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Abstract 

The interrelationship among stock abundance, spatial distribution, growth and re­
cruitment for haddock (Melanogrammus aeglefinus) on the southwestern Scotian Shelf 
was assessed using data from standard bottom trawl surveys conducted by Canada 
(1970-91) and the United States (1963-86). Recent studies using survey data to 
describe interannual variation in the the spatial distribution of marine fish stocks 
have yielded contradictory results. Several sources of imprecision and bias in these 
distributional indices were identified which limited their utility for describing the ge­
ographic response of groundfish stocks to changes in total abundance. An improved 
modelling approach was developed which described the statistical relationship be­
tween total abundance-at-age and local density of juvenile haddock for sub-areas of 
the stock range. Systematic variation among sub-areas in parameter estimates of 
the model was consistent with density-dependent habitat selection: juvenile haddock 
iesponded to increases in total abundance-at-age by increasing their local density in 
sub-areas where they were absent or scarce when abundance was low. A distinct 
spatial gradient in growth of haddock was also evident with individuals resident in 
the Bay of Fundy being larger than their counterparts on the southwestern Scotian 
Shelf. This difference necessitated partitioning the survey data into two subcompo­
nents for the analysis of interannual variation in growth. Both stock abundance and 
bottom water temperature influenced interannual variation in growth of haddock, 
however, their relative importance depended on the time period, subcomponent, and 
age-classes considered. Growth of juveniles on the southwestern Scotian Shelf varied 
inversely with stock abundance. Body size characteristics of adult haddock on the 
southwestern Scotian Shelf were positively correlated with recruitment which sug­
gests that interannual variation in population fecundity may be an important source 
of recruitment variation. A simulation example suggested that estimates of spawning 
stock biomass are not proportional to population fecundity which could explain the 
widespread lack of correlation between spawning stock biomass and recruitment. 
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Chapter 1 

Perspective and objectives 

1.1 Background 

In a simple conceptual model describing the population dynamics of marine fish stocks 

(Sissenwine 1981), growth and recruitment are identified as the two production terms 

that contribute to population biomass (Fig. 1.1 A). This model does not include the 

possibility of feedback between population biomass and the production terms (Fig 

LIB). For example, high biomass can decrease growth rates, a phenomenon referred 

to as density-dependent1 growth. Furthermore, variation in growth could potentially 

influence recruitment through size-dependent changes in fecundity and egg quality 

(Nikol'skii 1962a,b). New analytical and experimental approaches are generating 

fresh insights into longstanding questions concerning the production dynamics of ma­

rine fish populations. A recent study detected strong evidence of density-dependent 

growth in several Atlantic herring (Clupea harengus) stocks and suggested that the 

inconsistency observed in previous studies was due to inappropriate indices used to 

represent the growth of adult herring (Winters and Wheeler 1994). Recent studies 

showing that the body size of spawners is correlated with the quantity and quality of 

1 Recognizing that the term density-dependent is often a misnomer, Winters and Wheeler (1994) 
proposed that the more precise term abundance-dependent be used to describe relationships between 
stock abundance or biomass and growth. The term density-dependent is used in this thesis to be 
consistent with terminology used in earlier literature. 

1 



2 

fishing mortality 

recruit nent 

B 

recruitment 
k 

^ natural 
mortality 

growth 

fishing mortality 

^ natural 
mortality 

Figure 1.1: Conceptual models describing the population dynamics of marine fish 
stocks, (a) from Sissenwine (1981); (b) the Sissenwine model modified to incorporate 
feedback between population biomass and the production terms. Arrows directed to 
population biomass indicate a gain in biomass, whereas, arrows directed away from 
population biomass indicate a loss. The dashed arrow indicates that the link between 
growth and recruitment is hypothesized rather than established. 

offspring (Kjesbu et al. 1992; Solemdal et al. 1992a,b,1993) have renewed interest in 

the possibility of a biological basis for recruitment variation. 

Over the past sixty years, many studies have investigated the relationship be­

tween stock abundance and growth of haddock (Melanogrammus aeglefinus) (Table 



3 

1.1). One of the earliest reported examples of density-dependent growth in haddock 

(Raitt 1939) speculated that North Sea haddock compensate for low abundance by 

increasing growth rates thereby adjusting the itfertilityn of the stock. Raitt (1936) 

noted the potential for fishing mortality to remove repeat spawners from the popula­

tion "forcing the brunt of recruitment upon two and three-year old fish much less well 

provided by nature to do so". Early studies into the production dynamics of Georges 

Bank haddock concluded that intraspecific competition resulted from the overlapping 

spatial distribution of adults and juveniles (Herrington 1941,1944,1948). Herrington 

(1944) observed that spawning stocks that were intermediate in abundance gener­

ated the highest levels of recruitment. Herrington's observations for Georges Bank 

haddock contributed to the development of the dome-shaped relationship between 

spawning stock biomass and recruitment by Ricker (1954). The production dynamics 

of North Sea haddock was considered in detail by Beverton and Holt (1957). One 

of their many prescient observations was that the spatial gradient in growth rates 

of North Sea haddock confounded the analysis of density-dependent growth. Bever­

ton and Holt also developed theoretical models between stock abundance and growth 

rate and between total egg production and recruitment to examine the effects of 

density-dependent growth and density-dependent recruitment, respectively, on yield. 

They concluded that definitive tests of their theories required more empirical data 

describing interannual variation in egg production, recruitment and mortality rates 

for individual stocks. 

In the decades since these studies were published, there has been an enormous 

increase in the amount of information that can be applied to fundamental questions 

concerning the production dynamics of marine fish populations. In the northwest 

Atlantic, annual bottom trawl surveys have been conducted by Canada (Halliday 

and Koeller 1981) and the United States (Azarovitz 1981) since 1970 and 1963, re­

spective] y. These databases are well-suited for describing variation in the abundance, 

spatial distribution and growth rates of groundfish stocks because of their broad spa­

tial and temporal scales, stratified random design and consistent methodology. Recent 
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Table 1.1: Summary of studies which have investigated the relationship between stock 
abundance and growth of haddock, either qualitatively or quantitatively. 

Year Time period Correlation Reference 

North Sea 
North Sea 
Skagerak 
North Sea 
Georges Bank 
Barents Sea 
Grand Bank 
North Sea 
St. Pierre Bank 
Browns Bank 
Georges Bank 
North Sea 
North Sea 
North Sea 
Georges Bank 

1923-31 
1919-34 
1929,38 
1919-38 
1912-46 
1945-59 
1940-75 
1923-72 
1948-75 
1970-79 
1930-80 
1959-71 
1960-80 
1977-85 
1963-80 

none 
negative 
negative 
negative 
negative 
negative 
negative 
negative 
negative 
negative 
negative 
negative 
negative 

none 
negative 

Bowman 1932 
Raitt 1936 
Andersson 1938 
Raitt 1939 
Herrington 1948 
Sonina 1965 
Templeman et al. 1978 
Jones 1979 
Templeman and Bishop 1979 
Beacham 1982 
Clark et al. 1982 
Jones 1983 
Cook and Armstrong 1984 
Bromley 1989 
Ross and Nelson 1992 

studies have used these databases to examine the effect of interannual variation in 

abundance on spatial distribution (Crecco and Overholtz 1990; Swain and Wade 1993) 

and growth rates (Nelson and Ross 1992). At the same time there has been extensive 

development of the analytical methods used to estimate stock abundance, including 

sequential population analysis (Pope 1972). Sequential population analysis provides 

annual estimates of abundance-at-age and recruitment which are essential for testing 

hypotheses related to the production dynamics of marine fish stocks. Many insights 

into processes affecting early life stages and stock structure have been gained from 

broad-scale ichthyopiankton surveys (e.g., the Fisheries Ecology Program; Smith et 

al. 1989). Despite these major advances, research efforts have not been evenly dis­

tributed among fife history stages. In particular, Beverton and Holt's hope that there 

would be more data describing interannual variation in reproductive parameters such 

as egg production has not been realized. 
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1.2 Scope and organization 

The goal of this thesis is to examine the interrelationships among stock abundance, 

spatial distribution, growth and recruitment for a single haddock stock on the south­

western Scotian Shelf. From an ecological perspective, this interaction is of interest 

because density-dependent changes in growth that affect reproductive parameters 

and potentially recruitment could provide a mechanism for stocks to regulate their 

abundance. This form of self-regulation is termed compensatory production and it is 

widely assumed to be the ecological basis for a sustainable fishery (Rosenberg et al. 

1993). Secondly, identifying factors that are correlated with recruitment could pro­

vide short-term forecasts of recruitment which could then be used to develop optimal 

harvesting strategies. Finally, attributes of the stock that correlate with abundance 

(e.g., spatial distribution, juvenile growth rates) could provide real-time information 

for assessing the status of the resource. This would be advantageous given that es­

timates of abundance derived from sequential population analysis are considered to 

be unreliable until most of the cohort has been caught and abundance indices from 

bottom trawl surveys are often highly variable from year-to-year for reasons that are 

largely unknown. 

The remainder of the thesis is organized into four research chapters followed by a 

concluding chapter. The three chapters which follow describe the effect interannual 

variation in abundance has on the spatial distribution (Chapters 2 and 3) and growth 

(Chapter 4) of haddock. Emphasis is placed on the effect variation in abundance 

has on the -spatial distribution and growth of juvenile haddock. Chapter 5 examines 

the relationship between body size characteristics of adult haddock and recruitment. 

Each of these chapters includes a test of a theoretical model originating in either the 

ecological or fisheries literature. Chapter 2 tests the null hypothesis that the distri­

butional area of the stock is constant. The basic model used in sequential population 

analysis to estimate abundance (Baranov's catch equation) assumes that the distri­

butional area i3 constant and, therefore, catch rates are proportional to abundance 
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(Paloheimo and Dickie 1964). Chapter 3 develops a method for diagnosing density-

dependent habitat selection for marine fish populations. Density-dependent habitat 

selection models originated in the ecological literature and have recently been applied 

to the spatial dynamics of fish stocks (MacCall 1990). Chapter 4 describes the influ­

ence of density-dependent and density-independent factors on the growth of juvenile 

haddock and proposes an alternative view of the stock structure of haddock which 

is consistent with the observed spatial gradient in size-at-age. Chapter 5 contrasts 

the conventional relationship between spawning stock biomass and recruitment pro­

posed by Ricker (1954) with the relationship between growth rates of adult fish and 

recruitment proposed by Nikol'skii (1962a,b). Clear evidence for the biological basis 

of recruitment variation is presented for haddock on the southwestern Scotian Shelf. 

The concluding chapter outlines directions for future research and advocates that the 

"recruitment problem" be redefined to include parental influences on the production 

and survival of progeny. 

1.3 Themes and caveats 

Throughout the thesis, several themes recur that are relevant to the analysis of large 

databases extending over broad spatial and temporal scales. There are sever*,! ex­

amples where important sources of variation have been obscured by averaging data 

across inappropriate spatial and/or temporal scales. For example, pooling data across 

a spatial gradient in size-at-age filters out the density-dependent reduction in juvenile 

growth rates (Chapter 4). Likewise, a nuisance source of variation is introduced into 

abundance estimates calculated from survey catch rates by failing to account for diur­

nal variation in catch rates (Chapter 2). Since many of the properties of a marine fish 

stock cannot be measured directly (e.g., distributional area, egg production), survey 

data are are often used to construct indirect indices. Because it is impossible to cal­

ibrate these indices, the results of any quantitative analysis depend on the precision 

of these indices. Several examples are given where poorly constructed indices have 

led to misleading or incorrect conclusions. While the thesis illustrates how bottom 
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trawl survey databases can be used to address a broad range of ecological questions, 

the range of parameters that are measured routinely is quite narrow. Studies that 

depend exclusively on survey data should bear in mind that there are many examples 

where parameters for which information is lacking are subsequently shown to have an 

inordinate impact on the phenomenon of interest (for a striking example in the field of 

biological oceanography see Bothwell et al. 1994). The survey data used in this thesis 

constitute short, autocorrelated time series, usually depicting low-frequency (decadal 

scale) trends. The lack of independence of errors makes it impossible to assess the 

exact degree of statistical correlation using simple correlation analysis (Thompson 

and Page 1989). Although simple correlation analysis was used in several instances, 

these methods will overestimate the statistical significance of the correlation. In most 

cases, the thesis attempts to substantiate the correlations with empirical data describ­

ing the biological or ecological mechanisms that axe postulated to be responsible for 

generating the observed correlations. 



Chapter 2 

Geographic responses of groundfish to variation in 

abundance: methods of detection and their 

interpretation 

2.1 Introduction 

Annual bottom trawl surveys are one of the principal tools used to monitor temporal 

variation in the abundance of groundfish populations (Doubleday and Rivard 1981). 

Abundance indices from trawl surveys are usually expressed as the mean number (or 

biomass) of each age-class caught per standard tow (Smith 1988). Recently, these 

data have been used to describe the distribution of groundfish stocks over a wide 

range of spatial and temporal scales. Mahon and Sandeman (1985) used survey data 

for the northwest Atlantic (Cape Hatteras to Hudson Strait) to delimit the occurrence 

of over 80 species of groundfish. Survey data have also been used to describe inter­

annual (Palsson and Stefansson 1991; Atkinson 1992) and seasonal (Overholtz 1985) 

variation in the distribution of individual stocks. On still finer spatial and temporal 

scales, diurnal variation in catch rates of cod and haddock has been observed during 

trawl surveys of the Barents Sea (Engas and Soldal 1992) and the continental shelf of 

8 
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the eastern United States (Shepherd and Forrester 1987), reflecting day/night differ­

ences in the vertical distribution and/or aggregation of fish schools (Beamish 1966; 

Boudreau 1992). 

Studies that examine the effect of interannual variation in abundance on the large-

scale horizontal dispersion, or distributional area, of marine fish stocks often assume 

that distributional area is directly proportional to simple, quantitative indices (Table 

2.1). However, the strength of the correlations between these indices and estimates 

of abundance varies widely among studies and within stocks. For example, Murawski 

and Finn (1988) used several different indices to estimate the distributional area of 

Georges Bank haddock (Melanogrammus aeglefinus), including the mean distance of 

all sampling stations for which the catch-per-tow was greater than zero from a fixed 

reference point. They concluded that interannual variation in distributional area was 

independent of abundance for both juvenile (0-group) and adult (age 1 and older) 

haddock. Crecco and Overholtz (1990) estimated the distributional area for Georges 

Bank haddock by integrating sub-areas for which the catch-per-tow exceeded the long-

term median catch-per-tow. They observed a significant, positive correlation between 

distributional area and total abundance of haddock age 2 and older. The discrepancy 

between the conclusions of these two studies suggests that different indices measure 

different things, a difficulty in the analysis of spatial data noted previously by Pielou 

(1977) and Gaston (1991). Consequently, the assumption that ail of the distributional 

indices represented in Table 2.1 are directly proportional to distributional area could 

be invalid. 

The distributional indices represented in Table 2.1 can be categorized either as 

indices that discretize catch-per-tow data into zero and non-zero observations (e.g., 

the mean distance of all stations having catch-per-tow values that are greater than 

zero from a fixed reference point used by Murawski and Finn 1988) or as indices that 

depend on the magnitude of the catch-per-tcw (e.g., the index used by Crecco and 

Overholtz 1990). There are potential problems with both types of indices. Many 

distributional indices scale positively with abundance (Gaston 1990), however, few 
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Table 2.1: Summary of published studies that examined the relationship between 
distributional area and abundance. SPA refers to an abundance index generated from 
sequential population analysis. CPUE is an abundance index derived from survey or 
commercial catch rates. The distibutional indices are codH as follows: a - mean 
distance from the centre of distribution; b - Greens dispe. sion i .idex ; c - integrated 
.ea of strata where mean catch exceeds long-term media \ catch; d - frequency of 

zero catches; e - contoured area where catch-at-age exceeds 60th percentile. 

Species 

Silver hake 

Atlantic cod 

Haddock 

Pollock 

Red hake 

Yellowtail 
flounder 

Winter 
flounder 

Haddock 

Longfin 
squid 
Atlantic cod 

Stock 

Georges Bank 

Georges Bank 

Georges Bank 

Georges Bank 

Georges Bank 

Georges Bank 

Georges Bank 

Georges Bank 

Mid Atlantic 

Gulf of St. Lawrence 

Age 

1+ 
0 

1+ 
0 

1+ 
0 

1+ 
0 

1+ 
0 

1+ 
0 

1+ 
1+ 
0 

1+ 
0 

1+ 
0 

1+ 
0 

1+ 
0 

1+ 
0 

1+ 
0 

2+ 

All 

3 
4 
5 
6 
7 

8+ 

Abundance 

Source 

surveys 

surveys 

surveys 

sur wys 

surveys 

surveys 

surveys 

SPA 

fishery 

SPA 

Index 

CPUE 

CPUE 

CPUE 

CPUE 

CPUE 

CPUE 

CPUE 

biomass 

CPUE 

numbers 

Distribution 

Index 

a 
a 
b 
b 
a 
a 
b 
b 
a 
a 
b 
b 
a 
b 
b 
a 
a 
b 
b 
a 
a 
b 
b 
a 
a 
b 
b 
c 

d 
b 
e 
e 
e 
e 
e 
e 

r2 

<0.01 
0.01 
0 34 
0.01 
0.15 
0.09 
0.01 
0.07 
0.15 
0.07 
0.15 

<0.01 
0.08 
0.20 
0.27 
0.20 
0.11 
0.01 
0.09 
0.04 
0.19 
0.11 
0.07 
0.17 
0.11 

<0.01 
0.22 
0.74 

0.54 
0.07 
0.63 
0.78 
0.87 
0.94 
0.94 
0.90 

Reference 

Murawski 
and Finn 1988 

Murawski 
and Finn 1988 

Murawski 
and Finn 1988 

Murawski 
and Finn 1988 

Murawski 
and Finn 1988 

Murawski 
and Finn 1988 

Murawski 
and Finn 1988 

Crecco and 
Overholtz 1990 
Lange 1991 

Swain and 
Wade 1993 



11 

studies investigate the potential spuriousness of positive correlations between distri­

butional area and abundance. If catch-per-tow values vary systematically with time 

of day, indices that depend on the magnitude of the catch-per-tow will confound vari­

ation in the large-scale, horizontal distribution of a stock with a diurnal signal in the 

small-scale, three-dimensional distribution of fish schools. Finally, many of the dis­

tributional indices represented in Table 2.1 were estimated for the age-aggregated 

population. Since there is considerable evidence that the spatial distribution of 

groundfish varies with age (Tremblay and Sinclair 1985; Overholtz 1985; Palsson and 

Stefansson 1991; Wlgley and Serchuk 1992; Swain and Wade 1993), age-aggregated 

indices potentially confound age effects with abundance effects. 

The objectives of this chapter are to: (1) determine whether the contradictory 

results obtained by Murawski and Finn (1988) and Crecco and Overholtz (1990) 

reflect the choice of distributional indices and are therefore reproducible for other 

haddock stocks; and (2) identify factors which contribute to the lack of agreement 

among distributional indices. Both the mean distance of all stations having catch-per-

tow values greater than zero from a reference point corresponding to the long-term 

centre of distribution and the distributional index developed by Crecco and Overholtz 

(1990) were calculated for five age-classes (2, 3, 4, 5, and 6 years old) of haddock on 

the southwestern Scotian Shelf using data from annual bottom trawl surveys. Both 

distributional indices were regressed against estimates of abundance-at-age and the 

results were compared to those obtained by Murawski and Finn (1988) and Crecco 

and Overholtz (1990). Catch-at-age values and the frequency of non-zero catch-at-age 

values were plotted against the time of day when the sample was collected to assess 

whether the small-scale distribution of haddock varies diurnally. The likelihood that 

distributional indices scale positively with abundance, thereby generating spurious 

correlations, is also discussed. 
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2.2 Data Sources 

2.2.1 Bottom Trawl Surveys 

Bottom trawl surveys of the southwestern Scotian Shelf (NAFO Division 4X) have 

been conducted every summer since 1970 by the Canadian Department of Fisheries 

and Oceans (Halliday and Koeller 1981). The surveyed portion of NAFO Division 4X 

includes shallow offshore banks, a deep basin and portions of the upper continental 

slope. The inshore area is unsurveyed due to an untrawlable bottom. The surveys 

use a stratified random design with depth as the major stratifying variable (Fig. 

2.1). Strata can be divided into shallow (<91 m), intermediate (91-183 m), and deep 

(183-366 m) strata representing 15, 55, and 30% of the total surveyed area (56,734 

km2), respectively. At each station, groundfish were captured with a Western HA 

bottom trawl equipped with a 19 mm codend liner t^wed at a constant speed for 

approximately 30 minutes. Catch rates were adjusted to represent the abundance of 

fish in a standard tow of distance 3.25 km. Each trawl sample is subsequently referred 

to as a set. Sampling stations were located randomly and a minimum of two stations 

were sampled in each stratum. Additional stations were allocated approximately in 

proportion to stratum area. Sampling was conducted around the clock and, since 

there was no fixed schedule, the allocation of day and night sets varied randomly 

among strata and among years. 

2.2.2 Abundance Indices 

Two indices of abundance-at-age were used in the analysis: the mean catch-at-age 

for each survey and estimates of the total abundance-at-age obtained from sequential 

population analysis (SPA). The mean catch of age j haddock in year t (fjt) was 

estimated by: 
1 A{_ 

Vjt = E T Vat (21) 
•=i A 
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Figure 2.1: Map of the Southwestern Scotian Shelf showing the stratification scheme 
used for annual bottom trawl surveys. The star indicates the centre of distribution 
used to calculate the mean distance from the centre of distribution. 

where A,/A is the ratio of stratum area (A,-) to the total surveyed area (A). The 

arithmetic mean catch-at-age (y^) was estimated for each stratum by: 

Vijt = Hi 
(2.2) 

where y^t is the total catch of age j haddock in set h of stratum i and Hi is the total 

number of sets in stratum i (Smith 1988). SPA estimates of total abundance-at-age 

were only available for 1970-88 (O'Boyle et al. 1989). Since the SPA was calibrated 

(sensu Rivard 1989) using survey estimates of the abundance of haddock age 2-8 as 

the independent variable, SPA estimates of abundance-at-age are not independent of 

the survey data. 
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2.3 Data Analysis 

Murawski and Finn (1988) identified the centre of distribution for Georges Bank 

haddock by calculating the mean latitude and longitude of all sets weighted by the 

magnitude of the catch. This method was inappropriate for 4X haddock because it 

did not exclude the possibility that the centre would be located in the mainland of 

Nova Scotia or in the unsurveyed inshore area. Instead, all non-zero values of yhijt 

were pooled (1970-90) and the location of the centre of distribution was determined 

by plotting the cumulative frequency of non-zero sets by strata. Browns Bank (stra­

tum 80) was chosen as the centre of the distribution because the 50% mark in the 

cumulative distribution of non-zero sets was closest to this stratum for all five age-

classes (Fig. 2.2). Therefore, the overall frequency of non-zero sets lying to the east 

of Browns Bank is comparable to the overall frequency of non-zero sets lying to the 

west of Browns Bank. Furthermore, all age-classes of haddock are very abundant 

on Browns Bank (Frank et al. 1990) and Browns Bank is the primary location of 

spawning in NAFO Division 4X (Waiwood and Buzeta 1989). The location of the 

centre of distribution (42.45°N, 66.02°W) is shown in Fig. 2.1. The distance (in km) 

between all non-zero sets and the centre of distribution was determined using ACON 

Version 5.02 (Black 1991). The arithmetic mean distance of all non-zero sets from the 

centre of distribution was then calculated for each survey. The distributional index 

developed by Crecco and Overholtz was calculated for each survey by summing the 

areas of strata where the mean catch-at-age (y,Jt) exceeded the long-term median 

value of yijt (1970-90). The Crecco and Overholtz index was not calculated for the 

1984 survey because stratum 74 was not sampled that year. 

Since the total area surveyed is finite, the relationship between abundance-at-age 

and distributional area is likely to be non-linear. Consequently, Murawski and Finn 

(1988) log-transformed indices of distributional area and abundance prior to fitting 

a model using simple linear regression. Crecco and Overholtz (1990) used non-linear 

regression to estimate the parameters of a power equation relating distributional area 
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Figure 2.2: The cumulative percentage of sets for which the catch-at-age of haddock 
age 2-6 was greater than zero by stratum. 

and abundance. The logarithmic model: 

Distributional Area jt = a + b * loge Abundance /< (2.3) 

was fit to the data using simple linear regression. This model was fit using both SPA 

and survey estimates of abundance-at-age. Visual inspection of the residuals did not 

reveal any consistent pattern associated with either age or year. 

2.3.1 Diurnal variation in catch rates 

Sunrise/sunset times, estimated for Browns Bank, were 04:57/19:52 and 04:51/20:09 

for the earliest and latest sampling date in the 21 year time series, respectively (At­

mospheric Environment Service, Environment Canada, Bedford, N.S.). Therefore, 

approximately 63% of the 24 hour day was defined as daytime. Of the 984 stations 

sampled between 1970 and 1990, 661 (67%) were sampled during daylight. The al­

location of daytime sets among strata varied between 54.7 and 83.7% (Table 2.2). 
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The deviation from 63% was greatest for small strata (strata 73 and 75) due to the 

shorter distances between sampling stations. All non-zero values of yhijt for surveys 

conducted between 1970-90 were scaled by dividing by the mean catch-at-age for each 

survey (fjt) to remove interannual variation in abundance. The start time, rounded 

to the nearest ten-minute mark, was recorded for each set. Ail scaled non-zero catch-

at-age values recorded for each start time were averaged and plotted against time of 

day. Secondly, the mean daytime and the mean nighttime catch rates were calculated 

for each survey using only non-zero values of yhijt. Lastly, the frequency of non-zero 

sets for each start time was plotted against time of day to determine whether the 

frequency of non-zero sets varied diurnally. 

2.4 Results 

Positive correlations (p < 0.01) between abundance-at-age and distributional area 

were only observed for haddock age 2 and 3 using the mean distance from Browns 

Bank to represent distributional area (Table 2.3). Abundance-at-age and distribu­

tional area were not correlated (p > 0.05) for haddock age 4, 5 and 6 using either the 

SPA or the survey index of abundance. With the possible exception of age 6 had­

dock, there was little difference between the results obtained using the two indices of 

abundance-at-age. Since Murawski and Finn (1988) used age-aggregated indices to 

represent the distributional area and abundance of Georges Bank haddock, the analy­

sis was repeated using age-aggregated estimates of distributional area and abundance 

for haddock age 2-6. There was no significant correlation between distributional area 

and either SPA (p = 0.33) or survey (p = 0.44) estimates of abundance of haddock 

age 2-6. This result is consistent with results obtained by Murawski and Finn (Table 

2.1) and suggests that age-aggregated indices could obscure significant correlations 

between distributional area and abundance for individual age-classes of haddock. 

Using the Crecco and Overholtz index to represent distributional area, positive 

correlations (p < 0.01) were observed for all five age classes using either SPA or survey 

estimates of abundance-at-age (Table 2.4). This result is consistent with the results 
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Table 2.2: Area, number of sets, and total number and percentage of daytime sets by 
stratum for bottom trawl surveys (1970-90) conducted in NAFO Division 4X. 

Strata Area Total sets Daytime sets Daytime sets 
(km2) (no.) (no.) (%) 

70 
71 
72 
73 
74 
75 
76 
77 
78 
80 
81 
82 
83 
84 
85 
90 
91 
95 
Total 

3,160 

3,448 

4,289 

910 
553 
536 

5,076 

4,231 

800 
2,249 

6,439 

3,579 

1,827 

7,775 

5,433 

2,064 

2,359 

2,006 

56,734 

43 
42 
54 
43 
40 
42 
52 
53 
55 
80 
93 
47 
41 
64 
69 
61 
64 
41 
984 

26 
29 
35 
36 
27 
23 
31 
37 
34 
61 
59 
32 
29 
43 
50 
40 
43 
26 
661 

60.5 

69.0 

64.8 

83.7 

67.5 

54.7 

59.6 

69.8 

61.8 

76.3 

63.4 

68.1 

70.7 

67.2 

72.5 

65.6 

67.2 

63.4 

67.2 

obtained by Crecco and Overholtz, who observed a significant, positive correlation 

using an age-aggregated index to represent the distributional area of adult haddock 

on Georges Bank. It is also consistent with the results of Swain and Wade (1993), 

who used an age-specific index similar to that developed by Crecco and Overholtz to 

represent the distributional area of cod in the southern Gulf of St. Lawrence (Table 

2.1). However, the significant correlations for haddock age 4, 5 and 6 contradict 

the results obtained using the mean distance from Browns Bank to represent the 

distributional area. The lack of agreement for older haddock on the southwestern 
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Table 2.3: Coefficient of determination and significance level (in parentheses) for 
models describing the relationship between the mean distance from the centre of 
distribution and SPA (n = 19) and survey (n = 21) estimates of abundance-at-age. 

Age SPA Survey 

2 0.54 (<0.001) 0.60 (<0.001) 
3 0.46 (0.001) 0.36 (0.004) 
4 0.04 (0.410) 0.09 (0.182) 
5 0.01 (0.702) <0.01 (0.704) 
6 0.12 (0.140) 0.29 (0.012) 

Table 2.4: Coefficient of determination and significance level (in parentheses) for 
models describing the relationship between the Crecco and Overholtz index and SPA 
(n = 18) and survey (n = 20) estimates of abundance-at-age. 

Age SPA Survey 

2 0.73 (<0.001) 0.63 (<0.001) 
3 0.47 (0.002) 0.69 (<0.001) 
4 0.54 (0.001) 0.62 (<0.001) 
5 0.72 (<0.001) 0.79 (<0.001) 
6 0.67 (<0.001) 0.80 (<0.0Q1) 

Scotian Shelf suggests that the two distributional indices do not represent the same 

thing. 

2.4.1 Diurnal variation 

Non-zero catch rates are lognormally distributed (Pennington 1983), therefore it is not 

surprising that the overall frequency of high catch rates is low relative to the overall 

frequency of low catch rates (Fig. 2.3). High catch rates were more frequent during the 

day for all five age-classes of haddock, particularly for haddock ages 3-6. High catch 
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rates were rarely observed at night and maximum catch rates were most frequently 

observed in the four hours preceeding sunset. A similiar pattern was observed when 

the data set was divided into two parts: the two strata having consistently high catch 

rates (strata 80 and 90) and the remaining sixteen strata (C.T. Marshall, unpub. 

data). For age 2 haddock, mean nighttime catch rates were not consistently higher or 

lower than mean daytime catch rates (Fig. 2.4A). However, mean daytime catch rates 

for haddock age 3-6 were often more than double the mean nighttime catch rates 

(Fig. 2.4B). No systematic pattern of variation was observed in plots of the frequency 

of non-zero sets versus start time for haddock age 2-6 (Fig. 2.5). For haddock on the 

southwestern Scotian Shelf, treating the survey data as dichotomous data (zero and 

non-zero values) reduced the potential for variation in the small-scale distribution of 

schools to confound the analysis of the large-scale distribution of a stock. 

2.5 Discussion 

Both distributional indices showed significant, positive correlations between distribu­

tional area and abundance-at-age for haddock age 2-3. The majority of haddock in 

these two age-classes are immature (Waiwood and Buzeta 1989) and tagging stud­

ies on the Scotian Shelf indicated that immature haddock are more sedentary and 

less widely distributed than mature haddock (Needier 1930). This may make their 

distributional response to variation in abundance easier to detect using data having 

a low degree of spatial resolution. The two distributional indices gave contradictory 

results for haddock age 4, 5 and 6; distributional area and abundance-at-age were 

uncorrelated using the mean distance from Browns Bank as a distributional index, 

whereas, the Crecco and Overholtz index gave positive correlations. This inconsis­

tency is analagous to that observed for haddock on Georges Bank (Table 2.1) and 

implies that at least one of the two indices is not directly proportional to distributional 

area. Since it is not possible to estimate distributional area directly, identifying which 

index is more likely to be proportional to the "true" distributional area requires that 
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Figure 2.3: Relationship between the standardized catch rate and time of day for 
haddock age 2-6. Each observation represents the mean standardized catch rate for 
each start time. The horizontal bar indicates the period between sunset (20:05) and 
sunrise (04:55). 

potential sources of error be identified and their impact on the correlation analysis 

assessed. 

The mean distance of all non-zero sets from the centre of distribution depends 

on geographic information rather than the magnitude of catch rates. Like most dis­

tributional indices, this index is sensitive to differences among surveys in the spatial 

distribution of sampling effort. For example, a disproportionate increase in the num­

ber of samples collected in stratum 80 would decrease the value of the mean distance 

from the centre of distribution because haddock are always caught in this stratum. 

Although the total number of stations sampled has increased by approximately 33% 
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Figure 2.4: Relationship between the mean nighttime and mean daytime catch rates 
calculated using non-zero observations only. Each observation represents a single 
survey, (a) Data for age 2 haddock; (b) data for age 3, 4, 5, and 6 haddock. The 1:1 
and 1:2 lines are also indicated. 

since 1987 (Table 2.5), the allocation of sampling effort among strata has been rela­

tively constant. By definition, the mean distance of all non-zero sets from the centre of 

distribution is also dependent on the location of the centre. Although the assumption 

that Browns Bank is the centre of distribution is justifiable for haddock, it is more 

difficult to identify centres of distribution for stocks comprised of multiple compo­

nents (e.g., Hunt and Neilson (1993) have suggested that the NAFO Division 4X cod 

stock is actually a stock complex comprised of at least two distinct components) or 

for stocks that shift their distribution over time (e.g., Mohn and MacEachern (1992) 
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Figure 2.5: Relationship between the frequency of non-zero sets and time of day for 
haddock age 2-6. Each observation represents the frequency of non-zero sets for each 
start time. The horizontal bar indicates the period between sunset (20:05) and sunrise 
(04:55). 

have suggested that the distribution of cod on the eastern Scotian Shelf has shifted 

to deeper water). 

Distributional indices that depend on the magnitude of the catch rates potentially 

confound variation in the large-scale horizontal distribution of haddock stocks with 

variation in the small-scale vertical distribution of schools. High catch rates of had­

dock on the southwestern Scotian Shelf are more frequent during the daytime. This 

is consistent with acoustic data which indicate that during the day schools of had­

dock on Browns Bank contract to form dense aggregations, whereas, at night their 
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Table 2.5: Sampling dates and total number of sets for bottom trawl surveys of NAFO 
Division 4X. 

Year Start Date End Date Number of sets 

1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

1979 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

1990 

07/07 

06/30 

06/25 

07/10 

07/09 

07/15 

07/13 

07/10 

07/10 

07/06 

07/07 

07/06 

07/10 

07/07 

07/10 

07/04 

07/08 

06/29 

07/04 

07/05 

07/04 

07/16 

07/08 

07/01 

07/19 

07/23 

07/24 

07/19 

07/16 

07/13 

07/13 

07/14 

07/12 

07/18 

07/14 

07/20 

07/10 

07/14 

07/09 

07/11 

07/13 

07/12 

40 
38 
43 
42 
44 
44 
45 
45 
42 
45 
42 
44 
47 
45 
43 
45 
45 
60 
62 
60 
63 

distribution is more diffuse and densities are lower (Boudreau 1992). Video and pho­

tographic observations show day/night differences in both the density and swimming 

behaviour of Scotian Shelf haddock near the trawl opening (Walsh and Hickey 1993). 

Similiarly, spatial variation in hydrographic variables (e.g., temperature, salinity) is 

known to influence catch rates of haddock (Murawski and Finn 1988; Polacheck and 

V0lstad 1993) and may also affect the value of distributional indices. 

Although hydrographic and/or diurnal variation in catch rates may decrease the 

precision of distributional indices that depend on the magnitude of catch rates, it 
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is not responsible for the positive correlations between distributional area and abun­

dance that are consistently observed using the Crecco and Overholtz index. Assuming 

catch rates have a negative binomial distribution, Murawski and Finn (1988) demon­

strated that the probability of catch rates exceeding zero increased as mean abundance 

increased. They concluded that using the frequency of zero (or non-zero) sets as 

an index of the large-scale horizontal distribution of fish stocks (e.g., Bannerot and 

Austin 1983; Lange 1991) was invalid. Since the probability of catch rates exceeding 

a constant value (e.g., the long-term median catch-per-tow) will also increase with 

increasing abundance, the distributional index developed by Crecco and Overholtz 

scales positively with abundance (see Appendix A for a more detailed description of 

this problem). Since the positive correlations observed for age 4, 5 and 6 haddock 

using the Crecco and Overholtz index (Table 2.4) were not corroborated by a distri­

butional index based on geographic information alone (Table 2.3), these correlations 

should be considered spurious. The results of studies that have used the Crecco 

and Overholtz index and found positive correlations between distributional area and 

abundance (e.g., Gordoa and Hightower 1991) should be confirmed using alternative 

methods of describing the distributional response to varying abundance. 

It is obvious from the preceding discussion that most, if not all, distributional 

indices used to summarize data from bottom trawl surveys are subject to criticism. 

A more comprehensive approach would combine the correlational approaches used by 

studies summarized in Table 2.1 with a description of regional differences in the rate 

at which groundfish increase their local density in response to increases in total abun­

dance. For example, Swain and Wade (1993) detected significant differences among 

sub-areas in the slope of the relationship between log-transformed catch rates and to­

tal abundance-a( age for cod in the Gulf of St. Lawrence. Swain and Wade concluded 

that, as total abundance increased, local density increased slowly in sub-areas where 

cod were abundant and more rapidly in surrounding sub-areas. To examine regional 

differences in the distributional response of age 2 haddock, the frequency of non-zero 

sets was plotted against total abundance-at-age for three sub-areas (Fig. 2.6). The 
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Total abundance-at-age (millions) 

Figure 2.6: Relationship between the frequency of non-zero sets for age 2 haddock 
and total abundance-at-age for Browns Bank and two sub-areas of NAFO Division 
4X. The smoothed lines were calculated by distance weighted least squares. The total 
area and sampling effort are approximately equal for strata 73-77 and strata 85, 90, 
91 and 95 (Table 2.2). 

frequency of non-zero sets in Browns Bank was 100% in 15 out of 17 years, which is 

consistent with Browns Bank being the centre of distribution. As total abundance 

increases, the frequency of non-zero sets increased more rapidly on the offshore banks 

lying to the east of Browns Bank (strata 73-77) relative to strata in the Bay of Fundy 

(strata 85, 90, 91 and 95). Thus, age 2 haddock expand and contract their distri­

bution around Browns Bank non-uniformly such that the abundance of haddock in 

areas to the east of Browns Bank increases faster than in the Bay of Fundy. Regional 

differences in the rate at which haddock increase their local density in response to 

increasing total abundance could be compared to other variables (e.g., growth rate, 

temperature, food availability) to identify spatial gradients in habitat suitablity. 
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2.6 Conclusions 

In the ecological literature, the interaction between the abundance and distribution of 

populations has been exclusively described using cross-species comparisons (Gaston 

1990). Bottom trawl surveys offer a unique opportunity to describe the distributional 

response of individual populations to variation in abundance over a wide range of 

spatial and temporal scales. The challenge is to develop appropriate quantitative 

methods for analyzing data having an inherently low degree of spatial resolution. 

The importance of critically evaluating distributional indices that are estimated from 

survey data was emphasized because poorly defined indices lead to the proliferation 

of conflicting results. To reduce the chance of erroneous conclusions caused by spu­

rious correlations, correlational approaches could be combined with more detailed 

analysis of the covariation between total abundance and local density for individual 

stocks (e.g., Myers and Stokes 1989; Swain and Wade 1993; Swain and Sinclair 1994; 

Chapter 3). 



Chapter 3 

Density-dependent habitat selection by juvenile 

haddock (Melanogrammus aeglefinus) on the 

southwestern Scotian shelf 

3.1 Introduction 

Direct estimation of the area occupied by marine fish stocks that are distributed over 

broad spatial scales (104 - 105 km2) is not possible. Instead, recent studies have 

used data from annual bottom trawl surveys to indirectly estimate the distributional 

area of groundfish stocks. Several of these studies have observed positive correlations 

between total abundance and indices representing distributional area (Crecco and 

Overholtz 1990; Lange 1991; Swain and Wade 1993). However, these results are mis­

leading if distributional indices scale positively with total abundance (Gaston 1990; 

Murawski and Finn 1988). For example, Crecco and Overholtz (1990) estimated 

distributional area for Georges Bank haddock (Melanogrammus aeglefinus) by sum­

ming stratum areas where the mean catch-per-tow exceeded the long-term median 

catch-per-tow. Using this index to estimate distributional area inflates the degree of 

correlation between total abundance and distributional area because the index scales 

positively with total abundance (Swain and Sinclair 1994; Chapter 2; Appendix A). 

27 
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An alternative approach to modelling the distributional response to variation in abun­

dance is to describe regional differences in the relationship between total abundance 

and local density, as measured by the mean catch-per-tow. 

Theoretical models describing these regional differences are well developed. Fol­

lowing the Ideal Free Distribution, MacCall (1990) assumed that spatial variation 

in local density reflects gradients in resource availability: local density is highest 

where resources are abundant (optimal habitat) and lowest where resources are scarce 

(marginal habitat). As total abundance increases, optimal habitat becomes saturated 

causing the distributional area to expand and the local density of fish occupying 

marginal habitat to increase rapidly. This type of distributional response, referred to 

as density-dependent habitat selection (DDHS), is consistent with a positive correla­

tion between total abundance and distributional area. Several empirical studies have 

tested for DDHS by estimating the parameters describing the statistical relationship 

between total abundance and local density for sub-areas of the stock range (Myers 

and Stokes 1989; Swain and Wade 1993; Talbot 1994). If the distributional response 

is consistent with DDHS then systematic differences will be observed in parameter 

estimates for optimal and marginal habitat. 

Density-dependent habitat selection has important implications for the analysis 

of interannual variation in size-at-age. If habitat that is marginal in a distributional 

sense is associated with low growth rates then inverse correlations between total 

abundance and mean size-at-age (density-dependent growth) could result from fish 

expanding into habitat that is sub-optimal for growth when abundance is high and 

contracting into habitat that is optimal for growth when abundance is low (Daan et 

al. 1990; Toreson 1990). Juvenile haddock on the southwestern Scotian Shelf (Fig. 

3.1) exhibit a positive correlation between total abundance and distributional area 

(Chapter 2). Juvenile haddock also exhibit a distinct spatial gradient in length: ages 

1 and 2 haddock caught in the Bay of Fundy are distinctly larger than haddock caught 

in areas lying to the east of Browns Bank (Fig. 3.2). Browns Bank is the geographic 

centre of distribution for juvenile haddock (Chapter 2) and it has been shown that 



29 

68 ° 66° 64° 

Figure 3.1: Stratification scheme used for annual bottom trawl surveys of the south­
western Scotian Shelf. Individual strata are identified by number. 

the frequency of occurence of age 2 haddock increases more rapidly in areas lying to 

the east of Browns Bank relative to the Bay of Fundy as abundance increases (Fig. 

2.6). Thus, inverse correlations between total abundance and mean size-at-age could 

potentially result from density-dependent adjustments in the proportional abundance 

of slow-growing juveniles in areas east of Browns Bank. 

The specific objectives of this chapter are to: (1) develop a statistical model 

describing the relationship between total abundance-at-age and local density and 

apply this model to haddock age 1 and 2 on the southwestern Scotian Shelf (NAFO 

Division 4X) using data collected on annual bottom trawl surveys; (2) test whether 

regional differences in the relationship axe consistent with the definition of DDHS; and 

(3) investigate whether the distributional response of juvenile haddock to increasing 

abundance, in conjunction with a spatial gradient in growth rates, could potentially 

generate an inverse correlation between total abundance-at-age and mean size-at-age. 
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Figure 3.2: Mean length-at-age by stratum for 1970-90. Each observation represents 
the arithmetic average for a given survey of all observations for which age and length 
axe known, (a) age 1 haddock; (b) age 2 haddock. See Figure 3.1 for strata locations. 

The analysis was confined to haddock ages 1 and 2 because the juvenile period is 

associated with the fastest growth rates. Furthermore, these two age-classes do not 

exhibit the diurnal variation in catch rates that is characteristic of older haddock 

(Chapter 2). 
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3.2 Methods 

3.2.1 Bottom trawl surveys 

Bottom trawl surveys of the southwestern Scotian Shelf use a stratified random design 

and depth is the major stratifying variable (Fig. 3.1). At each sampling station, 

groundfish are collected using a Yankee 36 (1970-81) or a Western IIA (1982-present) 

trawl equipped with a 19 mm codend liner and towed at a constant speed for 30 

minutes or approximately 3.2 km. Catch rates for surveys conducted using the Yankee 

36 trawl were corrected for differences in catchability by multiplying by 1.2 (Fanning 

1985). The age-specific mean number of haddock caught per tow (y{jt) was estimated 

for each stratum and year by: 

Vat = ̂ % p (3-D 

where yhijt is the number of age j haddock caught in set h for stratum i in year t and 

Hi is the total number of sets collected in stratum i (Smith 1988). 

3.2.2 Testing for density-dependent habitat selection 

If the entire population of haddock could be censused without tirror, then the total 

number of age j haddock in stratum i and year t (riijt) and the total abundance of 

age j haddock in the entire stock range for year t (Njt) would be known such that: 

Njt = £,nijt (3.2) 
t=i 

If immigration and emigration are negligible then the relationship between n,yf and 

Njt must be positive for some, if not all, strata. The relationship between nt-7t and 

Njt can be described using the power function: 

nijt = aijNjt
0i' (3.3) 
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which satisfies the condition that when Njt equals zero, riijt equals zero for all i. Two 

forms of DDHS are possible: in response to increasing abundance haddock can either 

expand or contract their distributional area. In both cases, the value of fy would 

vary systematically among strata. If haddock expand their distributional area as total 

abundance increases then values of fcj would be less than one in optimal habitat where 

haddock are consistently very abundant but finite resources limit the rate of increase 

in stratum abundance (Fig. 3.3). Values of /% would be greater than one in maxginal 

habitat where haddock axe absent or scarce until increasing total abundance causes the 

distribution of the stock to expand into these areas. Consequently, the proportional 

abundance of haddock occupying marginal habitat (nijt/Njt) would increase with 

increasing Njt relative to optimal habitat. If haddock contract their distributional 

area into optimal habitat as total abundance increases then values of /% would be 

higher in optimal habitat relative to marginal habitat and the proportional abundance 

of haddock occupying marginal habitat would decrease with increasing Njt relative 

to optimal habitat (Fig. 3,3). 

Alternatively, distributional area could remain constant as total abundance in­

creased such that n^t increases linearly with Njt in all strata that are occupied by 

haddock (Fig. 3.3). Therefore, /?y would be constant and equal to one. The value 

of otij would equal the proportional abundance of age j haddock in stratum i (i.e., 

riijt/Njt). Optimal habitat would be associated with high values of ay, whereas, 

marginal habitat would be associated with low values of atJ-. Therefore, as total 

abundance increases both the proportional abundance of haddock in each stratum 

and the distributional area would remain constant. Given that this type of distribu­

tional response is independent of spatial variation in local density it can be termed 

density-independent habitat selection (DIHS). DIHS is equivalent to the site invari­

ant response described in Myers and Stokes (1989), the proportional density model 

described in Hilborn and Walters (1992), and the spatially uniform model described 
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Figure 3.3: Definitions of density-dependent (DDHS) and density-independent 
(DIHS) habitat selection illustrating trends in distributional area, local abundance 
(riijt), and proportional abundance (nijt/Njt) with increasing total abundance-at-age. 
The dotted and dashed lines illustrate trends for optimal and marginal habitat, re­
spectively. These three examples do not include the possibility that /?# is less than 
zero, i.e, local abundance decreases with increasing total abundance-at-age. 

in Swain and Sinclair (1994). 

In practice, the total number of haddock occupying each strata (n^t) is unknown. 

Values of y^t estimate the mean local density of age j haddock in a unit of area 

corresponding to the area swept by a trawl (approximately 0.04 km2 for a 30 min. 

tow). Consequently, yiit differs from n,Jt by a scaling factor that is proportional to 

the area of stratum i. The low sampling effort in each stratmn (usually between 2 
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and 4 sets per stratum) and patchy distribution of fish contribute to the imprecision 

associated with values of y^. Estimates of JV ,̂ obtained from sequential population 

analysis (SPA), are available for haddock age 1 and 2 for the periods 1970-87 and 

1970-1988, respectively (O'Boyle et al. 1989). Since the SPA was calibrated (sensu 

Rivard 1989) using survey estimates of the mean abundance of haddock age 2-8, SPA 

estimates of abundance-at-age are not independent of the survey data. Estimates 

are unavailable for 1989-present due to a systematic bias in the SPA methodology 

(Sinclair et al. 1991), the source of which is currently unknown. 

The relationship between total abundance and local density has previously been 

expressed as a power function (Myers and Stokes 1989): 

yijt = aij Njt
bi> (3.4) 

Myers and Stokes (1989) estimated the parameters at;- and 6t;- by log-transforming 

values oty~ijt and Njt which accounts for the heteroscedasticity that is characteristic of 

the relationship between y,Jt and Njt. This approach is problematic for juvenile had­

dock in NAFO Division 4X because of the high frequency of zero values of f/,Jt observed 

for some strata (Table 3.1). Secondly, the assumption that the coefficients estimated 

by log-transforming data axe equivalent to the coefficients for a power function is not 

always justified (Zar 1968; Beauchamp and Olson 1973). To address these concerns, 

an alternative modelling approach was used. Generalized linear models (GLMs; Mc-

Cullagh and Nelder 1991) allow a nonconstant variance to be incorporated directly 

into the model. The Poisson distribution is often used when the dependent variable 

is count data. The model: 

E[Vijt\ = Vat = exp(atJ- + bijNjt) (3.5) 
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can be fit using a Poisson error distribution. By definition, the variance scales posi­

tively with the mean for variables having a Poisson distribution such that: 

V a i f e ] = fci frit (3-6) 

where <j>ij is a scale parameter representing extra-Poisson variation that results be­

cause organisms tend to show a patchy rather than a random distribution (Pielou 

1977). Unlike log transformations of Eq. 3.4, Eq. 3.5 is defined for values of y{jt equal 

to zero for variables having a Poisson distribution. 

There are several differences between Eq. 3.4 and Eq. 3.5 (Fig. 3.4). Eq. 3.5 differs 

from Eq. 3.4 in that y1Jt equals exp(ay) when Njt equals zero. In theory, a non-zero 

value of the intercept is impossible. In practice, it results from extrapolating Eq. 3.5 

beyond the range of the data for a stock that is not extinct. Consequently, values of 

exp(ay) nught bo expected to be high in optimal habitat and low in marginal habitat 

(Fig. 3.4). The parameter 6y indicates the degree of curvature in the relationship 

between Njt and y{jt. If the distributional response of haddock to increasing abun­

dance is consistent with DDHS then the values of btj estimated for Eq. 3.5 should also 

vary systematically among strata. For example, if increasing total abundance results 

in haddock expanding their distributional area into marginal habitat then values of 

bij would be low for optimal habitat and high for marginal habitat. Alt :rnatively, 

if increasing total abundance results in haddock contracting their distributional area 

into optimal habitat then values of 6,-y would be high in optimal habitat and low in 

marginal habitat. 

The parameters ay and 6y were estimated for each stratum and age-class using 

S-PLUS for Windows (Version 3.1). S-PLUS uses iteratively reweighted least squares 

algorithms to estimate parameters by the method of maximum likelihood (Chambers 

and Has tie 1992). Since the dependent variable was assumed to have a Poisson 

distribution, a log link function was used (Appendix B). The scale parameter ($y) was 

estimated by dividing the residual deviance for the full model by the corresponding 

degrees of freedom. The difference between the residual deviance estimated for the 
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Figure 3.4: Two models used to describe the relationship between total abundance 
(Njt) and local density (yijt). (a) yijt = aijNjt

 6i>; (b) yijt = expfa + 6y Njt). The 
shaded area represents the range of Njt for which values of y,Jt are unknown for stocks 
which are not extinct. Examples where 6y < 0 are not shown. 

full model (Eq. 3.5) and the residual deviance estimated for the reduced, or null, 

model: 
E[y~ijt\ - Vat = exp(ay) (3.7) 

was calculated. The full model was accepted if this difference divided by «̂ y was 

greater than the X2QI id.f. v a m e - A significance level of 0.07 was used because three 

strata had borderline probability values of 0.06 or 0.07; next lowest probability values 
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were 0.19 for age 1 haddock and 0.37 for age 2 haddock. Furthermore, signaficance 

levels for GLMs should be regarded as approximate rather than exact (Appendix 

B). No tows were made in stratum 74 in 1984, therefore, estimates of 2/74,1,1984 and 

7̂4,2,1984 ^ unavailable. Three observations (y76Atl985, y70,2,i979» ^ 2/80,2,1977) w e r e 

deleted from the analysis because they were more than three-fold higher than the 

next highest value of y{jt and were overly influential in model fitting. Median values 

of y{jt (Table 3.1) were used to rank strata in order of increasing habitat suitability. 

3.2.3 Implications of habitat selection for variation in size-at-age 

Density-dependent habitat selection implies that the proportional abundance of had­

dock in each stratum (nyt/./V,t) varies systematically with increasing total abundance 

(Fig. 3.3). Interannual variation in the proportional abundance of haddock in each 

stratum could potentially generate correlations between total abundance-at-age and 

mean size-at-age given the east-west gradient in body size (Fig. 3.2). For example, 

an inverse correlation could potentially result if the proportion of haddock occupying 

strata to the east of Browns Bank increased with increasing total abundance-at-age 

while the proportion on Browns Bank and in the Bay of Fundy decreased. A positive 

correlation would result from a disproportionately large expansion into the Bay of 

Fundy. 

To assess the potential for density-dependent habitat selection generating corre­

lations between mean size-at-age and total abundance-at-age the total abundance of 

age j haddock in each stratum (riy) was estimated as: 

A-

where y^ is the predicted local density of age j haddock in stratum i for a given 

value of total abundance-at-age, A,- is the total area of stratum i (see Table 2.2 

for values of Ai) and 0.04 is the total area sampled by a standard 30 min. tow. 

Estimates of y^ were obtained from Eq. 3.5 for strata having statistically significant 

values of 6y. Otherwise, Eq. 3.7 was used to estimate yij. To examine trends in the 
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relative distribution among different sub-areas of the stock range, strata grouoings 

were compared rather than individual strata. Therefore, the cumulative abundance 

of age j haddock was calculated for three groupings of strata as: 

78 

nss,j = £ «•; (3.9) 
t=70 

81 

i=80 

95 

"BFJ = J2 n%j (3.11) 
t=85 

where the subscripts SS, BB, and BF denote the Scotian Shelf east of Browns Bank, 

Browns Bank and Bay of Fundy, respectively. Strata 82-84 were not included in any 

of the groupings because the low proportion of non-zero values of ytJ-f associated with 

these deep strata (Table 3.1) suggests that they are outside of the range occupied by 

juvenile haddock. The proportional abundance of age j haddock in each of the strata 

groupings was estimated as the abundance in that grouping (iiss,j or TIBB,J °r ™BFtj) 

divided by the total for the strata groupings (fiss,] + n>BB,j + nBF,j)-

3.3 Results 

For age 1 haddock, only five of sixteen (31%) strata had statistically significant values 

of 6y, whereas, twelve of seventeen (71%) strata had significant values of 6y for age 

2 haddock (Table 3.2). For age 2 haddock non-significant values of 6y were usually 

associated with strata having very low values of y,--t (e.g., strata 70, 82, 83, and 84). 

Strata having non-significant values of 6y for age 1 haddock included strata where 

haddock were abundant (e.g., stratum 81) as well as strata where haddock were scarce 

(e.g., strata 70, 82, 84, 91, and 95). Scatterplots of Njt versus y{-t, including the fitted 

curves, axe provided in Appendix C. 

A lack of correlation between total abundance and local density for all or a ma­

jority of strata would be expected if juvenile haddock were randomly distributed or 
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Table 3.1: The frequency of non-zero values (%NZ) and median, minimum and max­
imum values of y{jt for age 1 (1970-87) and age 2 (1970-88) haddock by stratum. 

Stratum Age 1 Age 2 
% NZ Median Min Max % NZ Median Min Max 

70 
71 
72 
73 
74 
75 
76 
77 
78 
80 
81 
82 
83 
84 
85 
90 
91 
95 

33.3 
0.0 

88.9 
66.7 
66.7 
94.4 
66.7 
94.4 
5.6 

100.0 
94.4 
11.1 
5.6 

11.1 
22.2 
88.9 
22.2 
44.4 

0.000 
0.000 
4.776 
0.689 
6.653 
9.805 
0.403 
8.153 
0.000 

25.691 
12.881 
0.000 
0.000 
0.000 
0.000 
5.939 
0.000 
0.000 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.715 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

0.897 
0.000 

73.384 
11.282 
97.605 
56.044 
6.375 

40.294 
0.279 

124.980 
126.520 

0.700 
0.039 
0.318 
1.094 

69.228 
5.204 
4.004 

47.4 
5.3 

100.0 
84.2 
83.3 
89.5 
63.2 

100.0 
52.6 

100.0 
100.0 
26.3 
21.1 
15.8 
73.7 
94.7 
47.3 
68.4 

0.000 
0.000 
6.136 
3.206 
6.007 

10.490 
0.731 

12.778 
0.010 

24.408 
12.507 
0.000 
0.000 
0.000 
0.329 

43.619 
0.000 
0.346 

0.000 
0.000 
0.285 
0.000 
0.000 
0.000 
0.000 
0.153 
0.000 
1.274 
0.370 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

1.981 
0.221 

62.114 
26.534 
26.262 
43.604 

113.840 
48.865 

1.718 
131.810 

107.65 
1.523 
0.586 
3.102 

14.668 
419.490 

1.894 
16.890 

if the centre of distribution was shifting over time. However, the distribution of age 

1 haddock is consistently centered on and around Browns Bank (stratum 80). The 

low number of strata showing a response to increasing total abundance could reflect 

the relatively restricted spatial distribution of age 1 haddock, which axe smaller and 

therefoie less mobile than age 2 haddock. Three of the five strata showing positive 

correlations between local density and total abundance were offshore banks (strata 

73, 75 and 80). High densities of spawning adults regularly occur on these banks in 

the spring (Waiwood and Buzeta 1989) and they are also sites of high concentrations 

of had"1 ~,k eggs and larvae (Hurley and Campana 1989). The three offshore banks 

could therefore represent nursery areas for haddock during their first year. 
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Table 3.2: Estimates of ai3 and 6y and standard errors, degrees of freedom, estimates 
of the scale parameter <£y, and the probability (a) that the difference in residual 
deviances for the reduced and full model divided by <f>tj is grea^r than X^^f, by 
stratum for age 1 and 2 haddock. No non-zero values of y,Jt w r,served for age 1 
haddock in stratum 71 and the iteratively reweighted least squ- •—. algorithm used to 
estimate the parameters failed to converge for age 1 haddock in stratum 83 and age 
2 in stratum 71. 

Stratum 

70 
72 
73 
74 
75 
76 
77 
78 
80 
81 
82 
84 
85 
90 
91 
95 

70 
72 
73 
74 
75 
76 
77 
78 
80 
81 
82 
83 
84 
85 
90 
91 
95 

Age 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

a«V 

-2.11 
2.50 

-0.84 
2.82 
1.10 

-1.61 
2.76 

-4.17 
2.63 
3.08 

-3.22 
-3.92 
-4.88 
2.60 

-1.05 
-0.29 

-2.11 
2.46 
0.15 
0.77 
1.63 

-0.49 
1.46 

-3 08 
2.70 
1.50 

-2.34 
-3.11 
-1.70 
-3.58 
3.31 

-3.04 
-1.62 

se.(a,3) 

0.18 
1.39 
0.48 
1.63 
2.10 
0.80 
0.14 
0.12 
0.12 
1.61 
0.19 
0.13 
2.81 
1.15 
0.49 
0.30 

0.24 
0.98 
0.29 
0.24 
0.17 
0.28 
0.17 
1.51 
0.11 
0.15 
0.26 
0.15 
0.38 
0.90 
0.07 
1.37 
0.55 

(xlO"5) 

5.54 

4.35 
4.99 

3.04 

7.68 

6.38 
4.90 
3.96 

10 00 
4.53 
6.08 
3.50 
6.04 

13.47 
4.55 
6.92 
9.01 

s.e.(6,j) 
(XlO"5) 

1.21 

0.54 
0.98 

0.30 

6.65 

0.91 
0.79 
0.57 
0.81 
0.58 
4.72 
0.39 
0.48 

2.46 
0.23 
4.21 
1.62 

d.f. 

16 
16 
16 
15 
16 
15 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

16 
17 
17 
16 
17 
17 
17 
17 
16 
17 
17 
17 
17 
17 
17 
17 
17 

4>i] 

0.39 
25 13 
3.73 

35.97 
9.24 
1.90 

15 94 
0 10 

27.70 
35.14 
0.22 
0.11 
0 37 

21.17 
1.65 
1.57 

1.01 
14.19 
5.50 
4.81 

10.02 
23.13 
7.33 
0.52 

26.61 
28.28 

0.47 
0.21 
1.01 
1.69 

122.59 
0.66 
3.92 

a 

0 25 
0 47 
0 01 
0 64 
0 01 
0 05 
0 99 
0 33 
0 05 
0 52 
019 
0 81 
0 03 
0 82 
0.29 
0.44 

0.97 
0.37 

<0.01 
<0.01 

0.02 
<0.01 
<0.01 

0.05 
0.07 
0.01 
0.39 
0.37 
0.42 

<0.01 
0.06 
0.03 

<0.01 
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As expected, values of ay scaled positively with the median local density for 

both age 1 (Fig. 3.5A) and age 2 (Fig. 3.6A) haddock, indicating that the intercept 

was higher in strata where haddock are comparatively abundant. Despite relatively 

few observations, values of 6y were inversely correlated with median local density 

for age 1 haddock (Fig. 3.5B). An inverse correlation between 6y and median local 

density was also observed for age 2 haddock (Fig. 3.6B). Since values of 6y reflect the 

degree of curvature in the relationship between ytJt and Njt, curvature was greatest 

in strata where juvenile haddock were relatively scarce. This result is consistent with 

the definition of DDHS given in Fig. 3.3 whereby haddock respond to increased total 

abundance by expanding their distribution into habitat where they are comparatively 

scarce when abundance is low. This result also agrees with the positive correlation 

observed between an indirect estimates of distributional area and total abundance for 

age 2 haddock observed in Chapter 2. 

With the exception of stratum 90, strata in the Bay of Fundy (strata 85, 91 and 

95) were characterized by low values of aij and high values of 6y relative to strata 

lying to the east of Browns Bank. According to the definition of DDHS given in Fig. 

3.3, these strata represent marginal habitat. This conclusion is consistent with the 

observation that, as total abundance-at-age increased, the frequency of occurence of 

age 2 haddock (i.e., percent non-zero observations of yhijt) increases more rapidly in 

areas lying to the east of Browns Bank relative to the Bay of Fundy (Chapter 2). 

High catch rates of juvenile haddock in strata 85, 91 and 95 would only be expected 

for strong year-classes of haddock. 

Differences in the proportional abundance of age 1 haddock among sub-areas of 

the stock range indicate that the majority of age 1 haddock are found on Browns 

Bank or in strata lying to the east of Browns Bank (Fig. 3.7A). A very small propor­

tion (<10%) of age 1 haddock are found in the Bay of Fundy. There was little change 

in the proportional abundance of age 1 haddock as total abundance-at-age increased 

for all three sub-areas of the stock range. The proportional abundance of age 2 had­

dock was approximately equal («33%) for the three sub-areas (Fig. 3.7B). Although 
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Figure 3.5: Parameter estimates for age 1 haddock, (a) the relationship between the 
median value of y^ and ay; (b) the relationship between the median value of y~y, and 
bij. The corresponding strata number is indicated. 

there was a slight decrease in the proportional abundance of age 2 haddock in strata 

east of Browns Bank with increasing abundance, variation observed with increasing 

abundance-at-age was negligible relative to differences between the two age-classes. 

Two mechanisms could potentially explain the increased proportional abundance of 

age 2 haddock in the Bay of Fundy relative to age 1 haddock: 1) directed migration of 

juveniles from unsurveyed inshore area (Fig. 3.1) or from Browns Bank during their 

second year; and 2) enhanced survival of juveniles in the Bay of Fundy. Published 
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Figure 3.6: Parameter estimates for age 2 haddock, (a) The relationship between the 
median value of ytJt and aij; (b) the relationship between the median value of yijt and 
bij. The corresponding strata number is indicated. 

analyses of the available tagging data (McCracken 1956; HalUday and McCracken 

1970) have not examined the former possibility explicitly. 

3.4 Discussion 

MacCall (1990) observed that "once a unit stock has been defined, geography is often 

ignored"" by fisheries scientists. This viewpoint is changing as the number of studies 

which model the distributional response to variation in total abundance increases. 
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Figure 3.7: Variation in the proportional abundance of haddock with total abundance-
at-age for three strata groupings. Strata groupings correspond to Browns Bank (BB; 
dotted Une), Scotian Shelf east of Browns Bank (SS; dashed line) and the Bay of 
Fundy (BF; soUd line), (a) age 1 haddock; (b) age 2 haddock. Total abundance is 
expressed in milUons. 

The quantitative approaches which have been used to describe these responses fall 

into three general categories: (1) estimation of indices that are assumed to be propor­

tional to distributional area (Murawski and Finn 1988; Crecco and Overholtz 1990); 

(2) modelUng the relationship between total abundance and local density (Myers and 

Stokes 1989; Swain and Wade 1993); and (3) examining how the proportion of the 

stock occupying different sub-areas of the stock range changes with total abundance 

(Swain and Sinclair 1994). Figure 3.3 provides the conceptual basis for linking these 
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three approaches. Obtaining consistent results using a combination of approaches 

reduces the likelihood that results are biased by relying on distributional indices 

that scale positively with total abundance (Swain and Sinclair 1994; Chapter 2; Ap­

pendix A). 

3.4.1 Implications for the analysis of growth variation 

Density-dependent habitat selection by groundfish, manifested as either an expan­

sion or contraction of distributional area with increasing total abundance, appears 

to be commonplace in marine groundfish (Myers and Stokes 1989; Swain and Wade 

1993; Swain and Sinclair 1994). Recent analyses of long-term variation in size-at-age 

suggests that spatial gradients in growth rates within a unit stock are also common 

(Bromley 1989; Toreson 1990; Rijnsdorp and van Leeuwen 1992; J0rgensen 1992). 

DDHS, in conjunction with spatial gradients in growth rates, constitutes one possible 

mechanism for generating density-dependent growth. For example, Toreson (1990) 

concluded that density-dependent growth of Norwegian spring-spawned herring (Clu-

pea harengus) was the result of increased dispersion of juvenile herring belonging to 

strong year-classes to areas with lower temperatures. However, DDHS is not Ukely 

to generate significant correlations between mean size-at-age and total abundance-at-

age for juvenile haddock in the southwestern Scotian Shelf because the proportional 

abundance of juveniles remains approximately constant for three sub-areas of differ­

ing growth rates as total abundance increases. An analysis of the correlation between 

SPA estimates of total abundance-at-age and mean length-at-age supports this con­

clusion: mean length-at-age, estimated for the entire stock as well as for the three 

sub-areas separately, was not correlated (p > 0.05) with total abundance-at-age for 

both age 1 and 2 haddock (Table 3.3). 

3.4.2 Other applications of the habitat selection model 

Modelling the relationship between total abundance and local density has other ap­

plications. Density-independent variables (e.g., temperature and saUnity) are known 
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Table 3.3: Number of observations, correlation coefficient, and significance level for 
correlations between mean size-at-age and total abundance-at-age. Estimates of mean 
size-at-age for the entire stock axe from Table 16 of Hurley et al. (1992). Estimates 
of mean size-at-age for strata east of Browns Bank (SS), Browns Bank (BB) and the 
Bay of Fundy (BF) were calculated as the arithmetic average of all observations for 
which both age and length were known. 

Age 

1 

2 

Area 

Stock 
SS 
BB 
BF 

Stock 
SS 
BB 
BF 

n 

18 
17 
18 
17 
19 
18 
19 
18 

r 

0.02 
0.30 
0.15 
0.26 
0.40 
0.05 
0.26 
0.17 

P 

0.95 
0.24 
0.56 
0.32 
0.10 
0.85 
0.28 
0.50 

to influence the catch rates of groundfish (Murawski and Finn 1988; Polacheck and 

V0lstad 1993; Perry and Smith 1994; Smith et al. 1994). However, the relation­

ship between hydrographic variables and catch rates are usually evaluated without 

considering the effect interannual variation in total abundance has on survey catch 

rates. The statistical model described by Eq. 3.5 could easily be expanded to in­

clude density-independent variables. Models describing the relationship between total 

abundance and local density could also be used to assess whether the management 

unit adequately resolves stock dynamics. Under the assumption that immigration 

and emigration axe negUgible, local density must increase for some, if not all, strata 

as total abundance increases. A high proportion of non-significant or negative corre­

lations would be indicative of a stock complex or multiple spawning components. For 

example, Myers and Stokes (1989) observed that positive correlations between SPA 

estimates of total abundance-at-age and survey catch rates were observed for whiting 
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(Merlangius merlangus) in the western half of the North Sea, whereas, negative cor­

relations were observed in the eastern half of the North Sea. They interpreted this 

result as evidence that there are two separate stocks of whiting in the North Sea. 

ModelUng the distributional response of marine fish stocks can also be used to 

test ecological theory at the population level. Optimal foraging theory predicts that 

animals distribute themselves such that foraging efficiency (i.e., the per capita rate of 

resource utiUzation) is maximized (Stephens and Krebs 1986). This strategy results in 

the ideal free distribution (IFD; Fretwell 1972). The IFD assumes that: (1) foragers 

have perfect knowledge of resource availabiUty; and (2) foragers axe free to move 

among habitats and have equal competitive abilities. A recent review of empirical 

studies that test for the IFD found systematic deviations such that animals were 

consistently more abundant in resource-poor habitat than was predicted by theory 

(Kennedy and Gray 1993). Observations for haddock in NAFO Division 4X illustrate 

limitations of the IFD at the population level. The gradient in habitat suitabiUty, as 

defined by the distributional response of juvenile haddock to increasing abundance, 

did not correspond to the spatial gradient in growth rates. For example, a large 

portion of the Bay of Fundy (strata 85, 91 and 95) was classified as marginal habitat 

in a distributional sense despite the rapid growth rates observed in these strata (Fig. 

3.2). Thus, resource utilization does not appear to be maximized by juvenile haddock. 

Given that haddock maintain this spatial gradient in size-at-age throughout their 

life, the assumption that they are free to move among habitats according to resource 

availability is probably invaUd. Chapter 4 proposes that the allocation of juvenile 

haddock between the southwestern Scotian Shelf and the Bay of Fundy is determined 

by events in the early Ufe history that axe independent of resource availability. 



Chapter 4 

Density-dependent and density-independent 

growth of juvenile haddock (Melanogrammus 

aeglefinus) on the Scotian Shelf (1963-91) 

4.1 Introduction 

Evidence of density-dependent growth exists for haddock (Melanogrammus aeglefi­

nus) stocks in the Barents Sea, Skagerak, North Sea, Grand Bank, St. Pierre Bank, 

Scotian Shelf, and Georges Bank (Table 1.1). However, the results of these studies 

are difficult to compare because they vary widely with respect to the age-classes used 

in the analysis (juveniles vs. adults) and the implied nature of the competitive in­

teraction (intracohort vs. intercohort). The lack of consistency in the quantitative 

approaches used to diagnose density-dependent growth is compounded by: (1) the 

inability to identify specific mechanisms that generate density-dependent growth; (2) 

a paucity of long-term data to test for such mechanisms; (3) mechanisms which mimic 

density-dependent growth but do not constitute competition (summarized by Daan 

et al. 1990); and (4) the influence of density-independent factors, e.g., temperature. 

Determining the importance of density-dependent factors requires isolating the spa­

tial and temporal scales at which significant variation in size-at-age is generated and 

48 
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1950 1960 1970 

Year 
1980 1990 

Figure 4.1: Long-term trends (1944-91) in total landings of haddock in NAFO Divi­
sion 4X (soUd Une) and sequential population analysis estimates of the abundance of 
haddock age 3 and older (1963-88). Dashed Une from O'Boyle and Wallace (1986); 
dotted line from O'Boyle et al. (1989). 

assessing, either directly or indirectly, the potential for competition at these scales 

(Bromley 1989). 

Over the past 45 years, haddock landings for NAFO Division 4X have varied by 

approximately one order of magnitude and two distinct peaks in stock abundance 

are evident (Fig. 4,1). There is some evidence of density-dependent growth for this 

stock. Beacham (1982) detected a negative correlation between the biomass of had­

dock age 4 and older and mean size-at-age of haddock age 4-8. Length at 50% 

maturity was positively correlated with population biomass (Waiwood and Buzeta 

1989) which may indicate that high stock abundance decreased the growth rate of 

juvenile haddock thereby increasing the length of time taken to reach maturity (God0 

and Moksness 1987; Rijnsdorp 1993). Both the studies by Beacham (1982) and Wai­

wood and Buzeta (1989) used data collected since 1970, therefore, the effects of the 

first peak in abundance on growth are unknown. Haddock in NAFO Division 4X also 

exhibit a distinct spatial gradient in length-at-age: haddock in the Bay of Fundy are 
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larger than haddock on the southwestern Scotian Shelf (Needier 1930; Hennemuth et 

al. 1964). Higher growth rates for haddock in the Bay of Fundy have been attributed 

to warmer bottom water temperature during the summer growing period (Needier 

1931). More recently, spatial variation in the growth rates of Atlantic cod (Gadus 

morhua) in the Gulf of St. Lawrence and on the Scotian Shelf has been shown to be 

positively correlated with bottom water temperatures (Campana et al. 1995). Con­

sequently, any analysis of temporal trends in size-at-age must consider the possibility 

that pooling data across a spatial gradient obscures important temporal trends and 

reduces the Ukelihood of correctly identifying the factors responsible for generating 

variation in growth rates. 

The large degree of variation in stock abundance provides an opportunity to as­

sess the differential effects of density-dependent and density-independent factors on 

growth of haddock. The first peak in stock abundance, fueled by the exception­

ally strong 1962 and 1963 year-classes, coincided with a period where bottom water 

temperatures were 2-4° C colder than the long-term mean (Fig. 4.2). Temperatures 

observed during the second peak in stock abundance were above the long-term mean. 

The contrasting temperature conditions leads to three possible outcomes. If growth 

rates were only influenced by density-dependent factors then length-at-age should be 

reduced during both peaks in stock abundance. If growth rates were influenced by 

density-independent factors and more specifically bottom water temperature, then 

length-at-age should be reduced during the first peak only. Finally, if the effects of 

stock abundance and temperature were additive then the reduction in growth rates 

should be more pronounced for the first peak in stock abundance relative to the 

second peak. Given the spatial gradient in both growth and bottom water tempera­

tures, the analysis should also determine whether temporal trends were synchronous 

throughout the stock range. 

The goal of this chapter is to describe how temporal variation in both stock abun­

dance and temperature influences variation in length-at-age for haddock ages 1-4 

in NAFO Division 4X. The analysis was restricted to these four age-classes because 
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1950 1960 1970 1980 1990 

Year 

Figure 4.2: Long-term trends (1944-91) in bottom water temperature for three areas 
located in NAFO Division 4X. AnomaUes axe expressed relative to means calculated 
for 1961-90. (a) Browns Bank - 100 m; (b) Roseway Channel - 100 m; (c) Lurcher 
Shoals - 50 m. These three areas correspond to subareas 22, 23 and 24, respectively, 
shown in Figure 1 of Drinkwater and Trites (1987). Subareas 22, 23 and 24 correspond 
approximately to strata CDN80, 81 and 90, respectively. The solid line represents 
the smoothed Une estimated using distance weighted least squares. 

they represent the period where growth is most rapid. Because these age-classes are 

not fully recruited to the commercial fishery, there is less potential for size-selective 
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fishing mortaUty generating spurious trends in length-at-age. Two sources o*' infor­

mation were available: data from summer bottom trawl surveys conducted by the 

Canadian Departmer.f of Fisheries and Oceans (HalUday and Koeller 1981) and data 

from fall bottom trawl surveys conducted by the US National Marine Fisheries Service 

(Azarovitz 1981). Because the spatial coverage of the American surveys (Fig. 4.3) is 

more restricted than that of the Canadian surveys (Fig. 3.1), the magnitude of spatial 

variation in length-at-age was described using data from the Canadian surveys only. 

Temporal trends in length-at-age were examined on a stratum-by-stratum basis to 

determine if the trends were synchronous throughout the stock range. Data for strata 

exhibiting synchronous temporal trends in length-at-age were pooled and compared 

to trends in stock abundance and bottom water temperature. Finally, cross corre­

lation analysis was used to determine if differences among cohorts persisted as the 

cohort aged. A new model of the stock structure is proposed which is consistent with 

haddock life history, the hydrography of Browns Bank and the observed patterns of 

variation in length-at-age. Brief summaries of relevant aspects of haddock life history 

and interannual and seasonal variabiUty in bottom water temperature follow. 

4.2 Haddock life history 

Haddock in NAFO Division 4X spawn from April to June (Waiwood and Buzeta 

1989), with peak spawning occuring in late April (Page and Frank 1989). Interan­

nual variation in the timing of peak spawning is low (< 1 month) and uncorrelated 

with interannual variation in water temperature (Page and Frank 1989). Maturity 

ogives, combining observations from spring surveys conducted between 1970-1972 

and 1974-1985, indicate that the length at 50% maturity is 43 and 37 cm for females 

and males, respectively (Waiwood and Buzeta 1989). These lengths correspond to 

ages of approximately 3-4 years. Ripening and spawning haddock aggregate on off­

shore banks, primarily Browns and Baccaro Banks (Scott 1983), which is coincident 

with the spatial distribution of eggs and larvae (Hurley and Campana 1989). As 

the spawning season progresses, the spatial distribution of spawners contracts until 



53 

68° 67° 66° 65° 64° 63° 

Figure 4.3: Stratification scheme used for fah bottom trawl surveys of NAFO Divi­
sion 4X conducted by U.S. National Marine Fisheries Service. Individual strata are 
identified by number. 

spawning haddock occupy a relatively small portion of Browns and Baccaro Bank, 

corresponding to areas having a particular type of substrate (Sable Island sand and 

gravel; see Fig. 8 in Waiwood and Buzeta 1989). In the summer, the few remaining 

i.pawners are found primarily on LaHave, Roseway, and Baccaro Banks (strata 73, 74 

and 75, respectively, in Fig. 3.1). 

Newly fertiUzed eggs rise to the surface and hatch 2-3 weeks later. Two to three 

months later, larvae transform to the pelagic juvenile stage (Fahay 1983) which lasts 

approximately 2 months (Miner et al. 1963). The transition to demersal habitat takes 

approximately one month (KoeUer et al. 1986) and is accompanied by a dietary shift 

from suprabenthic or pelagic copepods to amphipods and polychaetes (Mahon and 

Neilson 1987). The majority of prey items found in the stomachs of early demersal 

juveniles are deposit feeders, a trophic group which constitutes only 8% of the total 

macrofaunal production on Browns Bank (Wildish et al. 1989). The diet of adult 
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haddock is more diversified and exhibits considerable regional variation (Homans 

and Needier 1944). The subterminal position of their mouth and grinding type of 

digestion make haddock well-suited for the consumption of small and medium-sized 

macrobenthos (Mattson 1992). Haddock compensate for the low nutritional value 

of this food source by having feeding rates that are high relative to other gadoids 

(Mattson 1992). The mean annual production of macrobenthos in the Bay of Fundy 

(232 kcal m"2 y_1; Wildish et al. 1986) is markedly higher than the value estimated 

for Browns Bank (77 kcal m~2 y_1; Wildish et al. 1989). Differences in macrobenthic 

production could therefore contribute to the observed spatial gradient in growth rates 

of haddock. There is no pubUshed data to quantify interannual variation in food 

availabiUty for this s tck . 

4.3 Interannual and seasonal variability in temperature 

Interannual variation in water temperatures has been examined using records of near-

surface temperatures obtained from across the northwest Atlantic (1946-80) as well as 

hydrographic monitoring stations that are located in inshore coastal stations. These 

data show a low frequency (decadal time scale) trend that is horizontally and vertically 

coherent throughout the Scotian Shelf (Petrie et al. 1991; Petrie and Drinkwater 

1993). A warming period began in the 1940's and peaked during 1952-53 (Fig. 4.2). 

A cooling period persisted, with short interruptions, from 1953-1967 and was followed 

by a rapid warming (1967 to 1971). From 1971 to 1986 temperatures remained 

relatively constant and high until a cooling trend began in 1986. A recent analysis 

of bottom water temperatures measured during the summer bottom trawl surveys 

corroborates these trends and confirms that temperatures in the late 1980's and early 

1990's were lower than the long-term mean (Page and Losier 1994). 

On a seasonal basis, bottom water temperatures are at or near a minimum in 

March and peak in September for both the southwestern Scotian Shelf and the Bay 

of Fundy (Drinkwater and Trites 1987). Page and Losier (1994) noted that, for 

NAFO Division 4X, interannual differences in the timing of the summer surveys were 
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unlikely to generate spurious trends in biological parameters that covary with the 

seasonal temperature cycle because the temperature differences that resulted from 

sampling at different points on the seasonal cycle were small relative to the magnitude 

of interannual differences. Analysis of the distribution patterns of haddock on the 

Scotian Shelf and Georges Bank indicates that haddock consistently avoid bottom 

water temperatures that are less than 2-3° C (Smith et al. 1994). Temperatures 

in March and April are at or below this temperature threshold throughout the Bay 

of Fundy (see Fig. 2 in Drinkwater 1987; K.F. Drinkwater, Dept. of Fisheries and 

Oceans, Bedford Institute of Oceanography, unpub. data). Therefore, it is highly 

probable that cold water temperatures cause haddock to migrate out of the Bay of 

Fundy at this time of year. Bottom water temperatures on Browns Bank in the early 

spring are generally > 3° C (Drinkwater and Trites 1987). 

4.4 Methods 

Data from bottom trawl surveys of NAFO Division 4X conducted in the summer 

(CDN; 1970-91) and in the fall (US; 1963-86) were used. SampUng dates of the 

CDN and US surveys are given in Table 2.5 and Table 4.1, respectively. Both CDN 

and US surveys use a stratified random design with depth as the major stratifying 

variable. Strata boundaries for the CDN surveys were defined using three depth 

intervals (< 100 m, 100-200 m, > 200 m), whereas the US surveys used four depth 

intervals (27-55 m, 56-110 m, 111-183 m, > 183 m). Consequently, strata boundaries 

and the numbering schemes used to identify individual strata differ between the two 

surveys. To avoid confusion, strata identification numbers axe preceded by CDN or 

US. The spatial coverage of the CDN survey (total area: 56,734 km2, 18 strata) is 

more extensive and better represents the stock range. With the exception of one 

shallow inshore stratum (US33), the spatial coverage of the US survey (maximum 

area: 29,345 km2, 8 strata) overlaps with the area sampled by the CDN survey. US 

surveys conducted after 1986 were not included in the analysis because coverage was 

reduced to only three strata located in the Bay of Fundy (US 33, 34, 35). 
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Table 4.1: Cruise numbers and sampling dates (mm/dd) for fall bottom trawl surveys 
of NAFO Division 4X conducted by the U.S. National Marine Fisheries Service. 

Year Cruise Start Date End Date 

1963 

1964 

1965 

1966 

1967 

1968 

1969 
1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

1979 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

7 
13 
14 
614 
721 
817 
911 
706 
716 
728 
738 
748 
758 
338 
778 
789 
799 
809 
8106 

8206 

8306 

8405 

8508 

8606 

11/19 

11/15 

10/12 

10/16 

11/10 

11/06 

11/15 

11/08 

11/06 

11/07 

11/08 

10/31 

11/08 

11/14 

11/02 

10/28 

10/27 

10/31 

09/27 

10/25 

11/02 

10/21 

11/01 

10/30 

11/23 

11/23 

10/15 

10/20 

11/15 

11/23 

11/19 

11/17 

11/17 

11/17 

11/15 

11/07 

11/16 

11/16 

12/01 

11/12 

11/15 

11/03 

09/29 

11/03 

11/05 

10/23 

11/04 

11/02 

For both surveys the fork length of individual haddock was recorded to the nearest 

cm and sagittal otoUths and/or scales were removed from a length-stratified subsample 

of the total catch for subsequent age determinations. Prior to 1985, otoUths collected 

during the CDN surveys were broken and burned for age determinations. Since 1985, 

age determinations have been made using thin sections along the dorsoventral axis 
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(Strong et al. 1985). Of the total number of otoliths collected during the CDN 

surveys, the proportion that were subsequently aged has varied from 31 and 99% 

among surveys. For the US surveys, scales are used for young fish and otoliths are 

used for older fish because of the difficulty in distinguishing the outer annuU on scales 

(Pentilla and Dery 1988). Analysis of long-term variation in size-at-age is susceptible 

to eiiovs if the ageing protocol has varied over time (Rijnsdorp and van Leeuwen 

1992). However, a significant correlation between the smoothed temporal trends in 

length-at-age was observed for the overlapping portion of the CDN and US surveys 

(p < 0.01; 1970-86). This suggests that the analysis was not unduly affected by 

ageing errors. 

The arithmetic mean length-at-age was estimated for each stratum and year 

using only observations for which both length and age were known. This value 

was not corrected for the length-stratified subsampUng of otoUths/scales from the 

total catch. Consequently, the tails of the length-frequency distribution are over-

represented within each age-class (Rijnsdorp 1993). Since this would apply to both 

the upper and lower tails equally, it was assumed that values of the mean length-

at-age were not affected. Data from CDN surveys conducted between 1970-91 were 

pooled to describe spatial trends in length-at-age and bottom water temperature. 

Both spatial and temporal trends in the arithmetic mean length-at-age were sum­

marized by fitting a smoot! 'ine using distance weighted least squares (Wilkinson 

1990). 

In the Ufe history literat .re the terms juvenile and adult are used to distinguish 

between the periods preceding and following maturation (Roff 1992). Because both 

length- and age-at-maturity are highly variable through space and time, discriminat­

ing between juveniles and adults using a fixed length or age is necessarily imprecise. 

The majority of haddock ages 1-2 are immature (Waiwood and Buzeta 1989) and 

therefore represent the juvenile stage. Because variable proportions of haddock ages 

3-4 are immature, these two age-classes represent a mixture of juveniles and adults. 

All of the results are presented with reference to specific age-classes. In the discussion 
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section, the terms juveniles and adults are used to refer to immature and mature fish, 

irrespective of age. 

4.5 Results 

4.5.1 Spatial variation in length-at-age and temperature 

A spatial gradient in length-at-age of haddock is clearly evident for all four age-classes 

(Fig. 4.4): haddock are as much as 20% larger in the Bay of Fundy (CDN85, 90, 91, 

95) compared to haddock caught on the southwestern Scotian Shelf (CDN70-81). 

The smaU number of observations for age 1 haddock in strata CDN82-84 reflects 

their limited mobiUty and/or preference for shallower habitat. Length-at-age 1 is at a 

minimum in stratum 74 and a maximum for strata in the Bay of Fundy. Within strata 

on the southwestern Scotian Shelf, length differences among strata decrease with age 

and are negligible by age 4. The possibiUty that the spatial gradient in length-at-age 

was generated through the differential mixing of haddock from two sub-components 

having different growth rates was investigated by examining values of the coefficient 

of variation of the mean size-at-age (c.v.) by strata. This analysis assumed that 

differential mixing of two populations would result in values of the c.v. peaking in 

strata at the boundary between the two populations (CDN82-84) or in adjacent strata 

(CDN81, 85). There was no tendency for values of the c.v. to be higher in those strata 

for all four age-classes (C.T. Marshall, unpub. data). Therefore, the spatial gradient 

in length-at-age reflects an incremental increase in growth rates throughout the stock 

range. 

Summer bottom water temperatures varied by as much as 5° C within NAFO 

Division 4X (Fig. 4.5). The warmer bottom temperatures of LaHave Basin (CDN71) 

influenced temperatures in adjacent strata (CDN70, 72). Temperature increased from 

minimum values observed on LaHave, Roseway and Baccaro Banks (CDN73, 74, 75, 

respectively) to maximum values on or west of Browns Bank (CDN80-84) and in the 
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Figure 4.4: Mean length-at-age by stratum for CDN bottom trawl surveys. Each 
observation represents the arithmetic mean length-at-age calculated for one strata 
and survey. SoUd line represents the smoothed Une estimated by distance weighted 
least squares. Vertical dashed lines indicates the divisions which were used for the 
analysis of temporal trends in length-at-age. 

Bay of Fundy (CDN85, 90, 91, 95). The spatial gradient in length-at-age was consis­

tent with the gradient in bottom water temperatures; haddock were larger in strata 

having warmer temperatures in the summer. The correspondence was especially close 
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Figure 4.5: Mean bottom water temperatures by stratum for summer bottom trawl 
surveys. Each observation represents the arithmetic mean temperature calculated for 
one strata and survey. SoUd Une represents the smoothed Une estimated by distance 
weighted least squares. Vertical dashed Unes indicates the divisions which were used 
for the analysis of temporal trends in length-at-age. 

for age 1 haddock: the smallest age 1 haddock were observed in the stratum having 

the coldest temperatures (CDN74). The reduced mobiUty of age 1 haddock may have 

restricted their exposure to the temperature gradient. Increased mobility with in­

creasing age/size might be responsible for the diminution of the spatial gradient in 

length-at-age within strata CDN70-81 by age 4. Although temperature differences 

from stratum CDN80 through to stratum CDN95 were relatively small (Fig. 4.5), 

haddock were distinctly larger in the Bay of Fundy compared to Browns Bank (Fig. 

4.4). 

.*m 
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4.5.2 Temporal variation in length-at-age 

Given the spatial gradient in length-at-age, temporal variation was examined on a 

stratum-by-stratum basis. This visual inspection of the data indicated that the strata 

from the CDN survey could be pooled into two sub-groups: strata on the southwestern 

Scotian Shelf (CDN70-81) and strata in the Bay of Fundy (CDN85, 90, 91, 95). Data 

for strata CDN82-84 were excluded because too few haddock were caught in these 

strata to identify temporal trends. Length-at-age 1 on the southwestern Scotian Shelf 

decreased by approximately 4 cm (20%) from the mid 1970's to a minimum in the 

early 1980's (Fig. 4.6). Starting in the early 1980's, length-at-age 1 increased such 

that by 1991 lengths were comparable to those observed in the early 1970's. Similar 

temporal trends were observed for haddock ages 2-4 on the Scotian Shelf. Length-

at-age decreased by approximately 20% through the mid 1980's for these age-classes. 

Temporal variation in all four age-classes of haddock in the Bay of Fundy was 

small (<10%) relative to the variation observed for the southwestern Scotian Shelf 

(Fig. 4.6). Length-at-age 1 was approximately constant during the time period. A 

slight decrease in length-at-age was observed for older haddock in the Bay of Fundy 

during the mid 1980's and coincided with the reduction in length-at-age occurring 

for the same age-classes on the southwestern Scotian Shelf. Recent cooUng trends in 

bottom water temperature which began in 1986 (Fig. 4.2) did not did not appear to 

affect length-at-age either in the Bay of Fundy or on the southwestern Scotian Shelf 

(Fig. 4.6). Contrasting the minimum length-at-age observed on the southwestern 

Scotian Shelf with the maximum length-at-age observed in the Bay of Fundy indicates 

that, within age-classes, length-at-age varied by as much as 50%. 

Data from the US surveys can also be divided into two comparable groupings: the 

southwestern Scotian Shelf (US31, 32, 41, 42, 49) and the Bay of Fundy (US33, 34, 

35). Temporal trends in length-at-age for the two regions differed (Fig. 4.7). On the 

southwestern Scotian Shelf, the length-at-age 1 decreased rapidly by approximately 

6 cm (w20%) from 1963 to 1966. It is interesting to note that the lengths-at-age 1 

for the exceptionally abundant 1962 and 1963 cohorts were above average, however, 
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Figure 4.6: Mean length-at-age for CDN bottom trawl surveys conducted between 
1970-91. Each observation represents the arithmetic mean length-at-age calculated 
for one strata and survey. Panels on the left are data for strata on the southwestern 
Scotian Shelf (strata CDN70-81). Panels on the right are for strata in the Bay 
of Fundy (strata CDN85, 90, 91 and 95). SoUd line represents the smoothed Une 
estimated by distance weighted least squares. Horizontal dashed line indicates the 
long-term mean length-at-age. 

this difference disappeared as the cohorts aged. Length-at-age 1 was reduced for 

cohorts that immediately followed the 1963 cohort and at a minimum in 1966, when 

biomass of the 1962 and 1963 cohorts was near maximum. Length for haddock age 2-

4 was below average from 1963-66 then increased (1967-71). A second, more gradual 
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Figure 4.7: Mean length-at-age for US bottom trawl surveys conducted between 1963-
86. Each observation represents the arithmetic mean length-at-age calculated for one 
strata and survey. Panels on the right are data for strata on the southwestern Scotian 
Shelf (strata US31, 32, 41, 42, 49). Panels on the left are for strata in the Bay of 
Fundy (strata US33, 34, 35). SoUd Une represents the smoothed Une estimated by 
distance weighted least squares. Horizontal dashed Une indicates the long-term mean 
length-at-age. 

decrease in length-at-age 1 began in the early 1980's, a trend which was consistent 

with variation observed in the CDN survey (Fig. 4.6). Variation in length of haddock 

age 2-4 on the southwestern Scotian Shelf during the period 1970-86 was consistent 
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with trends observed for the CDN surveys: lengths were stable until the early 1980's 

then began to decrease. 

In contrast to the the CDN survey, considerable («33%) variation in length-at-

age was observed for haddock in the Bay of Fundy during the time period covered by 

the US survey. Length-at-age 1 for haddock in the Bay of Fundy was below average 

during the early 1960's then increased from 1967-76. From 1976-86, length-at-age 

1 was relatively stable, which is consistent with trends observed in the CDN survey. 

Similar trends were observed for older age-classes in the Bay of Fundy: lengths-at-age 

were below average during the early 1960's then increased gradually from 1966-78. 

The length of haddock ages 3-4 decreased slightly from 1982-86, which is consistent 

with variation observed during the CDN survey. 

4.5.3 Intracohort variation in length-at-age 

Cross correlation analysis of the smoothed time series for CDN surveys of the south­

western Scotian Shelf (1970-91) indicated that the temporal trends in length-at-age 

1 persisted as the cohort aged (Fig. 4.8a,b,c). Peak correlations between length-at-

age 1 and the lengths of the three older age-classes occured at or near the expected 

lags. Temporal trends in length-at-age for haddock in the Bay of Fundy during the 

same time period lack this intracohort structure (Fig. 4.8d,e,f): temporal variation in 

length-at-age 1 was uncorrelated with variation in length of age 2, 3, and 4 haddock 

at all lags. The absence of a well-defined cohort effect in the Bay of Fundy is not 

surprising given that length-at-age was relatively constant for all age-classes during 

this time period compared to the level of variation in length-at-age observed on the 

southwestern Scotian Shelf (Fig. 4.6). 

Cross correlation analysis of smoothed trends gave very different results for the 

US survey despite considerable overlap between the time periods covered by the two 

surveys. Peak correlations between length-at-age 1 and the three older age-classes 

on the southwestern Scotian Shelf occurred at or near the nonsensical lag of -1 (Fig. 

4.9a,b,c), although, very few of these correlations were significant. The rapid dip 
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Figure 4.8: Cross correlation analysis for the CDN survey (1970-91). Arrows indicate 
the expected lag if intracohort variation in growth dominates the temporal trends, 
(a) length-at-age 1 and 2, southwestern Scotian Shelf; (b) length-at-age 1 and 3, 
southwestern Scotian Shelf; (c) length-at-age 1 and 4, southwestern Scotian Shelf; (d) 
length-at-age 1 and 2, Bay of Fundy; (e) length-at-age 1 and 3, Bay of Fundy; (f) 
length-at-age 1 and 4, Bay of Fundy. 

in length-at-age 1 did not propagate through to older age-classes and haddock age 

2-4 exhibited a greater coherence within years than within cohorts. Correlations 

were stronger in the Bay of Fundy and occurred at or near a lag of 0 (Fig. 4.9d,e,f), 

indicating that the time period is dominated by a synchronous increase in length-

at-age (1966-78) for all age-classes. Given that significant correlations consistently 

occured at or near a lag of 0, temporal variation in length-at-age during the period 

1963-86 appears to be synchronous within years rather than within cohorts for both 

regions. Differing results for the CDN and US surveys were Ukely a result of differences 

in the temperature conditions: the time period covered by the US surveys included a 

strong temperature signal, whereas, the CDN surveys were associated with relatively 

stable temperatures. The temperature signal appears to have enhanced the year effect 
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Figure 4.9: Cross correlation analysis for the US survey (1963-86). Arrows indicate 
the expected lag if intracohort variation in growth dominates the temporal trends, 
(a) length-at-age 1 and 2, southwestern Scotian Shelf; (b) length-at-age i and 3, 
southwestern Scotian Shelf; (c) length-at-age 1 and 4, southwestern Scotian Shelf; (d) 
length-at-age 1 and 2, Bay of Fundy; (e) length-at-age 1 and 3, Bay of Fundy; (f) 
length-at-age 1 and 4, Bay of Fundy. 

relative to the cohort effect causing the correlations among age-classes to peak at or 

near a lag of 0. 

This was examined further by deleting observations for the period associated with 

cold water temperatures (1963-69) from the US survey such that the shortened time 

period (1970-86) overlapped with the CDN survey. The cohort effect observed for 

the southwestern Scotian Shelf during the CDN survey (Fig. 4.8a,b,c) was not recov­

ered (Fig. 4.10a,b,c), perhaps because the shortened time period did not include the 

period of increasing length-at-age (1987-91). However, the almost complete absence 

of significant correlations for the Bay of Fundy (Fig. 4.10d,e,f) was comparable to 

the results for the CDN survey (Fig. 4.8d,e,f). The dependency of the conclusions 
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Figure 4.10: Cross correlation analysis for the US survey, observations for 1963-69 
deleted. Arrows indicate the expected lag if intracohort variation in growth dominates 
the temporal trends, (a) length-at-age 1 and 2, southwestern Scotian Shelf; (b) length-
at-age 1 and 3, southwestern Scotian Shelf; (c) length-at-age 1 and 4, southwestern 
Scotian Shelf; (d) length-at-age 1 and 2, Bay of Fundy; (e) length-at-age 1 and 3, Bay 
of Fundy; (f) length-at-age 1 and 4, Bay of Fundy. 

on time period under consideration illustrates a serious drawback to using short time 

series («20 yrs) to detect decadal scale variation in growth rates. 

4.5.4 tors influencing temporal variation in length-at-age 

Temporal variation in length-at-age 1 observed on the southwestern Scotian Shelf 

is consistent with the hypothesis that stock abundance influences growth r ies be­

cause both of the reductions in length-at-age 1 coincided with the two peaks in stock 

abundance (Fig. 4.11). Thus, an increase in stock abundance appears to decrease 

the resources available to age 1 haddock. Since the two reductions are comparable 

in magnitude («4 cm), low temperatures during the first peak did not intensify the 

effect of high stock abundance. The effect of the first peak in stock abundance was 
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confined to age 1 haddock and did not propagate through to older age-classes. In­

stead, temperature had a more pronounced effect on size variation of older age-classes 

of haddock on the southwestern Scotian Shelf during the 1960's. During the second 

peak in stock abundance bottom water temperatures were stable and warm and the 

reduction in length-at-age 1 propagated through the cohort. 

Temporal trends in length-at-age observed for the Bay of Fundy show that age 1 

haddock were smaller in the early 1960's when temperatures were cold. The gradual 

increase in length-at-age that occurred for all age-classes in the Bay of Fundy from 

1966 to 1978 is consistent with the warming that occurred during this period (Fig. 

4.11). The second peak in stock abundance during the mid 1980's did not have any 

affect on the length of age 1 haddock in the Bay of Fundy. Thus, in contrast to age 

1 haddock on the southwestern Scotian Shelf, variation in length-at-age 1 in the Bay 

of Fundy was influenced more by temperature rather than by stock abundance. This 

suggests that, unlike the southwestern Scotian Shelf, resources do not limit growth of 

juvenile haddock in the Bay of Fundy. 

4.6 Discussion 

The relative importance of density-dependent and density-independent processes in 

population regulation has been an open question for fisheries science (Sinclair 1988) as 

well as ecology (Godfray and Hassell 1992) for the greater part of this century. Lawton 

(1991) stated that "the notion that most populations persist in the complete absence 

of density dependent events is clearly silly ... Rather, the debate has now shifted 

to the relative contribution of density dependent and density independent processes 

ixj patterns of dynamical behaviour, what form density dependence takes (spatial vs. 

temporal), and how to detect it." The results presented here illustrate the relevance of 

this statement to investigations into the growth of marine fish. Both stock abundance 

and temperature influenced variation in length-at-age of haddock in NAFO Division 

4X, however, their relative importance depended on the time period, location, and 

age-classes considered. For example, the effect of temperature was more pronounced 
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Figure 4.11: Temporal trends (1963-91) in (a) total landings for NAFO Division 4X; 
(b) smoothed length-at-age 1 for the southwestern Scotian Shelf (solid and dashed Une 
represent the CDN and US surveys, respectively); (c) smoothed temperature anomaly 
for Lurcher Shoal in the Bay of Fundy; (d) smoothed length-at-age 1 for the Bay of 
Fundy (solid and dashed Une represent the CDN and US surveys, respectively). Note 
that length differences between overlapping period of the CDN and US surveys are 
due to differences in the timing of the surveys (summer vs. fall). 
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in the US surveys because the time period covered by this survey included a strong 

temperature signal. Density-dependent growth was observed for juvenile haddock on 

the southwestern Scotian Shelf but not xor haddock in the Bay of Fundy. Using a 

spatially aggregated mean length-at-age to describe temporal trends in size at the 

stock level filters out the distinct trend observed for age 1 and 2 haddock on the 

southwestern Scotian Shelf (Fig. 4.12). Comparing the aggregate mean length-at-age 

1 to temporal trends in stock abundance would lead to the erroneous conclusion that 

variation in stock abundance has no effect on the growth of age 1 haddock. Examining 

variation in size-at-age on spatial scales that are broader than the scales at which the 

variation is generated may partly explain why studies investigating the relationship 

between stock abundance and growth have had such a long history of inconclusive 

and/or contradictory results (Ross and Nelson 1992). 

Density-dependent effects were clearly stage-specific: growth of haddock on the 

southwestern Scotian Shelf during their first year was inversely correlated with the 

abundance of adult haddock (Fig. 4.11). High densities of age 1 haddock are typically 

found on offshore banks and stratum 90 (Table 3.1). These strata also have high 

densities of adult haddock (Frank et al. 1990). Using data from 1910-41, Herrington 

(1944) proposed that juvenile haddock on Georges Bank were adversely affected by 

high abundance of adults because of the spatial overlap between these two life history 

stages. More recently, Ross and Nelson (1992) observed an inverse correlation between 

growth rates of juvenile haddock on Georges Bank and stock abundance for the period 

1963-80. Given their overlapping spatial distribution, competition between juvenile 

and adult haddock is a distinct possibiUty because juveniles feed on a minor sub­

component of the total available macrobenthos (Wildish et al. 1989) which can also 

be utiUzed by adult haddock. The limited mobiUty of age 1 haddock restricts the 

degree to which they can respond to food Umitation by adjusting their distribution. 

The reduced growth that was observed for age 1 haddock on the southwestern Scotian 

Shelf belonging to cohorts that immediately followed the 1962 and 1963 cohorts and 
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Figure 4.12: Smoothed lines depicting temporal trends in length-at-age for the south­
western Scotian Shelf and the Bay of Fundy estimated for the CDN surveys. Dashed 
Une depicts the temporal trend in the stratified mean length-at-age estimated for the 
CDN survey (Table 16 in Hurley et al. 1992). 

the lack of a density-dependent response in the Bay of Fundy, where macrobenthic 

production is considerably higher, provide indirect support for this interpretation. 

Spatial overlap between juveniles and adults is clearly a necessity if interco­

hort competition for Umiting resources is the mechanistic basis of density-dependent 
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growth in juvenile haddock. This point can be illustrated in greater detail by means of 

an example that contrasts with Scotian Shelf haddock. Juvenile plaice (Pleuronectes 

platessa) in the North Sea occupy inshore nursery areas and are spatially segregated 

from adults (Wimpenny 1953; Rijnsdorp and van Beek 1991). Using otoliths to back-

calculate growth rates over 1930-85, Rijnsdorp and van Leeuwen (1992) showed that 

reductions in growth during periods of high stock abundance were more pronounced 

for larger plaice relative to small plaice. Thus, spatial segregation between life his­

tory stages could represent an adaptive strategy to enhance the growth of juveniles 

by minimizing the potential for competition. Juvenile plaice occupying nursery areas 

along the coast exhibit growth rates that are equal to maximum rates observed for 

juveniles grown in captivity under optimum food conditions (Zijlstra et al. 1982). 

4.6.1 Implications of growth variation for stock structure 

Given the magnitude and persistence of growth differences between the Bay of Fundy 

and the Scotian Shelf, the possibility that haddock spawn in the Bay of Fundy should 

be considered. Small numbers of spawning haddock were reported in an inshore area 

off Cape St. Mary having the appropriate substrate type (Waiwood and Buzeta 1989). 

However, synoptic surveys of the Scotian Shelf and lower Bay of Fundy failed to de­

tect significant concentrations of haddock eggs or larvae in the vicinity of Cape St. 

Mary (Hurley and Campana 1989). Furthermore, the cold water temperatures (< 

3° C) that are characteristic of the Bay of Fundy in the early spring (Drinkwater 

1987) suggest that spawning haddock are unlikely to be present there in large num­

bers given their distinct preference for temperatures that are > 3° C (Smith et al. 

1994). Thus, haddock do not appear to spawn in the Bay of Fundy. This conclusion 

contrasts sharply with observations made for 4X cod: cod eggs are widely distributed 

throughout the Bay of Fundy in the spring (Hunt and Neilson 1993) and cod are often 

associated with temperatures between 0 and 2-3° C (Page et al. 1994). 

Assuming that ripening haddock migrate from the Bay of Fundy to Browns 

Bank and share this spawning site with haddock from the southwestern Scotian 
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Shelf, the following conceptual model is proposed to explain how the two distinct 

sub-components of the stock axe maintained. This model incorporates many of the 

observations made as part of the Fisheries Ecology Program (FEP; Smith et al. 1989). 

Details of the reproductive biology for another multiple batch spawning gadoid (At­

lantic cod) are presented where comparable information for haddock is lacking. 

Temporal segregation of spawning: Cod fed higher rations spawn earUer than cod 

maintained at low rations (Kjesbu 1994). Haddock in the Bay of Fundy grow faster 

than their counterparts on the southwestern Scotian Shelf, perhaps as a consequence 

of higher bottom water temperatures during the period of maximum growth (sum­

mer) and/or higher food availabiUty. It is therefore possible that haddock in the 

Bay of Fundy ripen and spawn earUer in the season. If ripening haddock from the 

Bay of Fundy migrate to Browns Bank to spawn, then a seasonal shift in the size 

composition of adult haddock on Browns Bank would be expected to result from the 

arrival of large haddock from the Bay of Fundy in the late winter. Although there is 

anecdotal evidence from the commercial fishery which suggests that aggregations of 

large haddock regularly occur near or on Browns Bank in February, data having suffi­

cient spatial and temporal resolution to test this hypothesis are not available. As the 

spawning season progresses the spatial distribution of spawning adults shifts north­

eastward from Browns Bank toward Baccaro, LaHave and Roseway Banks (Waiwood 

and Buzeta 1989). This observation is consistent with the hypothesis that spatial 

gradients in bottom water temperatures affect maturation cycles and spawning times 

because these offshore banks have colder temperatures (Fig. 4.5). 

Spatial segregation of ichthyoplankton: Historically, two hypotheses have been pro­

posed to explain the fate of haddock ichthyoplankton on Browns Bank: drift and 

retention (Page and Smith 1989). Early observations supported the drift hypothesis 

(Bigelow 1927) as does the consistent presence of early demersal juveniles in the Bay 

of Fundy despite the apparent lack of a spawning site. However, the discovery of a 

gyre on Browns Bank led O'Boyle et al. (1984) to conclude that haddocl, eggs and 

larvae were retained on the bank. In an attempt to resolve this issue, Campana et 
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al. (1989a) used otolith microstructure techniques to describe temporal changes in 

the age-specific spatial distribution of haddock larvae. Cruises conducted early in 

the spring found centres of larval distribution located on Browns Bank and off the 

bank to the northwest with few larvae detected to the west or east of Browns Bank. 

Later cruises detected substantial concentrations of larvae to the east of the bank. 

The seasonal shift in distribution of larvae corresponds with the eastward shift in dis­

tribution of spawning haddock noted above. Campana et al. also observed that the 

age composition of larvae in June indicated that the oldest larvae (51-60 days) were 

observed in the Bay of Fundy (see Fig. 5 in Campana et al. 1989a). This bifurcation 

in the distribution of haddock eggs and larvae, termed a "drift-retention dichotomy" 

by Campana et al. (1989a), may represent the point in time at which cohorts are seg­

regated spatially and differences in size-at-age are generated. A similar drift-retention 

mechanism was proposed to explain the stage-specific distribution of haddock eggs 

off the coast of Norway (Solemdal et al. 1989). 

Biological and physical factors affecting the dispersion of eggs: Kjesbu et al. (1992) 

have shown that the eggs produced by large cod exhibit greater variation in bouyancy 

relative to the eggs produced by small cod. This could potentially increase both the 

vertical and horizontal dispersion of eggs produced by larger fish. Thus, biological 

characteristics might increase the likelihood that eggs produced by larger haddock 

from the Bay of Fundy axe advected rather than retained. From a hydrographic 

perspective, the likelihood of eggs being advected or retained depends on their point 

of origin in space and time (Page and Smith 1989). If spawners from the Bay of 

Fundy are segregated in space and/or time from Browns Bank haddock such that 

there is an increased UkeUhood of eggs being advected towards the Bay of Fundy, 

then the observed differences in growth could have a genotypic component as well as 

phenotypic component. 

Coupling between the two spawning components: Chapter 3 provides quantitative ev­

idence that the production dynamics of the two sub-components of the stock are 
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coupled: as total abundance-at-age increases, local densities of juvenile haddock in­

creased in both the Bay of Fundy and the southwestern Scotian Shelf (see Appendix 

C). If increased egg production contributes to increased abundance-at-age for juve­

niles (Chapter 5), then the number of eggs that are advected into the Bay of Fundy 

may be proportional to the egg production of the stock as a whole. This coupUng 

between total abundance and 'local density of juveniles throughout the stock range 

impUes that managing 4X haddock as a unit stock is appropriate. Nevertheless, man­

agement regimes should recognize that outside of the spawning season the stock can 

be partitioned into two distinct sub-components. 

4.7 Conclusion 

Spatial gradients in growth rates have traditionally been used to differentiate among 

stocks of marine fish. The results presented in this chapter suggest that this infor­

mation can also be used to distinguish between individual spawning components that 

comprise a single management unit. Temporal variation in growth rates was shown to 

be influenced by both density-dependent and density-independent factors, however, 

their relative importance was a function of the time period, spawning component and 

age-class being considered. Identifying the factors which generate variation in juve­

nile growth is critical to understanding the production dynamics of haddock because 

growth during the juvenile stage determines the body size of future spawners and 

consequently recruitment (Chapter 5). Furthermore, the inverse correlation between 

juvenile growth and stock abundance represents the point at which compensation 

occurs through which haddock regulate recruitment (Fig. 6.1). 



Chapter 5 

The biological basis of recruitment variation in 

haddock (Melanogrammus aeglefinus) on the 

southwestern Scotian Shelf 

5.1 Introduction 

The classic method of assessing the parent/progeny relationship for marine fish pop­

ulations has been to describe the relationship between spawning stock biomass and 

recruitment using theoretical models such as that developed by Ricker (1954). Sev­

eral variations of the stock-recruitment model have been proposed which differ with 

respect to the intensity of the density-dependent mechanisms (c.f., Beverton and Holt 

1957; Shepherd 1982). Theoretical treatments of the stock-recruitment relationship 

invariably assume that egg production is directly proportional to spawning stock 

biomass (Ware 1980) although the empirical evidence used to support such a strong 

assumption is relatively Umited (Cook and Armstrong 1986). While stock-recruitment 

theory has had an enormous impact on research into the population dynamics of ma­

rine fish (Frank and Leggett 1994), the proportion of the variabiUty in recruitment 

that is explained by the relationship is usually low or negligible. Consequently, fish­

eries scientists have been criticized for imposing theory on data rather than testing 

76 
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the null hypothesis that there is no relationship between spawning stock biomass and 

recruitment (Hall 1988; Peters 1991). 

An alternate view of the relationship between parents and progeny proposes that 

recruitment is influenced by variation in parental growth rates via changes in re­

productive parameters such as fecundity and egg quaUty (Nikol'skii 1962a,b). A 

key difference between these two views is that stock-recruitment theory uses an ag­

gregate index which combines information about the abundance, size composition, 

and maturation rates of spawners to describe variation occuring at the stock level, 

whereas Nikoi'skii's hypothesis links recruitment with variation in the growth rates, 

and therefore the reproductive potential, of individual spawners. Fecundity is posi­

tively correlated with length for many species of marine fish (Bagenal 1973). Recent 

studies have also shown that egg size and egg quaUty are positively correlated with 

maternal size and condition (Kjesbu et al. 1991,1992; Solemdal et al. 1992a,b,1993). 

The next step in a quantitative investigation of Nikoi'skii's hypothesis is determining 

whether there is a significant correlation between recruitment and the growth rates 

of spawners, as reflected by either their size characteristics or reproductive potential. 

Data describing interannual variation in reproductive parameters exist for rela­

tively few stocks and a limited number of years (Rothschild and Fogarty 1989 but see 

Rijnsdorp 1991 and Rijnsdorp et al. 1991 for exceptions). Long-term data describing 

the length, weight and age of individual fish have been collected routinely by annual 

research vessel surveys. Winters and Wheeler (1994) recently used length-specific 

weight, or condition, to estimate growth rates for adult Atlantic herring (Clupea 

harengus). They justified their choice of condition as an index of growth by not­

ing that incremental changes in length- or weight-at-age are appropriate measures of 

growth for the juvenile stage when growth rates axe most rapid. However, once fish 

mature a greater proportion of their surplus energy is devoted to gonad development 

rather than somatic growth. Therefore, length- or weight-at-age may be less sensitive 

to changes in the surplus energy or the reproductive potential of adults (lies 1984). 

Winters and Wheeler observed an inverse correlation between condition and stock 



78 

abundance for all seven of the herring stocks examined. The consistency of their 

results contrasts sharply with the contradictory results obtained by previous studies 

which had used age-based indices to describe growth of adult herring. 

Over the past 20 years, recruitment of haddock (Melanogrammus aeglefinus) on 

the southwestern Scotian Shelf (NAFO Division 4X) has varied by more than one 

order of magnitude (Fig. 5.1). No theory has emerged which satisfactorily explains 

the recruitment dynamics of this stock (Campana et al. 1989b) despite broad-scale 

ichthyoplankton surveys conducted in the late 1970's to early 1980's (the Scotian Shelf 

Ichthyoplankton Program; O'Boyle et al. 1984) and process-oriented studies in the 

mid 1980's (the Fisheries Ecology Program; Smith et al. 1989). The objective of this 

study is to determine whether recruitment is correlated with either spawning stock 

biomass or the condition of adult haddock. Spawning stock biomass was calculated 

using estimates of abundance-at-age obtained from sequential population analysis 

(O'Boyle et al. 1989) and size composition and maturity information from research 

vessel surveys conducted in the spring. The condition of adult haddock was estimated 

using length and weight observations from research vessel surveys co'i'lucted in the 

spring and summer. The purpose of comparing these two indices was to determine 

whether an index that reflects the growth of individual fish is a better predictor 

of recruitment compared to an aggregate index combining information about the 

abundance, size composition, and maturation rate of the stock. The analysis takes 

into account the new interpretation of the stock stucture presented in Chapter 4. 

Implications of the results for the population dynamics of marine fish are discussed. 

5.2 Methods 

5.2.1 Data Sources 

The data analyzed in this study were collected during bottom trawl surveys of the 

Scotian Shelf conducted in the spring (1970-72. 1974-85) and summer (1970-91) by 

the Canadian Department of Fisheries and Oceans. Spring surveys were conducted in 
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Figure 5.1: Long-term trends (1962-88) in the recruitment at age 2 for haddock 
in NAFO Division 4X. Dashed line are estimates for 1962-1986 from O'Boyle and 
Wallace (1987). The solid line are estimates for 1970-88 from O'Boyle et al. (1989). 

February or March (Table 5.1), before the peak spawning period of haddock in NAFO 

Division 4X (Apr-May; Page and Frank 1989). Summer surveys were conducted after 

spawning was completed. Spring surveys conducted from 1979-85 and all of the 

summer surveys used a stratified random design where depth is the major stratifying 

variable (Fig. 3.1). Spring surveys conducted from 1970-72 and 1974-78 were based 

on a fixed station design and the number of strata sampled was considerably reduced 

compared to surveys having a stratified random design. With one exception (stratum 

91 in 1976), strata located in the Bay of Fundy were not sampled by spring surveys 

prior to 1979. 

At each sampling station, groundfish were coUected using a Yankee 36 (1970-81) 

or a Western IIA (1982-present) trawl equipped with a 19 mm codend liner and towed 

at a constant speed for 30 minutes or approximately 3.2 km. Each trawl sample is 
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Table 5.1: SampUng dates (dd/mm) for bottom traw). surveys of NAFO Division 4X. 
NA indicates that a survey was not conducted that year. 

Year 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 

Spring 

20/03-21/03 
27/03-30/03 
10/03-10/03 

NA 
09/03-10/03 
17/02-21/02 
21/02-27/02 
25/03-30/03 
17/03-18/03 
05/03-11/03 
20/03-26/03 
12/03-16/03 
16/03-24/03 
07/04-14/04 
17/03-26/03 
01/03-06/03 

NA 
NA 
NA 
NA 
NA 
NA 

Summer 

07/07-16/07 
30/06-08/07 
25/06-01/07 
10/07-19/07 
09/07-23/07 
15/07-24/07 
13/07-19/07 
10/07-16/07 
10/07-13/07 
06/07-13/07 
07/07-14/07 
06/07-12/07 
10/07-18/07 
07/07-14/07 
10/07-20/07 
04/07-10/07 
08/07-14/07 
29/06-09/07 
04/07-11/07 
05/07-13/07 
04/07-12/07 
04/07-11/07 

subsequently referred to as a set. Fork length was measured (to the nearest cm) for all 

haddock to give length-frequency information for each set. Weight, sex, and maturity 

were determined for a length-stratified subsample of the catch. Maturity stages were 

assigned at sea based on the visual assessment of gross morphological characteristics, 

as described in Appendix D. Waiwood and Buzeta (1989) summarize the development 

of these criteria and review the potential for misclassification. The most frequent 



81 

misclassification results from confusing the resting stage with the immature stage. 

During spring surveys, haddock that did not show any visual sign of maturation were 

classified as immature. Since summer surveys were conducted after spawning had 

virtually ceased, maturity information collected for these surveys was not used for 

the analysis. 

5.2.2 Da ta Analysis 

Estimation of spawning stock biomass 

Spawning stock biomass is often estimated by assuming that the age or length at 

which fish mature is constant over time (knife-edge selection). This fairly coarse ap­

proach reduces the sensitivity of estimates of spawning stock biomass to interannual 

variation in reproductive potential. To account for this source of variation in spawn­

ing stock biomass, the relationship between length and the proportion of mature 

haddock was determined for each of the spring surveys for both females and males, 

separately. Haddock assigned to spawning stage 1 (Appendix D) were classified as im­

mature, whereas, haddock assigned to maturity stages 2-8 were classified as mature. 

To correct for the length-stratified subsampling of the catch, maturity information 

was adjusted by the length-frequency of the catch of haddock on a set-by-set basis. 

The corrected number of fish of length / and maturity stage m in set h (n'hlm) was 

calculated as: 

»«m = » « x 7 T — — (5-1) 
2-im. Phlm 

where phim is the number of fish of length / and maturity stage m in set h (from 

the length-stratified subsample) and nni is the number of fish of length / and set h 

(from the total catch of haddock). The corrected total number of fish of length / and 

maturity stage m for the survey (N'lm) was estimated as: 

N'lm=E<im (5-2) 
h 
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and the corrected proportion of mature fish of length / (P{) was estimated as: 

* = I P N!T'N' (5-3) 

' l,imm ~ '•I,mat 

where N{timm and N[mat are the corrected total number of immature and mature fish 

of length /, respectively. 

The relationship between the corrected proportion of mature fish (Pf) and length 

(0: 
_exp(7 + *Q ( 5 4 ) 

l + e x p ( 7 + fl) { ' 

was fit using logistic regression (O'Brien et al. 1993). The model parameters 7 and 

S were estimated with a log link function (Appendix B) using S-PLUS for Windows 

(Version 3.1). Eq. 5.4 was used to estimate the proportion mature-at-length for 

females and males separately. Estimates of total abundance-at-age were obtained from 

a sequential population analysis (O'Boyle et al. 1989). Values of total abundance-

at-age were converted to total abundance-at-length using age-length keys from the 

spring surveys. A 1:1 sex ratio was used to estimate the total abundance-at-length 

for females (Aijem) and males (A{tma/). Spawning stock biomass (SSB) was then 

estimated as: 

SSB = ^2 Al,fem Pljem Wljsm + ^ Z A » M I fymal Wl,mal (5 .5) 
/ / 

where PitSex and wi<aex represent the proportion mature-at-length (from Eq. 5.4) and 

weight-at-length, respectively. The regressions used to estimate wit3ex are described 

below. Estimates of the total abundance of age 2 haddock from O'Boyle et al. (1989) 

were used as an index of recruitment. 
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Figure 5.2: The range in length values used to develop regression coefficients a and ft 
for the spring surveys. The dashed horizontal line indicates the standard length (50 
cm) used to estimate condition. 

Estimating condition of adult haddock 

Fulton's condition factor (K) assumes that the slope of the relationship between log 

length and log weight is constant and equal to 3 and is estimated as: 

K = ^ x 10n 

r 

where w and / are the weight and length of individual fish and n is an arbitrary scaling 

factor (Ricker 1975). Cone (1989) criticized Fulton's condition factor and recom­

mended that both of the parameters from least squares regression of log-transformed 

length-weight data be used to describe condition. Winters and Wheeler (1994) used 
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- T 

the predicted weight at a standard length as a measure of the condition of adult 

Atlantic herring. Using condition rather than an age-based index to describe the 

growth of adult haddock is also advantageous because of recent concerns expressed 

about the precision of age estimates for older haddock in NAFO Division 4X (Hurley 

et al. 1994). These ageing errors tend to increase as somatic growth slows and the 

width of increments at the outer edge of otoUths decreases. 
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Length (/) and weight (w) observations for adult haddock were used to fit the 

equation: 

log 1 0 H = log10(a) + P logio(0 (5.6) 

for each survey. Data sets used to estimate a and /? for each survey took into ac­

count seasonal changes in the spatial distribution of adult haddock and differences in 

growth rates between haddock in the Bay of Fundy and haddock on the southwestern 

Scotian Shelf (Chapter 4) as follows: prior to and during the spawning period the 

two subcomponents are assumed to be partially mixed, whereas, in the summer these 

two sub-components are spatially segregated. Therefore, data sets for the spring sur­

veys were not subdivided spatially. Only individuals belonging to maturity stages 

3-5 were included which restricted the data set to individuals about to spawn or ac­

tively spawning (Appendix D). Thus, length-weight regressions for the spring surveys 

describe the condition of spawning haddock for the stock as a whole. For summer 
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Table 5.2: Summary statistics for length-weight regressions for female haddock spawn­
ing stages 3-5 in NAFO Division 4X (strata 70-95) from spring surveys. 

Year n a /3 r2 

1970 
1971 

1972 

1974 

1975 

1976 

1977 

1978 

1979 

1980 

1981 

1982 

1983 

1984 

1985 

159 
135 
113 
31 
170 
271 
113 
162 
61 
172 
127 
168 
56 
115 
89 

0.016 

0.012 

0.007 

0.012 

0.008 

0.006 

0.008 

0.004 

0.009 

0.003 

0.005 

0.009 

0.018 

0.003 

0.007 

2.90 

2.98 

3.11 

2.99 

3.11 

3.16 

3.06 

3.26 

3.06 

3.31 

3.21 

3.06 

2.86 

3.33 

3.09 

0.94 

0.86 

0.97 

0.91 

0.98 

0.94 

0.95 

0.94 

0.97 

0.97 

0.94 

0.96 

0.96 

0.92 

0.97 

surveys, data sets were divided into two strata groupings: southwestern Scotian Shelf 

(strata 70-81) and Bay of Fundy (strata 85, 90, 91 and 95). These groupings cor­

respond to the groupings used to describe interannual variation in growth rates of 

juvenile haddock (Chapter 4). The spawning population was assumed to include all 

fish age 3 and older for the summer surveys (i.e., knife-edge selection). Data sets for 

both spring and summer surveys were further subdivided by sex. 

The predicted weight at 50 cm (1&50), estimated by backtransforming Eq. 5.6, was 

used as an index of condition for both the spring and summer surveys. This standard 

length corresponds to an age of approximately 4-5 years (Chapter 4). The choice of 

a different standard length did not affect the conclusions. Inspection of the length 

ranges for data used to estimate the regression coefficients did not indicate any time 

trends for either the spring (Fig. 5.2) or summer surveys (Fig. 5.3) and the standard 
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Table 5.3: Summary statistics for length-weight regressions for female haddock on 
the southwestern Scotian Shelf (SWSS; strata 70-81) and the Bay of Fundy (BofF; 
strata 85, 90, 91 and 95) from summer surveys. Only observations for females age 3 
and older were included in the regressions (knife-edge selection). 

Area Year n a 0 r 

swss 
swss 
swss 
swss 
swss 
swss 
swss 
swss 
swss 
swss 
swss 
swss 
SWSu 

swss 
swss 
swss 
swss 
swss 
swss 
swss 
swss 
swss 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 
BofF 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 

298 
268 
295 
144 
367 
209 
213 
259 
243 
234 
248 
205 
149 
232 
194 
251 
219 
214 
155 
124 
223 
199 

88 
64 
62 
39 

101 
47 
72 

101 
148 
113 
133 
61 

139 
92 

112 
95 
78 
39 
59 
36 
59 
63 

0.012 
0.009 
0.005 
0.012 
0.010 
0.006 
0.013 
0.010 
0.005 
0.009 
0.012 
0.014 
0.009 
0.007 
0.008 
0.010 
0.013 
0.020 
0.011 
0.011 
0.013 
0.009 

0.007 
0.007 
0.016 
0.008 
0.013 
0.013 
0.040 
0.012 
0.011 
0.011 
0.052 
0.014 
0.019 
0.011 
0.018 
0.030 
0.032 
0.016 
0.013 
0.009 
0.010 
0.015 

2.99 
3.03 
3.20 
2.98 
3.02 
3.13 
2.93 
3.01 
3.19 
3.05 
2.96 
2.93 
3.04 
3.07 
3.05 
3.00 
2.93 
2.84 
2.99 
2.99 
2.96 
3.02 

3.12 
3.10 
2.91 
3.07 
2.95 
2.96 
2.65 
2.98 
3.02 
2.99 
2.61 
2.95 
2.87 
2.99 
2.87 
2.73 
2.72 
2.91 
2.95 
3.07 
3.04 
2.92 

0.93 
0.96 
0.97 
0.96 
0.97 
0.97 
0.96 
0.97 
0.97 
0.96 
0.97 
0.95 
0.98 
0.97 
0.97 
0.97 
0.97 
0.95 
0.92 
0.95 
0.97 
0.97 

0.98 
0,96 
0.94 
0.95 
0.97 
0.96 
0.94 
0.93 
0.95 
0.96 
0.94 
0.96 
0.95 
0.93 
0.92 
0.96 
0.93 
0.95 
0.93 
0.98 
0.98 
0.94 
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length of 50 cm was included in all of the ranges. The mimimum length of female 

haddock included in the regressions was higher for the spring surveys compared to the 

summer surveys. This is because adults were defined by maturity stage rather than 

by age. Similarity, the minimum length was higher for haddock in the Bay of Fundy, 

which is consistent with the faster growth rates observed in that area (Chapter 4). 

5.3 Results 

5.3.1 Relationship between spawning stock biomass and recruitment 

There was no correlation (n = 15, p = 0.78) between spawning stock biomass, es­

timated using Eq. 5.5, and recruitment (Fig. 5.4). The highest recruitment was 

observed at intermediate levels of spawning stock biomass in the early 1970's. The 

outlying observation for 1979 reflects anomalously high values of the proportion of 

mature haddock at length (Pijem and Pi,mai) for the survey conducted in 1979. A 

similar lack of correlation between spawning stock biomass and recruitment was also 

observed by O'Boyle et al. (1989) using data for 1964-86, although their age-based 

method of estimating spawning stock biomass differed from the length-based approach 

used in Eq. 5.6. 

5.3.2 Temporal trends in condition 

Trends in condition for females and males were comparable for both spring and sum­

mer surveys with the exception that at the time of the spring surveys females were 

approximately 5% heavier than males of the same length. Because reproductive po­

tential is more commonly associated with egg production, only the trends in condition 

of female haddock axe presented. Values of 0 for Eq. 5.6 ranged from 2.86-3.31 for 

the spring surveys (Table 5.2) and from 2.61-3.20 for the summer surveys (Table 

5.3). Distinct temporal trends in woo were observed for both the spring and summer 

surveys. For the spring surveys, w50 decreased by approximately 20% from 1974-84 
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Figure 5.5: Time trends in W50 for spring surveys. 

(Fig. 5.5). For the summer surveys, temporal trends differed between the southwest­

ern Scotian Shelf and the Bay of Fundy (Fig. 5.6). On the southwestern Scotian Shelf, 

W50 was relatively stable from 1970 to 197?'> then decreased by approximately 15% to 

a minimum in 1983. Since then u>50 has increased, although the value observed in 

1991 was less than the values observed in the early 1970's. Values of u>50 in the Bay 

of Fundy were relatively stable during the same time period except for a slight («5%) 

decrease from 1981-86 which coincided with the decrease on the southwestern Scotian 

Shelf. In both areas, u>50 was unusually low in 1976 relative to adjacent years. 

The observed variation in condition cannot be considered in isolation from vari­

ation in length. Therefore, the mean length-at-age 4 was estimated for both the 

southwestern Scotian Shelf and the Bay of Fundy by pooling all observations for 

which both length and age were known and calculating the arithmetic mean length-

at-age for each survey and area. Temporal trends in length-at-age 4 (Fig. 5.7) covary 
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Figure 5.6: Time trends in W50 for summer surveys, (a) southwestern Scotian Shelf; 
(b) Bay of Fundy. 

with temporal trends in u>50 (Fig. 5.6) for both areas. Trends in condition and length-

at-age indicate that adult haddock on the southwestern Scotian Shelf were long and 

heavy during the 1970's and short and lean during the mid 1980's. By comparison, no 

distinct temporal trends were observed in the body size of adult haddock in the Bay 
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Figure 5.7: Time trends in mean length-at-age 4 for summer surveys. Values of the 
mean length-at-age were estimated for each survey by averaging all of the observations 
for which length and age were known, (a) mean length-at-age 4 for southwestern 
Scotian Shelf; (b) mean length-at-age 4 for the Bay of Fundy. 

of Fundy. Assuming that the commercial catch reflects the proportional distribution 

of the adult haddock between the two areas (Table 5.4), haddock on the southwest­

ern Scotian Shelf (statistical areas 4Xm,n,o,p) are three to four times more abundant 

than haddock in the Bay of Fundy (statistical areas 4Xq,r). Therefore, variation in 

size characteristics of the stock as a whole will be dominated by variation in the size 

of haddock on the southwestern Scotian Shelf. 
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Table 5.4: Reported nominal catch (t round) of haddock from NAFO Division 4X by 
statistical area. The numbers in brackets give the percentage of the total catch for 
that year that was caught in each area. Area 4Xmnop corresponds to the southwestern 
Scotian Shelf, whereas, area 4Xqr corresponds to the eastern half of the Bay of Fundy. 

Year 4Xmnop 4Xqr 

1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

1979 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

1990 

1991 

12203 (78.4, 

13020 (81.0 

9409 (75.9 

10298 (82.1 

7709 (63.0; 

11217 (70.2' 

12664 (95.3; 

16149 (82.6; 

20732 (82.0) 

18753 (77.3; 

20826 (73.8̂  

23323 (77.4; 

16721 (72.0; 

18554 (75.9; 

13995 (72.2; 

10510 (69.9) 

10505 (70.1) 
10968 (81.0) 

9153 (83.8) 

5571 (83.6) 

5769 (79.1) 

7452 (77.3) 

) 3357 (21.6) 

) 3047 (19.0) 

) 2985 (24.1) 

) 2238 (17.9) 

) 4533 (37.0) 

) 4766 (29.8) 

) 629 ( 4.7) 

3404 (17.4) 

4564 (18.0) 
5519 (22.7) 

7382 (26.2) 

6828 (22.6) 

6496 (28.0) 

5893 (24.1) 

5401 (27.8) 

4531 (30.1) 

4480 (29.9) 

2570 (19.0) 

1768 (16.2) 

1095 (16.4) 

1527 (20.9) 

2184 (22.7) 

5.3.3 Relationship between u^o and recruitment 

Given that the size characteristics of haddock in the Bay of Fundy axe relatively con­

stant over time, the relationship between condition and recruitment was determined 

using values of W5Q estimated for the southwestern Scotian Shelf. A positive corre­

lation between W50 and recruitment was observed for both the spring and summer 
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Table 5.5: Results of stepwise regressions to describe the relationship between re­
cruitment and size characteristics of adult haddock for spring and summer surveys. 
The independent variables are condition (wso) and mean length-at-age 4 (F4), the 
dependent variable is recruitment at age 2. Estimates of /4 for spring surveys were 
obtained by pooling all observations for which both length and age were known. Only 
data for the southwestern Scotian Shelf (strati 70-81) was used to estimate U for the 
summer surveys. 

Survey 

Spring 

Summer 

n 

14 

16 

Indep. var. 

w5o% 
w50 

k 
^ 5 0 * * 4 

W50 

u 

F 

7.813 
1.605 
1.289 
8.993 
0.002 
0.069 

P 

0.016 
0.231 
0.280 
0.010 
0.968 
0.797 

r2 

0.39 

0.39 

surveys (Fig. 5.8). The observation for 1970 was an outlier for both the spring and 

summer surveys while the observation for 1985 was an outlier in the spring survey 

only. If these outliers are omitted, then 46 and 33% of recruitment variation is ex­

plained by the relationship with w50 for the spring survey (n = 13, p = 0.01) and 

summer (n = 16, p — 0.02) surveys, respectively. Given the covariation between con­

dition and length-at-age (Fig. 5.6 and 5.7), recruitment variation cannot be attributed 

solely to changes in condition. Mean length-at-age 4 (U) was positively correlated 

with recruitment (p < 0.05) for both spring and summer surveys. Stepwise regres­

sion, using estimates of W50 and (/4) for southwestern Scotian Shelf as independent 

variables, selected the interaction term (wso*k) as explaining highest proportion of 

the variation for both spring and summer surveys (Table 5.5). Combining this result 

with those presented in Chapter 4 suggests that, in general, high recruitment is asso­

ciated with a spawning stock comprised of adult haddock whose large body size was 

the result of rapid growth during the juvenile stage. 

1 
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Figure 5.8: Relationship between u?5o and recruitment to age 2. Cohorts are identified 
by the year in which they were spawned, (a) spring survey; (b) summer survey. 

5.4 Discussion 

The correlation between size characteristics of adult haddock and recruitment sug­

gests that identifying parental influences on the abundance and survival of progeny is 

critical to understanding the biological basis of recruitment variation for this stock. 

Previous studies have shown that haddock length is positively correlated with fecun­

dity (Raitt 1933; Hislop and Shanks 1979; Hodder 1963; Waiwood and Buzeta 1989) 
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and egg size (Hislop 1988). Condition and food ration of female haddock held in cap­

tivity was positively correlated with fecundity (Hislop et al. 1978). The interaction 

between condition, food ration, and fecundity has been investigated in greater detail 

for Norwegian coastal cod (Gadus morhua) held in captivity: both the number of 

oocytes produced and the proportion of oocytes which were subsequently spawned 

were positively correlated with maternal condition which, in turn, was a function of 

nutritional history (Kjesbu et al. 1991). Studies of field-caught fish have also shown 

that maternal body size influences both fecundity and egg size. Both length and 

condition of North Sea plaice (Pleuronectes platessa) were positively correlated with 

fecundity (Rijnsdorp 1991). For Arcto-Norwegian cod, both maternal condition and 

length were correlated with egg diameter once the data was stratified by stage of 

spawning (Solemdal et al. 1993). Thus, data from both captive and field-caught 

groundfish suggest that size-dependent variation in fecundity, egg size and/or egg 

quaUty could be the mechanism responsible for the correlation between body size and 

recruitment. 

The lack of a significant correlation between spawning stock biomass and recruit­

ment warrants closer scrutiny. A common interpretion of this result is that variabiUty 

in the environment obscures the underlying relationship (Cushing 1988). However, 

if recruitment is affected by interannual variation in fecundity and egg quaUty then 

the lack of correlation between spawning stock biomass and recruitment could in­

dicate that estimates of spawning stock biomass are not proportional to total egg 

production. This possibility is illustrated by the following simulation. A general 

length-weight regression for haddock on the southwestern Scotian Shelf was used to 

generate 18 "stocks" of adult haddock such that aU individuals within a stock were 

identical in length and each stock had the same spawning stock biomass (12.0 kg). 

The abundance and length composition of these stocks ranged from two 80.0 cm had­

dock to twenty 38.4 cm haddock (Fig. 5.9A). Total population fecundity, estimated 

using the fecundity-length regression from Waiwood and Buzeta (1989), was highest 

for the stock comprised of the smallest-sized haddock (Fig. 5.9B). However, length 
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Figure 5.9: Variation in abundance and reproductive parameters with length, (a) 
abundance of haddock having the same length such that the biomass of each "stock" 
is constant and equal to 12 kg; (b) total fecundity; (c) egg diameter; and (d) actual 
fecundity for 3 levels of size-dependent viabiUty. A viabiUty coefficient of 1.0 indicates 
that eggs of all sizes were viable. Viability coefficients of 0.99 and 0.95 indicate that 
viabiUty (EV) was an increasing function of egg diameter (ED) such that 99% or 
95% of smallest-sized eggs were viable and 100% of the largest eggs were viable. The 
size-dependency of egg viabiUty (EV) was modelled with the hyperboUc function: EV 
= ED/(a ED + 0). 
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of adults is also positively correlated with egg diameter (Hislop 1988). In the ab­

sence of comparable data for Scotian Shelf haddock, the relationship developed for 

North Sea haddock (Eq. 3 in Hislop 1988) was used to estimate egg diameter from 

length and egg diameter was assumed to be constant beyond the maximum length 

included in the regression (Fig. 5.9C). If differences in egg diameter affect viabiUty 

(e.g., through size-dependent variation in fertiUzation success (Solemdal et al. 1993) 

or buoyancy (Kjesbu et al. 1992)) to even a slight extent then actual fecundity can 

deviate substantially from the estimated population fecundity. Actual fecundity was 

estimated by assuming that viabiUty was a non-Unear function of egg diameter such 

that either 95 or 99% of the smallest-sized eggs were viable compared to 100% of the 

largest eggs. Even a small degree of size-dependent viability was sufficient to reduce 

the population fecundity of stocks comprised of small haddock to values that were less 

than the values for stocks that were intermediate in both numerical abundance and 

size or stocks comprised of a few large haddock (Fig. 5.9D). Shifts in size composition 

of the stock could dramatically alter population fecundity if egg size and quality are 

dependent on maternal body size. The assumption that spawning stock biomass is 

proportional to egg production would only be justified if the size composition of the 

stock remained constant. This is not Ukely to be the case for commercially exploited 

stocks. 

This simulation exercise identifies significant gaps in our knowledge of the repro­

ductive biology of Scotian Shelf haddock which make it difficult to estimate population 

fecundity. For example, pubUshed length-fecundity relationships have been developed 

for a limited number of years (1978-80; Clay 1989 and 1983-86; Waiwood and Buzeta 

1989). It is unUkely that these relationships are sufficiently general that they could 

be appUed across all years given that significant interannual differences in length-

fecundity relationships have been noted for other stocks (Pinhorn 1984; Rijnsdorp 

1991). Hodder (1965) attributed interannual variation in the fecundity of Grand Bank 

haddock (1957-61) to variation in bottom water temperatures. Length-fecundity re­

lationships should also consider the effect of variation in condition on fecundity (e.g., 



98 

Rijnsdorp 1991). No data are available for Scotian Shelf haddock to quantify relation­

ships between maternal size/egg size (e.g. Hislop 1988 and Kjesbu 1989), egg size/egg 

quaUty (e.g. Kjesbu et al. 1992) and egg quaUty/larval survival (e.g. Chambers et al. 

1989; Zastrow et al. 1989; and Buckley et al. 1991). Relationships that are devel­

oped for multiple batch spawners such as haddock should consider how both egg size 

and quaUty vary among batches (Solemdal et al. 1992a). There axe also substantial 

differences between fish held in captivity and field-caught fish in both condition and 

fecundity (Kjesbu 1989) which should be taken into account if relationships developed 

for captive fish are appUed to wild stocks. 

There are several mechanisms which alter the size composition of marine fish 

populations and potentially recruitment. Three such mechanisms are described below. 

In two of the mechanisms recruitment is adjusted through variation in growth rates. 

The third mechanism describes the situation where size-selective mortality adjusts 

recruitment. Although these mechanisms are discussed separately it is possible that 

two or more operate simultaneously. 

Compensatory responses to high vtock abundance: Changes in growth rates are an an 

adaptive response to stress (Stearns and Crandall 1984) and are classified as compen­

satory if they reduce the effect of the stress. Compensatory responses to variation in 

stock abundance are often assumed to generate surplus production which can be har­

vested on a sustainable basis (Rosenberg et al. 1993). For haddock in NAFO Division 

4X large adults and good recruitment were observed throughout most of the 1970's 

and resulted in a peak in stock abundance during the early 1980's. This peak in 

abundance reduced growth of cohorts and slow-growing juveniles became undersized 

adults (Chapter 4). This reduction in growth, in turn, decreased recruitment. Given 

that high stock abundance eventually decreased recruitment, the growth response 

observed during this time period can be classified as compensatory. An important 

difference between this type of compensatory response and the compensation that is 

impUed by a dome-shaped stock-recruitment relationship is that there was a substan­

tial time lag between the appUcation of the stress (high stock abundance) and the 
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response (decreased recruitment) because the stress acts selectively on the growth 

rates of juveniles. 

Environmental effects on growth and recruitment: In the early 1960's, bottom water 

temperatures were 2-3° C below the long-term mean on the Scotian Shelf and in thfc 

Bay of Fundy (Petrie and Drinkwater 1993). Stock abundance was also high during 

the 1960's due to the exceptionally strong 1962 and 1963 cohorts. Data from bottom 

trawl surveys of NAFO Division 4X conducted each fall by the US National Marine 

Fisheries Service show that length was reduced for haddock age 1-4 during this period 

(Fig. 4.7). Trends in condition cannot be examined because the US surveys did not 

begin recording individual weight until 1992. Consequently, the size characteristics 

of adult haddock were estimated for each of the US surveys conducted from 1963-86 

by calculating the mean length for age 4 haddock caught on the southwestern Scotian 

Shelf (strata 31, 32, 41, 42, 49; see Fig. 4.3). Recruitment estimates for this time 

period were obtained from O'Boyle and Wallace (1987). Excluding the observation 

for 1963, mean length-at-age 4 was positively correlated with recruitment to age 2 

(r2 = 0.46, n = 21, p = <0.01; Fig. 5.10). Thus, the relationship between body size 

of adult haddock and recruitment holds for an independent set of data covering a 

time period which includes a period of cold bottom water temperatures. The 1962 

and 1963 cohorts deserve special mention by virtue of being two to four times more 

abundant than the next most abundant cohort (Fig. 5.1). An abrupt two- to four­

fold increase in fecundity is physiologically unlikely during a period of the reduced 

growth rates and cold temperatures. Anomalously high recruitment was observed in 

this time period for many other stocks in both the northwest (e.g., 4X cod: Campana 

and Hamel 1990) and northeast Atlantic (e.g., North Sea haddock: Jones 1983; North 

Sea plaice: Rijnsdorp and van Leeuwen 1992). Consequently, unusual environmental 

conditions are more Ukely to be responsible for the high abundance of these two 

cohorts. The exact nature of the environmental conditions that favour anomalously 

high recruitment over broad spatial scales is presently unknown. 
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Figure 5.10: Relationship between mean length-at-age 4 and recruitment to age 2 
for research vessel surveys conducted in the fall by the US National Marine Fisheries 
Service (1964-86). Cohorts are identified by the year in which they were spawned. 
The 1963 cohort was omitted because it was an extreme outlier (recruitment to age 
2 was estimated to be 164 million), however, the arrow below the x axis indicates the 
mean length-at-age 4 for 1963. 

Effects of depensatory mortality on recruitment: High fishing mortality rates can 

dramaticaUy alter the size and age composition of stocks such that fewer large, old 

individuals are present, both in relative and absolute terms. If fecundity and egg 

quaUty are non-Unear functions of body size, then a reduction in the number of large 

spawners could disproportionately decrease the reproductive potential of a stock. 

This would be depensatory in the sense of exacerbating the effects of high fishing 

mortaUty. A depensatory reduction in reproductive potential may have been one of 

several factors contributing to the collapse of the Northern cod stock of Newfoundland 

and Labrador. Over a 30 year period, both spawning stock biomass and recruitment 

decreased by approximately one order of magnitude (Hutchings and Myers 1993, 

1994). During the same time period, the contribution of cod ages 10-14 to total egg 
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production decreased from an average of 30% in 1962-69 to approximately 11% in 

1990-91 (Hutchings and Myers 1994). Once again, assessing the exact role variation 

in reproductive potential played in the collapse of the Northern cod stock is hindered 

by a lack of detailed information describing the size-dependency of fecundity and 

egg quaUty. For example, population fecundity was estimated by Hutchings and 

Myers using a fecundity-age relationship given in May (1967). May developed this 

relationship using ovary samples collected over a very restricted period of time (1964-

65). Pinhorn (1984) observed significant interannual differences within sub-areas in 

fecundity-size relationships for Northern cod. This might preclude the use of a general 

relationship for stocks such as Northern cod which are distributed over broad spatial 

scales. 

5.5 Conclusion 

Nikoi'skii's growth-recruitment hypothesis (Nikol'skii 1962a,b) was developed at a 

time when fisheries scientists were largely confined to sampling the adult popula­

tion. Technological advances in sampUng ichthyoplankton and the proliferation of 

theories explaining recruitment variation as a function of environmental conditions 

during early Ufe diverted attention away from quantifying variation in the reproduc­

tive potential of adults. While research into early Ufe history has greatly expanded 

our knowledge about stock structure and mortality rates of marine fish, it has not 

enhanced our abiUty to predict recruitment variation for very many stocks. Improved 

recruitment predictions could be achieved by redefining the recruitment problem as 

one of determining parental influences on the production and survival of progeny 

and environmental influences on survival of progeny. An integrated approach to 

understanding the population dynamics of marine fish would benefit from the many 

advances in understanding of parental effects on offspring fitness currently being made 

in both aquaculture and terrestrial ecology. 


