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Introduction
Fisheries science was established to provide answers to the question 
of why fish catches fluctuate. The first explanation our previous col-
leagues came up with was that spatial displacements and migrations 
of fish related to changes in the environment (often temperature) were 
responsible for the experienced failures or successes of fishing. The 
discovery that year-class variations caused large fluctuations in stock 
abundance of cod and herring added considerably to our understanding 
and our ability to provide answers (Hjort 1914). Hjort and his cowork-
ers established a sampling program of catches in the main Norwegian 
fisheries for cod and herring (length, age, sex, maturity stage) and these 
data enabled Toresen and Østvedt (2000) and Hylen (2002) to estimate 
annual stock abundances and fishing mortality rates for respectively 
herring and cod for the entire twentieth century. 

This paper provides a brief review of the impact of changes in cli-
mate and environment as well as the effect of fisheries on the stock of 
northeast arctic cod. A far more comprehensive review of the subject 
for all Atlantic cod stocks is given in ICES (2006a). 

Distribution and migration
Fig. 1 shows the distribution of cod stocks in the Northeast Atlantic and 
in Fig. 2 the habitat area of northeast arctic cod is given in more detail. 
In Fig. 3 are shown the development of temperature in the Barents Sea 
throughout the twentieth century and the catches and stock biomasses 
of northeast arctic cod.

The stock has shown large long-term shifts in distribution area. 
In the 1870s a rich fishery occurred for several years off the western 
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part of Svalbard during summer. From the early 1880s until about 
1910-1012 no fishable concentrations were located on the banks in the 
Bear Island–Svalbard region. During the warming of the North Atlantic 
in the 1920s and 1930s the distribution area of cod widened consider-
ably (Drinkwater 2006). Large short-term shifts in distribution lasting 
for some years and closely related to changes in temperature have also 
been observed (Nakken and Raknes 1987, Ottersen et al. 1998). More 
recent studies have indicated temperature-related shifts in spawning 
areas. In cold periods a greater portion of the spawners went to the 
southern districts than in warm years when spawning in the areas north 
of Lofoten (the main spawning area) increased (Sundby and Nakken 
2005, Godø 2003).

Stock size and temperature
In spite of rapidly increasing annual catches due to the development of 
international trawl fisheries in the Barents Sea in the 1920s-1930s the 
stock increased considerably in these years along with the warming of 
the waters. The same feature was seen in Icelandic and West Greenland 
waters, and explained by Tåning (1949) as follows: “The rise of tem-

Figure 1. Currents and cod stocks in the Northeast Atlantic. IC = Icelandic 
stock, F = Faeroes stock, C = Celtic Sea stock, I = Irish Sea stock, 
Ns.S = North Sea stock, BS = Baltic Sea stock, Hatched area = 
Northeast Arctic stock.
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perature in the sea, especially in the far north, has not only been met 
with in the surface layers but down even to depths of about 600 to 800 
meters. This rise in temperature was especially observed after 1925 
when the arctic water began to retire. Owing to this rise in temperature, 
immense stretches of banks in northern seas previously covered with 
arctic water, have been made habitable for many species of animals 
including several species of food fishes normally avoiding arctic water. 
By the rise of temperature food fishes, such as the cod, for instance, 
have obtained an addition to their original area of distribution of thou-
sands and thousands of square kilometres and with this an enormous 
augmentation of food; i.e. food competition has decreased, enabling an 
increase in individuals far beyond the normal.” 

It should be noted that the scientists at the time considered the 
warming of the sea and the growth of the cod stock in the 1920s-1930s 
as a deviation from the normal (Rollefsen and Tåning 1948). Rollefsen 
(1946) expressed concern about the future of the Norwegian coastal 

Figure 2. Northeast arctic cod. Distribution and migrations.
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Figure 3. Upper: Temperature (average 0-200 m depth) at the Kola section in 
the Barents Sea. Lower: Catches and stock biomasses of Northeast 
Arctic cod. Columns are mean values of annual catches in 5 year 
periods. Norwegian catches are hatched (source: Hylen 2002).
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fisheries for spawning cod. He feared that if offshore trawl fisheries 
continued to increase as they had before the war (1940-1945) and tem-
peratures normalized then the cod stock would be overexploited and 
yields, particularly in the Norwegian coastal fisheries, would decline.

Catches and stock size
During World War II the Barents Sea was a war zone too dangerous for 
fishing vessels. No offshore fishing took place and catches were exclu-
sively from Norwegian coastal fisheries. When the foreign trawlers 
returned to the area after the war, catches increased. In 1956 landings 
of cod exceeded 1.3 million t (Fig. 4). An analysis of the Norwegian data, 
carried out in 1956-1957, showed that yields from the spawning ground 
fisheries and the abundance of spawning fish had been substantially 
reduced during the 1950s. That work initiated creation of the Arctic 
Fisheries Working Group under ICES, a milestone in fish stock monitor-
ing and management advice for the area. Since about 1960 ICES has, 
on the basis of existing knowledge, provided advice annually on how 
fisheries ought to be managed in order to obtain the best possible yields 
from the stock. However, actual fishing mortality rates have with few 
exceptions (1990 and 1991) been substantially higher than the recom-
mended ones. The declining trend in stock biomass from 1955 to the 
late 1980s was caused mainly by fishing (Nakken 1994). Fishing mortal-

 

 

Figure 4. Northeast arctic cod. Total annual catches (columns), total stock 
biomass and spawning stock biomass, 1946-2005 (ICES 2006b).
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ity rates had been too high and fisheries might have had an adverse 
effect on recruitment by reducing the spawning stock to low levels and 
along with that the abundance of established (large old fish) spawners.

Since the mid 1970s, the main fishery management measure has 
been annual total allowable catches (TACs). The TACs as advised by ICES 
have quite frequently been too high due to overestimation of stock size 
in the annual assessments of the stock (Nakken 1998). In addition, the 
TACs agreed on by the management authorities (Norway and Russia) 
have as a rule exceeded the advised ones and the actual catches have 
quite often been higher than the agreed TACs. Fig. 5 shows a situa-
tion from about 1980 when the stock was overestimated in the annual 
assessments. The cooling of the Barents Sea in 1977-1982 caused the 
cod to concentrate in southwestern areas so that the CPUE-values used 
in the assessments were maintained although the stock was declining 
rapidly.

Recruitment—Environment 
and/or parent stock?
In Fig. 6 is shown recruitment at age 3 years for the year classes 
1946-2004. Year classes of high and medium abundance occur more 
frequently in warm climate periods than in cold periods, and the 
recruitment is positively related to inflows of Atlantic waters to the area. 
These inflows transport copepods, the most important food source for 
cod larvae and fry, from the core area of copepod overwintering in the 
Norwegian Sea, to the drift routes of cod eggs and larvae, and create 
favorable conditions for growth and survival of cod juveniles during the 
first 5-6 months of life (Sundby 2000, Helle and Pennington 1999).

The importance of parent stock size and age structure for recruit-
ment is well known. At an ICES meeting in 1970, Ponomarenko (1973) 
hypothesized the spawning stock-recruitment relationship for the stock 
as follows: “A large spawning stock including many age groups spawns 
over a larger area and a longer period of time than a small spawning 
stock. Hence the probability that some of the spawning products will 
encounter favourable conditions for survival increases with the biomass 
and the size range of spawners. Established spawners are shown to 
produce more viable eggs than first time spawners.” 

Capelin is the most important food source for cod and periods of 
low capelin abundance can seriously affect both growth and recruit-
ment in cod. Fig. 7 shows mean length at age of first time spawners. 
Note the decline in size of all age groups in the early 1940s. These were 
cold years in the Barents Sea and coincided with a complete disappear-
ance of spawning capelin at the northern coast of Norway in the years 
1939-1942 (Olsen 1968). During the collapse of the capelin stock in the 
latter half of the 1980s the weights at age of young cod decreased sub-
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Figure 5. Northeast arctic cod and temperature. Implications for stock 
assessment. Upper: The development of catch per unit of effort 
and stock biomass during a cooling period in the Barents Sea 
(1977-1982). Lower: Fish distribution at the beginning and end of 
the period (Nakken 2002).
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Figure 6. Northeast arctic cod. Recruitment at age 3 years (ICES 2006b).

 

 

 
 

Figure 7. Northeast arctic cod. Mean length at age of first time spawners 
(Jørgensen 1990).
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stantially as seen in Fig. 8. Cannibalism increased in those years, and 
the combined effect of unexpected low weights and low recruitment 
due to cannibalism of 1-3 year olds was a stock in a much poorer state 
in 1987-1988 than predicted.

Fig. 9 shows the development of mean age at maturation. A similar 
tendency is shown for other stocks. As to the cause of the decline in age 
of mortality, two different mechanisms have been suggested (Heino et al. 
2004). The first is density-dependent growth enhancement. When fish-
ing removes fish from the stock the competition among the remaining 
specimens is reduced so that they experience better availability of food, 
better growth, and earlier maturation. The second is a genetic change. 
When fisheries remove the late maturing specimens before they reach 
maturity the “maturation at old age genes” gradually are removed from 
the stock. If this is so, we may wonder which other properties in the 
stock fishing have altered. A better understanding of the mechanisms 
involved in the development in Fig. 9 and of the consequences of such 
a development is strongly needed. Since eggs spawned by older cod 
are more viable than those from younger specimens the reproduction 
potential of the stock has been negatively affected by the develop-
ment (see Sundby 2000 for references). Recruitment has become more 
dependent on environmental factors in recent decades when the age 
and age range of spawners have been low as compared with previous 
times when age at maturation was high and more age groups of older 
fish participated in the spawning (Ottersen et al. 2006).

Figure 8. Northeast arctic cod. Weight at age during the collapse of the 
capelin stock in 1986-1989 (Nakken 1994).
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Figure 9. Northeast arctic cod. Age at maturation (Heino et al. 2004).

Figure 10. Northeast arctic cod. Spawning stock and recruitment at age 3 
years (Jakobsen 1993).
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Fig. 10 shows the spawning stock-recruitment relationship when 
environmental factors are “removed” by arranging the data set according 
to the number of recruits, starting with the lowest figure in the series, 
and calculate running mean values (Jakobsen 1996). When spawning 
stocks fall below 500,000 t recruitment is directly dependent on the 
biomass of spawners. Reference points established by ICES for spawning 
stock biomass and fishing mortality rate in accordance with the precau-
tionary approach resulted in a precautionary biomass of spawners of 
460,000 t. The precautionary fishing mortality rate was estimated at F = 
0.4. Norway and Russia agreed some years ago to establish (and enforce) 
a harvest control rule based on the ICES findings. The main elements of 
the rule are shown in Fig. 11. The fishing mortality rate should be kept 
at or below F = 0.4 as long as the spawning stock biomass is higher than 
460,000 t. If the biomass of spawners falls below that figure, the fishing 
mortality rate is to be reduced. It should be borne in mind that this is 
a rule to prevent stock declines and collapses and not a rule to obtain 
optimal yield from the stock. Assessments show that the better yields 
are obtained at lower fishing mortality rates (F = 0.3).

Can we rely on catch statistics?
Our perception of how fish stocks have fluctuated is, for most exploited 
stocks, based on catch data. Time series of stock numbers estimated 
from catch at age analyses form the basis for most results and our 
understanding of such dynamics. During recent decades catch statistics 
have deteriorated for many stocks in the Northeast Atlantic, including 
northeast arctic cod (Fig. 12). Since 1990, there have been two periods 
when the unreported annual catch was estimated from observations 
made by Norwegian fishing authorities. For the years between, no 

Figure 11.  Northeast arctic cod. The harvest control rule.
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observations exist so that no estimates can be made. It is likely that also 
in those years considerable amounts of cod were taken in addition to 
the ones appearing in the catch statistics. One must thus question the 
usefulness of the various time series—spawning stock, recruits, and 
weight at age in catches etc.—for studies aiming at a better understand-
ing of how climate, environment, and fisheries are interacting in causing 
the apparent fluctuations. The recruitment series (Fig. 6) for northeast 
arctic cod shows that no really outstanding year classes have appeared 
in recent decades although 

the spawning stock biomass recovered in 1990 to the levels ob-•	
served in the early 1950s,

the temperature increased in 1989-1990 to levels experienced in •	
the 1950s, and

our 0-group surveys resulted in record high abundance indices for •	
many years throughout the 1990s.

Why did the stock produce six outstanding year classes from 1950 to 
1970 and only one between 1983 and 2003? Is it only because of older 
parents in 1950s? 

Figure 12. Northeast arctic cod. Annual catches (thousand metric tons) 
since 1990 (source: ICES, 2006b).
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Abstract
Many stocks of Atlantic cod (Gadus morhua) on both sides of the North 
Atlantic are currently at much reduced levels of biomass, but this situ-
ation is not in all instances the result of long, continuous decline. Most 
Northwest Atlantic stocks declined to low levels during the 1970s, but 
increased during the 1980s before declining even more severely dur-
ing the late 1980s and early 1990s. Several of these stocks have shown 
little recovery despite severe restrictions on directed fishing. Many 
stocks in the Northeast Atlantic have experienced sustained increases 
and sustained decreases, but generally not in concert. Among-stock 
comparisons illustrate that fishing has played a dominant role in the 
dynamics of all cod stocks, but variability in climate has contributed 
to variability in recruitment, individual growth, and natural mortality. 
A cooling event during the last three decades of the twentieth century 
contributed to the rapid decline of several stocks in the Northwest 
Atlantic, and changes in life-history traits (growth rate, age and size at 
maturity) and in the biotic environment (predators and prey) may be 
contributing to recovery being slow.

Introduction
The Atlantic cod (Gadus morhua) is distributed in an arc across the 
North Atlantic. Stocks are recognized for management purposes from 
Georges Bank northward to Labrador, then northeastward to West and 
East Greenland, Iceland, and the Barents Sea (arcto-Norwegian or north-
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east arctic cod), and then southward to the Celtic Sea and eastward to 
the Baltic Sea (Fig. 1). All stocks are currently below the maximum bio-
mass experienced during the past few decades, and most are at much 
lower levels (Brander 2007). However, these low levels are generally 
not the result of a long, steady decline. Most stocks in the Northwest 
Atlantic share a common pattern of a marked decline during the 1970s, 
an increase during the 1980s, and a severe decline during the late 1980s 
and early 1990s. Several of these stocks have shown little or no recov-
ery during the past decade despite severe reduction or even cessation 
of directed fishing (Shelton et al. 2006). In contrast to the Northwest 
Atlantic stocks, the prolonged increases and decreases experienced by 
many stocks in the Northeast Atlantic tend not to be temporally corre-
lated, and the declines have been less severe (Brander 2007). Many cod 

Figure 1. Map of the North Atlantic, showing the location of cod stocks. 
The stocks represented by numbers are 1 = S. Newfoundland, 2 
= W. Scotian Shelf, 3 = Gulf of Maine, and 4 = Georges Bank. The 
map does not extend sufficiently to the southwest to include 
the whole of the Georges Bank stock area, nor does it extend 
sufficiently to the northeast to encompass the full range of the 
arcto-Norwegian stock in the Barents Sea. The boundaries of the 
Kattegat, West Baltic, and East Baltic stocks are not illustrated.
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stocks on both sides of the Atlantic have also experienced changes in 
demographic properties, such as age/size composition and geographic 
substructure, and changes in life-history traits, such as age and size 
at maturity and growth rate. While fishing has played a dominant role 
in the dynamics of most of these stocks, it is clear that changes in the 
environment have contributed to changes in recruitment, growth, and 
natural mortality. Comparisons among stocks may help clarify the 
relative roles of changes in fishing pressure, the physical environment, 
and the biotic environment in terms of both predators and prey. We 
report some of the findings of a workshop (ICES 2006b) that reviewed 
and synthesized knowledge regarding factors influencing the decline 
and recovery of cod stocks. Particular attention is given to reasons for 
non-recovery of several of the Northwest Atlantic stocks.

Atlantic cod stocks
Cod stocks differ in many respects. Some (e.g., southern Grand Bank, 
Flemish Cap) are associated with shelf areas far from land, but most 
stocks inhabit areas adjacent to a land mass. Some of the latter stocks 
have components associated with the coast, and these may be relatively 
distinct and sedentary, especially if they inhabit fjord systems such as 
at West Greenland (Hovgård and Wieland 2008) and Norway (Løken et al. 
1994). Many such “unit stocks” are considered to represent stock com-
plexes or metapopulations (Smedbol and Wroblewski 2002, Horwood 
et al. 2006).

The ecosystems in which the stocks are embedded differ in many 
aspects. For example, temperature decreases from south to north on 
both sides of the North Atlantic, but the difference in temperature 
between east and west at a given latitude can be substantial because 
of the pattern of ocean circulation. The Labrador Current and local 
winter cooling produce low temperatures off Labrador and eastern 
Newfoundland, in the Gulf of St. Lawrence, and on the eastern Scotian 
Shelf, whereas the North Atlantic Drift warms the coasts of Europe and 
provides suitable temperature conditions for cod far into the Barents 
Sea. Average bottom temperatures, as reported by Brander (2007), vary 
from 0ºC off Labrador to 11ºC in the Celtic Sea. 

The ecosystems also vary with respect to finfish diversity. The 
arcto-boreal ecosystems (Labrador-Newfoundland, Iceland, Barents 
Sea) have historically been dominated by one piscivorous fish species 
(cod) and one forage species (capelin, Mallotus villosus) (Livingston and 
Tjelmeland 2000). In contrast, ecosystems toward the southern limit of 
the cod’s distribution, such as Georges Bank in the west and the North 
Sea in the east, have a broader array of piscivores and potential prey. 
The Baltic Sea fauna is depauperate compared to the adjacent North Sea 
because of its low salinity, and has historically been dominated by cod 
and two species of clupeoids serving as forage fish.
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The stocks have historically differed considerably in size (Table 1; 
Fig. 2). During the period for which data are available, the maximum 
biomass of both the West Greenland and arcto-Norwegian cod has been 
estimated at about 4 million t immediately after the Second World War, 
whereas another four (S. Labrador–E. Newfoundland in the northwest 
and Iceland, North Sea, and eastern Baltic Sea in the northeast) have 
exceeded 1 million t. In contrast, the Gulf of Maine stock in the north-
west and the west Scotland, Irish Sea, and Celtic Sea stocks in the north-
east have not exceeded 60,000 t.

Changes in total biomass
Information on population dynamics is available for most stocks from 
mathematical reconstruction models (sequential population analysis, 
SPA) that are based on commercial catch data and biological sampling of 
size and age distributions as well as on fishery-independent indices of 
abundance (ICES 2005, Shelton et al. 2006, Brander 2007). (We use SPA as 
a generic term for such models, which include virtual population analy-
sis, VPA.) It is common in inter-stock comparisons to focus on trends 
in spawning stock biomass (SSB) (e.g., Myers et al. 1996) because of the 
implicit, though flawed (Marteinsdottir and Begg 2002), assumption 
of proportionality between SSB and reproductive potential. However, 
trends in SSB may not reflect the extent of stock decline if the computa-
tion of SSB incorporates the decline in age-at-maturity documented for 
many stocks (Brattey et al. 2005). Therefore, we will focus on trends in 
total biomass (Table 1; Fig. 2).

Although the output of reconstruction models is a valuable source 
of information on the dynamics of individual stocks, models may differ 
greatly among stocks with respect to structure, assumptions, and the 
inclusion of data such as unreported catch, recreational catch, discards, 
and estimates of removals by conspecifics and other predators. The 
extent to which such differences influence the results of inter-stock 
comparisons is generally not documented. In addition, the time periods 
covered may differ considerably, which hampers the comparison of 
long-term trends. Some models go back to the 1940s and even beyond, 
but many go back only to the 1970s or even just the 1980s. In addition, 
SPA has been discontinued for formal assessment of some stocks (Table 
1), viz. West Greenland (Hovgård and Wieland 2008), S. Labrador–E. 
Newfoundland (Lilly 2008), Flemish Cap (Vázquez and Cerviño 2005), 
eastern Scotian Shelf (Fanning et al. 2003), western Scotian Shelf (Clark 
and Hinze 2004) and, most recently, southern Newfoundland (DFO 2006). 
In most of these cases, the stock trajectories continue to be monitored 
by bottom-trawl surveys. For example, the survey of the S. Labrador–E. 
Newfoundland stock indicates that biomass in the offshore continued 
to decline after the decision that SPA models were no longer reflective 
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of stock dynamics (Lilly 2008). The extent of decline in this stock, as 
deduced from research vessel catches, is considerably greater than indi-
cated by SPAs of the early 1990s (Bishop et al. 1993), but somewhat less 
than indicated by the SPA used by Smedbol et al. (2002) and reported 
by Shelton et al. (2006).

If 1970 is used as a point of reference (Brander 2007), then all stocks 
except the Celtic Sea stock have declined (Fig. 2). However, there have 
been periods of increase and of decrease in almost all stocks, and even 
the Celtic Sea stock is now below its peak in the late 1980s. In addition, 
the longer term views available for some stocks, especially those of 
West Greenland and the Barents Sea, suggest that the extent of decline 
during the latter half of the twentieth century may actually be greater 
than indicated by the short-term view afforded by current assessment 
models.

Figure 2. Total biomass (thousand t), as estimated by sequential population 
analysis (SPA), for cod stocks in the Northwest Atlantic (left 
panels) and Northeast Atlantic (right panels). The stocks are 
arranged from large (top panels) to small (bottom panels). Note 
differing scales on ordinate axes. Data sources as in Table 1.
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As noted above, the declines have been more pronounced in the 
Northwest Atlantic than in the Northeast (Fig. 2). The West Greenland 
stock declined to a low level by the mid-1970s and collapsed in the 
early 1990s (Fig. 2; Hovgård and Wieland 2008). The Northern Labrador 
stock (not shown because no SPA is available) had collapsed by the late 
1970s and had virtually disappeared by the late 1980s (Smedbol et al. 
2002, Lilly and Murphy 2004). Stocks farther south off Atlantic Canada, 
from Southern Labrador–Eastern Newfoundland to the eastern Scotian 
Shelf, continued to be productive into the 1980s, but collapsed in the 
late 1980s and early 1990s (Fig. 2). In contrast, stocks in the Northeast 
Atlantic are currently in a variety of states, from moderately good 
(arcto-Norwegian, Iceland) to depressed (west of Scotland, North Sea, 
Baltic Sea), but none are considered to have collapsed.

Major hypotheses for changes 
in stock biomass
Stock biomass is influenced by the effects of fishing and climate on 
recruitment, individual growth, and mortality. The various factors 
interact, and it is often difficult to disentangle them. 

Fisheries
The effect of fisheries on stock biomass
It is generally accepted that excessive fishing pressure has been the 
major reason for the declines in cod stocks (Myers et al. 1996, Sinclair 
and Murawski 1997). However, there are many reasons why fishing 
may have been excessive, and their relative importance may differ con-
siderably among stocks. The reasons for overfishing include manage-
ment goals that may not have been precautionary, especially in earlier 
years (Sinclair and Murawski 1997, Garcia and Moreno 2005), scientific 
overestimation of population size (Sinclair et al. 1991, Mohn 1999), the 
establishment of management plans that include landings in excess of 
scientific advice (Horwood et al. 2006, Shelton et al. 2006), and the kill-
ing of fish in excess of the amount specified in management plans. The 
latter includes reported overruns and non-reported catches, which may 
include both landings (Horwood et al. 2006) and discards (Hutchings 
and Ferguson 2000). A full inquiry into causes of declines and recover-
ies should include and distinguish among the above components. We 
can mention only a few examples.

The importance of unrestrained fishing is clearly demonstrated in 
the Northwest Atlantic, where distant-water trawling fleets caused a sub-
stantial increase in landings during the late 1950s and 1960s (Fig. 3) and 
contributed to a rapid decline in the biomass of several stocks during 
the 1960s and 1970s (Fig. 2). The declaration of 200 nautical mile fisher-
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ies zones in 1977 reduced fishing mortality temporarily and contributed 
to recovery of many stocks, especially S. Labrador–E. Newfoundland, 
southern Grand Bank, southern Newfoundland, and eastern Scotian 
Shelf. However, most Canadian stocks declined once again, and to a 
greater extent, during the late 1980s and early 1990s. Some investiga-
tors (Hutchings and Myers 1994, Hutchings 1996, Myers et al. 1996) 
have stated that these declines during the late 1980s and early 1990s 
were caused entirely by fishing, and indeed SPA modeling indicates a 
sharp increase in fishing mortality for many of these stocks, most nota-
bly those from the eastern Scotian Shelf northward to S. Labrador–E. 
Newfoundland (Fig. 4). Fishing mortality tended to be chronically higher 

Figure 3. Landings (thousand t) from cod stocks in the Northwest Atlantic 
(left panels) and Northeast Atlantic (right panels). The stocks are 
arranged from large (top panels) to small (bottom panels). Note 
different scales on ordinate axes. Data sources as in Table 1. 
For Gulf of Maine (GOM), landings to 1981 are commercial only, 
and commercial plus recreational thereafter. For Flemish Cap 
(FLEM), landings from 1988 to the late 1990s include estimates 
that represent a large proportion of the total.
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than intended (the retrospective problem as described in Sinclair et al. 
1991), but the cause of the sharp rise in fishing mortality is not entirely 
clear. In the case of the S. Labrador–E. Newfoundland stock, there was 
a large and sudden downward re-evaluation of the population estimate 
in 1988-1989 (Baird et al. 1991) and, for socioeconomic reasons, the 
total allowable catch (TAC) was not adjusted downward to the full extent 
implied by the revised estimate, causing fishing mortality to rise rap-
idly (Shelton 1998). It is unclear whether this by itself can explain the 
collapse of the stock because reported landings have been insufficient 
to account for the large and rapid decline in indices of abundance from 
research surveys (Shelton and Lilly 2000, Lilly 2008). Additional factors 
that might have contributed to the collapse are discussed below.

If fishing were the only, or major, cause of the declines, then cessa-
tion of fishing might be expected to halt and then reverse the declines 

Figure 4. Fishing mortality, as estimated by sequential population analysis 
(SPA), for cod stocks in the Northwest Atlantic (left panels) and 
Northeast Atlantic (right panels). The stocks are arranged from 
large (top panels) to small (bottom panels). Data sources as in 
Table 1. 
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(Myers et al. 1995). Moratoria on directed fishing were indeed instituted 
for S. Labrador–E. Newfoundland cod in 1992, for all other stocks adja-
cent to Canada as far south as the eastern Scotian Shelf in 1993, for 
southern Grand Bank cod in 1994, and for Flemish Cap cod in 1999. The 
effects of these moratoria were variable but generally much less positive 
than had been hoped (Rice et al. 2003). The S. Labrador–E. Newfoundland 
and eastern Scotian Shelf stocks continued to decline after imposition 
of the moratoria, and have shown no signs of recovery even though 
directed fisheries have remained closed (except for coastal fisheries that 
targeted inshore populations of the S. Labrador–E. Newfoundland stock 
during some years). The fishery on the southern Grand Bank cod stock 
has also remained closed, but there is evidence that recovery has been 
impeded by bycatch in fisheries directed at other species (Shelton and 
Morgan 2005). The Flemish Cap stock has shown no sign of recovery. 
The two stocks in the Gulf of St. Lawrence recovered slightly, but small 
directed fisheries during most years since 1998 have reversed most 
of the gains. Local inshore populations off eastern Newfoundland (the 
coastal region of the S. Labrador–E. Newfoundland stock) also increased, 
but directed fisheries during 1998-2002 contributed to a substantial 
decline (Lilly et al. 2005). Only the southern Newfoundland stock has 
experienced substantial recovery and has remained open to directed 
fishing since being reopened in 1997. However, even that stock has 
been declining recently. The reopening of directed fisheries on the two 
Gulf of St. Lawrence stocks and the inshore area of the S. Labrador–E. 
Newfoundland stock are examples of instances wherein short-term 
socioeconomic concerns and statements by fish harvesters regarding 
stock status have taken precedence over the information provided by a 
formal scientific stock assessment process.

The contrast between the rapid rebuilding of Canadian stocks in 
the 1970s and early 1980s and the virtual absence of recoveries during 
the late 1990s and early 2000s remains only partly explained (Rice et 
al. 2003). The directed and bycatch fisheries of the 1990s and 2000s 
are certainly part of the reason (Shelton et al. 2006), but other factors 
appear to have contributed to lower productivity.

Other consequences of fishing
Fishing may affect populations in several additional ways. Mean age and 
age diversity of spawners has declined in many stocks (Marteinsdottir 
et al. 2005), and this has been found to affect recruitment in some 
stocks. For example, decline in age diversity has been associated with 
low recruitment in Icelandic cod (Marteinsdottir and Thorarinsson 
1998). However, such an effect was not found in southern Gulf of St. 
Lawrence cod (Swain and Chouinard 2000). The decline in mean age 
and age diversity of spawners in arcto-Norwegian cod has resulted in 
recruitment becoming more strongly influenced by climate variability 
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(Ottersen et al. 2006). Fishing may cause changes in life-history traits, 
such as growth rate and age and size at maturation (see below). Fishing 
stocks down to low levels may also affect their viability because of 
behavioral problems, such as increased difficulty in finding a mate and 
breakdown of migration patterns or social structures (Allee effects; 
Frank and Brickman 2000). There could also be depensation associated 
with predation, as discussed below.

Climate variability and change
Cod stocks may respond to decadal-scale climate changes. For example, 
the warming of much of the northern North Atlantic during the 1920s 
and 1930s resulted in a general northward expansion of many fish spe-
cies, including cod (Rose 2005, Drinkwater 2006). The most conspicu-
ous change was the increased abundance and northward expansion 
of cod at West Greenland (Hovgård and Wieland 2008), but there was 
also expansion of cod farther to the north and east in the Barents Sea 
and increased use of northern spawning areas at both Iceland and the 
Norwegian coast.

Important changes were also associated with the increasingly 
positive (high) phase of the North Atlantic Oscillation (NAO) from the 
1960s to the 1990s. During this period, the positive phase tended to 
result in decreased air and sea temperatures and increased ice cover in 
the Northwest Atlantic from the Labrador coast to the eastern Scotian 
Shelf, and contributed in several ways to a reduction in productivity 
of cod stocks in that region (Drinkwater 2002). In contrast, the inten-
sification of the positive phase of the NAO led to increased inflow of 
warm Atlantic water into the Barents Sea, promoting recruitment to the 
arcto-Norwegian cod stock (Ottersen and Stenseth 2001). North-south 
differences in the impact of the NAO on cod recruitment have also been 
found. During a positive NAO phase, recruitment tends to be lower than 
normal in the southernmost stocks on both sides of the Atlantic and 
higher in the northernmost stocks (and vice versa for negative phase) 
(Brander and Mohn 2004, Stige et al. 2006).

Finally, the North Atlantic has been warming during the past decade 
(ICES 2006c). Although higher temperatures are generally expected to 
be beneficial for cod toward the northern limits of cod distribution 
(Planque and Frédou 1999, Drinkwater 2005), there has been little 
response to date off eastern Canada (Shelton et al. 2006). For cod popu-
lations toward the southern limit of cod distribution, the warming may 
prove to have negative effects (Planque and Frédou 1999, Drinkwater 
2005). 
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Stock demographics and life-history traits
Recruitment
Much of the variability in heavily exploited cod populations is due to 
changes in recruitment. This is particularly evident when populations 
increase. For example, the abundance of cod at Greenland has been 
strongly dependent on the arrival of larval cod from Iceland (Drinkwater 
2006, Hovgård and Wieland 2008). The increase in abundance of North 
Sea cod during the “gadoid outburst” of the 1960s and 1970s was due 
to an increase in average recruitment (Hislop 1996, Heath and Brander 
2001).

Many hypotheses have been proposed to explain variability in 
recruitment to specific cod stocks (ICES 2005). The spawning potential of 
the parent population is generally assumed to be of major importance, 
but many factors affect the survival of progeny, such that there may be 
considerable among-year variability in the number of recruits per unit 
of spawning biomass. A high survival of progeny (recruits per unit of 
spawning biomass) contributed to the increase in several Canadian cod 
stocks in the late 1970s and early 1980s (Sinclair 1996, Chouinard et 
al. 2003), whereas a low (or lower) survival contributed to the decline 
of some of the same stocks in the late 1980s and early 1990s and their 
weak recovery during the late 1990s and 2000s (Shelton et al. 2006). 
The mechanisms by which pre-recruit survival is affected involve many 
aspects of the physical and biotic environment. Physical mechanisms 
include annual variability in the transport of the zooplanktonic food 
for cod larvae into the Barents Sea and North Sea (Sundby 2000) and the 
replenishment of salinity and oxygen in the Baltic Sea by episodic inflow 
of water from the Kattegat and the North Sea (Köster et al. 2005). Some 
examples involving feeding and predation are discussed below.

Growth
Changes in recruitment and fishing mortality have received most of the 
attention regarding changes in stock size, but variability in individual 
growth may also be important. Sinclair (1996) noted that the gradual 
reduction in weight-at-age from the late 1970s to the early 1990s has 
had a notable effect on the biomass of several stocks off Canada (par-
ticularly S. Labrador–E. Newfoundland, northern and southern Gulf of St. 
Lawrence, and eastern Scotian Shelf). Brander (2007) examined changes 
in total biomass in 15 stocks from across the Atlantic, and found that 14 
have declined since 1970. In 10 of these, the periods of decline were pre-
ceded by or coincided with declines in mean weight-at-age. For the ten 
stocks experiencing periods of increasing total biomass, all increases 
were accompanied by increasing weight-at-age.

Changes in growth affect productivity and thus the biomass that 
can be harvested sustainably for a given fishing mortality. In addition, 
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Drinkwater (2002) and Brander (2007) suggested that, because TACs are 
in terms of weights, declines in weights-at-age should have resulted 
in increased numbers of fish caught per unit of quota. It is not clear 
whether this mechanism has played a role in Canadian stocks, because 
the catch predictions have generally been based on the average weight-
at-age during recent years, and should therefore be close to the actual 
value (unless weight-at-age dropped suddenly and substantially from 
one year to the next). It might be of interest to investigate whether such 
a mechanism has contributed to the rise in fishing mortality in several 
Canadian stocks during the late 1980s and early 1990s.

Changes in size-at-age within a stock may result from several fac-
tors, including changes in temperature, stock size, prey abundance (see 
below), and size-selective fishing (Sinclair et al. 2002a,b). With respect 
to temperature, among-stock comparisons have shown that growth rate 
(Brander 1995), condition (Rätz and Lloret 2003), and overall produc-
tivity (Dutil and Brander 2003) are higher in stocks that live at higher 
temperatures. In addition, evidence from experiments and in the field 
shows that the effect of temperature change is progressively greater 
at lower temperatures (Brander 2007). Thus, the cooling of the 1980s 
and early 1990s off eastern Canada from the eastern Scotian Shelf 
northward may have had a particularly strong influence on cod in that 
area because they were already living in a relatively cold environment. 
Nevertheless, the large changes in size-at-age of cod in the southern 
Gulf of St. Lawrence from 1971 to 1998 appear to be most strongly 
related to changes in size-selective mortality, followed by effects of 
density-dependent growth, with only relatively minor variation attrib-
uted to changes in the temperature of the water occupied by the cod 
(Sinclair et al. 2002b).

A persistently low growth rate has been an important contributor to 
the continuing low productivity of several stocks off Canada (Shelton et 
al. 2006). This is particularly the case for the stock in the southern Gulf 
of St. Lawrence (Chouinard et al. 2003), and Swain et al. (2007) provide 
evidence that this may have been caused by genetic change in response 
to size-selective fishing.

Maturity
Age- and size-at-maturity have declined in many stocks (Marteinsdottir 
and Begg 2002). An examination of probabilistic maturation reaction 
norms (Heino et al. 2002) provides evidence for a genetic change, most 
likely in response to fishing, in all stocks investigated, viz. Georges 
Bank and Gulf of Maine (Barot et al. 2004), S. Labrador–E. Newfoundland, 
southern Newfoundland and southern Grand Bank (Olsen et al. 2005), 
and arcto-Norwegian (Heino et al. 2002). Maturing early gives a selective 
advantage under most high mortality regimes, because only fish that 
mature and reproduce before being caught will pass their genes to the 
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next generation. Reversion to older age-at-maturity and larger size-at-
maturity when mortality is reduced may be slow if late maturation does 
not offer a strong selective advantage (Law 2000).

In the context of recovery from low population size, Hutchings 
(2005) conducted simulations to explore the consequences of a reduc-
tion in age-at-maturity, coupled with additional factors such as reduced 
reproductive success in first-time spawners and increased mortality 
upon attainment of maturity. He found that a reduction in age-at-
maturity might reduce annual population growth, and concluded that 
fishing-induced changes in life-history traits might in themselves 
impede recovery.

Natural mortality
The importance of changes in natural mortality to the dynamics of 
cod stocks has received increased emphasis with the recognition that 
mortality remained high in several depressed stocks off eastern Canada 
after directed fishing was stopped, and that increased natural mortal-
ity slowed stock recovery (Shelton et al. 2006). Several analyses (e.g., 
Sinclair 2001) demonstrated that natural mortality started to increase 
well before the fisheries were closed. For the cod stock in the southern 
Gulf of St. Lawrence, analyses suggest that the increase in natural mor-
tality played a role in the collapse of the stock (Chouinard et al. 2005), 
and this may be true for several other stocks as well.

A series of publications during the mid-1990s (Hutchings and Myers 
1994, Myers and Cadigan 1995, Hutchings 1996, Myers et al. 1996) stated 
that there was no evidence of an increase in natural mortality in the S. 
Labrador–E. Newfoundland stock and other Canadian cod stocks dur-
ing the period of collapse. It was only after data had accumulated for 
several additional years that analyses started to provide evidence that 
natural mortality had indeed increased, and such an increase was then 
incorporated into SPA models for the stocks in the northern (Fréchet et 
al. 2005) and southern (Chouinard et al. 2006) Gulf of St. Lawrence and 
the stock on the eastern Scotian Shelf (Mohn et al. 1998). The use of SPAs 
for the S. Labrador–E. Newfoundland stock as a whole was discontinued 
during the early 1990s, but exploration of these models demonstrated 
that reported landings were insufficient to account for the large and 
rapid decline in indices of abundance from research surveys (Shelton 
and Lilly 2000, Lilly 2008). The “missing fish” could be attributed to 
increased levels of unreported landings or discards, but might also be 
the result of increased natural mortality. More recently, tagging studies 
have provided evidence of elevated natural mortality in inshore popula-
tions along the east coast of Newfoundland (Lilly et al. 2005).
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Biotic factors affecting stock biomass
Prey
Changes in the abundance or availability of prey may have conse-
quences for growth (and condition), recruitment, and mortality of the 
predators. Such influences are more commonly detected in ecosystems 
that have relatively few prey species, such as the Baltic Sea and the 
arcto-boreal areas.

Capelin abundance has been positively correlated with growth rate 
in Icelandic cod (Stefánsson et al. 1998) and arcto-Norwegian cod (Mehl 
and Sunnanå 1991), and with somatic condition and liver reserves of 
arcto-Norwegian cod (Yaragina and Marshall 2000). For S. Labrador–E. 
Newfoundland cod, Krohn et al. (1997) reported that capelin biomass 
explained some of the variability in cod growth and condition, but 
other studies did not find a significant relationship (ICES 2006b, p. 89). 
In contrast to the positive association often seen elsewhere, the condi-
tion of cod and other groundfish species on the eastern Scotian Shelf 
declined significantly (Choi et al. 2004) at the same time as the biomass 
of pelagics increased. Bundy and Fanning (2005) hypothesized that 
the poor condition observed in small cod is due to competition with 
increased populations of planktivorous fish, and proposed that cod 
that are in poor condition when small may remain that way when they 
become larger.

A decline in condition (or liver index) might affect spawning potential 
of cod stocks by decreasing the likelihood of maturing (Marteinsdottir 
and Begg 2002), increasing the incidence of skipped spawning (Rideout 
et al. 2005, Jørgensen et al. 2006) and reducing the reproductive output 
of those fish that do spawn (Lambert and Dutil 2000).

In the absence of findings of dead or moribund fish, the question of 
whether a decline in cod condition has contributed to an increase in nat-
ural mortality (other than predation) is difficult to address. Nevertheless, 
fish exhibiting critically low condition for survival (according to the 
value determined to be critical in a laboratory setting) were found in 
the northern and southern Gulf of St. Lawrence (Lambert and Dutil 
1997, Schwalme and Chouinard 1999) during the early to mid-1990s. 
Dutil and Lambert (2000) concluded that natural mortality from poor 
condition contributed to lower production of the northern Gulf of St. 
Lawrence cod. It is not clear whether the poor condition was related 
to a decline in abundance of prey, but it has been hypothesized that 
cooling caused a shortening of the feeding season (Castonguay et al. 
1999). The decline in condition of eastern Scotian Shelf cod is not related 
to the abundance of pelagic prey, because the historically important 
prey species increased following the cod collapse (see above). For S. 
Labrador–E. Newfoundland cod, it was hypothesized that the collapse 
might be due in part to an increase in stress associated with a change 
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in abundance and availability of capelin (Atkinson and Bennett 1994), 
but data from the appropriate times and locations may be insufficient 
to test this hypothesis (Lilly 2001). With respect to the lack of recovery 
in the offshore portion of the S. Labrador–E. Newfoundland stock, Rose 
and O’Driscoll (2002) stated that the high mortality experienced by cod 
since the collapse is due to poor condition, which in turn is due to low 
capelin availability (but see Lilly et al. 2005).

The abundance of forage species might also affect cod through sec-
ondary links in food webs. For example, it has been hypothesized that 
when forage species such as capelin are in low abundance, then preda-
tors such as harp seals (Nilssen et al. 2000) may feed to a greater extent 
on cod. Also, cannibalism might increase within a cod population when 
prey abundance is low, and this might reduce year-class strength. For 
example, the incidence of cannibalism in arcto-Norwegian cod appears 
to increase when capelin biomass is low (Hamre 2003, ICES 2006a).

Planktivorous forage fish might affect cod by preying on, or compet-
ing with, its early life-history stages (eggs, larvae and perhaps pelagic 
juveniles). A negative relationship between the biomass of pelagic fish 
(herring and mackerel) and the number of recruits per unit of spawning 
biomass of cod has been shown for the southern Gulf of St. Lawrence 
(Swain and Sinclair 2000). High values of recruits per unit of spawn-
ing biomass from the mid-1970s to the early 1980s coincided with a 
period during which pelagic biomass had been reduced by overfishing. 
A variant of this mechanism is the “cultivator effect”: a large predator 
may protect its offspring by preying on species that are their potential 
predators and competitors. If the predator becomes less abundant, its 
prey becomes more abundant, through released predation, and then 
keeps the predator under control at a low level by preying on or com-
peting with its early life-history stages. Such a mechanism has been 
hypothesized for cod and its planktivorous fish prey in the Baltic Sea 
(Köster and Möllmann 2000) and on the eastern Scotian Shelf (Bundy 
and Fanning 2005). 

Predators
Predation is an important component of natural mortality, especially 
for smaller cod, as has been illustrated by numerous diet studies and 
multispecies models. An important question is whether natural mortal-
ity varies over time, and whether such variability contributes to large 
changes in stock abundance. 

As noted above, natural mortality evidently increased in several 
Canadian stocks during the 1980s and has remained high. The causes 
remain unclear and contentious. Numerous studies have discussed the 
possibility that predation by (gray and/or harp) seals is an important 
component of the high mortality in the eastern Scotian Shelf stock (Fu 
et al. 2001, Bundy and Fanning 2005), in the southern and northern Gulf 
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of St. Lawrence stocks (Chouinard et al. 2005, Fréchet et al. 2005) and 
in the S. Labrador–E. Newfoundland stock (Lilly et al. 2005). Formal cod 
stock assessment meetings within Canada have concluded that preda-
tion by seals has contributed to recovery of these stocks being slow or 
nonexistent (Rice et al. 2003).

One of the paradoxes associated with these analyses is that elevated 
mortality appears in not only juvenile cod but also adult cod, whereas 
diet data generally reveal seal feeding only on small cod (Hammill and 
Stenson 2000). It has been suggested by some (e.g., Chouinard et al. 
2005) that the high mortality of adult cod might be a consequence of 
belly-feeding (a manner of feeding whereby the seal takes a bite from 
the cod’s belly, leaving the head and muscle mass). Such feeding by 
seals is difficult to detect by visual examination of stomach contents or 
scats because there are no hard parts involved. However, belly-feeding 
by harp seals on cod has been observed in eastern Newfoundland (Lilly 
and Murphy 2004).

The heightened attention to the role of seals and other marine mam-
mals in the dynamics of cod stocks off Canada is partly due to oppos-
ing population trends. Many species of marine mammals were heavily 
exploited for centuries and consequently declined to low numbers, but 
some have increased during the recent 2-3 decades under more restric-
tive management measures. In the Northwest Atlantic, this is particu-
larly the case for harp seals (Hammill and Stenson 2005) and gray seals 
(Trzcinski et al. 2005). In contrast, exploitation of cod has increased in 
recent decades, and many stocks are at all-time lows. Seals (and other 
marine mammals) do not have a strong dependency on cod, their major 
prey usually being pelagic species of fish and squid. However, if these 
predators continue to eat some cod even if cod abundance is low, then 
they may contribute toward keeping the cod in a “predator pit” (Shelton 
and Healey 1999). Marine mammals may also compete with cod for prey 
resources such as capelin and sand lance, thus affecting cod growth 
and condition.

Loss and re-establishment of 
spawning populations
It has long been recognized that Atlantic cod has a rich population struc-
ture, with many of the unit stocks identified for management purposes 
(Fig. 1; Table 1) consisting of several substocks or metapopulations 
(Templeman 1962). Ames (2004) provides evidence that some of this 
substock structure may have disappeared, or have been reduced, even 
before the initiation of scientific study of the Atlantic cod resources. 
The existence of metapopulation structure has been supported and 
amplified by recent studies using advanced techniques in fields such 
as genetics (Ruzzante et al. 1999), otolith chemistry (Jónsdóttir et al. 
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2006), and tagging (Wright et al. 2006). The view of stock dynamics 
afforded by SPA (Fig. 2) provides considerable reason for concern about 
the viability of “unit stocks,” but there are additional concerns related to 
maintaining population diversity within the stocks (Frank and Brickman 
2000, Smedbol and Stephenson 2001). Some components may be more 
susceptible than others to overexploitation because they are smaller, 
less productive, or more accessible for harvesting. The extent to which 
among-component differences in recruitment, growth, and mortality 
have contributed to the overall decline in unit stocks is by no means 
clear. However, there are examples of different population trajectories 
within the established unit stocks. The S. Labrador–E. Newfoundland 
stock declined first in the north (deYoung and Rose 1993, Lilly 1994) and 
the recent decline in North Sea cod has been more pronounced in the 
south (Horwood et al. 2006).

An important question for management is whether areas where 
stocks or stock components have been depleted can be repopulated by 
cod from adjacent areas. Obviously, colonization of suitable areas has 
happened over the scale of millennia, but evidence of recolonization of 
vacated areas or supplementation of depleted areas during recent times 
is less clear. Much of the increase in the cod at West Greenland during 
the 1920s and 1930s was due to eggs and larvae imported by currents 
from Iceland (Buch et al. 1994), but it remains uncertain whether the 
fish from Iceland established self-supporting spawning populations at 
West Greenland, as stated by Anisimov et al. (2007), or depended on the 
inflow of new recruits from Iceland. Along the eastern Skagerrak coast, 
where local spawning aggregations have been depleted, juvenile cod 
may still occur in high numbers in some years, but most are recruited 
from offshore spawning areas, mainly in the North Sea, and they return 
to offshore areas instead of spawning locally along the coast (Svedäng 
and Svenson 2006). For the S. Labrador–E. Newfoundland stock, there 
is concern that fishing on inshore populations will lessen the likelihood 
that those populations will expand to offshore waters and establish 
spawning groups there (Lilly et al. 2005). However, Beacham et al. (2002) 
contend that the population substructure that has been demonstrated 
between most inshore and offshore areas indicates a low likelihood that 
inshore-spawning cod will contribute to offshore recovery. In addition, 
Ruzzante et al. (2001) found that the geographic pattern of genetic dif-
ferentiation in the offshore remained stable from the mid-1960s (pre-
collapse) to the mid-1990s (post-collapse), from which they inferred that 
if recovery eventually occurs, it will likely be through in situ population 
re-growth rather than by immigration.
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Concluding remarks
We provide examples of the insight that may be derived from among-
stock comparisons. However, there is much opportunity for additional 
study. For example, the stocks off eastern Canada differ with respect 
to the extent of collapse, degree of recovery, and relative importance 
of the various factors contributing to low productivity since the col-
lapse. These differences exist over short distances, and could provide 
the contrast required for more detailed investigation. Another example 
of strong contrast is the divergent histories of arcto-boreal stocks on 
either side of the North Atlantic. What have been the relative roles of 
fisheries and climate variability (especially with reference to the North 
Atlantic Oscillation) in the collapse of the S. Labrador–E. Newfoundland 
stock and the persistence of the arcto-Norwegian stock?

A general conclusion from the experience off eastern Canada is that 
fisheries scientists and managers may have limited ability to “rebuild” 
to previous levels any cod stocks that might decline to very low levels. 
Simply turning off directed fishing may be insufficient to promote recov-
ery. Bycatch in fisheries directed at other species in conjunction with 
various natural phenomena, including depensation due to predation and 
altered life-history traits, may constrain such stocks at low abundance 
for considerable periods.

The effects of fishing and climate variability interact. Stocks may 
become more sensitive to the effects of fishing when adverse climate 
conditions reduce productivity (reduced recruitment and growth; 
increased natural mortality) and more sensitive to climate when fishing 
has caused changes in population processes (growth, maturation) and 
demographic properties (age structure and geographic sub-structure). 
Some life-history traits, especially growth and maturation, can be 
monitored by sampling commercial and research catches and may give 
timely indications of changes in productivity. In order to develop their 
routine use in assessing risk of collapse under different fisheries man-
agement strategies, indicators of possible change in productivity, such 
as weight-at-age, somatic condition, liver index and maturation reaction 
norm, should be investigated using tropho-dynamic, life-history, and 
risk-assessment models.
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Abstract
The stock of Atlantic cod (Gadus morhua) off Labrador and eastern 
Newfoundland, in Northwest Atlantic Fisheries Organization (NAFO) 
divisions 2J3KL, declined severely in the 1960s and 1970s, recovered 
partially during the 1980s, and then collapsed to a very low level during 
the early 1990s. The stock was closed to directed fishing in 1992, and 
has remained closed in the offshore, but there have been no sustained 
signs of recovery of offshore populations. The first decline was caused 
by overfishing, notably by non-Canadian trawler fleets. Recovery was 
promoted by a reduction in landings attending the 1977 declaration 
by Canada of a 200 mile fishery limit and good growth of young year 
classes that were already in the population. The collapse in the late 
1980s and early 1990s was caused by a confluence of negative factors, 
including fishing mortality that was higher than intended because of 
overestimation of stock size during the 1980s, a decision not to reduce 
fishing mortality dramatically when a sudden and severe downward 
reevaluation of stock status was announced (1988-1989), and the arrival 
of severe oceanographic conditions during the early 1990s. The lack of 
recovery is due largely to extremely high mortality. There is insufficient 
information to determine whether this mortality is caused by ongoing 
fishing for other species or by natural factors. The latter include the 
possibilities that the quantity or quality of prey is limiting and that the 
stock is being held in a predator-prey pit by seals and other predators.
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Introduction
The stock of Atlantic cod (Gadus morhua) off southern Labrador and 
eastern Newfoundland, often referred to as the “northern cod,” experi-
enced a severe decline during the 1960s and 1970s, a partial recovery 
during the 1980s, and a collapse during the late 1980s and early 1990s. 
Despite a moratorium that was imposed on directed fishing in 1992, and 
has continued to the present (2006) in the offshore, there have been no 
sustained signs of recovery of the offshore populations.

The literature on the biology and dynamics of northern cod is volu-
minous and often contradictory; see overviews by Lilly and Murphy 
(2004), Vilhjálmsson et al. (2005), and Lilly et al. (2006). The present 
paper provides a brief description of the fishery, population dynamics, 
and environmental trends, and presents a simple comparison of the 
two declines, with particular attention to the manner in which science, 
management, and climate variability may have contributed to the lack 
of success in arresting the collapse. Difficulties associated with deter-
mining the extent, timing, and causes of mortality are emphasized. 
Although much recent attention has been directed to inshore popula-
tions (see below), the present paper focuses on the offshore populations 
that at one time constituted the bulk of the stock.

The stock
The northern cod stock occupies Northwest Atlantic Fisheries 
Organization (NAFO) divisions 2J3KL, which extend from the southern 
Labrador Shelf at 55º20'N to the northern half of Grand Bank at 46º00′N. 
Within this area, cod occur from the coast to 600 m, and occasionally 
to at least 800 m, on the upper continental slope.

The stock has long been considered a stock complex (Templeman 
1962, Lear 1986, Smedbol and Wroblewski 2002), although individual 
populations are poorly identified and distinguished. Historically, much 
of the cod overwintered in deep water on the outer slopes of the con-
tinental shelf. During spring most of these fish moved onto the shelf, 
and many migrated during late spring and summer to coastal waters 
where they fed on capelin (Mallotus villosus) that had approached the 
coast to spawn (Templeman 1966). The return migration occurred dur-
ing autumn. The extent to which this inshore-offshore migration has 
persisted since the collapse of the stock is unclear (Lilly et al. 2006). 
There are also inshore populations that appear to be genetically and 
functionally distinct from populations in the offshore (Ruzzante et 
al. 1999, 2001; Beacham et al. 2002; Lilly et al. 2006). It is thought that 
these inshore populations have historically been very small relative to 
the populations that overwintered and spawned in the offshore. The 
biology and dynamics of the inshore populations have been studied 
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intensively during the past decade (Rose 2003, Lilly and Murphy 2004, 
Lilly et al. 2006).

The fishery
For centuries, harvesters caught the cod during its summer feeding 
migrations into shallow water near the coast and on the plateau of Grand 
Bank (Templeman 1966, Lear 1998). Deep waters ceased to be refugia in 
the 1950s and 1960s, when distant-water trawlers from Europe located 
and exploited the dense aggregations of cod overwintering along the 
shelf break and longliners with powered gurdies located and fished the 
deep nearshore waters off the headlands and in the bays. The longliners 
were introduced in the 1950s and switched to highly effective monofila-
ment gillnets in the 1960s (Templeman 1966). 

Reported landings escalated from 360,000 t in 1959 to 810,000 t 
in 1968 (Fig. 1). Management by total allowable catch (TAC) was intro-
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Figure 1. Total allowable catches (TACs) and landings (thousands of tons) of 
cod in NAFO divisions 2J3KL during 1959-2005. The upper panel 
shows landings by non-Canadian and Canadian fleets, with the 
latter divided into mobile gear (offshore) and fixed gear (mainly 
inshore). The lower panel shows fixed gear landings by sector 
during 1994-2005. Commercial landings include bycatch (from 
Lilly et al. 2006).
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duced in 1973, but the early TACs were ineffective at controlling fishing 
mortality, since they proved to have been set much too high. Landings 
plummeted to 214,000 t in 1976. Canada declared a 200 nautical mile 
zone of Extended Fishery Jurisdiction in 1977 and landings were further 
reduced to 139,000 t in 1978. Landings rose to about 250,000 t dur-
ing the 1980s as the inshore fishery experienced greater success and 
Canadian trawlers replaced the non-Canadian trawlers on the offshore 
grounds. However, landings declined in the early 1990s as quotas were 
reduced and cod became increasingly difficult to find. A moratorium on 
directed commercial fishing was declared in July 1992. 

Research surveys showed that the stock continued to decline for 
at least two years after the start of the moratorium (Fig. 2). By the 
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Figure 2. Biomass indices from bottom-trawl surveys in divisions 2J3KL 
during autumn (top panel) and division 3L during spring (bottom 
panel) (from Lilly et al. 2006). The total in autumn 1986 was 
2,643,000 t.
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mid-1990s, it was apparent that the offshore populations were barely 
detectable; the cod were small and broadly distributed at low density. 
However, some inshore populations in the southern half of the stock 
area appeared to be more productive. They included cod that were older 
and larger than those in the offshore, and they occurred at densities 
that supported catch rates in sentinel surveys (small inshore test fish-
eries conducted by commercial fish harvesters) that were surprisingly 
high when such monitoring started in 1995. Catch rates in these sentinel 
surveys increased during the next few years. 

Although the moratorium on directed commercial fishing was 
declared in 1992 and unrestricted recreational fishing was terminated at 
the end of 1993, small bycatch and directed fisheries were permitted in 
the inshore in subsequent years (Lilly et al. 2003, 2006). These fisheries 
(Fig. 1) included the sentinel surveys, which occurred every year start-
ing in 1995, and limited recreational fisheries, which were permitted in 
some years. They also included directed commercial fisheries that were 
reintroduced to the inshore alone in 1998 but closed in 2003. Bycatches 
in fisheries directed at other species occurred in every year. The peak 
landings from all sectors combined was about 8,500 t in 1999.

Population dynamics
Prior to the collapse of the stock, mathematical reconstruction of the 
population based on the reported landings (sequential population 
analysis or SPA) was the main tool used to estimate the size of the stock 
as a whole and to provide a basis for projections (Bishop and Shelton 
1997). The use of SPA was discontinued during the early 1990s because 
of poor fit between model output and the index of abundance derived 
from the autumn bottom-trawl surveys (Shelton and Lilly 2000). The 
poor fit could have resulted from several causes. (1) The survey indices 
may have been positively biased for a few consecutive years, suggest-
ing that the decline started before the early 1990s. For support of this 
idea, see critiques by Hutchings (1996) and Hutchings and Ferguson 
(2000). If, however, the survey indices were a good reflection of the 
trend in abundance, then the stock declined rapidly in the early 1990s 
and a large number of fish are unaccounted for in the landings. This 
leads to two other classes of possibilities. (2) The fish were caught by 
either Canadian or non-Canadian fleets and either discarded or landed 
without reporting, or (3) a large number of cod died through natural 
causes, such as predation or poor condition attending low availability 
of suitable prey. Several “illustrative” SPA models were attempted in 
the late 1990s and 2000s. One was based on the studies of Shelton 
and Lilly (2000), who computed the number and age of fish that would 
have to be added to the reported catch during several years in the early 
1990s to make the catch fit the survey index, without relaxing standard 
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assumptions regarding natural mortality and catchability. This “missing 
fish” SPA was described by Smedbol et al. (2002). Some of the output is 
provided by Shelton et al. (2006).

The models indicated that the 3+ biomass declined from almost 
3,000,000 t in the early 1960s to about 500,000 t in 1975-1977 (Fig. 3). 
The stock recovered partially to just over 1,000,000 t by the mid-1980s, 
but declined again during the late 1980s and reached an extremely low 
level by about 1994. The actual time course from the mid-1980s onward 
is somewhat uncertain, but is very important, because one must know 
when events occurred before one can investigate cause. At what time 
during the second decline did the stock reach the nadir of the first 
decline? SPA models based on reported catch indicate that total biomass 
dropped below 500,000 t during 1989 (Bishop et al. 1993), whereas the 
comparable date from the SPA model in which an estimate of unreported 
catch was added (the missing fish model; Smedbol et al. 2002) would 
be 1991. Although the time course of the collapse remains uncertain, 
the stock clearly dropped quickly through the floor established in the 
late 1970s and continued to decline. This uncertainty about the actual 
time course of the collapse means that the biomass at the time that 
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Figure 3. Trend in total (3+) biomass (thousands of tons) as estimated by 
sequential population analysis (SPA). The solid bold line shows 
the biomass from the 1993 assessment (Bishop et al. 1993, 
reconstructed by Peter Shelton, DFO, St. John’s, NL, Canada, 2003, 
pers. comm.); the dashed line shows an “illustrative” model with 
no alteration of catch (Lilly et al. 1998); and the thin solid line 
shows a model with sufficient unreported catch added to allow 
the model to fit the pattern in the survey index (Smedbol et al. 
2002, Shelton et al. 2006).
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the moratorium was imposed (July 1992) is uncertain, but both models 
discussed above indicate that the stock was already below its lowest 
level of the late 1970s.

Recruitment, as estimated by SPA (Fig. 4), peaked in the early 1960s 
and then declined to a low level by 1970-1971. There followed three 
periods of moderately good recruitment. The last of these (the 1986 
and 1987 year classes) is of great interest. These year classes seemed 
moderately strong at ages 2 and 3 in research vessel surveys (Fig. 5) 
and were caught in large numbers in the inshore fishery in 3L during 
the early 1990s, but they seemed to disappear rapidly (Shelton and Lilly 
2000). Perception of the strength of these year classes, especially the 
1987 year class, varies considerably depending on the data and models 
that are chosen (Fig. 4, 5). All year classes since the early 1990s have 
been very weak.

Fishing mortality, as estimated by SPA (Fig. 6), increased during the 
1960s and 1970s to a peak exceeding 1.0 y–1 in 1976, decreased after 
Canada’s declaration of a 200 mile limit, and then increased gradually 
through the 1980s, with an apparent rapid escalation to extremely high 
values in the late 1980s and early 1990s. Total mortality as estimated 
from surveys also increased to extremely high levels in the early 1990s 
(Fig. 7), and remained high subsequent to the collapse.

There have also been important changes in life-history characteris-
tics (Lilly et al. 2006). The sampling of commercial landings has shown 
that mean weight-at-age increased during the late 1970s and early 1980s 

Figure 4. Recruitment at age 3 (in millions) as estimated by various SPAs. 
Lines as in Fig. 3.
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Figure 5. Relative sizes of the 1980-2003 year classes in the offshore of 
divisions 2J3KL, as measured by the mean catch per tow at ages 
2 and 3 during the autumn bottom-trawl surveys. Number per 
tow has been scaled to a maximum of 1 within the time-series 
for each age (from Lilly et al. 2006).

0.0

0.2

0.4

0.6

0.8

1.0

1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005
Year class

R
ec

ru
itm

en
t i

nd
ex

Age 2
Age 3

0.0

0.5

1.0

1.5

2.0

1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Year

Fi
sh

in
g 

m
or

ta
lit

y 
(a

v 
ag

es
 7

-9
)

Figure 6. Fishing mortality, averaged over ages 7-9, as estimated by SPA 
during the 1993 assessment (Bishop et al. 1993).
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and then declined during the remainder of the 1980s and early 1990s. 
Sampling of catches from the autumn bottom-trawl surveys indicates 
that the extent of the decline varied among divisions; there was a strong 
decline in 2J, a lesser decline in 3K, and little or no decline in 3L. Size-
at-age has improved since the early to mid-1990s, but remains below 
values observed in the late 1970s. Body condition and liver index also 
declined during the early 1990s, especially in 2J. Since the mid-1990s, 
condition levels have been similar to those measured in the mid-1980s. 
Age at maturity has declined. Olsen et al. (2005) demonstrated that 
maturation reaction norms shifted toward earlier ages and smaller sizes 

Figure 7. Annual instantaneous total mortality (Z; y–1) calculated from 
catch per tow at age during the autumn bottom-trawl surveys 
in 2J3KL combined, for ages (i) 4-6 combined (top panel) and 
7-9 combined (lower panel) and computed for year t as follows:  
Z = –ln(Ci,t/Ci–1,t–1). For example, in the top panel the value of 0.27 
in 1984 is the total mortality experienced by the 1980-1978 year 
classes from ages 3-5 in 1983 to ages 4-6 in 1984. The line is a 
3-year moving average. (Modified from Lilly et al. 2006.)
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during the 1980s and particularly the early 1990s, providing evidence of 
rapid evolutionary change that they interpreted to be the consequence 
of strong selection by the fishery. 

Physical and biotic environment
The physical environment off Labrador and eastern Newfoundland 
has experienced considerable variability since the start of standard-
ized measurements in the mid-1940s (Colbourne and Anderson 2003, 
Colbourne et al. 2005). A general warming phase reached its maximum 
by the mid-1960s. Beginning in the early 1970s there was a general 
downward trend associated with intensification of the positive phase 
of the North Atlantic Oscillation (NAO). Very cold periods occurred in 
the early 1970s, early to mid-1980s, and early to mid-1990s (Fig. 8). The 
annual depth-averaged temperature at station 27 (in the inner branch 
of the Labrador Current off St. John’s) reflects annual variability in 
the temperature of the near-surface waters much more than does the 
cross-sectional area of the cold intermediate layer (CIL), and in this 
respect 1991 stands out as a particularly cold year. Ocean tempera-
tures started to warm in 1995 and have generally been above normal 
for a decade, with some indices reaching record or near-record levels 
in recent years.

The collapse of the 2J3KL cod stock in the early 1990s was the most 
prominent in a series of profound changes within the Newfoundland-
Labrador ecosystem. Among these were severe declines in most other 
demersal fish, including species that were not targeted by commercial 
fishing (Atkinson 1994, Gomes et al. 1995). There was also a surge 
in snow crab (Chionoecetes opilio) and especially northern shrimp 
(Pandalus borealis) (Lilly et al. 2000) and an increase in the abundance 
of harp seals (Pagophilus groenlandicus) from fewer than 2 million indi-
viduals in the early 1970s to almost 6 million by the late 1990s (Hammill 
and Stenson 2005). Capelin, the dominant forage fish in the area, expe-
rienced dramatic changes in many aspects of its abundance/biomass, 
distribution, well-being, and phenology in the early 1990s, with most 
changes being especially pronounced in 1991 (Carscadden et al. 2001). 

The first decline and partial recovery
It has generally been assumed that the decline of the 2J3KL cod stock 
in the 1960s and 1970s was due entirely to overfishing, but there was 
so little fishery-independent information at the time that it would be 
difficult to test other hypotheses. The increase in landings was due pri-
marily to the intensive offshore fishing by non-Canadian fleets, although 
there was undoubtedly a contribution from technological changes in the 
inshore fishery during the 1950s and 1960s. The number of participants 
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Figure 8. Two indices of temperature from the Newfoundland Shelf. The 
upper panel shows anomalies from the cross-sectional area of 
the cold intermediate layer (CIL) during summer occupations of a 
transect off Cape Bonavista on the east coast of Newfoundland. 
The CIL is defined by the upper and lower 0ºC isotherms. The 
larger the area, the more cold water on the shelf. Note that the 
ordinate axis is reversed. The light line in the lower panel is the 
temperature anomaly of the annual depth-averaged temperature 
at station 27 off St. John’s. The heavy line is a 5-year moving 
average. (Modified and updated from Colbourne et al. 2005; 
additional data provided by Eugene Colbourne, DFO, St. John’s, 
NL, Canada, 2006, pers. comm.)
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in the inshore fishery had declined during the 1970s (Schrank 2005). 
Inshore landings declined to a minimum in 1974 but started to increase 
even before declaration of Canada’s 200 mile fisheries zone in 1977. 
Nevertheless, the declaration of the zone displaced the non-Canadian 
fleets, and a low in offshore landings occurred in 1978. The stock started 
to increase (Fig. 3) and fishing mortality declined for a few years (Fig. 6), 
even though total landings were increasing (Fig. 1). 

The recovery following declaration of the 200 mile limit was built 
largely on the moderately strong 1973-1974 (and 1975) year classes. 
These year classes had been spawned prior to the declaration of the 
200 mile limit, were subjected to reduced fishing mortality compared 
to year classes that had preceded them, experienced good growth at the 
normal or above normal temperatures at that time, and contributed to 
an increase in stock size.

The second decline (collapse) 
and non-recovery
There is considerable controversy regarding the cause(s) of the second 
decline (the collapse). Many studies (e.g., Hutchings and Myers 1994, 
Hutchings 1996, Myers et al. 1996) have concluded that the collapse 
was caused entirely by fishing activity, which would include reported 
landings (Fig. 1), unreported landings, and discards. There has, however, 
been much attention to the role of the physical environment. Several 
authors have pointed to various ways in which the decline in water 
temperature might have contributed to the collapse, either directly 
by reducing productivity (Parsons and Lear 2001; Drinkwater 2002, 
2005) or indirectly by affecting distribution (Rose et al. 2000). The rela-
tive importance of fishing and environment is difficult to determine. 
Certainly, fishing played a very large role. This paper discusses the role 
of science and management in the setting of TACs that were too high. It 
does not attempt to discuss the possible effects of unreported landings 
and unquantified dumping and discarding.

After the extension of fisheries jurisdiction, the intent was to fish 
conservatively so as to promote stock growth, but in retrospect it is 
clear that fishing mortality was consistently underestimated and stock 
size consistently overestimated during the 1980s (Sinclair et al. 1991, 
Shelton 2005). A major change in scientific perception of stock size 
occurred in 1988-1989 (Baird et al. 1991b, Bishop and Shelton 1997). 
This change in perception was due to several factors, including the 
employment of improved assessment methodology and mounting evi-
dence that the influential 1986 survey estimate (Fig. 2) was anomalously 
high. Although the estimate of stock size was reduced dramatically in a 
single step, assessments by DFO (Baird et al. 1991a, Bishop and Shelton 
1997) and an independent review committee (Harris 1989, 1990) indi-
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cated that there was still a considerable quantity of cod in the sea in 
1989. Harris (1990) wrote, “The rather stable level in the biomass since 
1984 . . . is supported by the commercial catch index and the (research 
vessel) data. It also accords reasonably well with the trends in inshore 
catches during this same period. All this brings us to the view that the 
state of the stock measured by the biomass trends does not support 
a conclusion that anything drastic or threatening has occurred to the 
northern cod stock to date.” 

The reduction in the estimate of stock size implied a large reduction 
in TAC. The Harris review panel in its interim report recommended that 
the quota be reduced, but not to the extent implied by the new esti-
mate. This was because “the sudden reduction in catch levels designed 
to reduce the F value to the F0.1 level of approximately 0.20 would be 
altogether too drastic a measure in view of the social and economic 
repercussions of such action. A not unreasonable compromise position, 
we believe, would be reduce the fishing mortality from its current level 
to a point approximately half-way to the F0.1 level ” (Harris 1989).

TACs were reduced during the next few years, but not to the F0.1 

level (Shelton 1998). Fishing mortality was allowed to escalate (Fig. 6). 
Simulations have indicated that the stock would have declined even if 
TACs had been set at the F0.1 level, but the change in the control rule 
turned “what might have been a severe stock decline under a fixed fish-
ing mortality rate into a collapse” (Shelton 1998). The actual extent to 
which fishing mortality increased remains uncertain (see below). 

Subsequent to publication of the Harris report in 1990 there was 
a rapid disappearance of cod from all research vessel surveys. These 
included the autumn and spring bottom-trawl surveys (Fig. 2) and spa-
tially limited hydroacoustic studies off southern Labrador (Anderson 
and Rose 2001) and eastern Newfoundland (Rose and Kulka 1999). 

The extent to which scientific assessment contributed to the collapse 
remains in debate. If stock size had not been overestimated through the 
1980s, then TACs would presumably have been lower, the stock presum-
ably would have grown more than it did, and the stock might have been 
less susceptible to adverse environmental conditions (assuming, of 
course, that the environment did play a role in the collapse). In addition, 
the change in scientific perception of stock status in 1988-1989 was so 
large and sudden that politicians were concerned about the socioeco-
nomic costs of reducing the quota severely. Quotas were reduced, but 
not sufficiently to keep fishing mortality from escalating.

The big question, as noted above, is the extent to which fishing mor-
tality escalated. If fishing was the sole cause of the disappearance of the 
fish, then fishing mortality must have risen rapidly to levels exceeding 
2.0 y–1 (Shelton 1998) and there must have been a tremendous increase 
in the quantity of fish discarded or landed without reporting (Shelton 
and Lilly 2000). 
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Is there evidence that some of the increase in mortality was due to 
natural causes? The stock of American plaice (Hippoglossoides plates-
soides) off Labrador and northeastern Newfoundland declined to a very 
low level through the 1980s and early 1990s, a period during which 
reported catches were low (Morgan et al. 2002). Most other species of 
demersal fish, including many of no commercial value, declined dra-
matically through the same period (Atkinson 1994, Gomes et al. 1995). 

Note as well that the total mortality rate of cod, as estimated from 
catch rate at age in the autumn bottom-trawl surveys, remained very 
high after directed fishing was stopped (Fig. 7). If part of this high mor-
tality is due to unusually high natural mortality, then at what time did 
natural mortality increase? Did it increase only after the stock became 
greatly reduced in abundance (about 1993-1994), or did it increase dur-
ing the early 1990s, or even before? In this context, it may be noted 
that the level of natural mortality input into SPA modeling has been 
increased above the commonly accepted value of 0.2 y–1, for a series of 
years starting in the late 1980s and extending into the 1990s and even 
later, during assessments of several other groundfish stocks in Atlantic 
Canada, notably American plaice on Grand Bank (Morgan and Brodie 
2001) and cod in the northern and southern Gulf of St. Lawrence and 
on the eastern Scotian Shelf (Shelton et al. 2006). 

The possible role of the physical environment is of considerable 
interest because of an apparent coincidence between the rapid disap-
pearance of cod from research surveys (Fig. 2, 7) and the low tempera-
ture (Fig. 8) and extensive ice cover of the early 1990s. While it seems 
unlikely that significant numbers of fish died as a direct consequence of 
exposure to cold water, there is still insufficient evidence to reject the 
possibility that the cold water and extensive ice cover led to a reduced 
duration of feeding opportunity, which then led to poor body condition 
and death (Atkinson and Bennett 1994, Dutil and Lambert 2000).

The reason for the continuing high total mortality in the offshore 
(Fig. 7) remains unclear. It could be that the fishing that has continued 
for other species is causing sufficient removals (landings and discards) 
to keep the cod populations from rebounding. However, recorded land-
ings of cod from offshore Canadian fisheries have been less, and gen-
erally much less, than 130 t each year since the mid-1990s (Lilly and 
Murphy 2004). The level of landings from non-Canadian fisheries is 
more uncertain, but is understood to be less than 80 t each year (Lilly 
et al. 2006). Discards from shrimp fisheries were estimated to have 
been as high as 13 t in 1996 (Kulka 1998) but less than 5 t each year 
during 1997-2003 (Lilly and Murphy 2004). Bycatches of cod in shrimp 
fisheries are low because of the use of restrictor grates (Kulka 1998) and 
the relatively low density of small cod in the offshore (Anderson and 
Gregory 2000). These estimates of landings and discards in the various 
fisheries appear to be very small relative to survey indices of offshore 
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biomass, which averaged about 22,600 t during 1995-2005 (Lilly et al. 
2006). The information on landings and discards has not been used to 
compute fishing mortality in the offshore because there is no informa-
tion on catchability of cod at length for the survey trawl that has been 
used since 1995, and hence the survey indices of numbers at length 
have not been converted to estimates of abundance at length. In the 
absence of an estimate of fishing mortality, it is difficult to assess the 
level of natural mortality. Nevertheless, the apparent low level of catch 
has lead to the suspicion that natural mortality is high.

High natural mortality could be caused by inadequate quantity or 
availability of suitable prey or by intensive predation. The dominant 
prey of cod in this ecosystem has historically been capelin (Lilly 1987, 
1991), but capelin biomass as measured during offshore hydroacoustic 
surveys declined dramatically during the early 1990s and has remained 
very low (Carscadden et al. 2001). Rose and O’Driscoll (2002) concluded 
from studies of cod condition and feeding in specific areas and seasons, 
that cod was not faring well in certain offshore areas, and that this was 
due to low availability of capelin. In contrast, the routine monitoring of 
cod during autumn research surveys has not identified any problems 
with cod growth or condition (Lilly et al. 2006). The role of predation is 
also difficult to quantify. Although cod has many predators, the one that 
has attracted most attention is the harp seal, which consumes small cod 
whole and large cod by taking bites from their bellies to extract the liver 
(Lilly and Murphy 2004). The harp seal population has increased consid-
erably during recent decades and, together with other predators, could 
be maintaining cod in a predator pit (Shelton and Healey 1999, McLaren 
et al. 2001, Rice et al. 2003). It must be emphasized, however, that there 
are many uncertainties associated with the estimation of the quantity 
of cod consumed by seals (Stenson and Perry 2001, McLaren et al. 2001, 
Lilly and Murphy 2004), and the incorporation of such estimates into 
cod mortality rates. Of particular concern in the present context is the 
small number of stomach samples taken from seals in the offshore.

There is also a possibility that the cause of the high mortality of 
cod in the offshore lies not in the offshore, but in the adjacent inshore. 
Fixed-gear landings, almost all of which came from the inshore, ranged 
from 400 t to 8,500 t during 1995-2005 (Fig. 1). If some of the cod in the 
offshore have continued the historic pattern of spring-summer migra-
tion to coastal waters, then a portion of them may have been caught by 
the inshore fisheries. If this were an important source of mortality for 
offshore populations, one would expect a positive correlation between 
offshore mortality and total landings, almost all of which came from 
the inshore. However, a positive correlation was not found between 
offshore mortality at ages 4-6 and the total landings (by number) of cod 
of ages 4-6 (Fig. 9). 



82 Lilly—Atlantic Cod off Labrador and Eastern Newfoundland 

The cause of the high total mortality of cod in the offshore since at 
least the mid-1990s remains unclear. It has not been possible to distin-
guish the relative contributions of fishing (both offshore and inshore) 
and natural mortality, nor to decompose natural mortality into that 
caused by predation and that related to other factors, such as insuf-
ficient prey.

Summary of differences 
between the two declines
Many factors may have contributed to the sharp contrast between the 
partial recovery of the northern cod stock following its first decline and 
the lack of recovery following the second. Among these is the differ-
ence in management circumstances. During the late 1970s, a substantial 
reduction in offshore effort and landings was accomplished with no 
social or economic repercussions to Canada, whereas in the late 1980s a 
substantial reduction in landings, as implied by the change in scientific 
perception of stock status, would have entailed substantial socioeco-
nomic consequences. The TAC reductions that were implemented in 
1989 and 1990 did have important consequences, but these were minor 
compared to the consequences of the moratorium imposed just a few 
years later. 

There were also important differences in the environment, both 
physical and biotic. The period immediately following declaration of the 
200 mile limit was characterized by normal or above-normal tempera-
tures, whereas the late 1980s were normal or below normal and were 

Figure 9. Relationship between offshore total mortality (Z) of cod of ages 
4-6 (as shown in Fig. 7) and total landings of cod of ages 4-6, for 
the years 1995-2005. Landings at age are from Lilly et al. (2006), 
(r = –0.15).
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followed by the cold years of the early 1990s, with the winter and spring 
of 1991 being particularly severe. The cold temperatures and exten-
sive ice cover of the early 1990s may have influenced the cod directly, 
such as by a direct effect of temperature on growth, but may also have 
influenced the cod indirectly, such as by diminishing the abundance or 
availability of prey, especially capelin, and thereby adversely affecting 
cod growth, condition and survival. 

The major difference between the two periods was the difference in 
total mortality. When fishing mortality was reduced in the late 1970s, 
there were two moderately strong year classes (those of 1974 and 1975) 
that were already in the population, were subjected to diminished fish-
ing pressure, and contributed to good population growth. In contrast, 
the two moderately strong year classes (those of 1986 and 1987), that 
had just entered the population when the large overestimation of popu-
lation size was recognized in 1988-1989, disappeared quickly during 
the next few years, as did all older and younger year classes in the 
population at the time. The relative contribution of fishing and natural 
mortality to the increase in total mortality remains unclear. It is notable 
that the discontinuation of directed fishing failed to halt the decline.

Concluding remarks
A confluence of negative factors contributed to failure to prevent or even 
arrest the second decline (the collapse) of northern cod. The Canadian 
research vessel survey index did not start until after declaration of 
the 200 mile limit (1978 in 2J3K and 1981 in 3L). Therefore, the only 
fishery-independent index of abundance was still of short duration by 
the mid-1980s. In addition, the index was plagued by what in retrospect 
are clearly year-effects, the most significant being the strong positive 
year-effect in 1986 (Baird et al. 1991b). When the overestimation of stock 
size was recognized in 1988-1989, there followed in rapid succession 
a decision not to reduce the TAC to the extent implied by the revised 
estimate, and then a major cooling of the environment.

The role of the environment may be further inferred from the 
contrasting fates of the cod off Labrador-Newfoundland and the cod in 
the Barents Sea. The intensification of the positive phase of the North 
Atlantic Oscillation that produced the cold conditions off Labrador-
Newfoundland during the 1980s and especially the early 1990s contrib-
uted to warmer waters and increased inflow of water rich in zooplankton 
in the Barents Sea. The northern cod off Labrador-Newfoundland col-
lapsed while the Arcto-Norwegian cod in the Barents Sea thrived, despite 
high fishing mortality (Ottersen et al. 2006). 

The absence of any sustained sign of recovery in the offshore 
populations of northern cod by 2005, 13 years after declaration of the 
moratorium, further supports the contention that fishing has not been 
the only factor governing stock dynamics. It is possible that factors 



84 Lilly—Atlantic Cod off Labrador and Eastern Newfoundland 

other than fishing contributed to the collapse, and that at least some of 
those factors are still operating. It is also possible that once the stock 
had declined to a very low level, for whatever reason, then factors other 
than fishing may have assumed greater importance. Of considerable 
interest are the possibilities that the quantity or quality of prey is limit-
ing and that the stock is being held in a predator-prey pit by harp seals 
and other predators.
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Abstract
Historical information dating back from the seventeenth century 
indicates that the occurrence of Atlantic cod in Greenland waters was 
episodic and varied as a result of changes in the marine environment. 
The general warming in the beginning of the twentieth century led to 
the establishment of a self-sustaining and very abundant stock at West 
Greenland, which through the 1930s and 1960s frequently produced 
rich year classes. However, even in this period the productivity of the 
West Greenland cod stock appeared to be substantially lower than other 
North Atlantic stocks. A prolonged period of decline in stock biomass 
was observed in 1950-1975, which can be attributed to excessive fish-
ing. The stock collapsed completely in the beginning of the 1990s, and 
in 2005 the first clear sign of new recruitment was seen. These recruits 
originated from spawning in Icelandic waters and, if protected from 
fishing, may start a rebuilding of the spawning stock in Greenland 
waters, which may then allow a sustainable exploitation as long as the 
recent favorable environmental conditions prevail in the future. 



90 Hovgård and Wieland—Atlantic Cod in West Greenland Waters 

Introduction
Fluctuations and collapses of Atlantic cod stocks have been seen in 
several areas of the North Atlantic, and the effects of the environment 
and the fishery have been difficult to disentangle in almost all of these 
cases (ICES 2006a). 

The occurrence of Atlantic cod at Greenland has been episodic in 
historical times. A more permanent presence of Atlantic cod in West 
Greenland waters was recorded first in the beginning of the twentieth 
century, which was accompanied by a rapid development of an inter-
national offshore fishery after World War II. From a maximum of about 
4 million t in 1949, stock biomass declined to 110,000 t in 1975. Since 
then biomass has fluctuated at low levels being largely dependent on 
two large year classes (1973 and 1984) that led to temporary increases 
to about 250,000 t in 1978 and 640,000 t in 1987. The offshore commer-
cial fishery collapsed completely in the early 1990s.

At Greenland, periods of low recruitment of Atlantic cod have 
historically been associated with relatively cold conditions (Buch et al. 
1994). Air and ocean temperatures at West Greenland increased again 
in the mid-1990s, but an indication for a potential recovery of the cod 
stock was first detected in 2005 (ICES 2006b).

The present study characterizes periods of decline and recovery 
of Atlantic cod at West Greenland in terms of stock biomass, fishing 
mortality, spawning stock biomass, and recruitment. It further inves-
tigates the role of the fishery and environmental factors with respect 
to a delayed recovery of the Atlantic cod stock and the potential for a 
sustainable exploitation in Greenland waters in the future. 

Material and methods
The present paper relies on different information sources that are of rel-
evance for relating climate and fisheries. Of particular importance is the 
tracking of the development in the stock that, for the period when cod 
were fished commercially, is covered by an analytical stock assessment 
(1924 to 1989) and later by the designated groundfish survey conducted 
by Germany (1982-2005).

Analytical assessment and catch data
Results from a VPA (virtual population analysis) presented by Buch et 
al. (1994) have been re-evaluated using revised catch statistics. Catch 
(in numbers of fish) since 1956 were taken from Schumacher (1971) 
and Horsted et al. (1983). For the years previous to that, catch at age 
information was read from figures in Hansen (1949) for the period 
1924-1947 and from unpublished figures (also from Hansen) for the 
period 1948-1955, scaled up to match the reported landings. Weights 
at age in the catch were taken from Horsted et al. (1983). Weights prior 
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to 1974 were assumed at the level provided for 1965-1973. Weight in 
the stock was assumed to be similar to that of the catch. Maturity data 
given in Horsted et al. (1983) were averaged and applied as a common 
maturity for the entire period. Fishing mortality was below 0.1 for 
many years before the 1950s. To avoid an overestimate of stock size, 
the terminal F values were not allowed to drop below 0.08, which is a 
value derived from catch curves for age 9-14 from the period 1930-1939, 
when catch, and presumably effort, were relatively stable. The present 
run has been updated with the significant Portuguese catch revisions 
for the World War II years provided by Horsted (2000). This implies that 
for the period before 1945 the present VPA estimates differ from those 
of Buch et al. (1994).

Survey data
The Institute for Sea Fisheries in Hamburg, Germany, has conducted a 
stratified random groundfish survey annually since 1982 in Greenland 
offshore waters. The survey covers the shelf area outside the 3 nautical 
mile limit and the continental slope down to a depth of 400 m off East 
and West Greenland between 67º00'N and 59º00'N (ICES area 14 and 
NAFO Div. 1B-1F, Fig. 1). The primary target of the survey is Atlantic 

Figure 1. Study area and spawning grounds of Atlantic cod in East and West 
Greenland offshore waters. Redrawn after Wieland and Hovgård 
2002.



92 Hovgård and Wieland—Atlantic Cod in West Greenland Waters 

cod, and the fishing gear used is a groundfish trawl rigged with a heavy 
ground gear. Towing speed is 4 knots. The survey provides swept area 
estimates of abundance (by age) and biomass (all ages pooled) for the 
East and West Greenland offshore area. In addition, geo-reference data 
of age-disaggregated numerical densities by tow have been available 
for the present analysis and were used to calculate centers of gravity 
by age for different year classes.

Results and Discussion
Climate setting
Air temperatures measured in Nuuk were generally low until the early 
1920s, followed by a clear positive trend until 1930, and remained 
relative high until the mid-1960s (Fig. 2). After an intermediate cold 
period around 1970, air temperature increased again during the 1970s. 
Thereafter, two very cold periods occurred in the mid-1980s and the 
early 1990s, which was followed by a continuous rise to the highest 
value in the time series recorded in 2005. 

Since 1950 sea temperature in the surface layer has routinely been 
measured at Fylla Bank just outside the fjord area of Nuuk (64ºN) (Fig. 
2). Temperature was relatively high (≈2ºC) in the late 1960s, during most 
years in the 1970s, and in the second half of the 1980s. These warm 
periods were interrupted by years of very low temperatures (<1ºC). Since 
the beginning of the 1990s, the time series show an increasing trend 
toward a record high value observed in 2005 (3.8ºC). Air and surface 
layer temperature in general reveal a high degree of correspondence. 

The climatic conditions are influenced by the ocean current system 
that transports warmer water to the West Greenland areas. Off East 
Greenland polar water is transported southward by the East Greenland 
Current that meets the warmer Atlantic water from the Irminger Current 
off Southeast Greenland. These water masses gradually mix and turn 
northward at Cape Farewell, on the southern tip of Greenland, form-
ing the West Greenland Current. The amount of cold polar and warmer 
Atlantic water varies between years and together with the air-sea heat 
fluxes determines the water temperature off West Greenland (Buch et al. 
1994, Ribergaard 2006). The currents concurrently transport fish eggs 
and larvae in a clockwise direction, around southern Greenland, i.e., 
from Iceland to South Greenland and from East and South Greenland 
to northern West Greenland areas. Annual changes in the current pat-
tern may be of importance for the establishment of later year-class 
strength.
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Figure 2. Air temperature measured in Nuuk and ocean surface layer 
temperature recorded at Fylla Bank (Ribergaard 2006). * indicates 
decadal annual air temperatures merged from 12 locations at 
West Greenland (Vinther et al. 2006).
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Stock structure
Three different “stocks” of Atlantic cod occur in Greenland waters that 
are conveniently labelled by their spawning areas:

Inshore spawning populations are found in various fjords in West 
Greenland, predominately in the area between 62º and 66ºN. The best-
studied population is that found in the bottom of the Nuuk Fjord, where 
massive densities of cod eggs indicate a major spawning site close to 
the settlement of Kapisillit (Smidt 1979, Storr-Paulsen et al. 2004). Tag 
and recapture information indicate that the fjord populations remain 
in the fjord and coastal areas (Hansen 1949, Hovgård and Christensen 
1990) and that limited mixing occurs between different fjord popula-
tions (Storr-Paulsen et al. 2004).

Offshore spawning populations that spawn at the shelf off Southeast 
and Southwest Greenland. Information on spawning areas was reviewed 
by Wieland and Hovgård (2002) who also worked up the historical ich-
thyoplankton information from Greenland waters. Highest average cod 
larvae densities were found off West Greenland in June/July between 
62º and 66ºN, indicating that the main nursery areas of the offspring 
spawned off Southeast and Southwest Greenland were shelf areas north 
of about 64ºN. In addition, a considerable proportion of the larvae was 
found far offshore in the Davis Strait, and these larvae were definitely 
lost from the Greenland population but may have contributed to the 
development of the Labrador cod (Dickson and Brander 1993). 

Icelandic cod. Spawning takes places off Southwest Iceland and most 
of the eggs and larvae drift to the north of Iceland where they settle, 
but some are carried into the Greenland area. In some years the larval 
drift has been extensive, i.e., in 1973, 1984, and 1985 (Astthorsson et 
al. 1994). 

The stock definitions, including both spawning areas and larval 
dispersion mechanisms, have been broadly understood since the 
1940s (e.g., Hansen 1949) but there are few possibilities to separate 
the historical catches into separate stock components. For more recent 
years there is, however, considerable information available that allows 
at least some year classes to be assigned to a dominating stock origin. 
For instance, the year classes of 1973 and 1984 were observed drifting 
in significant numbers from Iceland (Astthorsson et al. 1994) and they 
were recognized by surveys and later fished in eastern and southern 
areas of Greenland. The “homing” of these year classes to Iceland are 
indicated by a high proportion of tag-recaptures in Icelandic waters 
(Riget and Hovgård 1989, Storr-Paulsen et al. 2004) and the year classes 
are estimated to have contributed substantially to Icelandic cod catches 
after emigration back from Greenland waters (Schopka 1993, Shepherd 
and Pope 1993).

In the earlier years, tagging studies that commenced in the 1920s 
and were particularly extensive in the period 1950-1965, have docu-
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mented a clear north-south pattern in the spatial distribution of tag-
returns from the commercial fisheries where southerly tagged cod 
clearly dominate the recoveries from Iceland (Hansen 1949, Hovgård 
1993, Buch et al. 1994). Riget and Hovgård (1989) evaluated the tag 
return pattern by year classes, noting a high proportion of Icelandic 
recoveries of cod tagged south of 62º30'N for almost any year class 
tagged. In contrast, recapture rates off Iceland of cod tagged in areas 
north of 62º30'N were generally low except for particular year classes, 
e.g., the 1945, 1962, and notably the 1973 year class. 

Fisheries and catches
For the seventeenth to nineteenth centuries, two short periods of fish-
ing for Atlantic cod are documented (see Buch et al. 1994 and Dickson 
et al. 1994 for reviews) but in 1851 the fishery came to an abrupt end. 
Indications for a return of Atlantic cod to West Greenland was first seen 
in autumn 1909, and from 1917 onward Atlantic cod spread gradually 
northward along the coast and extended as far north as the Upernavik 
area at 73ºN in the late 1930s (Jensen 1939). 

The fishery for Atlantic cod gradually developed during the 1920s 
and in its early days was dominated by a foreign offshore hook and 
line fishery (Horsted 2000). In the 1930s catches rose to annual lev-
els between 60,000 and 130,000 t (Fig. 3). Foreign fishing, except by 
Portugal, stopped during Word War II but expanded rapidly thereafter 
and culminated in the early 1960s when the total international catch 
was about 460,000 t. A dramatic decline started after 1968 when catches 
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 Figure 3. Catches of Atlantic cod in West Greenland inshore and offshore 
waters.
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in 1969 and 1970 halved compared to the preceding year’s level. A 
further decline took place in the beginning of the 1970s and catches 
dropped below 7,000 t in 1986. After an intermediate rise to 110,000 t 
in 1989, almost solely caused by the very strong 1984 year class, the 
directed offshore fishery for cod collapsed completely in the beginning 
of the 1990s with no signs for a recovery since then.

The inshore catches of Atlantic cod, defined as the catches taken 
by artisan Greenland fisheries that operate in coastal and fjord areas, 
generally followed the overall trend indicating that to a large extent 
the fishermen were harvesting the same stock components as found 
offshore. Inshore catches remained below 10,000 t per year until 1942, 
and fluctuated between 20,000 and 35,000 t during the 1950s and 1960s 
as well as in some periods in the late 1970s and early 1980s (Fig. 3). 
Approximately 40,000 t were landed in 1989, almost all belonging to 
the 1984 year class. Since then, the inshore catches declined dramati-
cally to a historic low of less than 400 t in the mid-1990s. Catches have 
increased considerably in the most recent five years to a level of about 
10,000 t in 2006.

Changes in catch distribution
Throughout the 1950s and 1960s Atlantic cod was commonly caught in 
all West Greenland offshore areas but with catches concentrated between 
of 62 and 69ºN. From the late 1960s catches almost disappeared from 
the area north of 66ºN, resulting in an overall southward displacement 
of the fisheries that remained until 1980 (Fig. 4). Thereafter, cod catches 

Figure 4. Changes in mean latitude of the offshore catch of Atlantic cod at 
West Greenland. Based on Horsted 2000.
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declined drastically in the areas north of Nuuk at 64ºN, and by the end 
of the 1980s cod catches were exclusively taken in the southernmost 
areas of West Greenland. The latter displacement was primarily caused 
by a southward migration of the 1984 and 1985 year classes at the ages 
when maturation began (Fig. 5). It may be reasonable to assume that 
the pronounced decrease in temperature in the late 1980s (Fig. 2) may 
have accelerated the “homing” to Iceland of the 1984 and the 1985 year 
classes.

Changes in stock biomass, spawning 
stock size, and fishing mortality
According to virtual population analysis, stock biomass for cod at age 
3 and older as well as spawning stock biomass (SSB) peaked in 1950 at 
about 4.1 and 3.3 million t, respectively (Fig. 6). Subsequently, both age 
3+ biomass and SSB declined almost continuously until the mid-1970s 
to values of about 100,000 and 25,000 t, respectively. SSB remained 

Figure 5. Changes in center of gravity of the 1984 and 1985 year classes 
of Atlantic cod off West Greenland at age 3-6. Text next to the 
symbols denotes age groups of the year classes; based on data 
from the German groundfish survey.
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at very low levels in the following decades, whereas age 3+ biomass 
showed some intermediate increases at the end of the 1970s and dur-
ing the late 1980s due to recruitment of the 1973 as well as the 1984 
and the 1985 year classes, all three year classes being predominantly 
of Icelandic origin.

The fishing mortalities rose continuously until 1939 but remained 
throughout that period at or below a level of 0.1 per year (Fig. 7). Fishing 
mortality declined during the war years to increase to the pre-war levels 
around 1950. These low mortalities are consistent with the observation 
that large year classes remained for a long time in the fisheries, e.g., 
the 1934 and 1936 year classes were significant in the catches until the 
early 1950s (Hansen and Herman 1953). The fishing mortality increased 
significantly during the 1960s to values of about 0.8 per year, a level 
that was generally maintained until the collapse of the offshore cod 
fishery in the early 1990s.

Changes in recruitment
Average recruitment at age 3 in the period 1924 to 1935 was about 123 
million fish with the year classes 1922, 1924, 1926, and 1932 all being at 
or above 200 million fish (Fig. 8). In the following four decades recruit-
ment was exceptionally high with averages of 256 and 203 million fish 
in the years 1936-1950 and 1951-1965, respectively. The year classes 
1934, 1936, 1947, 1957, and 1961 were all estimated above 400 million 
fish at age 3 and in no year was the recruitment below 70 million fish. 
Since 1966, recruitment was much lower with an average of 53 million 
fish in the period until 1985.

Figure 6. Estimates of stock biomass (age 3+) and spawning stock biomass 
of Atlantic cod at West Greenland.
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Figure 7. Estimates of mean fishing mortality (1924-1981 = age 5-12; 
1982-1989 = age 5-7) for Atlantic cod at West Greenland.
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Figure 8. Recruitment at age 3 of Atlantic cod at West Greenland in the 
years 1924 to 1989. Horizontal lines represent mean values.
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The changes in the mean levels of recruitment coincided with 
changes in the temperature regime (Fig. 2) suggesting that above aver-
age recruitment is restricted to warm periods and that the frequency 
and richness of strong year classes drastically declines when tempera-
ture is low. This conclusion is, however, confounded by the decrease 
in stock size and the recent poor recruitment may alternatively be 
explained by the decline in SSB; i.e., when exempting year classes of 
Icelandic origin no year classes stronger than 75 million fish emerged 
after the spawning stock biomass fell below 500,000 t in 1970 (Fig. 6). 
Both factors may of course affect recruitment simultaneously, i.e., lead-
ing to a lower resilience of the stock toward adverse climate conditions 
when the SSB is low.

The ratio of recruitment to SSB (both available from the West 
Greenland VPA) provides a simple index of stock productivity. For recent 
years where recruitment is thought to be dominated by cod of Icelandic 
origin, this index is very high and considered rather useless for draw-
ing meaningful conclusions. For the period prior to the appearance 
of the 1973 year class the index is, in contrast, surprisingly low (Fig. 
9). The average R/SSB ratio for the period prior to 1973 is estimated at 
0.16 recruits per kg of spawner biomass, which implies that about 6.2 
kg of SSB is needed to produce a single recruit. This value is very low 
when compared to other North Atlantic cod stocks where recent stock 
assessment provides R/SSB values of 0.94 for Icelandic cod (ICES 2006c: 
year classes 1955-2002; actually estimated at 0.77 for age 4 cod and is 
discounted to age 3 by applying an instantaneous mortality of 0.2 per 

Figure 9. Number of age 3 recruits per unit of spawning biomass for Atlantic 
cod at West Greenland prior to the 1970s. Dashed line represents 
mean value for the years 1935-1966.
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year) and of 2.01 for the arcto-Norwegian cod (ICES 2006d: year classes 
1946-2003), respectively. 

A potential explanation for the poor recruitment productivity may 
be that the cod in Greenland remains in the pelagic phase for more 
than four months, being highly dependent on experiencing adequate 
current conditions for reaching suitable settling areas (Wieland and 
Storr-Paulsen 2005). The oceanographic conditions around Greenland 
are variable depending on annual changes in the important current 
systems (ICES 2002). For the Greenland offshore stock component the 
ichthyoplankton information suggests that in many years the majority 
of larvae are carried out in the Davis Strait, hence being lost from the 
Greenland population (Dickson and Brander 1993, Wieland and Hovgård 
2002). 

Changes in growth and condition
Large variations in length-at-age have been observed for cod in 
Greenland waters, and Brander (2007) demonstrated that periods of 
decline in total biomass were preceded or coincided with declines in 
mean weight-at-age for several other cod stocks in the North Atlantic. At 
Greenland, two periods of considerable decline in mean length-at-age 
can be identified since 1952, i.e., from 1962-1970 and from 1979-1983 

Figure 10. Mean length at ages 5-8 of Atlantic cod at West Greenland. Data 
from Riget and Engelstoft 1998.
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(Fig. 10) and were apparent in both Greenland and German commercial 
catch data (Hansen 1987, Riget and Engelstoft 1998, Rätz et al. 1999). 
The observed declines in mean length are quite substantial and corre-
spond to a reduction in weight of more than 40%. Hansen (1949) noted 
a similar large decrease in length-at-age between 1934 and 1945 cor-
responding to decreases in weight between 30% and 50% for Northern 
Greenland and the Nuuk Fjord, respectively. 

Correlations between the available length-at-age information since 
1952 and the Fylla Bank surface layer temperature were found to be 
relatively poor by both Riget and Engelstoft (1998) and Rätz et al. (1999). 
However, it is striking that both of the two recent periods, as well as 
Hansen’s early period, coincide with declining temperature. When 
restricting the analysis to the two periods for which the most prominent 
changes were observed, i.e., the years 1962-1970 and 1979-1983, highly 
significant (P < 0.01) correlations between the decrease in surface layer 
temperature and the mean length-at-age are found for all of the four 
age groups considered here. The correlations remain significant with 
the intermittent period of 1971-1978 included but break down for the 
entire time series (Table 1). 

Water temperatures are definitely colder north of the Fylla Bank 
section and warmer south of it (e.g., Ribergaard 2006). The Fylla Bank 
records may therefore not adequately represent the temperatures expe-
rienced by the fish when the stock distribution area retracts southward 
as observed during the late 1960s and the 1980s (Fig. 4).

A positive correlation between temperature and the Fulton condi-
tion factor is observed from German fourth quarter survey catches 
since 1982 (Lloret and Rätz 2000). They find the annual average condi-
tion factor in the range 0.83 to 0.95 and note that these levels are low 
compared to other North Atlantic cod stocks. Greenland information on 
condition factor changes from commercial catches in the first quarter 

Table 1. Correlation between length-at-age of Atlantic cod at West 
Greenland and ocean surface layer temperature recorded at Fylla 
Bank.

Age 1962-1970 and 1979-1983 1962-1983 1952-1992 (all years)

Year R N* P* r N* P* r N* P*

5 0.613 19 <0.01 0.488 16 <0.05 0.382 23 n.s.

6 0.736 21 <0.001 0.545 16 <0.05 0.274 22 n.s.

7 0.591 22 <0.01 0.494 15 <0.05 0.137 21 n.s.

8 0.693 20 <0.001 0.726 15 <0.001 0.184 19 n.s.

r = Pearson product moment correlation coefficient; N* and P* = effective number of degrees of free-
dom and associated error probability adjusted for autocorrelation according to Pyper and Peterman 
(1998); n.s. = not significant at 5% level.
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of 1979-1984 indicates somewhat higher condition factors, about 1.0 
during 1979-1982 and 0.9 during 1983-1984 (Hansen 1987).

Effect of the fisheries
The effect of the fisheries is mirrored in the age structure in the catches. 
The period prior to 1950 is characterized by a steady increase in the 
mean age in the catch which approximates that of a virgin stock—the 
stock should probably by any standards here be labeled as “underfished” 
(Fig. 11). With the increase in fishing mortality following World War II, 
the age structure declined considerable to stabilize at average levels of 
around 6 in the early 1970s. Since then the age composition has been 
dominated by younger fish while at the same time showing greater fluc-
tuations reflecting the more or less “monoculture” harvesting of single 
available year classes.

Fifty percent maturity is estimated by about age 6-7 (Horsted et 
al. 1983) and the drop of the mean age since the 1950s indicates that 
the majority of repeated spawners had been removed from the stock 
by the mid-1960s. The capability of the stock for frequently producing 
rich year classes and hence the resilience of the stock to changing tem-
perature conditions may thereby have declined. Such an effect, i.e., a 
decrease in resilience to climate change with a decline in the mean age 
of the spawning stock, has been demonstrated by Ottersen et al. (2006) 
for the arcto-Norwegian cod stock.

Even in the period of consistently good recruitment, the productiv-
ity of the cod stock at West Greenland appears low (0.16 recruit per kg 
SSB), and high levels of SSB are only achievable at low fishing mortalities. 
A recruitment per SSB analysis based on the 1961-1963 fishing pattern 

Figure 11.  Mean age of Atlantic cod in the catch off West Greenland.
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and the weight-at-age and maturity used in the VPA (Table 2) indicates 
that to maintain an SSB level of 6.2 kg per recruit requires a mean fish-
ing mortality (age 5-12) of not more than 0.14. This estimate was found 
to be rather insensitive to reasonable changes in weight-at-age, e.g., 
using weights matching the high (1960) or low (1970) size at age obser-
vations in Riget and Engelstoft (1998) provided mean F5-12 estimates of 
0.14 and 0.12, respectively. Within this framework the estimated fishing 
mortality provides an equilibrium measure of the sustainable harvest-
ing rate, i.e., when F is above that equilibrium level the stock decreases 
and vice versa. Scaling the R/SSB analysis to population levels indicates 
that a SSB of about 1.6 million t is needed to produce the average of 256 
million recruits that was observed in the 1935-1966 period. Fished at the 
equilibrium level (F = 0.14), this stock size would yield annual catches of 
about 270,000 t. However, this level of fishing mortality has been con-
siderably exceeded in all years after 1960 (Fig. 7), which may had lead 
to a vicious cycle that resulted in a lowering of SSB and subsequently 
further reductions in recruitment. 

Table 2. Input and result of a yield/SSB per recruit analysis based on the 
weight, maturity, and fishing mortality at age as used in the VPA. 
Natural mortality is set at 0.2. The VPA fishing mortalities are 
the average of the 1961-1963 F-values. The equilibrium F vector 
defines the fishing mortalities that are needed to derive an SSB 
per recruit of 6.19 and corresponds to an F(5-12) of 0.14.

Age 
(yr)

F from 
VPA

Equilib-
rium F z

Weight 
(kg)

Maturity 
ogive

Stock 
(n)

Catch
(n)

Yield
(kg)

SSB
(kg)

3 0.02 0.01 0.21 0.58 0.01 1.00 0.01 0.00 0.01

4 0.10 0.03 0.23 1.28 0.03 0.81 0.02 0.03 0.03

5 0.27 0.08 0.28 1.72 0.11 0.65 0.04 0.08 0.12

6 0.38 0.11 0.31 2.51 0.32 0.49 0.05 0.12 0.39

7 0.56 0.16 0.36 3.52 0.61 0.36 0.05 0.17 0.77

8 0.55 0.16 0.36 4.66 0.83 0.25 0.03 0.15 0.97

9 0.48 0.14 0.34 5.07 0.94 0.18 0.02 0.10 0.84

10 0.48 0.14 0.34 5.68 0.98 0.13 0.01 0.08 0.70

11 0.52 0.15 0.35 5.37 0.99 0.09 0.01 0.06 0.48

12 0.62 0.18 0.38 8.65 1.00 0.06 0.01 0.08 0.55

13 0.60 0.17 0.37 9.58 1.00 0.04 0.01 0.06 0.42

14 0.48 0.14 0.34 9.60 1.00 0.03 0.00 0.03 0.29

15+ 0.48 0.14 0.34 9.60 1.00 0.06 0.01 0.08 0.62

F(5-12): 0.14 Sum: 1.05 6.19
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Effect of management
The major stock decline took place while the fisheries were still an 
international “free” fishery only restricted by modest access limitations 
(foreign vessels were not permitted to fish inside the 3 nautical mile 
limit), mesh-size, and minimum landing size regulations, introduced 
in the late 1960s (Horsted 1991). TAC (total allowable catch) regulations 
were introduced in 1974. This, however, did not provide an effective 
stock protection because the TACs were typically set above the level 
recommended in the biological advice. Furthermore, the TACs were inef-
ficiently enforced considering the substantial amount of non-reported 
and mis-reported landings as noted by Horsted (2000). 

Stock development in recent decades
Spawning concentrations in the offshore Greenland area
The offshore fisheries have been very limited in the last 15 years and 
surveys and exploratory fisheries now suggest that dense concentrations 
of large spawning cod again occur in the East Greenland area north of 
63ºN (ICES 2007). The present spawning area is, however, rather small 
compared to the extension of the spawning areas known historically.

Recruitment pulses from “foreign” spawning 
areas and actual distribution
Recruitment became largely dependent on larval drift from Iceland 
during the 1970s and 1980s, and the importance of this stock for the 
recruitment of cod in Greenland is particularly evident since the begin-

Figure 12. Spawning stock biomass of Atlantic cod in East and West 
Greenland offshore waters in the years 1982 to 2005. Data from 
German groundfish survey (ICES 2006b).
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ning of the 1990s when virtually no spawning stock was observed in 
Greenland waters (Fig. 12). After 18 years with almost no recruitment 
survey indices of abundance at age 2, 2005 indicated the appearance 
of a strong 2003 year class (Fig. 13). At age 3 this year class has been 
estimated to be about one third the strength of the large 1984 year 
class (ICES 2007). The 2003 year class is found predominantly at East 
and South Greenland, which makes it rather unlikely that spawning in 
Greenland waters has contributed to its formation. 

Other factors relevant for a potential recovery
The mean bottom temperatures recorded by the German groundfish 
survey have increased more or less continuously since the late 1980s 
at both West and East Greenland, and the temperatures observed in the 
past 5 years are considerably higher than in the earlier years covered by 
the survey time series (Fig. 14). The abundance survey indicates that the 
stock has not yet responded to the increase in temperature suggesting 
that a spawning stock biomass beyond the present level may be needed 
before the stock can take advantage of a more favorable environment. 

However, the relevance of factors other than temperature and the 
size of the spawning stock for a potential recovery in Greenland have 
been discussed in the past years. These included an increase in mor-
tality of juvenile Atlantic cod due to bycatch in the expanding shrimp 
fishery and increased predation by seals. The fishery for northern 
shrimp has expanded considerably since the late 1980s, in particular at 

Figure 13. Recruitment at age 2 of Atlantic cod in East and West Greenland 
offshore waters in the years 1982 to 2005. Data from German 
groundfish survey (ICES 2006b).
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West Greenland. Before a sorting grid became mandatory in the shrimp 
fishery in 2002, age 1 and 2 cod may have been caught at higher rates 
in that fishery but bycatches are at present estimated as insignificant 
(ICES 2007). A recent census suggests that the population of seals has 
increased to a relatively high level. There is, however, no evidence that 
predation by seals has an ultimate effect on the cod stock dynamics 
considering that high cod stock sizes have also been observed in previ-
ous periods of high seal abundance (ICES 2006a). 

Conclusions
The emergence of the Greenland cod stock is generally assumed to be 
related to the change in climatic conditions inter alia by the emergence 
of a very warm period in the northern Atlantic from about 1920 to 
1965 (Hansen 1949, Drinkwater 2006). Cod were first observed in abun-
dances in southern West Greenland and it is assumed that it originated 
from Iceland either as staying adult fish or by a larval drift within the 
Irminger Current. The stock increase during the 1920s was associated 
with a significant northward extension of the distribution areas. As 
northern nursery and feeding areas can be linked to spawning from 
East and Southwest Greenland this pattern suggest that the Greenland 
spawning stock was established during the initial years of the warm 
period. The SSB increased gradually over a 30-year period to reach about 
3 million tons in 1950. This increase can be attributed to the combined 
effects of good recruitment and very low exploitation rates. The stock 
declined when fishing pressure increased after 1950 and recruitment 

Figure 14. Mean bottom temperatures off West Greenland and for East 
and West Greenland combined, weighted by stratum areas in 
the German groundfish survey.
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dropped significantly after the mid-1960s where all later strong year 
classes are assessed as being of primarily Icelandic origin. The stock 
concurrently retracted from the historically important northern areas 
indicating that the decline in recruitment was particularly affecting the 
spawning stocks off Greenland. Since 1980 no appreciable recruitment 
can be associated with any Greenland spawning as high densities of cod 
have been seen only for year classes of presumably Icelandic origin and 
restricted to the areas off East and South Greenland.

The decline of the stock can primarily be attributed to inappropriate 
intensive fishing considering the low productivity in terms of recruit 
per unit of spawning stock biomass. The decline in the spawning stock 
biomass and the associated decrease in the mean age in the stock may 
further have made the stock less resilient to the changes in the environ-
ment. The fishing mortality remained high although the climatic condi-
tions had become unfavorable and the spawning stock fell below a level 
that was previously needed to produce sufficient recruitment at regular 
intervals. As a consequence of the high exploitation level, the stock 
completely collapsed within a few years, i.e., by the end of the 1980s. 
However, a reduction in fishing pressure at that time would probably 
have come too late to prevent the collapse of the stock considering the 
adverse temperature conditions in the late 1980s and the fact that the 
spawning stock in Greenland waters was already so low that recruitment 
depended largely on larval drift from Iceland. 

The presence of an offshore spawning stock at East and Southwest 
Greenland appears to be essential for a positive response in stock 
size should the present favorable temperature conditions continue. A 
rebuilding of the stock at East and Southwest Greenland may possibly be 
initiated by recruitment from Iceland. To facilitate recovery, no directed 
cod fishing should be allowed in the Greenland offshore areas until a 
significant increase in spawning stock biomass has been observed. 
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Abstract
While growth variation in fishes is the result of a number of different 
factors (temperature, food consumption, genetic composition, etc.), 
temperature has been identified as one controlling factor on fish size-
at-age. Thus, variation in size-at-age due to variation in temperature 
should be explained before the other factors are explored. We argue that 
the relevant metric for explaining temperature-dependent size-at-age 
variation in most fishes is physiologically relevant temperature; i.e., 
the thermal integral parameterized as the growing degree-day (GDD, 
ºC × d) metric. Accordingly, we employ GDD to examine the change in 
size-at-age (length-at-day, LaD) among eastern Scotian Shelf (Northwest 
Atlantic Fisheries Organization statistical divisions 4VW) haddock 
(Melanogrammus aeglefinus) from 1970 through 2003. Significant varia-
tion in length-at-day (LaD) among year classes (decline in slopes and 
intercepts of LaD-at-GDD relations) remains after LaD variation due to 
GDD (temperature) is explained. The unexplained variation is postulated 
to be a result of temperature-independent factors such as condition or 
size-selective fishing or both. 
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Introduction
Variation in fish size-at-age has a direct effect on vulnerability to fish-
eries, predator-prey interactions, and reproductive potential (Francis 
1994). Thus, explaining or predicting growth variation through size-at-
age is essential to population and ecosystem studies as well as in deter-
mining fishing targets (e.g., size) and pressures suitable for sustainable 
fisheries. Variation in size-at-age may result from variation in a number 
of contributing factors—primarily temperature, food consumption, and 
genetic composition. Of these, temperature is a controlling factor gov-
erning metabolic reaction rates at the cellular level (Fry 1971) and affect-
ing growth processes directly and indirectly (e.g., food consumption). 
Accordingly, time-dependent variations in temperature are reflected 
in time-dependent variations in development and in size-at-age where 
the latter is frequently used to infer growth rate. To properly examine 
the effect of variation in temperature on size-at-age among ectotherms 
one must use the correct time-scale (Gilbert et al. 1976). Instantaneous 
or average temperature estimates (e.g., daily or annual average) do not 
necessarily reflect the phenotypic expression of the time-based growth 
integral (size-at-age) in a complementary time-dependent manner; e.g., 
any point in a temperature time-series is instantaneous and thus aliased 
with respect to the size-at-age series. Instead, the growth integral is 
best examined using the time-based integral of the heat available for 
growth. For up to 270 years in some areas of ectotherm research (e.g., 
agriculture and entomology; Seamster 1950, Atkinson 1994, Bonhomme 
2000) and recently in fish research (Neuheimer and Taggart 2007), the 
approximation of the thermal integral employed to describe size-at-age 
is the growing degree-day (GDD, ºC × d). The GDD metric is a simple 
measure of daily temperature above a given threshold temperature. 
Among fishes it has been shown to explain between 92 and 99% of 
variation in size-at-age over a range of species among environments, 
temperature regimes, and laboratory and field studies represented by 
41 data sets (Neuheimer and Taggart 2007). Moreover, the same authors 
show that among data sets the GDD metric explains most of the size-
at-age variation that results from variation in the thermal history (the 
integral) of a given fish species. Thus, the GDD metric compares fish 
size-at-age variation on a physiologically relevant time-scale, thereby 
disentangling size-at-age variation due to physiologically relevant varia-
tion in temperature from that which may be attributable to other factors 
such as food availability and genetic composition. While other factors 
will influence size-at-age, temperature should be investigated foremost 
and before much effort is invested in the alternatives (Brander 1995). 

In this paper, we employ the GDD metric to examine variation in 
length-at-age (mm) of the eastern Scotian Shelf (Northwest Atlantic 
Fisheries Organization, NAFO statistical division 4VW) haddock 
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(Melanogrammus aeglefinus) for the mature ages 5-10 over the period 
1970-2003. This stock is considered to be a challenge for the utility of 
the GDD metric in explaining size-at-age variation given the profound 
reduction in size-at-ages 3+ that has occurred over the past 30 years 
(Frank et al. 2001).

Methods 
Haddock length-at-age (i.e., length-at-day, LaD, mm, Fig. 1) data for the 
NAFO division 4VW (Fig. 2) from 1970 through 2003 were obtained from 
the summer groundfish-trawl research vessel (RV) survey conducted 
annually by Fisheries and Oceans Canada. We restrict most analyses to 
mature haddock (ages 5-10; Mohn and Simon 2002) to avoid the allom-
etry and discontinuities in LaD as a function of GDD that occur when 
life-history transformations such as maturation are marked by a change 
in energy allocation from growth to other physiological demands. 

Monthly mean temperature data were extracted from the Bedford 
Institute of Oceanography hydrographic database for 1960-2006 and the 
75±25 m depth stratum over the area on the Scotian Shelf that encom-
passes the majority of trawl locations and depths in the summer RV 

Figure 1. Variation in length (mm) at age (year) for 4VW haddock from 1970 
through 2003 (Frank et al. 2001) for ages 0+ (star), 1 (cross), 2 
(horizontal line), 3 (open diamond), 4 (filled diamond), 5 (open 
triangle), 6 (filled triangle), 7 (open circle), 8 (filled circle), 9 (open 
square), and 10 (filled square). 
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survey area associated with the highest haddock catch per unit effort; 
i.e., upper 3 quartiles of log-transformed effort-adjusted abundance (Fig. 
2, polygon 1). The mean monthly temperature estimates were linearly 
interpolated (month to month) where necessary (Fig. 3). The interpolated 
temperature series was then smoothed using a uniformly weighted, cen-
tered 25-month moving average to provide the daily estimates. Analysis 
performed with 13-month, 37-month, and 61-month moving averages (to 
examine the influence of moving average extent) led to similar results 
in all cases. The GDD at day n (ºC × d) is calculated as

Figure 2. Chart showing the Northwest Atlantic Fisheries Organization 
(NAFO) statistical divisions 4V, 4W, and 4X (dashed lines) on the 
Scotian Shelf off Nova Scotia, Canada, with locations of research 
vessel survey sampling stations associated with highest catch per 
unit effort of haddock (i.e., upper 3 quartiles of log-transformed 
effort-adjusted abundance, expanding filled circles) and polygons 
outlining the area wherein temperature was extracted from 
the Bedford Institute of Oceanography hydrographic database 
(polygon 1, hatched line, preliminary evaluation including 
divisions 4V and 4W; polygon 2, solid black line, subsequent 
evaluation including only division 4W; see Discussion). 
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GDD n T T d T Ti Th i Th
i

n

( ) ,= −( ) × ≥
=
∑ ∆

1

where Ti is the temperature estimate at day i, TTh is the predetermined 
threshold temperature (TTh = 0ºC, see Neuheimer and Taggart 2007) and 
Δd is the time step (sampling frequency, i.e., 1 d). Variation in LaD and 
GDD for each year class was compared and quantified through linear 
regression according to

LaD GDD= × +β α

where β is the slope, mm × (ºC × d)–1, and α is the intercept, mm, of the 
LaD-at-GDD relation. Neuheimer and Taggart (2007) demonstrated that 
in most cases LaD-at-GDD exhibits a strong linear relation. 

Figure 3. Smoothed (25-month centered moving average) interpolated 
monthly average temperature (ºC, solid line) ± one standard 
deviation (ºC, dotted lines) for polygon 1 in Fig. 2. Data from the 
Bedford Institute of Oceanography hydrographic database. 

(1)

(2)
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Results
NAFO-4VW haddock show a significant decline in length-at-age for ages 
3+ from the mid-1970s through to the early 1990s with the highest 
rate of decline occurring over the 1982-1989 period (Fig. 1, Table 1). 
Length-at-age for ages 0+ and –1 show no trend over time and for age 2 
the relation is marginal as time (year) explains 22% of the length-at-age 
variation relative to >73% for ages-3+ and older (Table 1). 

Bathypelagic (75±25 m) water temperature within the domain of 
high haddock abundance on the eastern Scotian Shelf exhibited rapid 
cooling during the mid to late 1980s followed by rapid warming in the 
early 1990s (Fig. 3). Contrary to expectations, variation in GDD within 
the stock, at shelf scales, did not explain the majority of variation in 
length-at-day among haddock year classes as it does, for example, 
among 17 cod stocks at ocean basin scales (Neuheimer and Taggart 
2007). There is nearly as much variation in LaD as a function of physi-
ological time (GDD) across year classes as there is LaD as a function of 
calendar time (Fig. 4). There was significant variation among LaD-at-GDD 
relations for the 1965-1996 year classes (Fig. 4b, ANCOVA, different 
slopes P < 0.0001). By inspection (Fig. 4), the year classes were aggre-
gated into two periods, prior to 1979 and 1979 and later, to compare 
the LaD-at-GDD relations (i.e., slope and intercept; Fig. 5). The LaD as a 
function of GDD relations among the <1979 year classes demonstrate 
similar slopes (P = 0.43) and differing intercepts (P = 0.0018) and there 
is no time-dependent trend in the intercepts (Fig. 5b, linear regression, 
P = 0.71). The LaD as a function of GDD relations among the ≥1979 year 

Table 1. Parameters for age-dependent linear regression of 
length-at-age (mm) on year (1970-2003) for NAFO division 
4VW haddock.

Age
Slope  

(mm per year)
Intercept  

(mm) × 103 r2 P-value
Sample 
size (n)

0 0.09 30

1 0.80 34

2 –1.0 2.3 0.22 0.005 34

3 –2.8 5.9 0.76 <0.001 34

4 –4.2 8.7 0.87 <0.001 34

5 –5.3 11.0 0.87 <0.001 34

6 –6.7 13.7 0.87 <0.001 34

7 –7.2 14.9 0.84 <0.001 34

8 –7.8 16.0 0.80 <0.001 34

9 –7.7 15.8 0.73 <0.001 31

10 –9.3 19.1 0.81 <0.001 32
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Figure 4. Length-at-day (mm) for 4VW haddock ages 5-10 as a function of 
(a) calendar time (days, significant variation among year class 
relations, ANCOVA, different slopes P < 0.0001); and as a function 
of (b) GDD (ºC × d, significant variation among year class relations, 
ANCOVA, different slopes P < 0.0001). Data-labels denote year-
class decade and year in the 1900s. 
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Figure 5. Parameters of the LaD-at-GDD relation for early (<1979, open 
circles) and late (≥1979, filled circles) year classes. (a) Slopes, 
mm × (ºC × d)–1, and associated standard error of the LaD-at-GDD 
relations are similar within early (open circles, dashed horizontal 
line) and late (filled circles, solid horizontal line) year classes. 
(b) Intercepts, mm, and associated standard error of the LaD-at-
GDD relations are different within early (open circles ) and late 
(filled circles) year classes. There was a significant decline in the 
intercept among late year classes (solid line, linear regression 
dashed lines indicate 95% confidence intervals around the 
prediction). Crosses denote year classes with non-significant  
(P > 0.05) LaD-at-GDD relations. 
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classes also demonstrate similar slopes (P = 0.17) but unlike the earlier 
year classes there is a near-systematic year-class-dependent decay in 
the intercepts of the LaD-at-GDD relations (Fig. 5b. linear regression, r2 
= 0.50, P = 0.003). Further, the mean slope of the LaD-at-GDD relation 
for the <1979 year classes is 0.013 ± 0.0009 mm × (ºC × d)–1 and is nearly 
twice that (Fig. 5a, Shapiro-Wilk normality test: P > 0.62; two-sample 
t-test: P < 0.0001) estimated for the ≥1979 year classes at 0.007 ± 0.0004 
mm × (ºC × d)–1. 

Discussion
The NAFO-4VW haddock stock experienced a decline in LaD in the 1980s 
that was coincident with changes in a number of factors affecting fish 
growth, as inferred through population size-at-age; factors that included 
a doubling of the fishing effort and a decrease in water temperature 
(Zwanenburg 2000). As a first step toward disentangling the various 
factors that could potentially explain the variation in haddock length-
at-age, we turned to temperature as Brander (1995) suggests we must, 
and examined variation in LaD (mm) with GDD (ºC × d) as a function 
of variation in year-class thermal history; i.e., the physiologically rel-
evant measure of temperature. In doing so we find the thermal integral 
explains only a small portion of the variation in LaD among the 4VW 
haddock year classes. 

A major requirement for employing the GDD metric is that the 
temperature measure used is representative of that experienced by the 
organism over the growth period of interest (Neuheimer and Taggart 
2007). Over the period we examine here, the distribution of the 4VW 
haddock generally shifted from an area restricted primarily to division 
4W (polygon 2, Fig. 2) for the 1965-1974 year classes to an area generally 
including divisions 4V and 4W (polygon 1, Fig. 2) for the 1975-1984 year 
classes, and then back to division 4W for the 1985-1994 year classes. 
Bathypelagic water temperatures for polygons 1 and 2 demonstrate 
similar cooling in the mid to late 1980s and warming in the early 1990s, 
and though the uncertainties (standard deviations) are large in either 
case (Fig. 6a), the temperature in polygon 2 was warmer than that in 
polygon 1 (Fig. 6b) for most of the time. During both the early (<1979) 
and late (≥1979) periods of year-class groupings, the majority of the 
stock was restricted to division 4W (polygon 2, Fig. 2). Consequently, we 
ask, if we limit our temperature analyses to the polygon 2 temperature 
estimates, do we find that GDD is better able to explain the variation 
in LaD among the early and late groupings of year classes? The answer 
was unequivocally no, as we resolved similar relations among year 
classes as were resolved using the polygon 1 temperature data. The only 
difference was a slightly lower slope in the mean LaD-at-GDD relation 
for the late year classes using the polygon 2 temperature data, 0.006 ± 
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Figure 6. (a) Smoothed (25-month centered moving average) interpolated 
monthly average temperature (ºC) ± one standard deviation (ºC, 
dotted lines) for polygon 1 (solid line) and polygon 2 (dashed 
line) illustrated in Fig. 2 and (b) temperature anomaly calculated 
using the polygon 1 and polygon 2 smoothed temperature series. 
Data from the Bedford Institute of Oceanography hydrographic 
database. 
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0.0004 mm × (ºC × d)–1, relative to that of polygon 1, 0.007 ± 0.0004 mm 
× (ºC × d)–1; each nearly half that exhibited for the earlier year classes 
(see above). Therefore, when distributional changes and the associated 
temperatures are incorporated into the analyses the majority of varia-
tion in LaD among year classes remains unexplained.

In summary, the above analyses show that variation in thermal 
history (GDD) is unable to explain the majority of variation in LaD 
among 4VW haddock year classes on the Scotian Shelf despite the fact 
that cooler water is often cited as a primary source of the size-at-age 
decline in this stock (e.g., Trippel 1995). The cold water argument is 
most easily attributed to observations of the decline in temperature on 
the shelf appearing to occur concurrently with the decline in LaD for 
this stock. However, the decline in size-at-age precedes that of tempera-
ture by approximately 3 years as illustrated by calculating the normal-
ized anomalies for mean length-at-ages 5-10 and temperature (Fig. 7). 
Furthermore, when temperatures returned to near-normal in the 1990s, 
the size-at-age did not return to near-normal but continued to decline 
(see also Zwanenburg 2000, Drinkwater and Frank 2001). These conclu-
sions remain when we employ time to examine LaD and when we use the 

Figure 7. Normalized anomalies of mean length for ages 5-10 (solid line) 
and smoothed (25-month moving average) interpolated monthly 
mean temperature (dashed line, from polygon 1, see Fig. 3). 
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integrated temperature measure (GDD); the preferred metric particularly 
when various year classes with different growth (and thermal) histories 
are involved and when spatially different thermal histories related to 
distributional changes in the stock are considered. Further, perhaps the 
most compelling argument is based on the evidence that LaD for 4VW 
haddock ages 0, 1, and marginally so for 2, remain unchanged regard-
less of the thermal environment (integrated or not). Age-0 haddock 
occupy pelagic waters for approximately four months before becoming 
bathypelagic along with older age-classes (DFO 2001). If temperature 
was the major source of variation in LaD, one would expect the young-
est ages to be equally affected (Drinkwater and Frank 2001) and this is 
not the case (Fig. 1, Table 1). 

It is clear that temperature variation, as parameterized through the 
thermal integral, does not explain the decline in 4VW haddock size-at-
age over the study period. However, it has been shown elsewhere that 
temperature can explain LaD among fish, within species, in many envi-
ronments if the comparisons are made using the same physiological 
timescale (i.e., GDD), and where it does not, it is an indication that the 
residual variation in LaD can be attributed to other factors (Neuheimer 
and Taggart 2007). Here we employed the GDD metric to identify the 
portion of variation in size-at-age that is attributable to variation in 
thermal history. The question becomes: what other factors may explain 
the remaining size-at-age variation in the 4VW haddock; i.e., the varia-
tion in slopes and intercepts of LaD-at-GDD relations among year classes 
shown in Fig. 5? We postulate that the unexplained variation may be 
attributable to changes in fishing pressure (e.g., Olsen et al. 2004). Most 
fishing gear is size-selective (Sinclair et al. 2002). If a portion of the 
phenotypic variation in size-at-age is rooted in genetic variation, it is 
possible that fishing mortality (often exceeding natural mortality by a 
factor of 2 or 3) may represent a strong genetic selection on a population 
(Engelhard and Heino 2004, Hutchings 2005) resulting in evolutionary 
changes in growth and maturation (Law 2000, Stokes and Law 2000). 
Evidence for these impacts of size-selective fishing is noted elsewhere in 
the North Atlantic; greater reductions in size-at-age are found in target 
than non-target species (Zwanenburg 2000).

Management strategies differ depending on the sources of the 
variation in size-at-age, requiring the causal mechanisms to be identi-
fied before management can be successful (Sinclair et al. 2002). Indeed, 
“failure to simultaneously consider alternative mechanisms, especially 
size-selective mortality, can lead to incorrect conclusions about the role 
of environmental factors in determining growth of fishes” (Sinclair et al. 
2002). Thus the ability to assess the effects of fishing pressure on the 
variation in size-at-age of a population lies in the ability to disentangle 
those effects from other possible sources of size-at-age variation (e.g., 
temperature, etc.). Here we have extricated the influence of temperature 
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variation on LaD in 4VW haddock. The next phase of our work is focused 
on examining the influence of size-selective fishing on the systematic 
decline in size-at-age found in this stock.
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