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Temporal changes in demography, population sustainability, and harvest rates support the hypothesis that 
overexploitation precipitated the commercial extinction of northern cod, Gadus rnorhua, off Newfoundland 
and Labrador in 1992. Annual estimates of realized population growth (r) indicate that the stock was 
rarely sustainable at the age-specific survival and fecundity rates experienced since 1962. A twofold 
decline in annual survival probabilities in the 1980s was concomitant with increased inshore and off- 
shore fishing effort, declining catch rate, and spatial shifts in gillnetting effort from areas of low (inshore) 
to high (offshore) catch rates. We reject hypotheses that attribute the collapse of northern cod to envi- 
ronmental change. Water temperature was associated neither with juvenile nor adult abundance nor with 
adult distribution by depth. Harvests equivalent to those of the past decade were sustainable in the nine- 
teenth and early twentieth centuries in a considerably colder environment. An updated analysis of previous 
work indicates that salinity has little effect on recruitment. We conclude that the collapse of northern 
cod can be attributed solely to overexploitation and that population sustainability indices such as r pro- 
vide a means by which the susceptibility and resilience of exploited populations can be assessed and 
their probability of cesmrnercial extinction reduced. 

bes modifications terrsporelles des caracteres d6mographiques, de la durabilite des populations et des 
taux de r6colte soutiennent I'hypothGse selon laquelle la surexploitation a accel6r6 l'extinctiow commer- 
ciale de la morue du Nord, Gadus rnorhua, au large de Terre-Neuve et du Labrador en 1992. Les estimations 
annuelles de croissance rbaliske des populations (r) indiquent que le stock 6tait rarement durable aux 
taux de survie et de fkcondite par 2ge qui ont exist6 depuis 1962. Une diminution deux fsis plus impor- 
tante des probabilites annuelles de survie dans les annees 80 co'incidait avec une augmentation de la 
p@cke c6tiere et hauturiere, avec une diminution des taux de capture ainsi qu'avec les deplacernents 
spatiaux de la peche au filet maillant des zones 2 faible taux de capture (pgche c6tiere) vers des nones & 
fort taux de capture (peche hauturigse). Nous rejetons les hypothGses voulant que l'effondrement de la 
rnsrue du Nord soit attribuable a des changements environnementaux. La tempkrature de I'eau n'etait 
liee ni 3 l'abondance des juvbniles et des adultes ni A la distribution des adultes en fonctisn de la profondeur. 
Des recoltes equivalentes a celles des dix dernieres annkes 6taient compatibles avec la durabilite des 
populations au dix-neuvi&me si&cle et au debut du vingtierne sikcle dans un environnement consi- 
derablement plus froid. Une analyse recente des travaux anterieurs indique que la salinite n'a que peu d'ef- 
fet sur le recrutement. Nous concluons que I'effondrement de la morue d,u Nord ne peut &re attribue 
quf& la surexploitation et que les indices du caractGre durable des populations comme r constituent un moyen 
d'kvaluer la sensibilit6 et la resilience des populations expioit4es et de rkduire Ia probabilite de leur 
extinction commerciale. 
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R esource management is based ow the premise that the 
existence sf  harvesting regulations better ensures the 
long-term viability of a population under commercial 

exploitati~n than does their absence. Ideally, such regula- 
tions should depend upon sound knowledge of the harvested 
organism's life history (i.e., age- and size-specific schedules 

'present address: Department of BisBogg.r, BaHhousie University, 
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of survival and fecundity), population structure (e.g ., num- 
ber and size of reproductively distinct populations within 
the geographical area of exploitation), and community ecol- 
ogy (i.e., the biological interactions that influence a species' 
abundance). In practice, the effort allocated to the collection 
of such biological data is limited. Instead, most management 
agencies concentrate on the formulation of indices of the 
past, present, and future states s f  the population (egg., abun- 
dance, harvest-induced mortality), metrics assumed sufficient 
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FIG. 1. Map sf the study region. Cod inhabiting Northwest Atlantic Fishery Organization Divi- 
sions 29, 3K, and 3& comprise the northern cod stock. Depth contour represents the 300-rn 
isobath. The broken line separates the inshore and offshore jurisdictional unit areas in 3K and 
3L (the Iatter are detailed in the inset). 

to achieve long-term resource sustainability (Sulland 1983; 
Hilborn and Walters 1992). 

The effectiveness sf  any management strategy can be dif- 
ficult to assess. Despite the continued existence of a har- 
vested population, it is impossible to determine whether a 
given management strategy is optimal because of the absence 
of a control (i.e., no management of a random sample of 
the same population) and the absence of other treatments 
(i.e., concurrent alternative management strategies on random 
replicates of the same population). It is only when a popu- 
lation declines in abundance to a level at which it is not 
economically viable for harvest (commercial extinction) and 
when its very existence is threatened that the reliability of a 
given strategy can potentially be evaluated. When a har- 
vested population becomes commercially extinct, it is imper- 
ative that the potential causes of such biological devasta- 
tion be identified and their relative contributions to the 
extinction evaluated (Beverton 1990; Ludwig et aH. 1993; 
Rosenberg et al. 1993). Our objective is to determine the 
degree to which the commercial extinction of Atlantic cod, 
Gadus mrhua,  from the southern half of Labrador to north- 
ern Grand Bank of Newfoundland in 1992 was associated 
with temporal changes in water temperature, distribution 
by depth, and levels of exploitation (e.g., age-specific mor- 
tality, harvest rates, fishing effort, catch per unit effort). 

Overview of the Northern Cod Fishery off Newfoundland 
and Labrador 

Atlantic cod have been fished in Newfoundland waters 
since the late fifteenth century (Cell 1982). The fishery was 
largely a hook-and-line fishery until the development s f  
cod traps in the 1860s and 1870s (de Loture 1949; Head 
1976; Sinclair 1985). Major technological advances and 
increased efficiency in harvesting methods continued with the 
introduction of bottom trawlers in the early 1900s, particu- 
larly after the First World War (de Loture 1949), and nylon 
gill nets in the early 1960s (Templeman 1966). Annual land- 
ings of cod in Northwest Atlantic Fishery Organization 
(NAFO) Divisions 25, 3K, and 3L (hereafter, northern cod; 
Fig. 1) increased from 100 000 to 150 000 t between 1805 
and 1850, rose to more than 208 000 t during the latter half 
of the nineteenth century, and were frequently in excess of 
250 800 t from 1900 to 1960 (ICNAF 1952; Harris 1990; 
Steele et al. 1992; Lear and Parsons 1993). With the advent 
of long-distance, "factory freezer", stem otter trawlers from 
Europe in the 1950s (Warner 1977), catches more than dou- 
bled from 360 008 t in 1959 to the historical maximum of 
8 10 000 t in 1968. By 1947, when Canada extended its fish- 
eries jurisdiction to 200 miles and most long-distance fish- 
ing was effectively eliminated, annual harvests had declined 
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FIG. 2. (A) Variation in recruitment (numbers of 3-yr-old cod) and 
spawner biomass (individuals of ages 7 yr and older) of northern 
cod from 1962 to 1992 (data from Bishop et al. 1993b). 
(B) Annual survival (P) of mature northern cod aged 6-9 and 
10-13 yr horn 1962 to 1991. Fishing mortality ( F )  calculated 
from Baird et al. (1992) for 1962-77 and from Bishop et al. 
(1 993b) for 1978-9 1; natural mortality is assumed to be constant 
at 18% per annum (i.e., A4 = 0.2, as defined by P = e-(F 

almost 80% from the 1968 level (Bishop et A. 1993b). Dur- 
ing the first I1 yr of Canadian management (1978-88), com- 
mercial landings of northern cod increased from 140 000 
to 270 000 to In 199 1, 1 yr before the Canadian government 
imposed a moratorium on commercial exploitation of north- 
ern cod, landings were 64% less than those in 1988. 

The number of hanestable northern cod (i.e., aged 3 yr and 
older) in 1992 was approximately 3 billion fewer than the 
number extant in the early 1960s (Baird et al. 199 la; Bishop 
et al. H993b). The enormity of this decline can also be 
expressed through the reduction in biomass of the spawning 
portion of the population (approximated in assessment doc- 
uments as individuals aged '7 yr and older) md in recruitment 
(abundance of 3-yr-old cod). Spawner biomass declined 
from an estimated 1.6 million t in 1962 (the first year for 
which estimates are available) to 22 000 t in 1992 (Fig. 2A) 
(Bishop et al. 1993b). This decline was associated with large 
fluctuations in annual survival probability (Fig. 2B). Annual 
survival probabilities for reproductive individuals declined 
from roughly 0.6 in the early 1960s to 0.3 in the mid-1978s 
and increased to 0.6 again in the early 1980s before declining 
to 0.1-0.2 in the early 1990s. The collapse of the spawning 

Spawning Stock Biomass (thousand tonnes) 

Eggs (billions) 

FIG. 3. (A) Three stock-recruit relationships for northern cod 
(Beverton-HsBt, Ricker, Cushing) including recruitment year 
classes from 1962 to 1989. (B) Three fitted relationships (as in 
Fig. 3A) between recruitment and estimated number of eggs for 
recruitment year classes 1962-89. 

stock biomass had an equally large effect on the number of 
juveniles recruited to the fishery (Fig. 2A); recruitment is pos- 
itively associated with spawner biomass in northern cod (2 
= 0.73, p = 0.0001, p-value corrected for autocorrelations; 
Fig. 3A). 

Hypotheses for the Collapse of Northern Cod 

When the moratorium was announced, the collapse of 
northern cod was considered to be sudden, drastic, and unex- 
pected and was attributed to increased natural mortality 
resulting from unusual environmental conditions, primarily 
in the form of cold water temperatures (Lear and Parsons 
1993). A second hypothesis is that colder temperatures 
throughout the 1980s effected a southerly shift in the dis- 
tribution of spawning individuals during the 1980s that has 
resulted in the rearing of juveniles in suboptimal habitat 
(deYoung and Rose 1993). If true, we would expect a neg- 
ative correlation to exist between cod abundance (adults 
and recruits to the fishery) and sea temperature. It has also 
been suggested that cod have moved to deeper water in 
recent yeas  (Bishop et al. 199%). A short-term, large-scale 
emigration to deeper water in the early 1996s would be evi- 
dent from a temporal analysis of cod biomass in deep water 
relative to that in shallower water. Given that total stock 
failure has not been previously recorded for northern cod 
within the past two centuries, these hypotheses make the 
implicit assumption that environmental conditions experi- 
enced during the early 1994 )~~  or the 1 9 8 0 ~ ~  were tempo- 
rally anomalous. 
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These hypotheses assume either explicitly or implicitly 
that an environmental variable is a primary determinant of 
cod survival and that the dramatic reduction in annual sur- 
vival probabilities throughout the 1980s and early 1990s 
(Fig. 2B) cannot be wholly explained by increases in fishing 
mortality. When the moratorium on northern cod was 
announced on 2 July 1992, it was noted that "the increase in 
fishing mortality in.. .recent years is inconsistent with the 
trends in fishing effort by Canadian fleets. The total number 
s f  hours fished by the Canadian otter trawl fleet in Div. 
2 9 t  3KL declined consistently from 63,000 [h] in 1988 to 
43,000 [h] in 1991" (NAFO 1992, p. 26). This assertion 
was repeated in the Canadian Fisheries Resource Conser- 
vation Council's "1993 Report on the Status of Groundfish 
Stocks in the Northwest Atlantic" (FRCC 1993). But the 
implication that overfishing was not the primary contribut- 
ing factor responsible for the decline of northern cod can 
be assessed neither in the absence of information on fishing 
effort prior to 1988 (by offshore and inshore gear) nor in the 
absence of temporal data on population sustainability. 

We wish to examine competing hypotheses for the col- 
lapse of northern cod by addressing the following questions: 
(1) Were water temperatures experienced by northern cod in 
the 1980s and early 1998s temporally anomalous? (2) Does cod 
mortality increase with decreasing water temperature? 
(3) Did cod move to deeper waters in the early 1990s? Hf so, 
can such a displacement be attributed to colder temperatures? 
(4) Was the temporal increase in total mortality throughout 
the 1980s incorasistent with observed temporal and spatial 
patterns in inshore and offshore fishing effort and catch rate? 
(5) Were observed age-specific rates of survival and fecundity 
sufficient to sustain the population through time? 

We begin with an analysis of depth-stratified tempera- 
ture data that have been collected approximately twice 
monthly at a single location since 1944 (Station 27, ranging 
in depth to 175 m, is located immediately east of St. John's: 
Fig. 1) as a proxy for interannual variation in water tem- 
perature throughout 2J3KL (Petrie et al. 1992). We then 
examine historical associations among continental shelf 
water temperatures (from 19 1 O), ice clearance data (from 
1803), air temperatures (from 1874), and commercial cod 
landings (from 1805) to provide a broad perspective of the 
environmental conditions in which the northern cod fish- 
ery was sustainable during the nineteenth and twentieth cen- 
turies. The relative importance of water temperature on cod 
population biology is assessed by statistically analyzing 
associations between temperature and (1) adult abundance, 
(2) juvenile abundance, and (3) depth distribution of cod. 
Research survey data are analyzed to examine temporal 
variation in the biomass of cod in deep water relative to 
that in shallow water. We analyzed NAFB fishery statistics 
to assess the degree to which annual increases in total mor- 
tality throughout the 1980s and early 1990s were associ- 
ated (1) with yearly changes in fishing effort and catch rate 
by Canadian trawlers and (2) with spatial and temporal vari- 
ation in the inshore and offshore gillnet fisheries. Demo- 
graphic changes in northern cod are described by changes in 
age distribution of reproductive individuals, weight-at-age, 
and age-specific rates of survival and fecundity. Estimates of 
the latter two parameters were used to estimate r, a mea- 
sure of population growth, to identify those years from 1962 
to 1992 in which northern cod were able to sustain them- 
selves, i.e., when r 2 0. 
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Materials and Methods 

Historical Temperature and Commercial Catch Data 

Depth-stratified water temperature data have been recorded 
approximately twice monthly since 1946 at Station 27 
(Fig. 1). Data are generally available at 10-m depth intervals 
from the surface to 50 m and at every 25 m thereafter to 
the bottom at 175 m. Although small-scale, short-term tem- 
perature fluctuations in 2J3KL may not be represented by 
these data, they do reflect large-scale variability in tem- 
perature and other environmental indices (e.g., areal ice 
cover, cold intermediate layer (CIL, volume of <OQC water), 
North Atlantic Oscillation (NOA) sea level pressure anom- 
aly) throughout the region (Petrie et al. 1992; Colbourne 
et al. 1994). To remove seasonal effects on temperature, we 
report these data as anomalies from the long-term mean 
(1946-92). For analyses of adult abundance, we excluded 
temperatures recorded at less than 50 m, depths which dem- 
ersal mature cod are unlikely to inhabit and from where 
abundance data are not available. Analyses involving juve- 
nile abundance (i.e., recruitment) included temperatures 
recorded from 0 to 50 m (depths inhabited by larval cod; 
Anderson and deYoung 1993). Depth-averaged water tem- 
perature anomalies were calculated for each year using the 
formula 

where xi represents the yearly average temperature anom- 
alies at depth strata i,. . . ,M and di represents the depth of 
stratum i. This calculation weights the mean temperature 
between successive strata by the difference in depth between 
strata. The p-values of all correlation coefficients between 
temperature and abundance were corrected for autocorrelation. 

Long-term data on water temperatures in 3L (i.e., northern 
Grand Bank), dates of ice clearance, and air temperature in 
the region are available from 1910, 1803, and 1874, respec- 
tively. Shelf water temperatures in 3L (100 m depth) were 
obtained from the MEDS (Maine Environment Data Services, 
Ottawa, Ont., Canada) data base. Using observational data 
from the Labrador coast, Newel1 (1991, 1992, 1993) calcu- 
lated an ice clearance index which reflected the day of year 
on which the waters off Hopedale, Labrador (55"05'N), 
were clear of Arctic pack ice. We report these data as depar- 
tures from the long-term (1800-1993) mean. The ice clear- 
ance index is correlated with depth-averaged (50-175 m) 
water temperature at Station 27 ( r  = 0.50, p = 0.0004, n = 
46). Air temperatures have been recorded at St. John's, east- 
ern Newfoundland (15 km from Station 27), since 1874 and 
are available from the Canadian Atmospheric and Environ- 
ment Service. We report these data as anomalies from the 
long-term (1874-1992) mean. Depth-averaged water tem- 
perature at Station 27 is correlated with St. John's air tem- 
perature (r  = 0.48, p = 0.0006, n = 46). Historical commer- 
cial catch records were derived from those estimated for 
northern cod by Hutchings and Myers (1995) and based 
upon data collated by Gosling (1910), HCNAF (19521, 
Hmis  (1990), Bishop et al. (1993b), and W.H. Lear (Depart- 
ment of Fisheries and Oceans, Biological Sciences Direc- 
torate, 200 Kent St., Ottawa, ON KIA OE6, Canada, unpub- 
Iished data). 



Ice clearance and air temperature data were smoothed 
using a robust locally weighted regression, loess, a method 
recommended for scatterplot data with missing values 
(Cleveland 1979; Hastie and Tibshirani 1998). The value 
at x, fitted by the smoothing procedure is the value of a 
polynomial fit to the data using weighted least squares. The 
weight given to (xi, y, )  is large if xi is close to x, and small 
if it is not. 

Research Survey Abundance and Biomass Data 
Recent temporal changes in the abundance and biomass of 

adult cod were o,btained from research surveys conducted 
in autumn by the Canadian Department of Fisheries and 
Oceans from 1978 to 1992 in 23 and 3K and from 198 1 to 
1992 in 3L. Survey estimates of abundance and biomass 
are based upon the actual number and biomass of cod cap- 
tured in a series of tows of a bottom otter trawl within each 
of several depth-stratified sampling strata within each NAFO 
division. There are generally 5-30 sets per stratum and there 
are 24, 23, and 29 strata within Divisions 25, 3K, and 3E, 
respectively. The number (or biomass) of cod in division k' is 
simply the sum of the numbers of cod estimated for all 
strata j in that division: 

The number of cod in stratum j ,  N,, is estimated as the mean 
number of cod captured per tow in stratum j (summed over 
trawls t - 1 ... x )  increased by a proportion equal to the area 
of stratum j,  Aj, divided by the total area sampled by the 
trawls, i.e., 

Abundance data were also obtained from depth-stratified 
random research surveys conducted by German vessels from 
1972 to 1983 in 23 (Messtorff 1984). Their survey designs 
are comparable with the later Canadian surveys. German 
researchers also employed 30-min tows of otter trawls and 
conducted their surveys during late autumn in the same 
strata sampled by the Canadian vessels from 1978 to 1992. 

VPA Estimates of Abundance and Biomass 

Unless identified as being based solely upon research 
vessel survey data, indices of cod abundance and biomass 
were those determined from a virtual population analysis 
(VPA) conducted using a process called ADAPT (described 
by Mohn and Cook 1993). For northern cod, this procedure 
combines age-specific indices of population size from both 
commercial and research vessels, or more recently from 
research vessels only, to estimate historical stock sizes from 
1962 to the present (Gavaris 1988; Conser 1993). The age- 
specific groups of cod referred to in the text for which abun- 
dance or biomass was estimated from the VPA are recruits 
or recruitment to the fishery (abundance of cod of age 3 yr), 
spawner or spawning stock biomass (cod of age 7 yr and 
older), and harvestable biomass or abundance (cod of age 
3 yr and older). 

Distribution by Depth of Cod Biomass 
Cod biomass was estimated from the autumn research 

surveys conducted in 2J3KE (data in Bishop et al. 1993b). 

Temporal changes in biomass were documented for the four 
main depth classes in each region in which surveys were 
conducted. These depth classes ranged from BOO to 500 rn, 
in increments of 100 rn in 23 and 3K, and 57-92, 93-183, 
184-275, and 276-366 m in 3E. Associations between water 
temperature and cod biomass in deep water relative to that 
in shallow water were determined by calculating correla- 
tion coefficients between depth-averaged Station 27 tem- 
perature anomalies and two indlces of deepwater cod biomass. 
The Batter were biomass between 300 and 500 m relative 
to that between 100 and 300 m in 25 and 3K and biomass 
between 184 and 366 m relative to that between 57 and 
184 m in 3L. 

Catch and Effort Data 

Commercial catch and effort data on Canadian offshore 
trawlers were obtained from fishery statistics compiled by 
NAFO from 1979 to 1991 (1979-90 data are from NAFO 
(1984-94); 1991 data are available from NAFO although 
they have not yet been published). These statistical sum- 
maries report the catch of all species caught in each NAFO 
division. Catches are further subdivided by country of ori- 
gin, by gear type, by vessel tonnage, and by the target 
species being fished. We restricted our analyses to vessels for 
which cod constituted the largest biomass of species caught. 
From 1978 to 199 1, nominal effort data were available for 
87-100% of the annual cod biomass caught by otter trawls 
in 25, 82-100% in 3K, and 91-100% in 3L. Most of the 
harvested cod was caught by vessels fishing primarily for 
cod (as percentages of the annual harvested cod biomass: 
85-100% in 23, 86-94% in 3K, and 64-88% in 3E). From 
1981 to 199 1, Canadian trawlers accounted for an average 
52% of the Canadian catch and 44% of the total catch of 
northern cod (calculated from Bishop et al. 1993b). 

Catch and effort data were also analyzed for cod cap- 
tured by traps and gill nets. The data were compiled by 
STACAC (Statistical Co-ordinating Committee for the 
Atlantic Coast, Department of Fisheries and Oceans, Ottawa, 
Ont., Canada) and are available from 1985 to 1992. These 
data report catches on a considerably smaller spatial scale 
than those in the aforementioned NAFO records; data are 
summarized for 14 unit areas in 25, 11 in 3K, and 14 in 3L. 
Effort is reported as number of trap days and number of 
clearances per 100-m gill net. 

Population Sustainability 

The instantaneous rate of change of the northern cod stock 
was estimated as r and given by the discrete-time version of 
the Euler-Lotka equation 

where lx represents survival from the zygote to the beginning 
of the breeding season at age x and m, is the number of 
female zygotes produced by a female breeding at age x 
(Cole 1954; Schaffer 1974). r is frequently used as a mea- 
sure of fitness In evolutionary ecology (Charlesworth 1980; 
Stearns 1992; Hutchings 1993). As a measure of the rate 
of change in population abundance, population size at time 
t + 1 can be estimated from population size at time t from 
the equation N t + ,  = P\r,er (Caughley 1977; Roff 1992). Thus, 
r = 0 for a population that is neither increasing nor decreas- 
ing, i.e., sustainable through time. 
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FIG. 4. Water temperature anomalies from the long-term mean (1946-92) at Station 27, imme- 
diately east of St. John's, Newfoundland, at depths of 50, 75, 180, 150, and 175 m and aver- 
aged across depths between 50 and 175 m. Solid lines represent annual temperature anom- 
alies; broken lines indicate the maximum and minimum monthly temperature anomalies for 
each year. 

We included age-specific rates of survival, l x ,  and fecun- 
dity, m,, for northern cod from 1962 to 1992. Fishing mor- 
tality estimates for ages 3-13 yr are available in Baird et al. 
(1991a) for the 1962-77 period and from Bishop et al. 
(1993b) for the 1978-92 period. Natural mortality per annum 
for all ages was assumed to be 18% (Baird et al. 1992; 
Bishop et al. 1993b). To allow for estimation errors in fish- 
ing mortality, %", we calculated r at F-values 30% greater 
and less than those provided in the assessment documents 

(Baird et al. 1991a; Bishop et al. 1993b). For comparison, an 
independent review of the northern cod stock suggested an 
error rate of 3~22% for the overall fishing mortality rate esti- 
mated for 1988 (Harris 1990). 

Age-specific fecundities were estimated from the fecundity 
versus weight regressions calculated by May (1967). Weight- 
at-age data from the commercial fishery are available from 
1972 to 1992 (Bishop et al. 1993b). Data from 1962 to 1971 
were approximated by the average weight-at-age from 1972 
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FIG. 5. Temporal variation in water temperatures on the continental 
shelf in 3%, date of ice clearance, air temperature, and commer- 
cial catch of Atlantic cod in NAFO Divisions 293KE. Shelf tem- 
peratures in 3L at 180 m (1910-92; MEDS data base) are rep- 
resented by the median with the upper and lower quartiles 
represented by the lines above and below each median, respec- 
tively. Ice clearance index (1800-1993) represents the departure 
in days from the 1964-84 median clearing date at Hopedale, 
Labrador (data from Newell 1991 ). Air temperature anomalies 
frsm the long-term mean (1 894-1 992) recorded by Canadian 
Atmospheric md Environment Service at St. John's, Newfoundland. 
Estimated commercial catch of Atlantic cod from the region cor- 
responding to 293KL from 1880 to 1992 (data from Hlatchings 
and Myers 1995). 

to 11992. The similarity between the 1972-92 averaged 
weights-at-age and those estimated from autumn sampling by 
Canadian research vessels in 2J and 3K in the early 1950s 
and early 1960s suggests that such an approximation is a 
reasonable one (unpublished data). Based upon empirical 
data available f rsm 9973 to 1992 (Shelton and Morgan 
1993), we assumed that 0% of females reproduce prior to 
age 5 yr, 10% at age 5, 50% at age 6, and 100% at age 7 and 
at all subsequent ages until death following reproduction at 
age 25 (fish older than 15 yr constituted a median 1% of 
the total harvested biomass from 1962 to 2991; Bishop et al. 
1993b). 

To estimate survival from birth to age 3 yr (ages for which 
we do not have data), we plotted recruitment (number s f  
3-yr-old cod) against the expected fecundity contribution 
of the reproductive portion of the population (i.e., the summed 
product of age-specific fecundities and age-specific 
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FIG. 6. Scatterplots of mature cod abundance against Station 27 
water temperature anomaly in NAFO Division 21. Data are from 
autumn research surveys conducted by German and Canadian 
vessels from 1972 to 1992. 

abundances). Three stock-recruit relationships were applied 
to the data (Fig. 3B): the Ricker, Beverton-Holt, and Cushing 
models (described by Cushing (1971) and Hilborn and Wal- 
ters (1992)). Survival from birth to age 3 was estimated 
from the Ricker and Cushing models which generally encom- 
passed the stock and recruit values predicted by the 
Beverton-Hslt model. By using these models, the influence 
of density on juvenile survival (Myers and Cadigan 1993) is 
explicitly included in our estimates of sustainability. 

Results 

Interannual Variation in Water Temperature 

Significant interannual variation exists among the 47 con- 
secutive years of water temperature data at Station 27 in 
3L ( F [  ,,,,, ,I = 12-17, p = 0.0001; Fig. 4). The time series 
of depth-averaged data indicates that temperatures were 
below the long-term mean in the early 1970s, the mid-1980s, 
and the early 1990s (lower right panel in Fig. 4). These rel- 
atively cold years (1972-74, 1984-85, and 1991-92) are 
evident within each depth interval and did not differ in tem- 
perature (6,,7,1 = 1.94, p = 0.09: depth-averaged temperatures 
from 20 to 175 m did not differ among these years either 
fFI,,7,1 = 1.91, p = 0.09)). Thus, as measured by annual, 
depth-averaged temperature anomalies, the environmental 
conditions of 1991 and 1992 were also experienced from 
1972 to 1974 and during 1984 and 1985. Minimum monthly 
anomalies at 50 and 75 rn were lowest in 1991. However, 
those at BOO, 150, and 175 m in 1991 were similar to or 
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PIG. 7. Scatterplots of two indices of recruitment to the northern 
cod fishery against Station 2'3 water temperature anomaly (depth- 
averaged from O to 50 m). Upper panel: dependent variable rep- 
resents millions of cod aged 4 yrs. Lower panel: dependent vari- 
able represents residuals from the linear regression of 
log,,(recruitment) versus log,,(spawning stock biomass). Data 
are indicated by year class. 

less than those experienced in the early 1 9 7 0 ~ ~  the mid- 
B980s9 and, for the 175 m depth, the late 1940s. 

There was no indication that cod landings throughout the 
nineteenth century were deleteriously affected on the scale 
of the major fishery collapse experienced in 1991 despite 
environmental conditions colder than those of recent years 
(Fig. 5). Shelf water temperatures in 3L similar to or less than 
those of the early 1990s were experienced in the 1920sq 
B930s, and late 1940s when commercial landings averaged 
roughly 250 000 t. Dates of ice clearance from the Labrador 
coast and air temperature at St. John's have been consider- 
ably earlier and warmer, respectively, in the past several 
decades than they were throughout the nineteenth and early 
twentieth centuries when northern cod landings ranged from 
100 000 to 300 000 t. Thus, landings that were not sustain- 
able in the 1980s were sustainable in colder environments 
during the nineteenth and early twentieth centuries. 

Water Temperature and Cod Abundance 

The German and Canadian surveys conducted over 21 yr 
(1972-92) in 21 constitute the longest continuous time series 
of research abundance estimates available for northern cod. 
Scatterplots of abundance (combined data sets) versus tem- 
perature anomaly indicate that abundance of mature cod 
during this period was not associated with water tempera- 
ture (Fig. 6 ;  cod aged 6-9 yr: r = 0.08, g = 0.72; cod aged 
10-14 yr: r = -0.03, g = 0.89). The absence of significant 

Year 

FIG. 8. Temporal changes in cod biomass at four depth intervals 
for which extensive sampling was conducted during autumn 
research surveys in NAFB Divisions 25, 3K, and 3L. Standard 
errors of the annual total biomass estimates (all depths included) 
averaged 537% in 25, &41% in 3K, and &I$% in 36, (data from 
Bishop et al. 1993b). 

associations persists if the German and Canadian data are 
examined separately (cod aged 6-9 yr: r,,, = 0.39 ( p  - 
0.151, r,,, = -0.13 (g = 0.68); cod aged 10-14 yr: r,,, = 
-0.04 (g = 0.89), rGER = -0.08 (g = 0.80). 

The association between water temperature and juvenile 
cod abundance was examined by plotting numbers of recruits 
to the fishery (i.e., cod aged 3 yr) against the depth-averaged 
temperature anomalies recorded at Station 27 for the upper 
50 m of the water column (depths at which cod eggs and 
larvae are found on the Newfoundland Shelf; Anderson and 
deYoung 1993) (Fig. 7, upper panel). The correlation coef- 
ficient between temperature and recruitment is not significant 
( r  = 0.19, p = 0.54)- When the effect of spawning stock 
size on recruitment is removed from the andysis, there is still 
no evidence that recruitment is associated with any range 
of water temperature during the first year of life ( r  = 0.08, 
p = 0.78; Fig. '7, lower panel). Nor are there significant 
associations between recruitment (effects of spawner stock 
removed) and depth-averaged temperature an;malies in the 
upper 10 m (r  = -0.14, p = 0.58), upper 20 m (r = -0.09, 
g = 0.74), or the entire water column from 0 to 175 m (r = 
0.18, g = 0.47). Similar nonsignificant associations exist 
between recruitment and temperature experienced during 
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FIG. 9. Temporal variation in nominal commercial fishing effort (hours trawled; solid trian- 
gles) and catch per unit effort (CPUE, metric tonnes of cod per trawling hour; open triangles) 
for Canadian otter trawlers fishing for Atlantic cod in NAFO Divisions 2 J 3 n  from 1979 to 1991 
(GRT = gross registered tonnage). 

the second and third years of life (upper 50 m of water, r = 
0.23, p = 0.40 and r = 0.46, p = 0.08, respectively). 

Interannual Variation in Depth Distribution of Cod 

The biomass of northern cod in deep water, relative to 
that in shallow water, has not been significantly greater in the 
1990s than in previous years and there is no evidence that the 
depth distribution of cod is related to water temperature. 
Any apparent proportional increase in cod biomass in deep 
water is due to the near absence of fish in shallow water 
(Fig. 8). Hn 2J, cod biomass from 100 to 300 rn has declined 
by at least two orders of magnitude since 1978 whereas 
biomass between 300 and 500 rn has changed little through 

time. Biomass at depths 380-40-0 m in 3K increased between 
1989 and 1991 whereas that between 400 and 500 rn was 
consistently Bow. Shallow water (100-300 rn) biomass in 
3K declined almost 1W-fold over the 15-yr period. In 3L, cod 
biomass in deep water (184-366 m) in the early 1990s was 
lower than or similar to estimates from 1981 to 1989. As with 
the other two regions, biomass in shallow water (57-183 m) 
in 3L declined by almost two orders of magnitude through 
the 1980s and early 1990s. Water temperature was not sig- 
nificantly associated with deepwater cod biomass (>300 m 
in 29 a d  3K, >I84 m in 3L), relative to biomass in shallower 
water, in my of the regions (25: r = -0.35, p = 0.27; 3K: r = 
-0.28, p = -0.47; 3L: r = -0.08, p = 0.88). 
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Temporal Trends in Fishing Effort and Nominal Catch per 
Unit Effort of Canadian Trawlers 

The harvesting pressure imposed by offshore trawlers on 
northern cod was assessed by examining temporal changes 
in fishing effort (number of trawling hours by Canadian 
vessels) and catch per unit effort (CPUE, expressed as tonnes 
of cod captured per hour trawling) (Fig. 9). Catch and effort 
data are presented for all vessels and for five of the six ton- 
nage classes of Canadian stern trawlers separately (the small- 
est tonnage class, not shown here, caught less than 1% of the 
annual trawler harvest from 1979 to 1991). Annually, more 
than 90% of the cod biomass caught by Canadian trawlers 
was harvested by vessels between 500 and 1000 gross reg- 
istered tonnage (GRT, upper right panel of Fig. 9). From 
198 1 to 1988, fishing effort for these vessels more than 
doubled from 25 544 to 55 923 trawling hours whereas 
CPUE declined 23% over the same time period. Hours 
trawled and CPUE were negatively correlated for the 
500-1 080 GRT vessels (r = -0.90, p = 0.01, p-value cor- 
rected for autocorrelation) and for all vessels combined (r = 
-0.89, p = 0.02). The 54% increase in trawling hours 
between 1981 and 1991 for 500-1008 GRT vessels was 
associated with a halving of CPUE. Negative associations 
between effort and CPUE are also evident for 150-500 GRT 
vessels and among most years for 1800-2000 GRT vessels. 
It is noteworthy that during the first 4 yr of operation of 
the latter vessels, whose harvesting efficiency was gener- 
ally more than double that of other vessels, a 30% decline in 
CPUE was associated with an almost fivefold increase in 
effort. 

Temporal Trends in Gillnet Catches and Nominal CPUE 

Gillnet landings of cod throughout 293KL increased from 
11 435 to 47 000 t between 1974 and 1982, declined rapidly 
between 1982 and 1985 to 20 500 t, and increased again to 
almost 47 000 t in 1989 before decreasing to 17 300 t in 
1991 (Fig. 10A). Temporal variation in gillnet catches in 
293KL is reflected largely by catches in 3L. Inshore landings 
in 3L increased from 19 500 to 31 000 t in 1987 and 
remained at that level for two more years before declining by 
50% in each of 1990 and 199 1 (Fig. 10B). Offshore gillnet 
catches increased dramatically from 8 t in 1985 to 19 448 t 
in 1990, comprising 45 and 71% of the total gillnet catch 
in 293KL in 1990 and 199 1, respectiveIy. The dramatic spa- 
tial changes that occurred during the late 1980s in the fixed- 
gear fishery are well illustrated by the observation that 
between 1985 and 1990, offshore gillnet catches of northern 
cod increased from less than 1 to 18% of the total fixed- 
gear landings of northern cod. 

Inshore trap and gillnet catches were associated with 
declining catch rates throughout the latter half of the 1980s 
(Fig. 11). Catch rates in the 3K and 3E trap fisheries 
decreased from 1986 to 1991 with the decline clearly evident 
by 1989. Notably, a tripling of trap catches in 3E between 
1987 and 1990 was associated with a 70% reduction in catch 
rate. Significant reductions in gillnet catch rate were evident 
in Trinity Bay by 1988, Bonavista and Conception bays by 
1989, and between St. Mary's Bay and the Southern Shore 
by 1990. Stable or declining gillnet catches were associated 
with declines in catch rate of 80, 60, and 76% in Bonavista 
(1986-89), Conception (1987-89), and Trinity (1985-89) 
bays, respectively. Between 1986 and 1990, catches from 
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FIG. 10. Temporal variation in gillnet catches of northern cod 
in (A) 2J3KL and 3L and (B) inshore and offshore unit areas 
(defined in text) in 3L. 

St. Mary's Bay and along the Southern Shore declined 21% 
whereas catch rate declined 30%. 

Offshore harvest of cod by gill nets began after the sharp 
decline in inshore gillnet landings in 293KL between 1982 
and 1985 (Fig. BOB). The majority of offshore cod captured 
by gill net were harvested in the Virgin Rocks area in central 
Grand Bank (unit area 3Lr) (Fig. 1 and 12). The increase 
in catch from Virgin Rocks from nil in 1985 to 17 257 t in 
1990 was associated with a 53% reduction in catch rate. 
This pattern of rapid decline from initially high catch rates 
that exceeded those experienced inshore to relatively low rates 
was evident throughout the Northeast Newfoundland Shelf 
(unit areas 3Kbcefg) and throughout north and central Grand 
Bank (Fig. 12). 

Temporal Changes in Age-Specific Weight and 
Abundance 

Temporal changes in age-specific body weight are evident 
for northern cod of reproductive age from 1972 to 1992 with 
variability generally increasing with age (Fig. 13). In gen- 
eral, weight-at-age increased from the early 1970s to the late 
1970s before declining thereafter. The lowest weights-at-age 
occurred between 1972 and 1975 for all age classes except the 
10- and 11-yr-olds whose lowest weights-at-age were expe- 
rienced in 1992. Although these commercial data represent 
the longest continuous time series of weight-at-age data for 
northern cod, it should be noted that the representation of 
cod from each division differs somewhat annually. 
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FIG. 11. Inshore catches (solid triangles) and catch rate (open triangles) for the trap (3K and 3E) 
and gillnet (3L unit areas) fisheries for northern cod. 

Temporal changes in age structure are evident from age- 
specific variation in fecundity contribution to the northern cod 
stock (i.e., age-specific abundance multiplied by age- 
specific fecundity; Fig. 14). Independent of time, most eggs 
are produced by 6-, 7-, and 8-yr-old females. The fecun- 
dity contribution of older individuals has declined dramat- 
ically since the 1960s 61962-69) when an annual average 
30% of all eggs (46% in 1962) were produced by 10- to 
14-yr-old cod. This percentage dropped by almost one half 
to 17% in the 1970s before declining further to 12% in the 
1980s and 11% in the last 2 yr of the fishery (1990 and 
1991). Changes in age structure during the last 5 yr of the 
fishery (1987-91) were very similar to those of the 5 yr 
leading up to the extension of Canada's jurisdiction to 
208 miles (1973-77; Fig. 14, lower two panels). In addition 

to similar collapses in age structure, total estimated fecun- 
dity declined 23% during both 5-yr periods. 

Annual Variation in the Realized Rate of Natural Increase 

Age-specific suwival probabilities imposed on northern cod 
since 1962, and corresponding age-specific fecundities, have 
rarely been sufficiently high to allow northern cod to sustain 
themselves (Fig. 15). Independent of the survival estimate to 
age 3 (Fig. 15A and 15B), the annual rate of change in cod 
abundance declined steadily from 1962 to 1976, increased to 
1980 following Canada's jurisdictional extension to 286 miles, 
and then declined again from 198 1 to 1991. The two periods 
in which r rose dramatically, i.e., 1974-80 and 1991-92, 
were associated with significant reductions in fishing pres- 
sure by non-Canadian and Canadian vessels, respectively. 
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FIG. 12. Offshore gillnet catches (solid triangles) and catch rate (open triangles) in 3K (all 
offshore unit areas combined) and in six unit areas throughout 3L. See Fig. 1 for location of unit 
areas. 

Harvestable abundance (cod aged 3 yr and older) from 
1962 to I992 estimated from yearly estimates of r, inde- 
pendent of survival to age 3 yr, is highly correlated with 
estimates based upon the VPA (Fig. f 5C; 1962-77 data 
from Elaird et al. 1991a; 1978-92 data from Bishop et al. 
1993b). Although the VPA- and r-based estimates of abun- 
dance are not independent (both use the same survival data), 
their concordance suggests that predicted changes in popula- 
tion sustainability reflect temporal changes in cod abundance. 

the past three decades. This lack of sustainability coupled 
with historically high commercial catches and technological 
expertise, an age structure that has collapsed with respect to 
number of reproductive age classes and numbers of individ- 
uals per age class, declining inshore and offshore catch rates 
during the past decade, and a lack of evidence for environ- 
mentally related influences on cod survival lend overwhelming 
support to the hypothesis that human overexploitation pre- 
cipitated the commercial extinction of northern cod. 

Discussion Unsustainable Harvesting of Northern Cod 

Collapse of the Northern Cod Stock The inability of northern cod to achieve sustainability is 
The demographic changes that northern cod have incurred not surprising given the harvest rates (i.e., commercial 

since I962 have rarely allowed the stock to sustain itself over catchharvestable biomass) imposed on the stock since 1962 
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FIG. 13. Weight-at-age data for northern cod of ages 5-15 yr as determined from commercial 
catches from 1972 to 1992. 

(Fig. 16A). A comparison of Fig. 15A, 15B, and 16A indi- 
cates that harvest rates less than 17% (the I962 estimate) 
will permit the stock to sustain itself. The approximate lin- 
earity of the stock-recruit relationship for northern cod 
(Fig. 3A) suggests that the sustainable hmest rate will be rel- 
atively constant with changes in stock size. The data suggest 
that the stock was sustainable at harvest rates between 19 and 
25% from 1978 to 1984. However, this interpretation should 
be treated with caution, as this period coincided with the 
largest age-specific weights, and hence the largest age-spe- 
cific fecundities (and thus increased r) ,  since 1972. These 
large weights-at-age may be attributable to the high growth 
rates associated with low density for northern cod (Milla and 
Myers 1990) and may not be representative of the average 
age-specific weights (or fecundities) experienced by the 
stock. It is also noteworthy that age-specific weights in the 
late 1980s and early 1990s are similar to or greater than 
those recorded between 1947 and 1950 (Fleming 1952). It 
should be noted that our estimates of hmest  rate are probably 
underestimates because they do not include age-specific 
vulnerabilities to the fishery (younger fish tend to be Bess 
vulnerable to the fishery than older fish). 

A total allowable catch (TAC) was first established for 
northern cod by the International Commission for the North- 
west Atlantic Fisheries (HCNAF) in 1973 (temporal changes 
in management criteria for northern cod are detailed by 
Steele et al. (1992) and by Lear and Parsons (1993)). The 
TAC was based upon the management strategy of fishing 
at the maximum sustainable yield, i.e., at F,,, = 0.35. 
Increased concern about the conservation of the resource 
Hed to the establishment of FO., (described by Gulland and 
Boerema 1973) as the target fishing mortality rate in 197'7. 
The FO., for northern cod was set at 0.2 which corresponded 
to a harvest rate of 18%. TACs were set at the F,,, level in 
1977 and 1978, at 80% Pal from 1979 to 1983, and again at 
180% FO,, from 1984 to 1986. Following 2 yr during which 

TACs were once again based upon fishing mortality less 
than Fo.,,  it was realized that fishing mortalities throughout 
the 1980s had consistently exceeded B;,., because of over- 
estimation of stock size (Baird et al. 1991b). Concomitant 
with these excessive fishing mortalities were the high pro- 
portions of the commercial catches composed of largely 
prereproductive individuals, i.e., less than 7 yr of age. These 
percentages increased from 55% in each of 1980, 1981, and 
1982 to a mean of 66 2 4(SE)% from 1983 to 1992 (range 
4644%) (data from annual stock assessment documents for 
the 2J3KL stock). The extent to which TACs since 1977 
have exceeded the sustainable harvest rate of 17% suggested 
here is illustrated in Fig. 16B. 

Perhaps the most direct question related to the relative 
importance of overfishing to the recent collapse of north- 
ern cod is: How much of the variation in abundance in the 
past decade can be explained solely on the basis of changes 
in harvest rate? Although a temporal analysis of changes 
in fishing mortality in the 1988s indicates that harvest rates 
were exceedingly high, these harvest rate data are based 
upon estimates of age-specific abundance derived from VPA 
in which natural mortality is assumed to be constant. 

One means of assessing the validity of the harvest rates 
estimated for the 1980s is to calculate changes in the abun- 
dance of northern cod based upon changes in harvest rate 
and then compare these with independent estimates of abun- 
dance such as those derived from the autumn research 
surveys. Annual changes in abundance N from year t to 
year t + B as a consequence of changes in harvest rate in 
year t, %P,, can be estimated as 

Thus, abundance is predicted to increase between years t 
and t 9 1 by the expected rate of population increase in 
the absence offishing in year t, ei*, and to decline by an 
amount proportional to the harvest rate experienced in that 
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FIG. 14. Estimated age-specific fecundity contributions for northern cod from 1962 to 1 9 9 1 .  

year (cf. Lockwood 1987). e:* is estimated by assuming 
constant natural mortality of 18% (i.e., M = 0.2) and no 
fishing mortality (i.e., F = 0). 

The longest continual decline in abundance of exploited 
northern cod in the 1980s occurred from 1985 to 1992 
(Fig. 15C). Predicted changes in abundance during this 
period, as estimated from Equation (51, can be compared 
with those derived from the autumn research surveys (for 
which annual changes in abundance are a consequence of 
both natural and fishing mortality). To account for sampling 
error, observed mean number of harvestable cod per tow in 
year t was approximated by the mean number per tow in 
years t - 1, t, and t + 1, i.e., as a 3-yr running mean (data 
from Bishop et al. 1993b). The predicted numbers of cod 
per tow are highly correlated with those observed during 
the research surveys ( r  = 0.78, p = 0.02, p-value corrected 

for autocorrelation; Fig. 17). This concordance suggests that 
61 % of the variation in abundance from 1985 to 1991 can be 
accounted by harvest rate and lends strong support to the 
hypothesis that the decline of northern cod in the 1980s can 
be attributed primarily to overexploitation. This conclusion 
is supported by an independent analysis which indicates 
that the natural mortality of northern cod did not increase 
prior to the imposition of the moratorium in 1992 (Myers 
and Cadigan 1995). 

Long-term Demographic Collapse of Northern Cod 
By any demographic measure, the viability of northern 

cod has been seriously threatened since the introduction of 
European-based offshore trawlers in the late 1958s and early 
1960s. By 1977, when compared with 1962 estimates, (1) har- 
vestable biomass had declined 82% (2 961 080 versus 
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FIG. 15. Temporal variation in r ,  the realized rate of natural 
increase (left ordinate), from 1962 to I992 and its relationship to 
harvestable abundance (cod aged 3 yr and older) from 1978 to 
1992. At r = 0, the population replaces itself through time. When 
r is greater or less than 0, the population increases or decreases, 
respectively, at the annual rates of change indicated on the right 
ordinate (note that the right ordinates are not linearly scaled). 
(A) Survival from birth to age 3 yr estimated from the Cushing 
spawner-recruit relationship. (B) Survival from birth to age 3 yr 
estimated from the Ricker spawner-recruit relationship. (C) Tem- 
poral change in harvestable abundance as estimated by VPA 
(Bishop et al. 199%) and as calculated assuming annual rates 
of change in population size corresponding to the annual esti- 
mates of r with survival from birth to age 3 yr estimated from the 
Ricker and Cushing stock-recrui t relationships. 

526 000 t), (2) spawner biomass had declined 94% (1.6 mil- 
lion versus 93 000 t), (3) recruitment had declined 84% (2 bil- 
lion versus 268 million), (4) fecundity contribution of 10- to 
14-yr-old fish had declined from 46 to I$%, and (5) harvest 
rates had yet to attain levels at which the stock was sus- 
tainable. For most populations, the 82% reduction in har- 
vestable northern cod biomass experienced between 1962 
and 1977 would have been considered a collapse! If not for 
the large reduction in harvest rate by 1978 (less than half the 
1975 rate of 5 1%) concomitant with the establishment of 
the 280-mile limit and the fortuitously high recruitment (rel- 
ative to spawner abundance) provided by the 1978-8 B year 
classes (cf. Fig. 'B), northern cod would probably have col- 
lapsed by 1980. The remarkably similar patterns of decline 
in P' (Fig. Is), in age-specific fecundity contributions, and in 
total fecundity between the 1973-77 and 1987-91 time 
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Fao. 14 .  (A) Temporal variation in harvest rate (commercial 
catchlharvestable biomass) of commercial vessels (triangles) and 
in reported commercial catches (squares) from 1962 to 1992. (IS) 
Changes in actual and estimated sustainable catches (harvest 
rate = 1796, see text) for northern cod from 1977 to 1991. 

periods (cf. Fig. 14, lowest two panels) are consistent with 
this hypothesis. Given the near collapse of the stock in 
1977, it is not surprising that there was little margin for 
error in establishing sustainable harvest rates in the early 
1980s. However, harvest rates in the 1980s greatly exceeded 
the targeted Fo., level, largely because of overestimation of 
stock size (described by Baird et al. (1991b) and by Hilborn 
and Walters (1992, p. 533-535) and discussed further below) 
coupled with great uncertainty in abundance estimates derived 
from the research surveys (standard errors of 3 0 4 0 %  of 
the mean are not uncommon; data in Bishop et al. 1993b). 

Changes in Catch Rate and Spatial Allocation of Effort as 
Metrics of Stock Health 

The decline in northern cod abundance in the 1980s was 
reflected by changes in fishing effort and catch rate. During 
the decade preceding the northern cod moratorium, a twofold 
decline in annual survival probability (cf. Fig. 2) was asso- 
ciated with increased inshore and offshore fishing effort, a 
spatial change in allocation of gillnet effort, and dramatic 
declines in catch rate of inshore and offshore fishing gear. 
The observed doubling of hours trawled and the halving of 
trawler catch rate may be conservative estimates of the tem- 
poral increase in fishing effort and decline in harvesting 
efficiency (cf. Rothschild 1977). One hour of trawling in 
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FIG. 1'7. Mean number of harvestable cod (cod aged 3 yr and 
older) per tow in 2J3KL from 1985 to 1991 as observed f r ~ m  
autumn research surveys and as predicted from annual estimates 
sf harvest sate. 

1991 may have exerted considerably more mortality on the 
stock than one trawling hour in 1981 because of increased 
ability to locate and harvest cod through advances in tech- 
nology and learning by those exploiting the resource. Temporal 
changes may also, however, have been affected by changes 
in trawling practices and gear operation which can combine 
to decrease trawling effort (e.g., the employment of win- 
dows on trawls to allow for increased escapement of fish). 

Increasing inshore catches combined with declining catch 
rates were indicative of dramatic increases in effort in the 
mid- to late 1980s (and possibly as early as the 1960s; cf. 
Templeman 1966). Initiation of the use of gill nets offshore 
in 1987, where catch rates declined at even faster rates than 
they did inshore, would appear to have been a direct con- 
sequence of declining catch rates inshore. Thus, despite 
increases in both gillnet and trap catches of northern cod 
from the mid-1988s (Fig. 18; Bishop et al. 1993b), these 
patterns did not reflect the health of the stock because they 
obscured the underlying dynamics of spatial and temporal 
changes in the allocation of effort. 

The influence of changes in gear technology on catch 
rates of northern cod, and on management's perception of 
stock health, has not received the attention it warrants. It 
is clear that the ability of inshore fishers to catch fish has 
increased dramatically with time, particularly during the 
1980s, and any interpretation of temporal changes in land- 
ings should reflect these changes in effort. For example, 
echo sounders can permit the employment of greater number 
of cod traps per fisher because of the avoidance of hauling 
empty traps. Sounders also reduce the time handline fishers 
spend on locating cod. Throughout the 1980s, there was 
increased use of "Japanese" cod traps whose design allows 
for reduced escapement of fish and permits their placement in 
areas unsuitable for regular cod traps (Neis 1992). Advanced 
navigation equipment such as Loran C enables fishers to 
record electronically the location of large fish assemblages, 
sites of previously large catches, and the precise orienta- 
tion of gillnet sets. The necessity of having to increase effort 
significantly throughout the 1970s and 1980s in order to 
maintain catches is amply reflected in interviews with inshore 
cod fishers (e.g., Neis 1992; Davis et al. 1994). 

Hawestable Biomass (thousand tonne$) 

FIG. 18. Relationship between catch rate (estimated from a mul- 
tiplicative model by Bishop and Gavaris 1982) and harvestable 
biomass of northern cod (biomass of cod aged 3 yr and older) 
from I962 to 1981 (upper panel) and between nominal catch 
per unit effort (CPUE) of Canadian stern otter trawlers and har- 
vestable biomass from I982 to 1991 (lower panel). 

High trawler catch rates can be maintained despite declin- 
ing stock size for the simple reason that fishers do not exploit 
fish in a random manner. Increased ability to locate large 
assemblages of fish coupled with an apparent increase in 
the concentration of northern cod in the 1980s (Bishop et al. 
1993b) can also lead to nonlinear relationships between catch 
rate and stock abundance, thus violating one of the implicit 
assumptions of most analyses of commercial catch data 
(Hilborn and Walters 1992). Such nonlinearity is evident in 
plots of catch rate against harvestable biomass of northern cod 
during the 10 yr immediately preceding the moratorium 
(1982-91) and during the previous 20 yr (1962-8 1). 
(Fig. 18). Catch rates from 1982 to 199 1 represent the nom- 
inal CPUE estimated from 508-1080 GRT Canadian trawlers; 
catch rates from 1962 to 1981 were those estimated by Bishop 
and Gavaris (1982). For both time periods, a curvilinear 
relationship between CPLTE and harvestable biomass (HB) 
(CPUE = ~ H B ~ )  provided a significantly better fit to the 
data than did the model with f3 constrained to be 1 (1962-81 
data: CPUE = 0 . 0 0 1 ~ ~ ' . ~ ~ ,  Fi2.171 = 64.6, p e 0.00001; 
1982-91 data: CPUE = 0.070HB0.48, F I , , , !  = 69.3, p = 
0.00003) such that the probability of overestamating abun- 
dance increases as GPUE declines (note the similarity in the 
slopes, P, of the two models). The first-order autocorrela- 
tion coefficient was significant ( p  = 0.8006) in the 1962-81 
data but not for the 1982-91 data. Thus, the parameters for 
the model describing the 1962-8 1 data were estimated under 
the assumption that the error term is an autoregressive process. 
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We also assumed that all estimation errors were in CPUE 
(following Richards and Schnute 1986). If estimation errors 
are assumed to be in HB, similar and highly significant 
regressions are obtained. The pattern of nonlinearity illustrated 
in Fig. 18 is expected in fisheries (such as the offshore 
trawler fishery for northern cod) where search is highly effi- 
cient, effort is concentrated in areas in which fish are most 
abundant, a d  fish remain concentrated as abundance declines 
(Hilborn and Walters 8992). There is a growing literature 
which indicates that P is less than 1 for many gadoid stocks 
with the result that fishing mortalities can remain high 
despite declines in stock size (e.g., Cooke and Beddington 
1985; Crecco and Overholtz 1990; Rose and Leggett 1991). 

Increased search and harvesting efficiency of Canadian 
trawlers contributed to the serious overestimates of northern 
cod abundance in the 1980s. This is well illustrated from 
197% to 1981 (Fig. 18, upper panel) in which a more than 
threefold increase in catch rate was associated with a rela- 
tively small increase in stock abundance. The potential for 
overestimation of stock size is clear given that technologi- 
cal advances had increased catch rates from 1979 to 1981 to 
levels previously realized in the 1960s when abundance was 
considerably higher. From 1978 to 1986, the abundance of 
northern cod was usually approximated by the midpoint of 
the VPA estimates derived from both commercial CPUE 
data and data from research vessel surveys (Baird et al. 
199 1 b). However, abundance estimates based upon the com- 
mercial data indicated that the stock had increased three- 
fold from 1978 to 1988 whereas those based upon the 
research surveys suggested that the stock had changed little 
in size (Baird et al. 1991b; Hilborn and Walters 1992, 
p. 533-535). The main consequence of this overestimation 
of stock size was that actual fishing mortality rates exceeded 
the targeted B;,,, level of F = 0.2 more than twofold from 
1978 to 1983 (average of F' = 0.41 k 0.03 (SE) for cod aged 
7-9 yr) and more than threefold from 1984 to 1989 (average 
of F' = 0.65 & 0.08) (data in Bishop et al. 1993b). 

Relative Importance of Environmental Change to the 
Collapse of Northern Cod 

W ~ t e r  te~nperature and secstaifzabke harvests 
Mow much of the variation in northern cod abundance in the 

decade preceding the moratorium can be attributed to vari- 
ability in the environment? More specifically, to what extent 
did "ecological factors" in 1991 (Lear and Parsons 1993) or 
cold temperatures throughout the 1980s (deYoung and Rose 
1993) predicate the collapse in cod abundance? Long-term 
data for a variety of environmentd indices including the NOA 
index (data on sea level air pressure) (Drinkwater 1994), 
areal extent of the CIL on the Northeast Newfoundland Shelf 
(Brinkwater 1994), Station 27 water temperatures (Fig. 4), 
1B8 m depth water temperatures throughout 3L, pack ice per- 
sistence off Labrador, and air temperature in St. John9s (Fig. 5) 
indicate that while it was relatively cold and ice cover rela- 
tively extensive in 1 99 1 ,  similar conditions had been expe- 
rienced during the previous two decades and considerably 
colder conditions had prevailed throughout the nineteenth 
and early twentieth centuries. Evidence of a colder environ- 
ment in the 1800s is also supported by ground borehole data 
from Newfoundland (Beltrami and Mareschal 1992) and by 
long-term (1550-1978) tree-ring data from northern Canada 
md Alaska (which indicate that most of the nineteenth century 

2242 

was characterized by slower than average growth whereas 
better than average growth has mcumed since 8925; Jacoby and 
Cook 1983). 

Despite the colder environment from 18864 to the 1920s, it 
was possible to sustain a fishery of the size that was not 
sustainable in the 1980s. There is no evidence of extra- 
ordinarily high natural mortalities leading to a major stock 
collapse in the past two centuries of the kind experienced in 
the early 19964s. Extant historical records of mass cod 
mortalities (Templeman 1965) were reported during years 
(1876, 1934, 1960) in which catches were relatively high 
(- 140 000, -260 000, and 459 000 t, respectively). If the 
reduction in cod abundance in the 1980s and early 1990s 
was due to increased natural mortality resulting from cold 
temperature, then similar population declines should have 
been evident during years with similarly cold temperatures 
(e.g., 1972-74, 1984-85, 1991-92). Despite encompassing 
all three cold periods, the longest continous research time 
series (in region 25) did not yield a significant correlation 
between water temperature and cod abundance. It is also 
worth noting that the large 1.7"C decline in water temperature 
on St. Pierre Bank (NAFO division 3Ps) off the south coast 
of Newfoundland from the 1981-84 average of l.4"C to the 
1985-91 average of -0.7"C (mean temperature at 50 m 
between January and June; data in Hutchings and Myers 
1994) was not associated with a precipitous decline in cod 
biomass (Bishop et al. 1993a). 

Water temperature and depth distribution ~f cod 
Data from the autumn research surveys are not consis- 

tent with a directed movement of large numbers of cod to 
deeper water (Fig. 8). Any apparent increase in the pro- 
portion of cod biomass in deep water in the late 1980s and 
early 1990s can be attributed to the near absence of cod in 
shallow water. In addition, the distribution of cod with depth 
appears to be unrelated to water temperature. Although the 
water temperature data in our analysis were those from 
Station 27, and as such do not extend to some of the deeper 
depths at which fish were caught in the research surveys, 
our results agree with those of Lilly (1994) who examined the 
relationship between bottom temperatures recorded at the 
time of the research surveys and the abundance of cod in 
the shallowest strata in division 25. We concluded that there 
was no support for the postulate that the reduced abundance 
of cod in the north and west sections of 25 and 3K was the 
result of avoidance of cold water. Hutchings and Myers 
(1994) could also find no association between late and 
winterispring temperatures and cod biomass on the shelf 
relative to that on the slope in 3L (the latter being a metric 
of the spring migration from the slope to shelf). 

Water temperature and recruit~nent 
We are unable to document any association between water 

temperature and recruitment of cod to the fishery (Fig. 7). 
Of the five cold years for which data are available (1972-74, 
1984, 1985), two year classes were greater than average 
whereas three were less than average (Fig. 7, lower panel). 
Myers et al. (1992) were also unable to find any consistent 
relationship between Station 2% water temperature or the 
extent of the C L  with either VPA or research survey estimates 
of recruitment. In contrast, deYoung and Rose (1993) reported 
a positive correlation between northern cod recruitment and 
temperature between 1972 and 1988. Their exclusion of data 
from 1962 to 197 1 notwithstanding, deYoung md Rose (1993) 
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removed the effects of spawner abundance on recruitment 
by dividing the number of 3-yr-olds by the number of cod 
aged 6 yr and older. This means of accounting for changes in 
the fecundity of a stock can be justified only if the age and 
size distributions of reproductive individuals remain con- 
stant with time, i.e., if fecundity is a function of the numbers 
of individuals and neither their age nor size. It is clear, how- 
ever, that both mean age and b d y  size have declined over the 
past two and three decades (cf. Fig. 14). Decreasing age and 
body size will have the effect of continually underestimating 
recruitment with ever-increasing bias when number of recruits 
is divided by number of spawners. If the effect of spawner 
biomass (a more reliable metric of fecundity than abundance) 
on recruitment is removed from the analysis, there is no sig- 
nificant association between recruitment and water temperature 
(depth-averaged over 0-50 m) for the 1972-89 year classes 
of northern cod ( r  = 0.3 1, p = 0.210). Again, if water tem- 
perature in the upper 50 m (the usual location of cod lar- 
vae; Anderson and deYoung 1993) has a significantly detri- 
mental effect on larval survival, a significant decline in 
recruitment in 3Ps should have been observed following the 
1.4"C decline in temperature (greater than any annual decline 
recorded at Station 27) at 50 m between 1984 and 1985. 
However, there is no significant association between water 
temperature ( J a n u q  through June at 50 m; data in Hutchings 
and Myers 1994) and the residuals from the regression of 
log ,,(recruitment) against log, ,(spawner biomass) (data in 
Bishop et al. 1993a) for cod in 3Ps from 1972 to 1989 (r = 
0.11, p = 0.662). 

Et has been argued that cold temperatures effect southerly 
shifts in the location of spawning cod and lead to recruitment 
failures (deYoung and Rose 1993). Empirical support for 
the argument is primarily of three kinds. The first was an 
apparent association between water temperature and recruit- 
ment which, as outlined above, is problematic in its inter- 
pretation. Second, cod larvae in 2J3KL were purported to 
be more southerly distributed in a cold year (1935) than in 
a warm year (1934). However, this observation must be 
tempered by the observation that there was no difference 
in water temperatures on the Northeast Newfoundland Shelf 
in 1934 and 1935 (MEBS data base; t!,,, = 0.95, p = 0.35). 
Third, deYoung and Rose (1993) also argued, citing data 
on spring distributions of cod on the Northeast Newfound- 
Hand Shelf, that cod were more southerly distributed in two 
cold years (1984 and 1985) than in two warm years (1986 
and 1987). However, given that the hydroacoustic samples 
upon which these data are based were not conducted north 
of 51"30rN in 1984 and 1985 because of ice conditions, the 
finding of cod north of this latitude in 1986 and 1987 does 
not constitute evidence that cod are more northerly distrib- 
uted in warm years (a caveat noted also by deYoung and 
Rose 1993). The claim that cod are more widely dispersed 
in warm years cannot be assessed in the absence of data on 
actual locations and sampling effort of the ship(s) involved. 

Sal i~~ity and recruitment 
Even if there is an effect of water temperature on recruit- 

ment, although not detectable with data presently available, 
it will likely be small relative to  that of the size of the 
spawning stock. This can be illustrated by an analysis of 
the effects of salinity on northern cod recruitment. Based 
upon a model proposed by Sutcliffe et al. (1983), Myers 
et al. (1993) found that salinity experienced during the sec- 
ond year of life was significantly related to recruitment 

from 1976 to 1987 when spawning stock biomass was 
included in the analysis. We repeated their multiple regres- 
sion analysis because the most recent VPA estimates of 
recruitment and spawner biomass (Bishop et al. 1993b) indi- 
cated that recruitment from the 1984 to 1988 year classes was 
substantially less than had been estimated in 1992 (Baird 
et al. 1992). The percentage reductions in the 1993 recruit- 
ment estimates relative to those from 1992 were 16% (1984 
year class), 23% (1985), 42% (1986), 55% (1987), and 43% 
(1988). 

Our reanalysis indicates that salinity has little effect on 
recruitment relative to that of spawner biomass. Compar- 
ing one-variable models, the r2 of the regression of log- 
transformed spawner biomass against log-transformed recmit- 
ment (2 = 0.39, p = 0.0004; untransformed recruitment and 
spawner biomass data: 2 = 0.73, p < 0.0001) is highly sig- 
nificant whereas that of the regression of salinity against 
log-transformed recruitment is npt (r2 = 0.11, p = 0.08; 
untransformed recruitment data: r- = 0.15, p = 0.04). The 
marginal significance of salinity suggested by the regres- 
sion of salinity against the untransformed recruitment data 
is not evident in the multiple regression model (i.e., recruit- 
ment = cx(spawner biomass) + p(salinity) + E). Following 
the stepwise addition of spawner biomass, inclusion of salin- 
ity does not significantly improve the r' of the multiple 
regression for either the transformed ( p  = 0.10) or untrans- 
formed data (p = 0.07). 

Resistance and resilience to environtmemtal var ia t io~~ 
We conclude that, relative to the effect of spawner biomass, 

neither temperature nor salinity had a significant influence 
on recruitment of northern cod prior to the moratorium in 
1992. However, one consequence of the dramatic reduc- 
tions in abundance experienced by northern cod over the 
past three decades may have been increased susceptibility to 
environmentally induced stochasticity in age-specific sur- 
vival rates (Harrison 1979; Lande 1988). Populations with 
low r can have reduced ability to return to their equilib- 
rium density following a disturbance from equilibrium, i.e., 
they have low resilience (Holling 1973; May et al. 1974; 
Harrison 1979; Pimm 1991). Low resilience of northern cod 
is implied by their low intrinsic rates of increase during the 
1970s and mid- to late 1980s (Harwood 1978; Harrison 
1979). Thus, the negative association between resilience 
and harvesting mortality (Beddington 1978; Harwood 1978) 
may have increased the susceptibility of cod in recent years 
to changes in water temperature to which larger, more 
resilient populations would not have been affected. Thus, 
the extremely low abundance of northern cod in the 1990s 
raises justified concern that increased vulnerability to both 
fishing (within and without the 200-mile limit) and natu- 
rally occurring environmental variation may significantly 
increase the probability of extinction of this stock. 

Population resilience would also be expected to decline 
with increased variability in juvenile survival. Based upon 
their finding that age is positively correlated with spawn- 
ing duration in cod, Hutchings and Myers (1993) identified 
a mechanism by which the size-selective mortality against 
larger, older individuals characteristic of most fisheries can 
increase variability in recruitment. Selective mortality against 
larger individuals is reflected by the observation that relative 
to the early 196Os, the expected fecundity contribution of 
older cod (15-20 yr) in the late 1980s had declined by two 
orders of magnitude relative to that of younger (7-9 yr) 
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individuals, i.e., for every 400 eggs produced by younger 
cod, older cod produced 48 eggs in the early 1968s but only 
4 eggs in the late 1980s (Fig. 1B in Hutchings and Myers 
1993). Given that younger cod spawn for a shorter period 
than older cod (Hutchings and Myers 19%), this bias towards 
younger ages coupled with a decline in the number of age 
classes during spawning would be expected to shorten the 
effective spawning season, reducing the likelihood that lar- 
vae could initiate feeding during the period of peak zoo- 
plankton abundance and thereby increasing variation in juve- 
nile survival. 

Conclusions 

Our analyses of realized population growth ( r )  indicate 
that northern cod have rarely been fished at sustainable lev- 
els since at Beast 1962. Overfishing by long-distance trawlers 
in the 1960s and 1970s had reduced the stock to near com- 
mercial extinction in 1977. Since Canada's extension of 
fisheries jurisdiction to 200 miles, two factors were of prime 
importance in contributing to the overexploitation of the 
stock from 1977 to 1991. First, management estimated that 
recruitment from 1977 would equal the average maintained 
from 1962 to 1972 (see Steele et al. (1992) and Lear and 
Parsons (1993) for more details). Given that the stock (i.e., 
harvestable abundance) was three to four times larger in 
the 1960s than in 1977, and that recruitment was not cor- 
rected for changes in spawner biomass, the predicted rate 
of growth of the stock was greatly overestimated (see harvest 
predictions in Kirby 1982). Nonetheless, the predicted growth 
sf  the stock Bed to markedly increased industrial and govem- 
ment investment which fuelled a socioeconomic and politi- 
cal optimism in the fishery whose momentum could not 
easily be abated. The second factor was the overestimation 
of stock size (described earlier) and the concomitant excess 
of actual fishing mortality over targeted rates. As noted by 
Finlayson (8994), reliance upon commercial data, whose 
catch rates indicated that the stock was increasing in size, to 
"fine-tune" the VPAs (at least until 1986) was probably a 
reflection of management's prediction of rapid growth sf  
the stock in the late 1970s. 

The temporal changes in demography, population sus- 
tainability, harvest rates, and inshorelsffshore catch rates 
documented here provide strong evidence that over- 
exploitation was the primary cause of the collapse of northern 
cod in the early 1990s. The inability to identify unambigu- 
ous and significant associations between water temperature 
and both spatial and depth-related indices of juvenile and 
adult cod abundance (Myers et al. 1992; deYoung and Rose 
1993; Lilly 1994; present paper), the collapse in population 
structure defined primarily by fewer reproductive age classes 
and fewer individuals per age class (Fig. 14), the observation 
that cod did not have anomalously low age-specific weights 
in the early 1990s (Fig. 13; Fleming 1952), the observation 
that the population decline can be predicted solely from 
harvest rates and cannot be attributed to increased natural 
mortality (Fig. 17; Myers and Cadigan 1995), the low mount 
of recruitment variability that can be attributed to water 
temperature and salinity, and the fact that large harvests 
were sustainable during a colder environment in the nine- 
teenth and early twentieth centuries underscore our postulate 
that the environment contributed relatively little to the col- 
lapse of northern cod relative to that imposed by the fishery. 

The cod collapse and previous commercial extinctions in 

the history of fisheries management (e.g., California sardine 
(Radovitch 198 1); Peruvian anchovy (HiBbom and Walters 
f 992); Mricmarmibiara pilchard (Cram 198 1)) should provide 
ample justification for politicians, policy-makers, industry, 
and management to limit the urge to attribute resource col- 
lapses to vaguely understood or even imagined environ- 
mental causes. The ecological and socioeconomic conse- 
quences of so responding to repeated failure are too great. 
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