R,J 

revealed evidence of subpopulation gene1ic structure with both measures when undertaken 

over all five loci (Ruzzante et al. in press). Single locus estimates using the two statistics 

resulted in differing, but still statistically significant, outcomes. When measured with F., 
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all five loci were responsible for the observed structure, whereas when measured with R,. 

three of the five loci were the origin of the structure (Table 3 ofRuzzante et al. in press). 

Cod from Gilben Bay dift'ered significantly from all other samples of northern cod 

with both measures of genetic diSWICe, D,,. and D •· The distance estimates involving the 

Gilben Bay sample were three- to fourfold greater in magnitude than those between any of 

the other northern cod samples when measured with D •· and generally one order of 

magnitude greater when measured with D,,. (Table 4 ofRuzzante et al. in press,). 

The second, independent genetic analysis rendered similar results despite using a 

dift'erent set ofmicrosatellite loci (T. Beacham, Pacific Biological Station, Department of 

Fisheries and Oceans, Nanaimo, BC, personal communication). The sample from Gilbert 

Bay was the most distinctive of all inshore locations, and statistically different from all 

other areas. Samples collected from the bays of northeastern Newfoundland were not 

dift'erent from one another, but did sbow statistically significant genetic differentiation 

among most but not all offshore samples. 

3.3.5 Morphometric analysis within GObert Bay 

The length-at-age relationship of cod in Gilbert Bay was temporally stable over the 

two year duration of this study. When the comparison was limited to individuals used in 

the genetic analyses (1996, n ~ 48; 1997, n • 37), there was no significant difference 

between the slopes of the two curves (F = 0.04, p • 0.8408). Repeating the analysis using 

all of the available data from the two years (1996, n = 122; 1997, n = 37) did not reveal 

significant differences in length-at-age between years (F = 1.13, p = 0.2901) (Figure 3.5) 
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A similar analysis of weight-at-age could not be undenaken for cod used in the 

genetic analysis, as the genetic sample from 1996 was not weighed. However, those cod 

that were weighed in 1996 (n = 24) were not significantly different in weight-at-age (F = 

1.36, p = 0.2488) from cod sampled in 1997 (n = 36). Due to the lack of difference 

between years in length- and weight-at-age within Gilben Bay. the 1996 and 1997 

sampling years were pooled in subsequent morphometric comparisons of Gilben Bay cod 

to nonhcm cod from other areas. 

3.3.6 Morphometric comparison amana reaions 

Gilbert Bay cod were signiJkantly smaller in length-at-age (p < 0.0001 , F1.,. = 

145.74) and in weight-at-age (p < 0.0001, Fu, = 78.78) than offshore cod from the 

Nonbeast Newfoundland shelf off southern Labrador (Figures 3.6 and 3. 7). Gilbert Bay 

cod were also smaller in length-at-age (p < 0.0001, Fu111 = 15.07) and in weight-at-age (p 

= 0.0036, F,,,,. = 8.87) than cod from Trinity Bay (Figures 3.6 and 3.7). However, 

comparison of the samples frQm Trinity Bay and offshore of Labrador resolved no 

difference in either length-at-age (p = 0.5464, F1, "' = 0.36) or weight...,t•age (p • 0.1516, 

F 1, ,. a 2.07). In addition, the weight-at-length relationship of cod in Gilbert Bay is 

similar to cod in Trinity Bay (Figure 3.8). The Gilben Bay sample fit the (extrapolated) 

weight·at·length relationship estimated by regression for 267 cod caught in Trinity Bay in 

April 1995 (Hiscock 1997). The sample of cod (n • SO) from Trinity Bay in 1995 used in 

the morphometric and genetic analyses is a subsample of this larger data set. Thus. Gilbert 

Bay cod arc not underweight compared to inshore cod of similar length, but rather apPear 

to grow more slowly than cod from similar latitudes offshore and from Trinity Bay. 



3.3. 7 Multivariate analysis of Gilbert Bay cod 

Preliminary genetic analysis suggested the possible existence of two different 

groups of fish within the Gil ben Bay samples from 1996 and 1997, unrelated to year of 

capture. A total of 49 cod were used in the genetic analysis; 12 cod from 1996 and 3 7 
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cod from 1997. Since the cod caught in 1996 were later released, the full suite of 

morphological measurements was not recorded. Therefore the subsequent morphological 

comparison of the two possible groups within Gilbert Bay identified by the genetic analysis 

used only 36 (one fish was not aged) of the 37 cod caught in 1997. 

The possible existence of two groups within Gilbert Bay was not substantiated by 

an analysis of phenotypic characters. Comparison of single variables using oneway 

ANOV As revealed no significant differences between the two identified groups (Table 

3 .I). In addition, factor analysis of a suite of morphometric variables did not support the 

existence of two groups of cod (figure 3. 9). The unrelated factor loadings and factor 

coefficients for the first three factors are presented in Table 3.2. The three weight 

variables were relatively highly correlated (O.SI4 ~ r ~ 0.710), therefore gonad and liver 

weights were excluded and the analysis was undertaken again using six variables. The 

outcome of this second analysis is provided in Table 3.3 and Figure 3.10. The subsequent 

exclusion of sex in a third analysis of the five remaining variables resulted in an 

improvement in the variance explained (Table 3.4 and Figure 3.11). This was the only 

reason for the exclusion of this variable. In the three tests, the first two components 

explained 64-70% of the variance, and the first three components explained 79-89% of the 

variance. 
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3.4 Discussioa 

Atlantic cod that inhabit Gilbert Bay, Labrador were genetically distinguishable 

from other inshore (Trinity Bay) and from adjacent offshore (Labrador) components of 

northern cod, In addition, cod in Gilbert Bay grew more slowly and therefore 

demonstrate lower length- and fecundity-at-age relationships, thus their capacity for 

production and recruitment was lower than northern cod from elsewhere within the 

population's range. These results lead me to conclude that: (i) a subpopulation of 

northern cod exists in Gilbert Bay, and (i1) thus the subpopulation located in Trinity Bay is 

not a unique phenomenon. 

Temperature is responsible for the greatest proportion of variation in growth for 

Atlantic cod throughout their range (Brander 1994), therefore the relatively small size-at

age for Gilbert Bay cod suggests that they experience lower temperatures than any other 

subpopulation of northern cod (offshore and inshore). The observed levels of thermal 

hysteresis and the inferred production of antifreeze glycoproteins are consistent with the 

above suggestion. These resuhs indicate that the cod from Gilbert Bay overwinter in 

subzero inshore waters (temperature below the seasonal thermocline is subzero 

year-round; unpublished data) and do not migrate offshore as do the majority ofnonhem 

cod. However, the Gilbert Bay cod assessed for antifreeze activity were collected on May 

30 and June I from the surface layer that had a shallow (3 m) thermocline above which 

temperatures ranged from 2.5 "C to 5.8 •c and below which temperatures were 

consistently< 0 •c. The time of year, local temperature and the proposed pattern of 

antifreeze produc:tion in cod (Fletcher et al, 1987) lead me and my coUeagues (Ruzzante et 
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al. in press) to conclude that the antifreeze levels in the cod were decreasing from thermal 

hysteresis values 0.5 'Cor greater. Such values are attained after greater than 75 days of 

exposure to subzero temperatures and are maintained as long as the fish remain in subzero 

water (Goddard et al. 1994). Antifreeze is lost from the blood plasma at a rate 

proponional to the temperature of the fish: the biological half-life is 15.6 ± 5 days at S 'C, 

37.3 ± 2.9 daysat 1 'C and> 100 days at< 0 'C (Fletcher et al. 1987). Incursions of cod 

into the warmer surface layer in Gilbert Bay would initiate antifreeze clearance and 

provide the range of thermal hysteresis estimates observed (Ruzzante et al. in press). 

These observations and their interpretation are consistent with those reponed for 

overwimering cod in Trinity Bay (Goddard et al. 1994; Ruzzante et at. 1996). 

Sonic tagging studies recently conducted in Gilbert Bay (J. Green and J. 

Wroblewski, Memorial University ofNewfoundland, St. John's; unpublished data) show 

that cod not only overwinter in Gilbert Bay, they remain active in subzero temperatures 

throughout the winter. Observations of their reproductive stages (Appendix C) indicate 

these cod would spawn in late spring and early summer as do cod that overwinter in 

Trinity Bay (Smedbol and Wroblewski 1997; Smedbol et al. 1998) and as do cod from 

Ope Lake, Baffin Island (Patriquin 1967). Therefore cod spawning within Gilbert Bay 

occurs much later than oll'shore spawning (January to March; see Myers et at. 1993), 

suggesting temporal barriers to gene Oow due to envitonmental effects between inshore 

cod (both from Gilbert Bay and Trinity Bay) and offshore nonhern cod. Such limitations 

to gene Oow meet one of the requirements for the existence of meta population dynamics: 
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semi-isolation of subpopulations, with few migrants exchanged, resulting in asynchronous 

(independent) subpopulation dynamics. 

Other lines of evidence for year-round presence of cod within Gilben Bay include 

the existence of a historical (at least since 1973) longline, trap, and gillnet fishery in the 

inner reaches of the bay in the early spring. before the otfshore-spao.ning/inshore

migrating cod arrive at their inshore feeding grounds (Powell 1987). Such a "two-stage" 

fishery pattern is consistent with that reponed for other embayments in Newfoundland 

(Lilly 1996). 

The relatively high and significant levels of population structure estimated in the 

microsatellite DNA analysis undertaken by Ruzzante et al. (in press) indicate that there are 

imponant barriers to gene ftow among the five population components that include two 

inshore subpopulations (Gilben Bay and Trinity Bay) and three offshore cod aggregations 

from the Nonheast Newfoundland Shelf and the Grand Bank region (figure 3.1). 

Estimates ofD. and Dsw genetic distance between any pairwise combination of these five 

population components indicate that cod from Gilben Bay are the most genetically 

divergent of the five components because the estimates are three- to ten-fold larger when 

Gilben Bay cod are involved than when they are not (Ruzzante et al. in press). This 

illustrates that Gilben Bay cod are more reproductively isolated than are the other 

identified subpopulations ofnonhern cod. 

The investigations presented in this chapter identify three imponant characteristics 

of the Gilben Bay subpopulation in relation to the dynamics of the (proposed) nonhern 

cod metapopulation. First, this subpopulation is small relative to other nonhern cod 
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subpopulations in terms of geographic extent. Small population size allows genetic drift in 

neutral markers. Second, the relatively high degree of genetic isolation may indicate that 

the penistence of this subpopulation is less influenced by immigration (the "rescue effect"; 

Hanskii 1991) compared to other subpopulations. Third, the Gilben Bay subpopulation 

experiences relatively slow population growth, as evidenced by slow individual gro"'1h 

and low fecunclity-at-age. From these three characteristics I conclude that the Gilben Bay 

subpopulation is likely to exhibit a higher base probability of extinction in a 

metapopulation framework than other nonhern cod subpopulations. Small population 

size, slow growth and reduced fecundity-at-age make Gilben Bay cod panicularly 

vulnerable to the effects of commercial fislting. 



Table 3. I. Oneway ANOV A comparisons of single variables between the two possible 

groups (n = I 0 and n = 26) of cod within the sample from Gilbert Bay in 1997, as 

identified by microsatellite allele frequency. 

Morphological trait F statistic p- value 

Length(cm) 0.2 0.657 

Age (years) 1.2 0.282 

Stage of maturity 0.32 0.578 

(six Slages; Appendix C) 

Wet weight (kg) 0.17 0.682 

Gonad weight (g) 0.1 0.752 

Liver weight (g) 0.61 0.438 

Gutted weight (g) 0.12 0.727 

Thermal hySieresis ('C) 0.76 0.388 

Potential fecundity (oocytes) 1.11 0.312 

Relative fecundity (~es'§'l 1.25 0.284 
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Tobie 3.2. Principii componcn1 factor onalysis of Gilbert Bay cod sampled in 1997 oonducted with eight morphometric variables. 

Flldor loodinp ore pr-ed in Figure 3.12. 

Variable Unrotated factor loadings Factor score coefficienls 

Factor I Factor 2 Factor l Factor I Factor 2 Factor 3 

Lensth(cm) -0.923 -0.270 -0.064 -0.272 -0.158 -0.059 

Ase(yeor) -0.527 -0.242 0.498 -O.ISS -0.142 0.464 

Wd weigh! (kg) -0.939 -0.253 -0.017 -0.277 -0.148 -0.016 

Sex -0.192 0.816 -0.247 -0.056 0.417 -0.230 

Stage of maturity -0.226 0.809 0.026 -0.066 0.473 0.024 

Gonad weight (kg) -0.811 0.261 -0.008 -0.239 0. 153 -0.007 

Liver weight (kg) -0.798 0.061 -0.218 -0.235 0.036 -0.203 

Thermal hysteresis ("C) 0.041 -0.350 -0.844 0.012 -0.205 -0.786 

Variance 3.3933 1.7109 1.0737 

%Variance 0.424 0 .214 0.134 
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Table 3.3. Principal cornponenl factor lllllysis of Gilbert Bay cod sampled in 1997 conducted with six morphometric variables. Factor 

loadi"'!! arc presented in Figure 3.13. 

Variable Unrowed factor loadings Factor score coefficients 

Factor I Faclor 2 FICior 3 Factor I Faclor2 Factor 3 

Length(cm) 0.967 0 .037 0 .146 0 .416 0.025 0.143 

Age (year) 0 .671 0.022 ..0.376 0.289 0.014 ..0.366 

Wet weight (kg) 0.954 0.042 O.o78 0.410 0 .028 0.076 

Sex ..0.139 0 .786 0 .293_ ..0.060 O.SI8 0 .28S 

Slagc of malurily 0.058 0.858 0.136 0.02S 0 .565 0.133 

Thermal hysteresis ("C) 0 .079 ..0.401 0.868 0.034 ..0264 0.846 

Variance 2.3247 1.5188 1.0264 

%Variance 0.387 0.2S3 0.171 
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Table 3.4. Principol component fil:lor onolysis ofGilben Bay wei sampled in 1997 <OIIduacd wilb five n10rphometric variables. Factor 

lodnas•• pr-..1 in FiJ!ure 3.14. 

Variable Unrotatcd factor loadings Factor score coefficients 

Faaor I Factor 2 Factor 3 Factor I Factor 2 Factor 3 

Lcnslh(cm) 0.968 -0.061 -0.141 0.418 -O.OS6 -0.160 

Age (yell') 0 .671 0.011 O.SI8 0.290 0.074 O.S61 

Wet weisht (ks) 0.9S4 -0.021 -0.109 0.412 -0.018 -0.118 

StaBe of maturity 0.109 0.727 -0.621 0.047 0.606 -0.672 

Thermal hysteresis ("C) 0.066 -0.811 -0.486 O.o28 -0.676 -O.S2S 

Variance 2.3151 1.1997 0.9243 

%Variance 0.463 0.240 0 .185 



si 

g 
-8 so 
-~ 
11 
-l 

48' 

60' 

ss· 
Longitude (W) 

so· 

km -0 so 100 

Figure 3 .I. l.oc:alions where northern Allantic cod were ooUec:ted for senetic analysis: 

53 

S2. 

so· 

48' 

Gilbcn Bay (A), NOR Til~. SAND(*), SOUTH <•>. and Trinity Bay (e). The box 

provides the location and extent of the GiJben Bay study area presented in Figure 3.2 · 

(after IWzzante e1 al. in press). 
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Figure 3.2. Locations in Gilbert Bay where samples were collected in August 1996 (n ~ 

122}, October 1996 (n ~ 12), and May 1997 (n ~ 37). Note the nearly land-locked 

geography of Gilbert Bay. 
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Figure 3.3. Potential fecundity for Gilben Bay cod (n • 15) sampled in May 1997 (circles) 

planed against guned-gilled wei&ht. The fecundity-weight relationship for cod from the 

nonhem Grand Banks reponed by May (1967) is given by the solid curve, and 

extrapolated (dashed curve) to tbe lower weights of the Gilben Bay sample. 
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Figure 3.4. Potential fecundity for Gilbert Boy cod (n = 15) sampled in May 1997 (circles) 

plotted against age. The fecundity-age relationship for Trinity Bay cod reported by 

Pinhom (1984) is given by the solid curve (after Ruzzante et al. in press). 
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Figure 3.5. Length-at-age relationships for the subsamples of cod caught in 1996 (circles, 

n ~ 48) and 1997 (squares, n ~ 36) used in the genetic analysis. Regression lines: 1996 

(dashed line, Length~ 29.885Age'·'"); 1997 (dotted line, Length~ 29.448Age' ·" ''); all 

cod caught in 1996 and 1997 (solid line, Length~ 33.238Age' ·" ' , n ~ 159). 
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Figure 3.6. Length-age relationship for Gilbert Bay cod (open circles, n ~ 159) sampled in 

1996 and 1997 compared to Trinity Bay cod (filled triangles, n ~ 50) sampled in April 

1995 and to the research vessel (RV) survey in NAFO Division 21. For each sample, the 

solid, heavy curve is the regression relationship; the inner lines around the regression line 

are the upper and lower 95% confidence limits (Cis) for the population estimates; and the 

outer lines are the 95% Cis for individuals. The survey data for 21 were obtained from 

Table 31a in Shelton et al . (1996). 
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Figure 3.7. Weight-age relationship for Gilbert Bay cod (open circles, n ~ 60) sampled in 

1996 and !997 compared to Trinity Bay cod (filled triangles, n ~ 50) sampled in April 

1995 and to the research vessel (RV) survey in NAFO Division 2J. For each sample, the 

solid, heavy curve is the regression relationship; the inner lines around the regression line 

are the upper and lower 95% confidence limits (Cis) for the population estimates; and the 

outer lines are the 95% Cis for individuaJs. The survey data for 2J were obtained from 

Table 32b in Shelton et al. (1996). 
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Figure 3.8. Weight-length relationship for Gilbert Bay cod (n ~ 37) sampled in May 1997 

(circles), compared to Trinity Bay cod (n ~ 267) sampled on 24 April 1995 (curve 

expressed by W ~ 1.15 x 10'2 Lm; r' ~ 0.91, p < 0.0005). The trianglesrepresent the 

subsample of 50 cod from the sample of267 cod from Trinity Bay that was used in the 

morphometric anaJysis. 
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Fisure 3.9. Scores plot of the finltwo principal components generated from a factor 

analysis incorporating eight morphometric variables from the Gilbert Bay cod sample 

collected in May, 1997. Members of the two putative subgroups derived from 

microsatellite genetic analysis are identified by hollow or filled circles. 
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Figure 3.10. Scores plot ofthe first two principal compcnents generated from a factor 

analysis incorpcrating six morphometric variables from the Gilbert Bay cod sample 

collected in May, 1997. Members of the two putative subgroups derived from 

microsatellite genetic analysis are identified by hollow or filled circles. 
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Figure 3 .II . Scores plot of the firsl two principal components generated from a factor 

..Wy.is incorporating five morphometric variables from the Gilbert Bay cod sample 
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Figure 3.12. Factor loadings from a factor analysis in principal components orientation 

incorporating eight morphometric variables from the Gilbert Bay cod sample collected in 

1997. 
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Figure 3.13. Factor loadinss from a factor analysis in principal components orientation 

incorporating six morphometric variables &om the Gilben Bay cod sample collected in 

1997. 
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Chapter 4: A metapopulation model of northern cod 

4.1 Introduction 

In the previous chapters I reviewed evidence for spatial structure in northern cod 

during the breeding season. I contend that this structure can be interpreted as 

subpopulation structure in northern cod. In Chapter 1 I reviewed previous studies that 

suggested the existence and location of subpopulations associated with major offshore 

banks. Chapters 2 and 3 presented recent, detailed evidence supporting the existence of 

local subpopulations in the coastal areas of Newfoundland (Trinity Bay) and Labrador 

(Gilbert Bay). These subpopulations are at least semi-isolated from the rest of northern 

cod as indicated by genetic differentiation among areas. While mixing of individuals from 

different subpopulations occurs during the feeding season, these subpopulations segregate 

during the spawning season. Mechanisms responsible for this isolation may include local 

retention of eggs and larvae, spatial separation of spawning sites (with fittle straying of 

adults), and differences in the timing of the local spawning intervals (temporal separation). 

From evidence contained in published studies, together with my recent collaborative 

investigations in Trinity and Gilbert Bays, I conclude that northern cod can be viewed as a 

metapopulation, and thus the spatial dynamics of this stock complex may be adequately 

modelled using metapopulation theory. 

In this chapter I use the basic model of Levins (1970) to explore, via simulations, 

the spatial dynamics of northern cod. I tiiOdiiY the Levins model and redefine some of its 
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components in order to apply the model to the particular situation presented by northern 

Atlantic cod. The objectives of this modelling investigation are: I) to examine the spatial 

dynamics of this metapopulation on scales of years, as evidenced in the occupancy rate of 

known major spawning areas; 2) to derive first approximations of the values of the model's 

colonization and extinction parameters; 3) to examine how the metapopulation may 

behave during periods of declining occupancy; 4) to predict recovery times from relatively 

low to high states of occupancy under various parameter values. 

4.l Tbe model 

The model for northern cod will be derived from the basic metapopulation 

equation as presented by Levins (1970). Recall from Chapter I that : 

4. 1) f!_ = mP(I - P) - eP 
dl 

where Pis the fraction of habitat patches occupied at timet, m is the "colonization" 

pararneler, and e is the "extinction" parameter. The rate of colonization of new (empty) 

habitats is usumed to be proportional toP, the fraction of occupied habitats, and to (I • 

P), the fraction of unoccupied habitats. 

In the model for nonhem cod, P represents the proportion of suitable spawning 

areas that are occupied, analogous to the proportion of occupied habitat patches in 

models for terrestrial species. In terms of my hypothesis, one important assumption is 
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made: an individual breeds in only one of the designated areas during a single spawning 

season. The panicular spawning area in which an adult spawns may differ between years, 

but the individual must spawn in only one during a single spawning season. 

4.2.1 Panmeter estimation 

I estimate colonization and extinction rates for northern cod subcomponent areas 

as follows. Tbe values of the colonization and extinction parameters in the model are 

affected by a number of biotic and abiotic processes in a species specific manner. A 

number of the mechanisms and species characteristics that influence northern cod 

metapopulation dynamics are listed in Table 4.1 . These factors are included because they 

affect the possible numbers of dispersers available for colonization and the ability of 

individuals to reach other subpopulations and unoccupied habitat (spawning areas). 

Populations with a relatively high intrinsic rate of natural increase (r) have the ability to 

produce numerous migrants. The mobility (e.g Lear and Green 1984; Wroblewski et al. 

1995) of adult cod provide migrants with the ability to reach any spawning area from one 

season to the next. While cod prefer particular prey and thermal regimes ( eg. Rose 1993; 

Taggan et al. 1994), they consume a wide variety of prey species and are found inhabiting 

a broad range of ocean temperatures. Numerous studies have reponed the importance of 

the physical structure of the environment, such as currents, in the spatial and temporal 

dynamics of marine fishes (e.g. MacCall 1990). Physical processes influence the dispersal 

(or retention) ofpropagules, the location migration pathways, and productivity of the 

ecosystem (e.g. Sinclair 1988). Climate and weather, while operating on different time 

scales, produce both direct and indirect effects on the metapopulation (Cushing 1982). 
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Environmental conditions such as water temperature can affect cod directly, or indirectly 

by influencing the dynamics of prey species (e.g. Rose 1993). 

I propose that with the lack of direct studies of individual subpopulations, 

reasonable parameter estimates for the simple model may be derived from an analysis of 

cod life history on appropriate time scales. Metapopulation dynamics concern the 

turnover of subpopulations rather than individuals. Metapopulation models are usually 

solved on generational time scales. However, reproduction in Atlantic cod is age-

structured, with a number of mature age-classes contributing to reproduction each year. 

Thus an annual time scale may be more appropriate, or at least more manageable 

considering that age-at-maturity can change over ti,;,e (Taggan et al. 1994; Morgan and 

Draney 1997). 

4.2.1.1 The ertinclion parameter 

Individual cod can survive to a considerable age, with one cod as old as 29 years 

recorded (Scott and Scott1988). However, cod very rarely exceed 25 years of age. In 

the stock assessment process, an annual survivorship of 80% (i.e. 20% natural monality) 

is assumed for serually mature year-classes (Shelton et al. 1996). I use the maximum 

individual lifespan to arrive &I appropriately scaled rates of extinction (e) in the model. A 

spawning area will not become "extinct" (unoccupied) unless spawning has been 

unsuccessful for the entire lifespan of the youngest individuals in the sub population during 

the period of spawning failure. In addition, there must be no substantial immigration into 

the subpopulation (no rescue etfect). The period from binh to death of the youngest 
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individuals can be no longer than the maximum individual lifespan of 29 years. Therefore, 

the extinction rate is per I maximum lifespan, so e can be no lower than: 

4.2) .. 
29 years 

or e ~ 0.03 yr·' . 

The conditions I have listed above of no rescue effect and successive years of complete 

spawning failure are unlikely to commonly cx:cur, given the historic spatial spread and age 

structure of this population(> to' adults aged 6+ yeass in the early 1960s; Taggart et al. 

1994). 

4.2./.21hecoloni:alionparamelor 

An estimate of the colonization parameter m is more difficult to determine. I have 

used literature sources to estimate historic values of P, and derived a value form knowing 

P and e. During the late 1800s and early 1900s, the commercial fishery was prosecuted 

across the entire latitudinal range of northern cod, from the northern area of the Grand 

Bank in the south to Cape Chidley at the northern tip of Labrador (Lear and Parsons 

1993). However, during its history the northern cod fishery has exhibited substantial 

variation in total catch and in catch per unit effort at regional (i.e. lcx:al subpopulation) 

spatial scales (Lear and Parsons 1993, Figures 2 and 3; Hutchings and Myers 1995, Figure 

2). In addition, other populations of Atlantic cod have also shown such variation, to the 

point of local fishery collapse (e.g. Jonsson 1994; 0iestad 1994). Thus I assumed that 

prior to intensive, large scale hariesting ofthc stock, at least 90% of the major spawning 
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areas were occupied ( P = 0.9). I then solved forthe value ofm using values of P = 0.9 

and e = 0.03 yr·• under equilibrium conditions. Recall from Chapter I that at equilibrium: 

4.3) 

Therefore, using the above parameter values m = 0.3 . 

Another imponant characteristic of the nonhem cod metapopulation model is the 

manner in which empty spawning areas are recolonized. I contend that the agents of 

colonization of unoccupied areas may be groups of adult cod, drifting eggs and larvae, or 

both. Recolonization of habiw to the nonh against the mean current ftow is probably 

accomplished by adults (Figure 1.2c). Southern areas may be colonized by either adults or 

drifting eggs and larvae. Colonization by adults is achieved by groups of fish rather than 

individuals. Spawning areas are occupied by sexually mature individuals, and prespawning 

and spawning adults tend to aggregate in shoals; relatively large shoals in offshore areas 

(e.g. Rose 1993), and considerably smaller shoals inshore (e.g. Rose 1996; Smedbol and 

Wroblewski 1997). If recolonization was to occur through the immigration to an 

unoccupied area by just & few mating pairs of adults, the survivorship of offspring would 

have to be high to establish a resident subpopulation. Shoals of adult fish often travel long 

distances (Rose et al. 1995; Wroblewski et al. 1995) and may end up spawning in new 

areas. An example of these movements (relocations) of such shoals may be the 

aggregation detected in Smith Sound, Trinity Bay in April 1995 (see Chapter 2; Rose 

1996; Smedbo1 et al. 1998) and monitored in the Sound on several occasions thereafter. 
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4.2. / .J The effect of fishing 

The northern cod population has been exposed to some level of harvest, either 

subsistence or commercial fishing, for approximately 500 years (Hutchings and Myers 

1995). The impact of fishing on the spatial dynamics ofnonhem cod could be significant. 

While fishing monality in areas within the range of nonhem cod has been estimated 

(Myers et al. 1997a), at present no studies have documented fishing monality at a suitable 

geographic and temporal scale to be of direct use in the model. Therefore, without direct 

estimates of the fishing mortality, the influence ofharvesting must be indirectly 

incorporated into the model. l111:00mpUsh this by separating the extinction parameter e 

into two tenns, such that: 

4.4) 

where eN is the "natural" extinction rate in the absence of fishing, and e, is the extinction 

rate due to harvest. The extended Levins model for nonhem cod then becomes: 

4.5) 

If e, = Q )'(1, p will be ClOse tO J. As the value OfeN + e, apprOICbeS nl, the 

metapopulation begins to decline in spatial range as the number of occupied areas 

decreucs. Since during the historical record northern cod has only recently (the 1960s) 
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undergone a substantial decline, lhe historical effect of fishing on the extinction parameter 

must have been relatively small (e, « m). 

While I have chosen values for !he colonization and extinction parameters based 

on several assumptions discussed above. model runs were executed wherein these values 

were varied in order to determine the possible effect of incorrect parameter estimation on 

lhe predictions derived from !he model. The first set of model runs was undenalcen with 

the extinction parameter held constant ate = 0.03 yr·• as conceived from the occupancy 

limitations due to maximum life expectancy. In the second sec of model runs, the 

colonization parameter was held constant at m z 0.3 yr·•, as determined from Equation 4.3 

and lhe assumption of historic equilibrium proponidn of occupancy at P • 0.9. This 

procedure allowed for the analysis of the effect of fish harvesting on the race of extinction 

of occupied spawning areu. I determined lhe fishing effect (e, ) on nonhero cod through 

!he comparison of model output under various levels of e co the actual recent collapse of 

the nonhem cod population. 

4.3 Results 

4.3.1 Equilibrium soluriou of the buic Levins merapopularion model 

Equilibrium solutions of !he Levins model (Equation 4.3) for various values of !he 

colonization (m) and extinction (e) parameters are presented in Figures 4.1 and 4.2. The 

proponion of occupied spawning areu increues from zero as the colonization parameter 

exceeds lhe extinction paramerer. lfm is twice !he value ofe,lhen half of !he suitable 



areas will be occupied. If m is three times the value of e, then 67 % of the areas will be 

utilized, and 90 % of the areas are used if m is I 0 times larger than e. 

4.3.1 Model dynamia witb an utinction parameter value of e • 0.03 yr·• 

15 

Model output for an extinction parameter value ofO.OJ yr·•, under a range of 

colonization rates and initial occupancies is presented in Figure 4.3. Several 

generalizations are possible from the analysis. First, irrespective of the colonization 

parameter value, the time to reach equilibrium decreases as the initial area occupancy 

increases. Second, as the colonization parameter is reduced, the time to reach equilibrium 

increases for all initial values of the proponion of occupied areas. Third, decreasing the 

colonization parameter value results in a concomitant decrease in the proportion of areas 

occupied at equilibrium. As a result, a low rate of colonization relative to the extinction 

rate haa a dual effect on the spatial dynamics of the metapopulation: the time period 

required to reach equilibrium is extended and the proponion of occupied areas at 

equilibrium is reduced. 

4.3.3 Model dynomia witll 1 colonization parameter of 111 • 0.3 yf'1 

Model output for a colonization parameter value ofO.J yr·•, under a range of 

extinction rates and initial occupancies is presented in Figure 4.4. The effect of increasing 

the extinction rate is comparable, but not identical, to the effect of deceasing the 

colonization rate. Similar to tbe result of falling 111 values, the time period necessary to 

reach equilibrium increases u tbe initial occupancy decreases, regardless of the magnitude 

of tbe extinction parameter. In addition, rising values of e effect a decrease in the 

proponion of occupied areu at equilibrium (Table 4.2). However, u e is increased, the 



time required to reach equilibrium does not lengthen as quickly as under a regimen of 

decreasing colonization rate (figures 4.3 and 4.4). 
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Decreasing both m and e by an order of magnitude results in the same equilibrium 

P. but the time period to reach equilibrium becomes unrealistically long (order SO years). 

4.4 Discussion 

In this modelling study, I have derived values for the colonization and extinction 

parameters that are first appro>eimations of the actual values, when considering the model 

output in the context of recent and historical spatial dynamics of nonhem cod. I have 

hypothesised that in the absence of a commercial fishery, nonhem cod usually occupy 

most, if not all of the effective spawning areas. This supposition seems to be supponed by 

an analysis of the spatial spread and pan em during the history of the commercial fishery 

(Hutchings and Myers 1995). The mctapopulation model! have constructed can be used 

to develop predictions of the spatial dynamics of this population during periods of 

population collapse and subsequent recovery. Population collapse may have natural (e.g. 

environmental) and anthropogenic (unsustainable levels of harvesting) causes, together 

with possible interactive effects berween these factors. Given that overfishing is generally 

ICcepled u the primary cause ofthe recent collapse ofnonhem cod (e.g. Hutchings and 

Myers 1994), the model can be used to predict how the spatial dynamics of the 

metapopulation will behave during the decline, and how various levels of fishing imensity 

may affect the spatial recovery of this population, keeping in mind that fishing effects on 

abundance are included only inditectly in the metapopulation model. 
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4.4.1 Model panometerization or tbe elfect of fishing: t, 

The result of modifying the extinction parameter to include the effect of harvesting 

on the stock is a decrease in the number of occupied spawning areas at equilibrium (Figure 

4.4). As one would expect. the decline in the number of occupied spawning areas is 

accentuated under increasing rates of extinction. Following the implementation of 

harvesting, the new equilibrium proponion of occupied areas is attained in 10-20 years, 

depending on the intensity of fishing (Figure 4.4). 

The prediction that I would draw from this analysis is that under prolonged and 

intenJive fishing, the distribution of the northern cod metapopulation during the spawning 

season would be reduced u some of the aggregations (subpopulations) associated with 

particular spawning locations decline to extinction due to sustained overexploitation. The 

model cannot predict what will happen to individual subpopulations. only that the number 

of suitable areas occupied will be reduced. If harvesting does not increase to the point 

where the persistence of the entire metapopulation is threatened, the system will reach a 

new equilibrium, albeit with fewer subpopulations than prior to exploitation. 

This prediction from the model is supported by the changes in distribution of 

northern cod following the implementation of new gear technology in the commercial 

fishery. The unsustainability of inshore catch rates in both the early (Hutchings and Myers 

1995) and recent fishety provides one piece of evidence (Hutchings and Myers 1994). 

Myers et al. (1997a) used mark-recapture data to estimate that since the 1940s 

exploiwion rates of inshore components of northern cod have been very high, with 

inswuaneous fishing mortalities exceeding F ~ I (> 63% mortality per year) in the 1980s 
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and early 1990s. At the least, these inshore subpopulations had a very low probability of 

increasing in abundance during this period under such high levels of fishing mottaliry. 

Currently, only a few known spawning areas are occupied by nonhern cod, including 

Triniry and Gilben Bays (Chapters 2 and 3), the nonhern Grand Bank (e.g. Shelton et al. 

1996), and Hawke Saddle, on the southern edge ofHamilton Bank (Figure 1.3; G. Rose, 

Fisheries Conservation Chair, Memorial University of Newfoundland, personal 

communication). 

4.4.1 Model predi<lions for r«olonizalion by northern <od 

Since the summer of 1992 the nonhem cod stock complex has been under a 

commercial fishing moratorium. A limited commercial fishery will be permitted in 1999. 

Metapopulation models of nonhero cod could be used to provide insight as to how this 

population might recover, in terms of there-occupation of currently empry spawning areas 

within the metapopulation's hiSiorical geographic range. When and how might these 

empry areas be recolonized? In the metapopulation model I conSiructed for notthern cod, 

initial conditions of low occupancy (P) result in extended recovery intervals (Figure 4.4). 

Essentially, the lower the initial occupancy of spawning areas (the current situation for 

nonhern cod), the longer the time period required to return to an equilibrium proponion 

of occupied areas. This delay is enhanced by elevating the value of the extinction 

parameter (e) to simulate increasing levels ofharveSI (fishing monaliry). For inSiance, at 

an initial occupancy proponion of P = 0.1, the length of time to return to equilibrium 

occupancy increases from 27 to 40 years as the extinction parameter is raised from e = 
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0.03 to 0.1 S yr·' (Table 4.2). In addition, the metapopulation will reach equilibrium with a 

lower proponion of areas occupied. 

I interpret the model simulations as providing the prediction that if adult 

aggregations function in colonization of unoccupied spawning areas, commercial fishing 

will inhibit the spatial recovery of the non hem cod metapopulation. The simulations imply 

two possible efl'ects of fishing upon metapopulation recovery: (I) the length of time 

required for recovery to equilibrium proportions of area occupancy wiD increase relative 

to the amount of time needed under a moratorium, and (2) the proponion of spawning 

areas used by nonhem cod at equilibrium will be lower than the proponion occupied by 

this metapopulation in the absence of commercial harvesting. 

I hypothesize that fishing afl'ects the rate of spatial spread (recovery) by limiting or 

removing excess individuals from occupied areas, thereby preventing these individuals 

from serving as colonizing immigrants to currently unoccupied areas. Recolonization 

would therefore be more dependent on the straying (drift) of eggs and larvae, which is 

much more likely to occur in the direction of the mean current flow (south of the 

spawning location), rather than against the mean current (nonh of the spawning area). 

Support for these model predictions can be obtained from documented changes in 

nonhern cod distnbution. As an example, intense overfishing from 1965-1969 decimated 

the subpopulations associated with Sa&lek and Makkovik Banks of!' nonhem Labrador 

(Figure 1.3) (NAFO Divisions 2G and 2H}. These subpopulations have yet to recover, 

and commerciol catches in these areas have remained low since the early 1970s (Lear and 

Parsons 1993). In tact, the lack of recovery in these areas is the reason cited for their 



80 

exclusion from the management unit of nonhero cod, designated as NAFO Divisions 

2J3KL, which includes the range from Hamilton Bank in the north to the northern section 

of the Grand Bank in the south (Pinhorn 1976), even though Saglek and Makkovik Banks 

were considered a northern component of the northern cod stock complex (Lear and 

Parsons 1993). This e.ample also demonstrates the lack of synchrony in the dynamics of 

the constituent subpopulations, which is one of the defining characteristics of 

metapopulation structure. 

An examination of the dynamics of northern cod following the implementation of 

the 200 mile Economic Exclusion Zone in 1977 by the Government of Canada also 

provides some evidence for model predictions of a ;patial recovery. Northern cod has 

been fished at relatively high intensities since the introduction of offshore otter trawlers 

into the fishery (Hutchings and Myers 1994). The metapopulation model predicts a 

decrease in the number of occupied spawning areas with increased total rate of extinction 

e, where e includes the simulated inlluence of fishing (Equations 4.5 and 4.6). Following 

the institution of the 200 milo limit, northern cod exhibited some recovery in abundance 

(e.g. Hutchings and Myers 1994), however most of these potential colonizers were gone 

by the late 1980s, harvested by the commercial fishery, thus precluding the possible re

occupation of empty spawnins areas in the northern section of the meta population's 

geographic range. 

The model presented in this chapter is sensitive to changes in the extinction 

parameter (Figure 4.4). For a recovery to occur, time is needed for currently occupied 

areas to increase in abundance to the point where enough adults have been produced to 



form potential colonizing awegations. These awegations then reoccupy surrounding. 

empty spawning areas. If the model is realistic, then any fishing on the remaining 

subpopulations would he detrimental, since harvesting removes potential colonizers. 
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Local subpopulations must exhibit more than just existence. In order for unoccupied areas 

to be colonized, these subpopulations must be fully occupied to produce: (1) the surplus 

of adults necessary to form recolonizing awegations, and (2) the quantity of eggs 

required for successful recolonization by larval drift. The production of adults is 

especially necessary for the recolonization of the more northerly spawning areas, as these 

locations do not receive input of eggs and larvae from drift, which occurs in a southerly 

direction. 

4.4.3 Comparison of model pnclictiono with current field observations 

At present, seven years have passed since nonhem cod was placed under a 

commercial fishing moratorium, and there is still little sign of recovery in either total 

abundance or spatial spread of the total population (Anonymous 1998). However, there is 

some evidence of increased abundances in inshore areas (Anonymous 1998). In contrast, 

the metapopulation model predicts at least a limited recovery in the proportion of 

occupied areas after 10 years (Figures 4.3, 4.4). So why is there no sign of the predicted 

recovery? 

One reason may be that the remaining subpopulations have not increased in 

abundance to the point where sullicient numbers of colonizing adults or larvae have been 

produced. The srowth rates of individual subpopulations may be relatively low; Myers et 

al. (1997b) have estimated a maximum intrinsic rate of natural increase ofr. = 0.17 for 
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nonhern cod as a whole. This value of'. was one of the lowest estimates in an analysis of 

20 different cod stocks. 

Alternatively, growth of the these subcomponents may be curtailed by losses due 

to incidental twvesting. Even though there is no directed commercial fishery for northern 

cod, a small but perhaps important amount of cod is still caught in the "sentinel- fishery 

and as bycatch in ongoing fisheries for other species. The Stock Status Report for 

northern cod published by the Department of Fisheries and Oceans states that 

approximately IS 000 toMes of northern cod has been harvested from 1993 to 1997 

(Anonymous 1998), with about 1000 toMes caught per year since 1994. Fishing mortality 

on inshore subpopulations may still be high enough to have an influence on population 

growth. It should be noted, however, that the catch rates in the "sentinel fishery" have 

increased steadily in the last few yean (Anonymous 1998). While the influence of fishing 

on recolonization of empty areas cannot be directly quantified, the effect may still exist (e, 

> 0). 

A third possibility for the absence of a detectable recovery may be the loss of 

individuals through increased natural mortality. For instance, much interest is currently 

centned on the possible impact upon northern cod of the increased abundance of a major 

predator, the harp seal, PhoaJ groenlandica (Gagne 1999). 

The model predictions may be overly optimistic due to incorrect parameter 

estimates. Lower values for the colonization and extinction parameters will still result in 

relatively high proportions of occupied areas 11 equilibrium, as long as the ratio of these 

parameters remains the same as in the modd simulations (i.e. m is much larger than • ) . 
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For instance, values of0.3 yr·• and 0.03 yr·• form and e respectively (as I estimated for 

nonhem cod in the absence of harvesting), result in an equilibrium P of0.9 (Figure 4.3). 

Note that for a value of m 10 times the value of e, P will be 0. 9; for example, values of m 

~ 0.1 yr·' and e = 0:01 yr·' still retumP = 0.9 at equilibrium. However, lesser colonization 

rates result in greater elapsed time until equilibrium ocoupancy is attained. For example, 

using the parameter values m • 0.3 yr"1 and e • 0.03 yr·', it takes approximately 27 years 

to reach equilibrium (Table 4.2, Figure 4.3), but iftbese values are reduced as above tom 

= 0.1 yr·' and e = 0.01 yr"1, a period of about 100 years is necessary to attain equilibrium 

occupancy. 

A time scale of greater than 30 years for either collapse or recovery in the 

proponion of occupied areas may be unlikely, however. Collapses and recoveries during 

the history of the nonhern cod fishery tended to occur over 10-30 year periods (see Lear 

and Parsons 1993; Hutchings and Myers 199S). This time range is similar to historical 

collapse and recovery periods reponed for other Atlantic cod fisheries in Greenland (e.g. 

Cushing 1982), Iceland (Jonsson 1994), and the Barents Sea (0iestad 1994). 

The genetic techniques used to provide evidence for metapopulation Slructure in 

nonhern cod (Chapters I to 3) do not suggest the same levels of exchange between 

subpopulations. If dilferences in microsatellite DNA allele frequencies exist at the 

subpopulation level (e.g. Ruzzonte et al. 1997; Ruzzante et al. in press) then the exchange 

of reproductively successfW individuals between subpopulations must be relatively low; 

otherwise such differentiation would not develop. The genetic evidence would therefore 

suggest that due to low exclw!&e mes, the rate of colonization of unoccupied areas 
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would be concomitantly low. Conversely, evidence for metapopulation structure supplied 

by mark-recapture studies of adult cod (e.g. Lear 1984) and the drift of esss and larvae 

(e.g. Helbig et al. 1992) sussest higher rates of migration and (or) dispersal. These types 

of studies therefore sussest that colonization rates would be relatively high. What is 

unknown in these studies is whether exchanged individuals interbreed successfully within 

their "adopted" subpopulation. 

4.4.4 Weaknesses and strentllbl orthe metapopulation model 

The metapopulation model I have used is based on the model of Levins (1970) in 

which space is treated impficitly rather than realistically. The Levins (1970) model 

describes only the presence or absence of subpopulations in habitat patches. Each 

subpopulation is considered to be equally coMected to each other, and thus their spatial 

locations are ignored in the model (Hanski 1994b ). A spatially realistic metapopulation 

model incorporates all information concerning the number, size, exact location, and 

coMectivity of habitat patches (Hanski 1994b; Hanski and Simberlotr 1997). The purpose 

of such models is to arrive at specilic quantitative predictions about the dynamics of real 

metapopulations (Hanski and Simberloff 1997). 

While a realistic treatment of space in the metapopulation model of nonhern cod 

would constitute a preferable representation of metapopulation structure, an implicit 

approach wu used because at present there is not enough information to construct a 

spatially realistic model. Perhaps most imponantly, the actual number of put and present 

apawnintl areu occupied by nonbern cod is unknown. Large expanses of coutal 

Labrador have yet to be surveyed for the purposes of subpopulation structure 



determination. Additional subpopulations may exist, likely relatively small in area and 

abundance, in the fjords and bays of central and northern Labrador. 
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Another problem is that it is not possible, based on available data, to determine 

accurately the proper boundaries around the designated spawning areas. This is one 

reason why I portrayed the spawning locations as fairly extensive geographically in order 

to maximize the probability that all spawning would occur within the boundary of the area 

(Figure 1.3). During periods of high total population abundance, these boundaries may 

likely become less definite, especially for offshore spawning areas. However, it is 

important to recall from Chapter I that microsatellite genetic analyses and mark-recapture 

data suggest the cohesion of the subpopulation units. Individuals return each year to the 

same spawning location (with some straying) to generate enough reproductive isolation to 

result in subpopulation genetic differentiation. 

A potential weakness of the Levins ( 1970) model is that the internal population 

dynamics of subpopulations arc essentially ignored; a patch (spawning area) is considered 

either empty or occupied, with no treatment of the demographics of subpopulations. This 

is a necessary simplification since few data exist concerning the internal dynamics of 

northern cod subpopulations. Separate census data for each putative subpopulation docs 

not exist. Rather, abundance estimates exist only at the greater spatial scale of the entire 

metapopulation (northern cod stock complex), and only for a relatively short time series 

(approximately 20 yean; Anonymous 1998). This lack of resolution at the subpopulation 

spatial scale currently prevents the determination of subpopulation-specific colonization 

and extinction rates. 
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It is therefore a necessary simplifYing assumption that nonhem cod exists as a 

strict, Levins style metapopulation (see Chapter 1). For example, the subpopulation 

associated with the area of Hamilton Bank is orders of magnitude larger than the 

subpopulation located in Gilben Bay (Figure I. I). Due to the model's implicit nature, 

however, all spawning areas are treated as equivalent in el<lent and isolation. This is 

unavoidable as there is a lack of adequate data concerning the rates of exchange belween 

spawning areas. While a mark-recapture database does exist for nonhem cod (Taggan et 

al. !99S), it does not have the spatial and temporal resolution required to generate 

accurate estimates of exchange rates of adults among all population subcomponents 

during the spawning season. In a spatially realistic metapopulation mode~ such 

information would be useful in the calculation of specific e.change rates between all 

possible pairs of subpopulations within the metapopulation. Parameterizing these linkages 

would provide insight to the possible existence of a rescue effect for some subpopulations, 

suggesting a relationship more akin to source-sink dynamics (Pulliam 1988) than a true 

"classical" metapopulation wherein all subpopulations are equal in size and degree of 

isolation. 

4.4.! Alternate spatial models of mobUe marine fishes 

Several models have been proposed to explain the observed patchy distributions 

(e.g. Steele 1977) of organisms in marine ecosystems. Marine fishes are no exception to 

this general rule of patchiness, and exhibit varying density on a range of temporal and . 

spatial scales. Most mobile marine fish populations with large geographic ranges undergo 

increases in local density during the spawning season. In addition, populations of 



87 

temperate or near-arctic species such as cod usually have at least one defined spawning 

area (and period), which is occupied with some degree of interannual fidelity (e.g. Harden

Jones 1968; Cushing 1982). 

The main question of interest has been: how do populations persist in particular 

geographic locations? An example of such an hypothesis is the "triangle of migration" 

proposed by Harden-Jones ( 1968). In this model, prespawning adult fish migrate against 

the prevailing current (contranatantly) to the spawning area and subsequently spawn. The 

adults then drift with the current (denatantly) away from the spawning area and return to 

the feeding grounds. Larvae drift from the spawning area to the nursery area, which is 

separate from the adult feeding ground. 

In a later model tUlly developed by Sinclair (1988), the concept of spatial 

population persistence using the mechanisms of migration and drift was expanded into the 

"member\ vagrant" hypothesis. This hypothesis states that the number of populations of a 

fish species is a function of the number and geographical location of areas within which 

the species can attain life cycle closure. The locations are oceanic gyres or other retention 

features that are geographically persistent from year to year. These systems, coupled with 

larval behaviour enhance local retention. 

These early models describe the geographical persistence of entire populations, but 

do not address the phenomenon of intrapopulation differentiation in regional density 

exhibited by many fish species. An approach that does examine this characteristic is the 

"basin model" ofMacCall (1990). MacCall used the concepts of density dependent 

habitat selection and the ideal free distribution to model the patchy distribution of 



individuals within the range of a population. The crux ofMacCall's model is that if the 

ideal free distribution functions within a fish population, then the spatial pattern of 

population density will correspond to basic habitat suitability. 
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The basin model is not at odds with the metapopulation concept. If areas of less 

suitable habitat exist within the population's range, these areas would be less densely 

occupied than surrounding area. With a decline in abundance, the population range would 

contract inward to areas of higher suitability. This contraction might be sufficient to cause 

the abandonment of less suitable areas in favour more suitable habitat. Under such 

conditions, the basin model would predict a spatial pattern resembling metapopulation 

structure. However, such a free-flow model does not explain the distinguishable genetic 

differences between subpopulations in nonhem cod. 

4.4.6 Metapopulation structure in other demenal morine rubes 

I contend that a number of demersal fish species with reproductive areas 

encompassed in large geographic ranges exhibit metapopulation structure during a 

segment of the seasonal reproductive cycle. During the spawning season most ground fish 

show intra-annual variance in regional density. The highest density variance is shown 

during the prespowning and spawning seasons, followed by a postspawning feeding 

dispersal. Local subpopulations often exhibit strong interannual fidelity to specific 

geographical spowning areas. 

This spatial segregation during the spawning season is displayed by the cod (Gadus 

morhua) stocks off Norway, where coastal (fjord) cod are considered to be genetically 

and behaviourally distinct from migratory Nonheast Arctic cod (Jakobsen 1987; Dahle 
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1991; Salvanes and Ulltang 1992; Dahle and Jerstad 1993). Northeast Arctic cod spawn 

in several areas along the nearshore banks. Spawning occurs mainly at Lofoten, but also 

to the north near Serey and to the south as far as Mare (Bergstad et al. 1987). Evidence 

from tagging experiments indicates that spawners rerum to their location of first spawning 

in subsequent spawning seasons (G0d0 1984). Coastal cod, found in the fjords and 

nearshore areas ofNorway, are considered a subpopulation separate from Northeast 

Arctic cod (00de and Moksness 1987). The spawning subpopulations in the coastal areas 

are often comprised of two elements. One unit is resident in the area year-round, and the 

other unit includes individuals that migrate from neighbouring fjords and offshore areas 

(0000 1984; Jakobsen 1987; Salvanes and Ulltang 1992), yet these subpopulations remain 

genetically distinct. Regardless of the question of distinct populations, it is important to 

note that both inshore (Jakobsen 1987) and offshore (Bergstad et al. 1987) spawning 

occurs in predictable areas year after year. 

Some other fish populations may be structured as metapopulations. Barents Sea 

saithe (Polliachius virens) is another abundant, commercially exploited population that 

exhibits discrete spawning areas within its overall range. Saithe spawn on the coastal 

banks off Mare, Haltenbanken and Lofoten, and in the northern North Sea (Bergstad et al. 

1987). This stock has shown fairly substantial emigration to stocks found around Iceland 

and the Faroe Islands (Jakobsen and Olsen 1987). 

Recently, other researchers have advocated the utilization of a metapopulation 

approach in describing the spatial dynamics of marine fishes. Bailey ( 1998) and Bailey et 

al. (in press) have proposed the existence of generalized metapopulation structure in 



walleye pollock, Theragra chalcogramma. McQuinn (1997) has suggested that the 

structure and dynamics of Atlantic herring (Ciupea harengus) may best be described 

within the metapopulation concept. To date, however, no modelling analyses of 

metapopulation dynamics have been undertaken for marine fishes with large geographic 

ranges. 

4.4. 7 Generalizing the metapopulation approach ror demersal marine rubes 
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Investigations of the spatial dynamics of commercially important groundfish stocks 

are usually perfortned using data from annual research trawling surveys. Such surveys are 

undertaken during the same period every year, and usually have a limited duration. For 

instance the research survey for northern cod is carried out over a 8- I 0 week period from 

October through December (e.g. Shelton et al. 1996). However, there is variation in the 

timing oflarge scale movements and migrations offish stocks. Most large populations 

undergo seasonal feeding-spawning migrations (e.g. Harden-Jones 1968) that may be 

adaptations for high abundances (Nikolsky 1963 ). The timing of these migrations varies 

interannually in response to environmental stimuli such as temperature that also vary 

around a mean seasonal cycle (Smith 1985; see Colbourne et al. 1997 for northern cod). 

Such interannual variation in the seasonal distribution of populations may temporally alias 

the results of studies that calculate fish distributions from assessment survey data (e.g. 

Swain and Wade 1993; Marshall and Frank 1994; Marshall and Frank 1995). This 

complication is in addition to problems inherent in most distributional indices derived from 

survey data (see Marshall and Frank 1994). 
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Levins' (1970) metapopulation model estimates the proponion of suitable areas 

that are occupied, rather than the number of individuals in each area. Thus, local 

dynamics such as srowth and predation are ignored in simpler fonns of the model. This is 

useful because mark-recapture studies often lack the spatial resolution necessary to "map" 

intrahabitat abundance or density. With a metapopulation approach, one is interested only 

in how discrete subcomponents interact to fonn a dynamic metapopulation spread across a 

large range. 
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Table 4.1. Some factors influencing the metapopulation dynamics of nonhern cod, where 

m is the colonization parameter and e is the extinction parameter. 

Influence m 

population growth rate (r) 

lifespan 

mobility 

currents 

migration 

shoaling behaviour 

interoparity 

"generalist" species (very adaptable) 

Influence e 

natural monality rate 

lifespan 

weather 

climate 

currents 

prey distributions 

predator abundance 

disease 

fishing 



93 

Tlblc 4.2. Length of lime required lo reach cquHibrium propoctioo of occupied orcas under a range of initial occupancy rates. The 

colonization parame1er is held cons11111 at"'= 0.3 yr'. and 1he exlinclion paromeler is increased by mulliplcsof e = 0.03 yr'. The 

equilibrium proportion of occupied oreas (P 6) is listed below lhe exlinclion paromeler value. 

Length oflime required 10 reach equilibrium proponion of occupied oreas (years) 

lnilial proponion of e=0.03 e = 0.06 e =0.09 e=O. I2 e=O.IS 
occupied oreas (P) (P,=0.9) (P,=0.8) (P6 = 0.7) (P,=0.6) (P,=O.S) 

0.1 27 29.S 32.S 355 40 

0.2 24 26 28 30.S 33.S 

0.3 22 23.S 25 27 28 

0.4 20.S 21.5 22.S 23 21 .S 

o.s 18.S 19 19.5 18 0 

0.6 17 17 IS 0 19 

0.7 IS ll.S 0 IS.5 22.5 

0.8 12 0 14 19 24.5 

0.9 0 12.5 16.5 21 25.S 

0.9S 8.S 13.S 17.5 215 26 
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Figure 4.1 . Three~dimensional representation of the equilibrium (steady state) solutions for 

the Levins ( 1970) metapopulation model, showing the change in proportion of occupied 

spawning areas (P) under a range of colonization (m) and extinction (e) parameter values. 
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Fipre 4.2. Two-dimensional represenwion of the equilibrium (steady stare) solutions for 

the Levins ( 1970) mcrapopulation model, showins the chanse in proponion of occupied 

spawnins areas (P) under a ranse of colonization (m) and extinction (e) parameter values. 
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Fipre 4.3.1. Dynamics of the metapopulation model with an extinction parameter value of 

e = 0.03 yr·' ond a colonization parameter value of m = 0.3 y(1, under a range of initial 

proponions of occupied spawning areas. 



97 

s 1.0 

I 0.8 .. 
c 

-~ 
g. 
il 

l 0.4 

'S 
8 0.2 l 
.!: 

0.0 
10 20 30 40 so 60 

Time (years) 

Figwe 4.3.2. Dynamics of the metapopulation model with an extinction parameter value of 

e = 0.03 yr"1 and a colonization parameter value of m a 0.2S yr·•. under a range of initial 

proportions of occupied spawnins areas. 
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Figure 4.3.3. Dynamics of the metapopulation model with an extinction parameter value of 

e = 0.03 yr"1 and a colonization parameter value ofm • 0.2 yr·•, under a range of initial 

proportions of occupied spawning areas. 
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Figure 4.3 .4. Dynamics of the metapopulation model with an extinction parameter value of 

e = 0.03 yr"1 and a c:olonization parameter value ofm • 0.15 yr·•, under a range of initial 

proponions of occ:upied spawning areas. 
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Figure 4.3.5. Dynamics of the metapopulation model with an e>etinction parameter value of 

e = 0.03 yr·• and a colonization parameter value ofm ~ 0.1 yr·•, under a range of initial 

proponions of occupied spawnins areu. 
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Figure 4.4.1. Dynamics of the me1ap0pulalion model with a colonization parameter value 

of m = 0.3 yr·• and an extinction parameter value of e = 0.06, under a ranse of initial 

proportions of occupied spawnins areas. 
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Figure 4.4.2. Dynamics of the metapopulation model with a colonization parameter value 

of m = 0.3 yr·• and an extinction parameter value of e • 0.09, under a range of initial 

proponions of occupied spawning areas. 
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Figure 4.4.3. Dynamics of the metapopulation model with a colonization parameter value 

ofm = 0.3 yr·• and an extinction parameter value of e = 0.12, under a range of initial 

proponions of occupied spawnins areas. 



Chapter S: Summary and conclusions 

5.1 Summary 

In this dissertation I have proposed that nonhem cod may be considered a 

metapopulation, a set of local populations within some larger area where typically 

migration from one local population to at least some other subpopulation is possible 

(Harultii and Simberlotr 1997). Evidence for the semi-isolation of offshore spawning 

components is derived from a number of sources. Metapopulation subdivision is 

supponed by the observed temporal stability of occupancy of specific spawning areas. 

The fidelity of spawning sites is suggested by mark-recapture studies, and is indirectly 

supponed by the sampling of adult cod in spawning condition, and in egg and larval 

surveys. The existence of sub population structure is fun her upheld by analyses of life

history and morphometric characteristics, and more recently with large scale genetic 

studies. 
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Repons of inshore overwintering and spawning have indicated the possibility of 

inshore subcomponents of nonhern cod. With collaborators, I undenook two separate 

studies to ascertain the existence of inshore subpopulations. The existence ofa local 

subpopulation in Trinity Bay, Newfoundland, is supponed by data from original and 

published studies of(1) spawning times and locations within the bay, (i1) mark-recapture 

analysis of adult cod, and (iii) difl'erentiation of microsateUite allele frequencies in northern 

cod. Spawning periods were consistent interannually, ranging from late spring to late 
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sununer. Mark-recapture and sonic tracking studies demonstrated that cod are resident in 

Trinity Bay year round, and that most cod marked in the spring remain in the area for at 

least several years. Analysis of microsatellite allele frequencies revealed that cod 

overwintering in Trinity Bay are genetically distinct from some other components of 

northern cod. From these observations I concluded that a subpopulation is present in 

Trinity Bay. 

In continued collaboration with others (Ruzzante et al . in press), I selected the area 

of Gilbert Bay. Labrador, as a second possible location of a coastal subpopulation. Cod 

sampled in Gilbert Bay were significantly smaller in length-, weight- , and fecundity-at-age 

than cod from similar latitudes offShore and from cod in Trinity Bay. These fish are also 

genetically distinct from the resl of northern cod. Thus, cod from Gilbert Bay grow more 

slowly, ore less fecund, and are at least semi-isolated reproductively from other 

components of northern cod. Gilbert Bay cod, therefore, also constitute a loc:al 

subpopulation of northern cod. 

Following these field studies, I constructed a conceptual model ofthe 

mctapopulation dynamics of northern cod. I modified the original model of Levins ( !970) 

to include implicitly the eft'ects of harvesting on the spatial dynamics of northern cod. 

derived first approximations of the values for model colonization and extinction 

parameters. The model predicts the extinction of some subpopulations under continual 

and intensive fishing eft'ort. The time period necessary for a recovery, and the spatial 

extent of this recovery (as measured by the reoc:cupation of empty spawning areas) is also 

influenced by the intensity of harvest. In presenting this model I propose that 



recolonization is achieved by aggregations of mature cod and drifting larvae that 

successfully reproduce in the newly colonized spawning area in subsequent years. 

5.2 Recommeudatious for future research 
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I believe that the next phase of modeUing analysis of nonhem cod is to move from 

implicit to realistic approaches in representing the metapopulation dynamics of this 

population. In order to construct these more realistic models, additional information is 

required. The subcomponents of nonhem cod are unequal in geographic extent and 

obviously differ in abundance u well. These characteristics have implications in 

metapopulation dynamics. For example, a large subpopulation is less likely to become 

extinct than a relatively smaller (less abundant) subpopulation. Therefore, the extinction 

rates for individual subpopulations would vary. The specification of these individual rates 

requires knowledge of each subpopulation. Ac(juiring this information requires that 

studies be undenaken on each population subcomponent; a finer spatial scale resolution 

than current stock usessment swveys. For monitoring the recovery, surveys would have 

to be extended to coutal areas to usess inshore subpopulations and their spawning areas, 

which is very difficult in light of the lack oftrawlable bonom in the inshore and the need 

to maintain Slandardized sampling protocols. The feasibility of additional usessment 

surveys is questionable, given the extra COli and the current low monetary value of the 

northern cod fishery. As an interim measure, if spawning areas are recolonized in the_ 

future, differences in subpopulation-specific extinction rates could modelled on an ordinal 

or rank ICale, from lowest to highest probability of extinction. While this approach may 



not require assessment surveys for each subpopulation, an accurate, relative ranking 

requires more infonnation than is cunently available. 
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Reasonably accurate estimates of the rate of exchange of individuals among the 

constituent subpopulations of the northern cod metapopulation also is required for a 

spatially realistic metapopulation model. The exchange of individuals can have an 

imponant effect on metapopulation dynamics through the "rescue effect", thus decreasing 

a subpopulation's probability of extinction. These rates also provide insight into the 

relative isolation of individual subpopulations. For example, spatially distant 

subpopulations may exchange fewer strays than subpopulations occupying neighbouring 

spawning areas, and exhibit less synchrony in their dynamics. 

Necessary data concerning the exchange of adults might be obtained through a 

synoptic mark-recapture program. Tagging could be undertaken upon each subpopulation 

during the spawning season, to maximize the probability of assigning spawners as 

members of their true sub population. Only recaptures from designated spawning periods 

would be used in analyses ofmetapopulation dynamics. Tagging could be repeated 

annually to determine if exchange rates, and therefore model parameters vary with time. 

Assessment of the nelative importance oflarval drift is more problematic. Mapping 

egg and larval drift patterns is not sufficient. The origin of successful colonizers would 

have to be ascertained (e.g. Heath 1989; IWzzante et al. 1996). 

Assisted by these new data, more sophisticated metapopulation models may aid in 

addressing questions concerning the recovery of northern cod. Meta population sttucture 

should be taken into account in the management strategy of a future conunercial fishery. 
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Spawning aggregations (subpopulations) are targeted easily in a commercial fishery due to 

the seasonal predictability of their location. Shoal densities can remain high under 

sustained exploitation, even as subpopulation abundance declines to very low levels 

(Hutchings 1996). This "escalation ofcatchability" (Bevenon 1990) can result in the 

rapid commercial extinction of specific population components. The existence of 

subpopulation genetic differentiation leads to issues of the conservation of genetic 

diversity in this metapopulation under a directed fishery (Ruzzante et a!. in press). 

Regardless of genetic subdivision, metapopulation structure has potentially important 

irnp~cations for successful fishery management (Smedbol 1998). The potential loss of 

specific subpopulations would entail a concomitant loss of phenotypic characteristics, 

including behavioural adaptations to local conditions as expressed during ~fe history, e.g. 

migration routes, and the timing and location of spawning (Rose 1993). 

Populations of many marine fish species undergo periods of mixing (and isolation) 

that are usually related to feeding (and reproduction). The metapopulation approach may 

be an umbrella concept under which to unite the various panems, behaviours, and 

strategies identified by researchers as inlluential in the spatial dynamics of marine fish 

species. 
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Appendix A. Data from northern Atlantic cod (Gadus morhua) sampled in Gilbert Bay, 

Labrador during August 1996 (n ~ 122). 

Fish II or Length Age Whole weight Fish II or Length Age Whole weight 
Tag II (em) (years) (kg) Tag II (em) (years) (kg) 

I 50.0 9 1.25 30 50.5 9 
2 69.5 10 3.12 31 43.5 

47.0 1.15 32 51.0 9 
4 46.0 1.01 33 43.5 
5 43.0 4 1.10 34 39.5 
6 51.5 1.39 35 44.0 
7 44.0 10 0.81 36 42.5 
8 41.0 6 0.73 37 49.5 6 
9 41.0 9 0.68 38 47.5 7 
10 38.5 4 0.57 . 39 S2.S 5 
11 42.0 5 0.73 40 66.0 6 
12 63.5 2.5a 41 42.5 
13 40.0 9 0.62 42 46.5 
14 46.0 1.01 43 42.5 
15 46.5 0.85 44 41.0 
16 51.5 10 1.35 45 38.5 
17 41.0 6 0.75 46 44.5 
18 42.0 4 0.81 47 44.5 8 
19 51.0 7 1.24 48 45.5 5 
20 49.5 5 1.09 49 43.0 
21 63.5 9 3.64 so 42.0 
22 42.0 4 1.36 51 51.0 
23 47.5 6 1.82 52 51.5 
24 41.0 1.36 53 44.0 6 
25 53.0 II S4 42.0 
26 45.0 9 55 43.0 6 
27 Sl.S 56 48.0 6 
28 Sl.O 9 57 49.5 8 
29 58.0 sa 56.5 9 
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Fish Nor Length As• Whole weight Fish# or Length Age Whole weight 

tas# (em) (yean) (kg) TagN (em) (yean) (kg) 

59 53.0 6 925 54.5 II 
60 54.0 9 817 56.5 10 

61 44.0 9 767 47.0 

62 48.0 6 907 47.5 6 

63 43.5 5 873 44.0 

64 42.5 6 778 52.0 5 

65 44.5 6 859 67.5 II 

66 41.0 6 824 44.0 

67 44.5 6 833 55.5 II 

68 48.5 9 648 41.5 5 

69 49.5 6 668 45.5 6 

70 49.0 9 921 48.0 6 

71 50.0 9 760 47.5 

746 43.0 6 820 43.0 

916 50.0 9 691 43 .5 9 

887 46.0 10 823 46.0 6 

888 43.0 7 860 46.5 

802 66.0 10 811 43 .0 

755 42.0 6 628 47.5 6 

844 46.5 6 781 45 .5 

850 S4 .0 9 885 43.0 6 

889 41.5 6 839 48.0 6 

870 44.0 6 893 47.0 5 

752 42.0 10 834 47.0 9 

769 42.0 5 843 47.5 

900 49.5 10 647 50.0 9 

816 45.0 6 886 41.5 6 

766 42.0 6 869 48.5 

913 42.5 9 902 52.S 

827 47.0 7 812 46.S 

837 51.0 9 842 51 .0 

771 53.5 818 48.0 6 
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Appendix B. Length and weight ofnonhcm Atlantic cod (Gadus morlrua) sampled in 

Gilben Bay, Llbrador, during October 1996. 

Fish # Length Whole weight 
(em) (kg) 

I 44.S 0.80 
2 49.0 1.10 

46.0 1.00 
so.s 1.30 
S2.S 1.7S 

6 S8.0 2.10 
7 63.0 2.SO 

6S.O 2.60 
S2.0 I. SO 

10 S2.0 1.40 
II S4.0 1.60 
12 S6.0 1.80 
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Appendix C. Data from northern Atlantic cod (Gadus,_,) oamplcd in Gilbert Bay, Labrador on May 27, 1997. 

Fish II l.e"81h Wet A&e Sex Maturity Gonad Uver Gutted Condition Potential Relative 
(an) ..... (years) weight weight weiaht factor fecundity fecundity 

(q) (kg) (kg) (kg) (oocytes) (oocytes·g') 

39.0 0.51 5 F MAT.BP 0.06 0.02 0.41 0.891 109552 658.62 

2 45.0 0.84 6 F MAT.P 0.06 O.ol 0.11 0.922 255858 128.02 
47.0 0.96 10 F MAT.P 0.10 0.04 0.79 0.925 414755 505.51 

4 50.5 1.21 1 M MAT.P 0.11 O.OS 1.00 0.940 
s 41 .0 0.5S s M IMM 0.01 0.01 O.SO 0.798 

6 51 .0 1.12 6 M MAT.P 0.11 0.04 0.96 0.844 
18.S O.S5 5 F MAT.AP 0.06 0.02 0.44 0.964 201817 41S. I 

8 45.5 0.84 6 F MAT.P 0.15 0.04 0.62 0.892 114879 485.13 
9 42.5 0.68 4 M MAT.P 0.05 0.01 0.59 0.886 
10 49.0 0.91 7 F MAT.P 0.09 0.03 0.78 0.790 478328 569.44 

II 51.5 1.58 6 F MAT.BP 0.20 0.05 1.22 0.831 160832 261.47 

12 52.5 1.43 s M MAT.P 0.10 0.05 1.21 0.988 
11 19.5 0.52 6 M MAT.P 0.05 0.01 0.42 0.844 

14 44.5 0.68 6 M MAT.P 0.04 O.ol 0.62 0.772 

IS 19.0 O.S5 5 M MAT.P 0.04 0.02 0.48 0.927 

16 SI .O 1.26 9 F MAT.P 0.19 O.oJ 0.92 0.9SO 117647 166.03 

17 4S.O 0.84 8 M MAT.P 0.05 0.02 0.71 0.922 

18 47.S 1.06 1 M MAT.P 0.05 0.04 0.92 0.989 
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Fish II Length Wet Age Sex Mllurity Gonad u- Guned Condition Potential Relative 
(em) wcitlht (yells) weisJII weight weisJII fKior fecundity fecundity 

(k&) (ks) (ks) (ks) (oocytes) (oocytes·a·'> 

19 46.0 0.93 8 F MAT.CP 0.20 0.03 0.60 0.955 217968 298.59 

20 52.5 1.2 IS M MAT.P 0.10 0.02 1.03 0.829 

21 50.5 1.15 6 M MAT.P 0.08 0.02 1.01 0.893 

22 44.0 0.75 6 F MAT.CP 0.14 0.01 0.57 0.880 
23 53.4 1.46 7 F MAT.BP 0.20 0.05 1.14 0.959 350328 278.04 

24 51 .5 1.17 7 F MAT.P 0.11 0.03 0.94 0.857 283756 267.69 
25 50.0 1.02 6 F spent L 0.01 0.05 0.92 0.816 
26 39.0 0.49 4 M MAT.P 0.02 0.01 0.43 0.826 
27 49.0 1.03 6 F MAT.P 0.11 0.04 0.83 0 .875 551489 599.44 

21 60.0 1.99 9 M MAT.P 0 .21 0.06 1.64 0.921 
29 52.5 1.27 8 M MAT.P 0 .07 0.02 1.11 0 .878 

30 46.0 0.98 6 F MAT.P 0.10 0.05 0.76 1.007 479220 544.57 

31 40.0 0.54 6 F IMM 0.01 0.47 0.844 

32 38.0 0.52 5 F MAT.P 0.05 0.02 0.43 0.948 271897 578.5 
]] 48.5 1.1 6 M MAT.P 0 .07 0.03 0.95 0.964 

34 48.5 1.07 8 M MAT.P 0.04 0.02 0.90 0.918 

35 48.5 I. OS 5 M MAT.P 0 .05 0.04 0.89 0.920 

36 46.0 0.86 6 F MAT.AP 0.08 0.03 0.71 0.884 287826 369.01 

37 41 .5 0.64 M MAT.P 0 .05 0.04 0.56 0.895 
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Appendix D. Data from nonhem Atlantic cod (GadlJs morhua) sampled in Gilben Bay, 

Labrador during 1996 and 1997 (n = 159), in Trinity Bay, ApriL 1995 (n =SO), and during 

the Depanment of Fisheries and Oceans research vessel (RV) survey in Nonh Atlantic 

Fisheries Organization (NAFO) Division 21, 1978-1995 (see Tables Jla and 32b in 

Shelton et al. 1996). The 21 RV data ue means-at-age. 

Gilben Trinity 21 RV survey 
Bay Bay 

Age Length Whole Age Length Whole Survey Age Length Whole 
(yean) (em) weight (yean) (em) weight yeas (years) (em) weight 

(kg) (kg) (kg) 

9 so.o 1.25 46 0.785 1978 2 29 0.223 
10 69.5 3.12 49 0.960 1978 3 38 0.487 
7 47.0 l.IS 51 1.070 1978 4 46 0.947 

46.0 1.01 52 1.060 1978 5 54 1.580 
4 43.0 1.10 52 1.100 1978 6 60 2.199 
8 Sl.S 1.39 52 1.215 1978 66 2.515 
10 44.0 0.81 52 1.260 1978 8 69 3.862 
6 41.0 0.73 52 1.325 1978 9 79 4.365 
9 41.0 0.68 52 1.330 1978 10 80 5.771 
4 38.5 0.57 53 1.140 1978 II 87 6.358 
5 42.0 0.73 53 1.170 1978 12 90 9.136 

63.5 2.53 53 1.205 1979 2 30 0.263 
9 40.0 0.62 53 1.240 1979 41 0.682 
8 46.0 1.01 53 1.395 1979 4 48 1.023 

46.5 0.85 53 1.465 1979 5 S6 1.593 
10 51.5 1.35 54 1.260 1979 6 61 2.379 
6 41.0 0.75 S4 1.325 1979 68 2.748 
4 42.0 0.81 S4 1.435 1979 74 2.753 
7 51.0 1.24 S6 1.445 1979 9 69 6.193 
s 49.5 1.09 S6 1.575 1979 10 77 5.428 
9 63 .5 3.64 57 1.780 1979 II 87 7.191 
4 42.0 1.36 57 1.815 1979 12 86 6.206 
6 47.5 1.82 57 1.985 1980 2 31 0.240 
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Gilbert Trinity 2JRV survey 
Bay Bay 

Age LenstJ! Whole Age Lenstb Whole Survey Age Length Whole 
(yean) (em) weisJtt (yean) (em) weisJtt year (years) (om) weisJtt 

(kg) (kg) (kg) 

41.0 1.36 S9 1.830 1980 39 0.528 
39.0 0.53 Sl 1. 110 1980 4 so 1.046 

6 45.0 0.84 6 52 1.2SS 1980 s S4 1.363 
10 47.0 0.96 6 53 1.230 1980 6 61 2.0SS 

so.s 1.21 6 S7 1.400 1980 64 2.548 
41.0 0.5S 6 57 1.670 1980 70 3.090 

6 SI.O 1.12 6 SB 1.540 1980 82 5.986 
38.5 l.SS 6 sa 1.640 1980 10 83 7.628 

6 4S.S 1.84 6 S9 I.S90 1980 11 86 6.546 
4 42.5 0.68 6 60 I.S8q 1980 12 87 7.723 
7 49.0 0.93 6 60 1.660 1981 30 0.228 
6 S7.S I.SB 6 60 1.925 1981 39 0.548 
s S2.S 1.43 6 62 2.130 1981 4 47 1.077 
6 39.5 O.S2 6 62 2.235 1981 ss 1.663 
6 44.5 0.68 6 63 2.37S 1981 6 sa 1.982 
s 39.0 0.55 6 64 2.200 1981 63 2.519 
9 51.0 1.26 6 67 2.185 1981 67 3.197 
8 45.0 0.84 7 ss 1.350 1981 9 73 3.944 
7 47.5 1.06 7 58 I.S90 1981 10 84 6.586 

46.0 0.93 7 62 1.970 1981 II 90 6.906 
IS 52.5 1.20 7 62 2.4SS 1981 12 89 10.797 
6 50.S I.IS 7 66 2.170 1982 2 30 0.215 
6 44.0 0.75 8 63 2.495 1982 38 0.501 
7 S3 .S 1.46 8 6S 2.120 1982 4 47 0.9SS 
7 SI.S 1.17 8 70 2.600 1982 s S3 1.601 
6 so.o 1.02 74 3.040 1982 6 59 2.004 
4 39.0 0.49 9 BS 5.730 1982 7 61 2.392 
6 49.0 1.03 1982 8 64 2.686 
9 60.0 1.99 1982 9 69 3.872 
a S2.S 1.27 1982 10 77 6.507 
6 46.0 0.98 1982 II 86 7.660 
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Gilbert Trinity 21 RV survey 
Bay Bay 

As• Length Whole Age Length Whole Survey Age Length Whole 
(years) (em) weight (years) (em) weight year (years) (em) weight 

(kg) (kg) (kg) 

6 40.0 0.54 1982 12 9S IO.OSS 
38.0 O.S2 1983 2 26 0.176 

6 48.S 1.10 1983 39 O.S87 

8 48.S 1.07 1983 4 46 0.9S6 
48.S I. OS 1983 s S4 l.SS4 

6 46.0 0.86 1983 6 60 1.8S3 

II S3.0 1983 63 2.2S2 
9 4S.O 1983 6S 2.773 

Sl.S 1983 9 69 3.346 

9 Sl.O 1983 10 74 4.022 

S8.0 1983 II 1S 4.16S 
9 so.s 1983 12 9S 8.946 

s 43.S 1984 27 O. IS3 

9 Sl.O 1984 34 0.384 

s 43.S 1984 4 44 0.829 

39.S 1984 s Sl 1.303 

44.0 1984 6 S1 1.782 

42.S 1984 63 2.388 

6 49.S 1984 66 2.S62 
1 41.S 1984 9 67 3.023 

S2.S 1984 10 72 3.4S9 

6 66.0 1984 II 78 S.669 
s 42.S 1984 12 83 6.S39 

46.S 198S 2 27 0.200 

42.S 198S 34 0.363 

41.0 198S 4 40 0.622 

38.S 198S 49 0.138 

7 44.S 198S 6 S3 1.486 

44.S 198S sa 1.180 

4S.S 198S 64 2.497 

43.0 198S 9 67 2.6S2 
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Gilbert Trinity 2J RV survey 
Bay Bay 

Age Length Whole Age Length Whole Survey Age Length Whole 
(ycm) (em) weight (ycm) (em) weipt year (ycm) (em) weight 

(kg) (kg) (kg) 

42.0 I98S 10 70 3.223 
51.0 198S II n 4.178 
su 198S 12 76 4.014 

6 44.0 1986 28 0.2S4 
42.0 1986 36 0.3SO 

6 43.0 1986 4 41 0.64S 
6 48.0 1986 s 48 I.OS4 

49.5 1986 6 53 1.660 
9 56.5 1986 7 57 1.914 
6 53.0 1986 60 2.292 
9 S4.0 1986 9 68 3.810 
9 44.0 1986 10 68 4.513 
6 48.0 1986 II 72 4.638 

43.5 1986 12 77 6.161 
6 42.5 1987 2 29 0.266 
6 44.5 1987 36 O.S45 
6 41.0 1987 4 43 0.913 
6 44.5 1987 5 49 1.355 
9 48.5 1987 6 52 1.483 
6 49.5 1987 7 51 2.067 
9 49.0 1987 8 59 2.409 
9 50.0 1987 9 61 1.818 
6 43.0 1987 10 68 4.648 
9 50.0 1987 II n 4.550 
10 46.0 1987 12 1S 4.649 
7 43.0 1988 2 31 0.253 
10 66.0 1988 37 0.553 
6 42.0 1988 4 44 0.819 
6 46.5 1988 5 48 1.145 
9 S4.0 1988 6 53 1.6Sl 
6 41.5 1988 7 S6 1.690 
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Gilben Trinity 21RV survey 
Bay Bay 

Age Length Whole Age Length Whole Survey Age Length Whole 
(yean) (em) weight (years) (em) weight year (yean) (em) weight 

(kg) (kg) (kg) 

6 44.0 1988 60 2.379 
10 42.0 1988 9 63 2.717 
s 42.0 1988 10 66 2.880 
10 49.5 1988 11 74 3.868 
6 45 .0 1988 12 80 6.732 
6 42.0 1989 2 28 0.204 
9 42.5 1989 38 0.488 
7 47.0 1989 4 44 0.810 
9 Sl.O 1989 s so 1.263 

S3 .S 1989 6 S4 l.S67 
11 S4.S 1989 7 57 1.907 
10 S6.S 1989 8 S9 2.259 
6 47.0 1989 9 61 2.616 
6 47.5 1989 10 61 3.143 
6 44.0 1989 11 69 3.771 
s 52.0 1989 12 67 3.206 
11 67.5 1990 2 27 0.158 
8 44.0 1990 3S 0.3SS 
11 SS.S 1990 4 42 0.697 

41.5 1990 s 47 0.987 
6 4S.S 1990 6 53 1.462 
6 48.0 1990 7 56 1.784 
8 47.5 1990 8 59 2.108 
8 43.0 1990 9 61 2.299 
9 43.5 1990 10 61 2.539 
6 46.0 1990 11 71 4.397 

46.5 1990 12 70 4.340 
6 43.0 1991 2 28 0.187 
6 47.5 1991 3 34 0.307 
7 4S.S 1991 4 39 0.581 
6 43.0 1991 44 0.743 
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Gilbert Trinity 2JRV survey 
Bay Bay 

Aae Length Whole Aae Lenath Whole Survey As• Length Whole 
(yean) (em) weight (yean) (em) weight year (yean) (em) weight 

(kg) (kg) (kg) 

6 48.0 1991 6 52 1.139 
47.0 1991 57 1.540 

9 47.0 1991 59 1.692 
7 47.5 1991 9 63 2.367 
9 50.0 1991 10 65 2.721 
6 41.5 1991 II 74 3.963 
8 48.5 1991 12 65 3.391 
8 52.5 1992 26 0.139 
7 46.5 1992 34 0.318 
8 51.0 1992 4 39 0.482 
6 48.0 1992 5 42 1.620 

1992 6 46 1.844 
1992 7 60 1.478 
1993 2 26 0.153 
1993 62 0.300 
1993 4 41 0.575 
1993 5 44 0.751 
1993 6 48 0.923 
1993 46 0.860 
1994 2 26 o.m 
1994 36 0.433 
1994 4 42 0.646 
1994 5 47 0.909 
1994 6 56 1.664 
1994 7 56 1.700 
1995 2 27 0.162 
1995 33 0.319 
1995 4 42 0.671 
1995 5 47 0.898 
1995 6 56 1.540 










	0001_Cover
	0002_Inside Cover 
	0003_Blank Page
	0004_Blank Page
	0005_Information to users
	0006_Title Page
	0007_Abstract
	0008_Acknowledgements
	0009_Table of Contents
	0010_Table of Contents v
	0011_List of Tables
	0012_List of Tables vii
	0013_List of Figures
	0014_List of Figures ix
	0015_List of Figures x
	0016_List of Figures xi
	0017_List of Figures xii
	0018_List of Figures xiii
	0019_List of Figures xiv
	0020_List of appendices
	0021_Chapter 1 - Page 1
	0022_Page 2
	0023_Page 3
	0024_Page 4
	0025_Page 5
	0026_Page 6
	0027_Page 7
	0028_Page 8
	0029_Page 9
	0030_Page 10
	0031_Page 11
	0032_Page 12
	0033_Page 13
	0034_Page 14
	0035_Page 15
	0036_Page 16
	0037_Page 17
	0038_Page 18
	0039_Page 19
	0040_Chapter 2 - Page 20
	0041_Page 21
	0042_Page 22
	0043_Page 23
	0044_Page 24
	0045_Page 25
	0046_Page 26
	0047_Page 27
	0048_Page 28
	0049_Page 29
	0050_Page 30
	0051_Page 31
	0052_Page 32
	0053_Chapter 3 - Page 33
	0054_Page 34
	0055_Page 35
	0056_Page 36
	0057_Page 37
	0058_Page 38
	0059_Page 39
	0060_Page 40
	0061_Page 41
	0062_Page 42
	0063_Page 43
	0064_Page 44
	0065_Page 45
	0066_Page 46
	0067_Page 47
	0068_Page 48
	0069_Page 49
	0070_Page 50
	0071_Page 51
	0072_Page 52
	0073_Page 53
	0074_Page 54
	0075_Page 55
	0076_Page 56
	0077_Page 57
	0078_Page 58
	0079_Page 59
	0080_Page 60
	0081_Page 61
	0082_Page 62
	0083_Page 63
	0084_Page 64
	0085_Page 65
	0086_Page 66
	0087_Chapter 4 - Page 67
	0088_Page 68
	0089_Page 69
	0090_Page 70
	0091_Page 71
	0092_Page 72
	0093_Page 73
	0094_Page 74
	0095_Page 75
	0096_Page 76
	0097_Page 77
	0098_Page 78
	0099_Page 79
	0100_Page 80
	0101_Page 81
	0102_Page 82
	0103_Page 83
	0104_Page 84
	0105_Page 85
	0106_Page 86
	0107_Page 87
	0108_Page 88
	0109_Page 89
	0110_Page 90
	0111_Page 91
	0112_Page 92
	0113_Page 93
	0114_Page 94
	0115_Page 95
	0116_Page 96
	0117_Page 97
	0118_Page 98
	0119_Page 99
	0120_Page 100
	0121_Page 101
	0122_Page 102
	0123_Page 103
	0124_Chapter 5 - Page 104
	0125_Page 105
	0126_Page 106
	0127_Page 107
	0128_Page 108
	0129_References
	0130_Page 110
	0131_Page 111
	0132_Page 112
	0133_Page 115
	0134_Page 116
	0135_Page 117
	0136_Page 118
	0137_Page 119
	0138_Appendix A
	0139_Page 121
	0140_Appendix B
	0141_Appendix C
	0142_Page 124
	0143_Appendix D
	0144_Page 126
	0145_Page 127
	0146_Page 128
	0147_Page 129
	0148_Page 130
	0149_Blank Page
	0150_Blank Page
	0151_Inside Back Cover
	0152_Back Cover

