04 April Article Hutchings 3/16/04 3:38 PM Page 297 $

nwe Articles

Marine Fish Population
Collapses: Consequences for
Recovery and Extinction Risk

JEFFREY A. HUTCHINGS AND JOHN D. REYNOLDS

Rapid declines threaten the persistence of many marine fish. Data from more than 230 populations reveal a median reduction of 83% in breeding
population size from historic levels. Few populations recover rapidly; most exhibit little or no change in abundance up to 15 years after a collapse.
Reductions in fishing pressure, although clearly necessary for population recovery, are often insufficient. Persistence and recovery are also influ-
enced by life history, habitat alteration, changes to species assemblages, genetic responses to exploitation, and reductions in population growth
attributable to the Allee effect, also known as depensation. Heightened extinction risks were highlighted recently when a Canadian population of
Atlantic cod (Gadus morhua) was listed as endangered, on the basis of declines as high as 99.9%. Unprecedented reductions in abundance and
surprisingly low rates of recovery draw attention to scientists’ limited understanding of how fish behavior, habitat, ecology, and evolution affect
population growth at low abundance. Failure to prevent population collapses, and to take the conservation biology of marine fishes seriously, will
ensure that many severely depleted species remain ecological and numerical shadows in the ecosystems that they once dominated.
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The world’s ocean ecosystems are experiencing
biological change at an unprecedented rate. Potentially
permanent influences on species interactions, food web struc-
ture, and trophic dynamics are most dramatically reflected by
staggering declines in the abundance of marine fishes. Large
pelagic sharks, including threshers (Alopias spp.), great whites
(Carcharodon carcharias), and hammerheads (Sphyrna spp.),
have declined more than 75% in the Northwest Atlantic since
1986 (Baum et al. 2003). Similar reductions over the past 50
years have been reported for other predatory marine fishes
(Christensen et al. 2003, Myers and Worm 2003, Walters
2003). One of these, the Atlantic cod (Gadus morhua), a
species that supported one of the largest and economically
most important fisheries throughout the North Atlantic for
almost 500 years, has declined by as much as 99.9% in some
areas since the early 1960s (COSEWIC 2003). Ultimately,
failure to arrest these declines will result in the loss of species
from parts of their current geographical ranges, a fate al-
ready experienced by more than 55 marine fish species and
one that has resulted in the probable global extinction of at
least 3 of these species over the last two centuries (Dulvy et
al. 2003).

Against this profoundly unsettling backdrop, our objective
is to describe and then evaluate the consequences of severe
population decline on the recovery and vulnerability to
extinction of marine fishes. We begin by summarizing the

magnitude of marine fish population declines over various
periods of time. We evaluate the consequences of decline for
recovery from a broad taxonomic perspective, first using
data on more than 35 species composed of 90 different popu-
lations, and then from the perspective of a single species,
Atlantic cod. Embedded within these analyses is a discussion
of the primary correlates of recovery in marine fishes. We con-
clude with an exploration of the degree to which rates of
decline provide information on risks of extinction.

The scale of the problem

At the outset, we consider the maximum reductions in breed-
ing population size that have been observed across a broad
range of species. The primary constraint on such an exercise
is that these supposed historic rates of decline will always
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underestimate actual declines, because true historic popula-
tion maxima will have occurred well before fishery manage-
ment agencies began collecting data on fish abundance.
For most fish populations, reliable quantitative data on abun-
dance have only been available for the past 2 to 3 decades. One
extremely useful database in this regard has been maintained
by Ransom Myers at Dalhousie University (http://fish.dal.ca/
~myers/data.html, hereafter the Myers database). In this data-
base, spawning stock size, recruitment, catches by the fishery,
and fishing mortality, all estimated by the national or inter-
national agency responsible for the management of each
population, are available for numerous fishes.
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It is clear that marine fishes have experienced extraordinary
declines relative to known historic levels (figure 1). These data
are based on populations for which time series extend at
least 10 years, with a mean of 25 years and a maximum of 73
years. Taken as a whole, the median maximum population
decline among the 232 populations for which data are avail-
able is 83%; well over half of the populations (58%) exhib-
ited maximum declines of 80% or more. The strong negative
skew in the data, and the high median decline in abundance,
are also evident at lower taxonomic levels. Among 56 popu-
lations of clupeids (including Atlantic herring, Clupea haren-
gus), 73% experienced historic declines of 80% or more.
Within the Gadidae (including haddock
[Melanogrammus aeglefinus] and cod [G.
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morhua and other species]), of the 70 popu-
lations for which there are data, more than half
declined 80% or more. And among 30 pleuro-
nectid populations (flatfishes, including floun-
ders, soles, and halibuts), 43% exhibited
declines of 80% or more.

These results are sobering for two reasons.
First, many of them have occurred in spite of
an enormous effort to prevent them from
happening. Second, as noted above, they are
based on “historic” maxima that are not really
historic at all, most fisheries having been well
under way decades or centuries before the
time series of data began. In the absence of
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longer-term data, researchers’ perceptions tend
to scale to time periods that they, or perhaps
their parents, can remember. This results in the
“shifting baseline syndrome” (Pauly 1995),
whereby scientists accept data from more and
more recent periods as baselines, forgetting that
this allows drastically reduced populations to
substitute for the much higher baselines that
occurred before humans began having major
impacts on populations.

Associations between
decline and recovery
Three studies by Hutchings (2000, 2001a,
2001b) examined directly the empirical evi-
dence for the ability of marine fish populations

Maximum population decline (percentage)
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to recover after a population decline. For many
populations, it was possible to find the great-
est 15-year decline in adult biomass and then

Figure 1. Frequency distributions of maximum known declines among marine
fish populations over periods of at least 10 years, shown (a) for all 232 popula-

ask what became of the population sizes 5,
10, and 15 years thereafter. The 15-year time
frame for a population decline (termed “col-

tions (the median decline of 83% is identified by a vertical line) and for 3 fam-  lapse” hereafter) was chosen for two reasons.

ilies: (b) Clupeidae (n = 56, median decline = 91%; includes Atlantic herring,
Clupea harengus); (c) Gadidae (n = 70, median decline = 80%; includes At-
lantic cod, Gadus morhua, and haddock, Melanogrammus aeglefinus); and
(d) Pleuronectidae (n = 30, median decline = 74%; includes flatfishes such as

flounder, sole, and halibut).
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First, it was short enough to obtain a reason-
ably large sample of populations. Second, it was
long enough to approach, for many species,
the three-generation time interval to which
bodies such as IUCN (World Conservation
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Figure 2. Bivariate associations between population decline and subsequent population size for marine fish
populations. The ordinate refers to the size of a population 5 years (a, ¢) and 15 years (b, d) after the pro-
portionately largest 15-year decline experienced by that population, relative to its size at the beginning of
its 15-year decline. Panels a and b include data irrespective of changes to fishing mortality after a collapse;
panels c and d include only those populations for which fishing mortality data are available and for which
fishing mortality declined after a collapse. Populations that experienced some recovery are represented by
points to the right of the slanted lines. Fully recovered stocks are represented by points on and above the
horizontal lines. One datum in panel a (69% population decline of one clupeid followed by a 1.78% recov-

ery) has been omitted for clarity.

Union) and COSEWIC (Committee on the Status of En-
dangered Wildlife in Canada) apply their decline-rate criteria
to assess extinction risk.

Recovery was negatively associated with collapse among the
90 marine fish populations, representing 38 species among 11
families, for which data were available (for all populations,
r=-0.46, p < 0.0001; excluding clupeids, r = —0.64, p <
0.0001). Five years after collapse, 41% of the 90 populations
continued to decline, 51% exhibited some recovery, and 8%
had fully recovered to the adult biomass from which they had
originally declined (figure 2a). The magnitude of population
collapse was also negatively associated with recovery 10 and

15 years after the declines. Indeed, 15 years after collapse, only
12% of marine stocks (all of them clupeids) had exhibited full
recovery, while 40% (primarily gadids, but some clupeids) had
essentially experienced no recovery at all (figure 2b).
Fishing mortality data were available for 56 of the popu-
lations. Among these populations, the exploitation rate
declined after collapse for 36 stocks. When we examined only
those populations for which fishing declined after collapse,
over periods of 5 or 15 years, population recovery was still
highly negatively associated with magnitude of population
decline (for all populations, r=-0.63, p < 0.0001; excluding
clupeids, r=-0.79, p < 0.0001) (figure 2c, 2d; Hutchings 2001b).
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It could be argued that the metric of collapse used here sets
an unduly stringent benchmark for recovery, if the initial
adult biomass against which the collapse is calculated corre-
sponds to the highest spawner biomass ever experienced by
that population. But it does not, because none of the stocks
were unfished at the start of the time series, and the adult bio-
mass benchmark for the 90 populations examined here was,
on average, only 81% of the maximum observed (Hutchings
2001b). Within the two families for which the most data
were available, the spawner benchmarks for herring and their
relatives were 70% of their observed maxima, while those of
the cod family were 75% of their observed maxima. Within
species, adult benchmarks for herring and cod were 68%
and 63% of their respective maxima.

Three main conclusions can be drawn. First, the rate of
population decline is an empirically defendable predictor of
population recovery. Second, it is not unusual for popula-
tions that have declined more than 60% over 15 years to
exhibit little or no recovery as much as 15 years later, even
when fishing mortality has been reduced following
collapse. Third, the association between collapse and
recovery differs among marine fish taxa. Clupeids, which
include herrings and sardines, appear to be more likely to
recover from collapse than other species. This apparent
increased resilience may be attributable to an earlier age at
maturity, to reduced vulnerability to incidental exploitation
or bycatch, and possibly, given the clupeid’s pelagic life
cycle, to reduced probability of habitat destruction by
fishing gear (Hutchings 2000, 2001b). However, notwith-
standing their greater ability to recover as a group, clupeids
have been eliminated from parts of their range in the past
century (Dulvy et al. 2003).
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Correlates of recovery in marine fishes

The preceding analyses suggest that the recovery of marine
fishes may be related to taxonomic affiliation (herring versus
cod), habitat (pelagic versus demersal), fishing (targeted catch
versus bycatch), and life history (early versus delayed matu-
rity). Here we consider these and other potential correlates of
marine fish recovery (see Dulvy and colleagues [2003] for
additional discussion).

Fishing. The premise behind most management strategies and
recovery plans is that the primary factor inhibiting recovery
is fishing. While this seems logical, especially because fishing
is always strongly implicated in a population’s initial decline,
the support for this idea is surprisingly equivocal.

To examine whether recovery is strongly linked to reduc-
tions in fishing, Hutchings (2001b) collated estimates of ex-
ploitation rate (the amount of fish taken by a fishery in
relation to what is available to be taken, including incidental
or bycatch mortality when such data are available) from the
Myers database. Using these estimates, Hutchings calculated
the ratios of exploitation rates for each population 5 years af-
ter collapse (Epm) to exploitation rates in the 5 years before
collapse (E pre). Thus, a decrease in a population’s exploitation
rate after collapse would yield a ratio (E, :E ) less than 1
(figure 3).

As expected, populations recovered more quickly when fish-
ing mortality declined after collapse. Populations returned to
an average of 39% of their precollapse size when fishing
mortality declined, compared with an average of only 29%
recovery when fishing mortality remained constant or in-
creased. Therefore, it appears that a reduction in fishing
mortality is indeed necessary for recovery. Surprisingly, how-

ever, the extent to which
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Figure 3. Recovery of marine fish populations 5 years after the proportionately largest 15-year de-
cline by each population (as a ratio of precollapse to postcollapse exploitation rate). Populations
that experienced reductions in fishing mortality after the collapse are shown to the left of the
dashed line; those in which exploitation increased are to the right.
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fishing has no beneficial
influence on recovery.
Clearly, some populations
have responded very fa-
vorably to reductions in
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Table 1. Variables that are hypothesized to influence the recovery of marine fishes.

Variable

Correlate of recovery

Influence on recovery

Societal response

Life history

Allee effect (depensation)

Habitat modification

Interactions among species

Genetic and evolutionary
responses to exploitation

Rapidity of response

Probability of reducing

fishing mortality to zero

Scientific folklore

Age at maturity

Fecundity

Size at maturity

Growth rate

Reduced per capita
growth rate

Pelagic, open-water
habitat versus demersal,

Changes to species
assemblages

Loss of top predators;
narrowing of trophic
breadth

Loss of genetic variation

Selection response

The sooner remedial action is taken following collapse, the greater the recovery of
abundance and age structure.

Low for bottom-dwelling or demersal fishes for which bycatch is high; higher for
midwater or pelagic fishes (Alverson et al. 1994).

Empirically unsupported perceptions can negatively affect the timing and the nature
of the managerial response.

Age at maturity is negatively associated with maximum population growth, or r,_
(Roff 2002), and thus with potential recovery rate (Denney et al. 2002).

Very low fecundity (< 100 eggs) is characteristic of species (e.g., elasmobranchs)
that have low r, (Musick 1999b).

Large-maturing species have slower recovery rates than do small-maturing species
(Denney et al. 2002, Dulvy and Reynolds 2002, Dulvy et al. 2003), given the general
link between large size and delayed maturity in fishes (Hutchings 2002).

Faster potential recovery is associated with rapid individual growth rather than slow
individual growth (Denney et al. 2002).

Hypothesized but untested causes include increased predation, reduced mating
success, and reduced fertilization success at low population sizes, all of which may
delay or prevent recovery.

If bottom-deployed fishing gear negatively affects essential habitat, demersal and
bottom pelagic species can be expected to have faster recovery rates than do
demersal bottom habitat species (Hutchings 2000).

Reduced abundance of adults can increase interspecific competition and predation
experienced by juveniles (e.g., Swain and Sinclair 2000, Walters and Kitchell 2001),
thereby delaying or negating recovery.

Reduced abundance of top predators (Hutchings 2000, Baum et al. 2003,
Christensen et al. 2003, Myers and Worm 2003) has unpredictable consequences
for ecosystems but almost certainly negative consequences for recovery of top
predators, such as Atlantic cod.

Reductions in population size are associated with reduced genetic variation, a
consequence considered detrimental to recovery (Lande 1993).

Fishing-induced changes to fitness-related traits, such as age and size at maturity,
can negatively affect r__ (e.g., Hutchings 1999) and negatively influence recovery.

max

fishing mortality, while others have not (figure 3). Reductions
in fishing appear to be necessary, but not always sufficient,
for recovery. Several other potential correlates of recovery in
marine fishes (table 1) can be identified from the literature
and from known or suspected links between various factors
andr, .
Societal and managerial responses. Recovery depends on how
societies and governments respond to population collapse.
This is often a political matter, settled in the usual political
ways, with decisionmakers balancing bleak scientific assess-
ments against short-term economic pressures to avoid harsh
reductions in fishing. The speed with which managerial
action is taken to halt population decline will influence the
age and size structure of the population at the time of collapse,
both of which can significantly affect recovery. Societal
responses to collapse can also be influenced by what might
be termed scientific and professional folklore: institutional or

o

collective beliefs that are based on intuition rather than on
peer-reviewed data analysis.

Effective management requires good cooperation with
fishers and strong enforcement of rules to force fishers to com-
ply. Fishers often have large debts to pay because of capital
investments in fishing boats and gear. As fish stocks decline,
the fishers’ financial gains per day decline as well. This has
the understandable, but environmentally perverse, effect of
causing fishers to react strongly against controls on their
activities. Arguments about short-term pain for long-term gain
tend to fall on deaf ears when times are bad. Furthermore,
there is the question of who, exactly, will gain from stringent
management measures. Most fisheries involve competition
among fishers. The “tragedy of the commons” ensures that
longer-term benefits from rebuilding programs may well go
to someone else. If that someone else is from another coun-
try, fishers can enlist wider public support for their lobby-
ing against controls. Fish population recovery, therefore,
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requires institutional structures that either entice fishers
to leave the business, through expensive buyout schemes of
fishing boats and licenses, or else force them to reduce fish-
ing activities.

Life history. Life-history traits influence recovery because
of their intimate association with r . According to life-
history theory (Hutchings 2002, Roff 2002), a high recovery
rate should be correlated with low age at maturity, small
body size, short life span, and rapid individual growth
(Reynolds et al. 2001, Reynolds 2003). These expectations have
been borne out by empirical work on marine fishes (Denney
et al. 2002, Dulvy and Reynolds 2002, Dulvy et al. 2003).
Although rapid recovery has been hypothesized to be asso-
ciated with high fecundity (Musick 1999a, Powles et al. 2000),
this postulate enjoys neither theoretical (Hutchings 2001a,
2001b, Sadovy 2001, Dulvy et al. 2003) nor empirical support
(Reynolds et al. 2002). The latter point is underscored by the
lack of recovery of some highly fecund fishes, such as Atlantic
cod (COSEWIC 2003) and the near extinction of others,
such as the Chinese bahaba (Bahaba taipingensis; Sadovy
and Cheung 2003). Indeed, because there is a positive corre-
lation between body size and fecundity, high fecundity may
actually be associated with low recovery potential (Denney et
al. 2002).

An important point to bear in mind when considering the
links between life history and recovery is that fishing always
truncates size and age distributions. Given that fecundity
increases exponentially with female weight (McIntyre and
Hutchings 2003), populations composed of small individu-
als will have reduced reproductive potential (Scott et al. 1999)
and potentially increased variance in offspring survival
(Hutchings and Myers 1993). Furthermore, studies of
Atlantic cod have shown that egg size and early survival of
larvae are reduced in younger females (Trippel 1998). Together,
these effects may conspire to reduce the potential for recov-
ery to a much greater extent than one would predict if changes
in size and age structure of populations were ignored.

Genetic and evolutionary responses to exploitation. Most
fisheries target some age or size classes within a population
over others. Typically, larger, older, faster-growing individu-
als are more likely to be caught than smaller, younger, slower-
growing individuals. Classical population genetics stipulates
that only two conditions need be fulfilled for this selectivity
to bring about evolutionary change: The mortality experienced
by some phenotypes must be sufficiently high and different
from that experienced by other phenotypes, and the charac-
teristics that render some individuals more vulnerable than
others must be heritable. These conditions are probably ful-
filled in many fisheries (Haugen and Vellestad 2001, Law
2001, Conover and Munch 2002). For example, mortality
caused by fishing is usually considerably higher than natural
mortality, and it is often biased intentionally toward larger in-
dividuals, both because of their increased value and because
of management tactics, such as minimum mesh and fish
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sizes, that increase the chance that smaller fish will be able to
breed before being caught. Numerous studies have shown that
key traits such as growth rates and body size have significant
heritabilities (Roff 2002).

The combination of heritability and strong selectivity
appears to have caused evolutionary change in some ex-
ploited populations. North Sea plaice ( Pleuronectes platessa)
and Atlantic cod have both shown considerable reductions in
age at maturity in the past century (COSEWIC 2003, Rijns-
dorp 1993). Cod in some areas have also become smaller at
a given age (Sinclair et al. 2002) and are reproducing at
smaller sizes than those observed historically (COSEWIC
2003). Although it is difficult to know with certainty that these
declines represent genetic change rather than phenotypic
plasticity, the argument for evolutionary responses appears to
be particularly strong in some cases, including the fishery for
Newfoundland cod (Hutchings 1999). For example, in a
study of pink salmon (Oncorhynchus gorbuscha) in north-
western North America, Ricker (1981) found that 57 of 97
populations underwent a reduction in body size between
1951 and 1975. These fish were caught in size-selective fish-
eries that caught an average of 80% of the adult population
each year. Ricker concluded that the observed reduction in
body size could represent an evolutionary response to selec-
tion against large individuals if the heritability for size was 0.3,
an empirically defendable estimate (Roff 2002). In addition,
there were no obvious changes in salinity or temperature,
which might affect body size through phenotypic plasticity,
during the time of the study. Indeed, the reductions in fish
density caused by fishing would, if anything, be expected to
produce larger body sizes by reducing competition for food
and space.

Reductions in age and size at maturity may negatively
affect recovery (Hutchings 2002, Roff 2002). Earlier maturity
can be associated with reduced longevity, increased post-
reproductive mortality, and smaller sizes at reproductive age.
Evolutionary reductions in body size may also lead to the prob-
lems mentioned earlier—reduced fecundity, smaller egg size,
and increased variance in offspring survival—all of which
would be expected to have a negative effect on population
growth.

The Allee effect. Slow rates of recovery may be a product of
what is known in the fisheries literature as “depensation”
and better known throughout the ecological literature as the
“Allee effect.” This refers to situations in which rates of pop-
ulation growth per capita decline when population sizes fall
below some threshold level of abundance. The existence of an
Allee effect has been suggested as one explanation for the
relatively slow recovery of Atlantic cod and other marine
fishes (Shelton and Healey 1999, Frank and Brickman 2000,
Hutchings 2001a, 2001b). For several populations of cod in
the Northwest Atlantic, per capita mortality has increased in
recent years, possibly because of changes in predator—prey
interactions (Smedbol et al. 2002, COSEWIC 2003). Per
capita birth rates may also have been affected negatively by
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reduced mate availability, lower fertilization success, changes
to operational sex ratios, and reduced intensity of social in-
teractions during spawning (Rowe and Hutchings 2003).
However, despite increased attention to the Allee effect as a
factor responsible for slow recovery rates in marine fishes, a
dearth of empirical work stands as a significant barrier to
understanding in this area.

Habitat modification. Relative to overexploitation, habitat
modification is of secondary (albeit significant) importance
as a cause of population decline in marine fishes (Reynolds
etal. 2002, Dulvy et al. 2003). Nonetheless, for species not re-
stricted to nearshore or coral reef habitats, bottom trawling
may pose a threat to recovery. Repeated dragging of a net in
a given area tends to smooth and flatten the bottom, reduc-
ing physical heterogeneity (Collie et al. 1997, Kaiser and
de Groot 2000). If physical structure is critical to the survival
of demersal (bottom-dwelling) marine fishes, notably in
the form of plants, physical relief, and corals, then demersal
species such as cod may be subjected to greater habitat
loss and slower rates of recovery than pelagic species such
as herring.

There is no reason to think that fish species should be any
more immune than terrestrial species to the impact of
accelerating habitat loss. The differences, if there are any,
may be that habitat alteration is less visible in the marine
environment and, in some cases, that it may be less advanced
than the loss of many terrestrial habitats. This is certainly not
the case for Caribbean reefs, where there has been an 80%
reduction in the area of live coral over the past 25 years
(Gardner et al. 2003). We are not aware of any area of forest
this size having undergone such a drastic change in such
a short time period. Surprisingly little is known about the
basic habitat requirements of the vast majority of fish species;
this is an area of research that requires considerably more
attention than it has received in the past.
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Changes to species assemblages and food webs. The past few
decades have been witness to extraordinary declines in the
abundance of large predatory fishes, a process that has resulted
in a “fishing down” of the food chain (Pauly et al. 1998).
Studying populations for which at least 20 years of abundance
data were available in the Myers database, Hutchings (2000)
reported that 42% of the gadid populations, 37% of the
scombrid populations (including tunas and mackerels), and
50% of the scorpaenid populations (including redfish, rock-
fish, and ocean perch) had declined by 80% or more. Baum
and colleagues (2003) reported that 15 species of large coastal
and oceanic sharks had declined more than 50% in the
Northwest Atlantic in the previous 15 years, with some de-
clining 75% or more. Similarly extensive declines over the past
50 years have been reported across a broad range of preda-
tory marine fishes (Christensen et al. 2003, Myers and Worm
2003). Although the overall consequences for recovery of
such narrowing of trophic breadth are not known, changes
to community structure, in the form of altered predator—prey
interactions and changes to interspecific competition,
appear to be impeding the recovery of Atlantic cod in Cana-
dian waters.

The collapse of Atlantic cod in Canada

Before assessing the degree to which population collapses such
as those documented here and elsewhere might affect
extinction risks in marine fishes (see also Reynolds et al.
2002, Dulvy et al. 2003 ), we will initially limit the discussion
to Atlantic cod, a species with unparalleled historical and
socioeconomic importance throughout the North Atlantic.
After examining genetic, life-history, and demographic data
within the empirical and theoretical constructs of recogniz-
ing evolutionarily significant units (Waples 1991), COSEWIC
assigned status to four cod populations in May 2003. One of
these—the Newfoundland and Labrador population—was
assigned endangered status (table 2; COSEWIC 2003), mark-

Table 2. Historical and three-generation rates of decline estimated

Atlantic cod, as reported by the Committee on the Status of Endangered Wildlife in Canada (COSEWIC 2003).

by virtual population analysis for Canadian stocks of

Georges Bank cod

COSEWIC COSEwWIC Atlantic cod stock (current abundance Three-generation rate of
population status as a percentage of the COSEWIC population) decline (years)
Arctic Special concern Not applicable Insufficient data
Newfoundland and Labrador Endangered Northern Labrador cod (2%) Insufficient data
Northern cod (95%) 97% (1968-2001)
Southern Grand Bank cod (3%) 98% (1968-2001)
Laurentian North Threatened St. Pierre Bank cod (56%) 46% (1968-2001)
Northern Gulf of St. Lawrence cod (44%) 93% (1975-2002)
Maritimes Special concern Southern Gulf of St. Lawrence cod (82%) 23% (1973-2002)
Cabot Strait cod (2%) 95% (1981-2000)
Eastern Scotian Shelf cod (6%) 75% (1970-1997)
Western Scotian Shelf and Bay of Fundy cod (6%) 78% (1979-2002)
)

(Canadian portion) (4%) 70% (1979-2002

COSEWIC, Committee on the Status of Endangered Wildlife in Canada.
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150 more than 50 years; these
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100 analysis (VPA) models pro-
vided by the Canadian De-
partment of Fisheries and
. Oceans. Virtual population
analysis is a widely used
technique for estimating
past annual stock sizes and
fishing mortality rates; it is
1950 1963 1976 1989 2002

which are calibrated with
f. Western Scotian Shelf cod
experienced by what once
1950 1963 1976 1989 2002
i. Georges Bank cod
almost two billion breeding
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5
northern cod have declined

05 survey data and combined
was one of the world’s most
individuals and comprised

0 by 97% (table 2). Accord-

with estimates of natural
20
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abundant cod stocks. In the
75% to 80% of Canada’s
ing to another source of

mortality.

0 early 1960s, the northern
cod (COSEWIC 2003).
abundance data—catch

1950 1963 1976 1989 2002

Figure 4. Time series of spawner abundance data for nine Canadian stocks of Atlantic cod
(Gadus morhua). The stocks, and the alphanumeric NAFO (Northwest Atlantic Fishery Orga-
nization) management units in which they belong, are (a) northern cod, 2J3KL; (b) northern

based primarily on data
from commercial landings,

The collapse of Atlantic

cod in Canada has been ex-

traordinary (table 2, figure

4). The greatest decline was

cod stock (extending from

southeastern  Labrador

south to the northern half of

» the Grand Bank) numbered
Opver the past three genera-

tions, according to VPA

estimates of the numbers of

cod aged 5 years and older,

rates from fisheries’ inde-

pendent surveys—northern

cod have declined by 99.9%

since 1983 (COSEWIC

Gulf of St. Lawrence cod, 3Pn4RS; (c) eastern Scotian Shelf cod, 4VsW; (d) southern Grand 2003).

Bank cod, 3NO; (e) Southern Gulf of St. Lawrence cod, 4T; (f) western Scotian Shelf and Bay of

The primary cause of the

Fundy cod, 4X; (g) St. Pierre Bank cod, 3Ps; (h) Cabot Strait cod, 4Vn; and (i) Georges Bank cod  reduction in Atlantic cod

(Canadian portion), 5Ze.

ing the first time that any listing body had recognized Atlantic
cod as an endangered species. Three of the four COSEWIC
populations were composed of more than one cod manage-
ment unit, or stock. With the exception of northern Labrador
cod, stock-specific abundance data were available for periods
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throughout its Canadian

range was overexploitation
(Hutchings and Myers 1994, Hutchings 1996, Myers et
al. 1997, Fu et al. 2001, Smedbol et al. 2002). In some areas,
either reductions in individual growth (attributable to
the environment or to size-selective fishing) or increased
natural mortality may have exacerbated the rate of decline
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(Smedbol et al. 2002, COSEWIC 2003). Identifiable threats
to recovery include directed fishing (a consequence of set-
ting quotas), nondirected fishing (a consequence of illegal
fishing, catch misreporting, and discarding fish at sea), and
bycatch from other fisheries. Additional threats include al-
tered biological ecosystems and concomitant changes to
the magnitude and types of species interactions (such as an
increase in cod mortality attributable to seal predation;
McLaren et al. 2001), all of which appear to have resulted in
increased mortality among older cod. Fishery-induced
changes to life history, such as trends toward smaller size and
earlier age at maturity, may also have reduced population
growth rate by reducing longevity and by increasing postre-
productive mortality (Beverton et al. 1994, Roff 2002).

Consequences of population

decline for risk of extinction

The fact that many marine fishes have experienced unprece-
dented reductions in abundance is incontestable. There is a
lack of consensus, however, on the question of whether the
rate of decline reflects the risk of extinction. The perception
that collapsed marine fishes are not at imminent risk of
extinction seems pervasive among fisheries managers, who do
not seem to appreciate the dramatic influence that relatively
small catches can have on the recovery of depleted popula-
tions. Further compounding this perception is the near
absence of discussion of the effects that decling population
size can have on genetic variability, a metric of considerable
importance to persistence.

Population-decline criteria used to assess extinction risk.
Since IUCN listed Atlantic cod as a vulnerable species in
1996, debate has ensued as to whether the criteria that are
used to assess extinction risk for terrestrial animals, plants,
and freshwater fishes should also be used to assess extinc-
tion risk in marine fishes. This debate has included both in-
tuitive arguments in favor of treating marine fishes
differently (Musick 1999a, Powles et al. 2000) and empir-
ical analyses suggesting that the extinction probabilities
of marine fishes are unlikely to differ from those of other
taxa (Hutchings 2000, 2001a, 2001b, Sadovy 2001, Reynolds
et al. 2002, Dulvy et al. 2003). From a quantitative per-
spective, the arguments against treating marine fishes as one
would treat other taxa ultimately hinge on the question of
how adequately the rates of decline used to assign species
to at-risk categories reflect the likelihood that a particular
population or species will decline to zero. This is a legiti-
mate question, but it is one that should be asked of all
taxa, not just marine fishes.

The criterion in question specifies thresholds for popula-
tion decline that, if attained or exceeded over the longer of
three generations or 10 years, may cause a taxon to be assigned
to a particular category of extinction risk. The extinction
risk faced by taxa for which “the causes of the reduction [in
population size] are clearly reversible AND understood AND
ceased” (IUCN 2001; capital letters in original) is assessed

o
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using the following thresholds for rates of decline: 90% (criti-
cally endangered, IUCN); 70% (endangered, IUCN and
COSEWIC); and 50% (vulnerable, IUCN; threatened,
COSEWIC). It is against these three-generation thresholds for
rates of decline that one can expect many marine fishes to be
assessed. This seems reasonable, when the causes of decline
and the threats to recovery include neither habitat destruc-
tion nor invasive species introductions.

Using the population decline and recovery data described
previously (figure 2a, 2b), we empirically assessed the utility
of these decline-rate thresholds as metrics of extinction by
quantifying the probability of recovery to arbitrary, but
defendable, levels of abundance. Specifically, for each 15-
year rate of decline, we calculated the proportion of popula-
tions that, between 5 and 15 years afterward, either recovered
to half of their population size at the start of the decline
or recovered fully. For some populations, there were no data
beyond 5 years after a collapse (figure 5). Among those for
which data extended to 15 years after a collapse, it is distressing
to note the frequency with which abundance increased 5
years after the collapse only to decline again thereafter.

The data in table 3 suggest that the decline-rate thresholds
used by IUCN and COSEWIC to assign status are appropri-
ate, insofar as the probability of recovery is a reliable metric
of extinction risk (table 3). This is particularly true if clupeids,
the family with comparatively high resilience among ma-
rine fishes (figure 5a, 5¢), are excluded from the analysis.
Following 15-year declines of 70% and 90%, only 11% of the
nonclupeid fish populations recovered to 50% of their pre-
vious size, and none of them recovered to 100% (figure 5b,
5d). Given these low probabilities of attaining very modest lev-
els of recovery, one could argue that there is no compelling
reason to discount the population-decline criteria that are
currently applied to taxa, including marine fishes, for which
neither habitat loss nor species invasions can account for
population decline.

Fishing. Foremost among threats to recovery is fishing.
It has proved exceedingly difficult for managers to reduce
the fishing mortality of collapsed populations to zero. Even
if targeted fishing is banned, with few exceptions (such as
schooling pelagic fishes), depleted species continue to be
caught as bycatch in other fisheries (Alverson et al. 1994). More
troublesome is the reality that closed fisheries tend to be
reopened at the first sign of population increase, rather than
after the attainment of some target level for recovery.

Some people have termed fisheries for recovering species
“limited fisheries” because of their low catch quotas relative
to historic levels. However, such a term can be dangerously
misleading, given that these fisheries often exact high
mortality tolls on depleted populations. For example,
although northern cod quotas between 1999 and 2002 were
small relative to those set in the mid-1980s (5600 to 9000
metric tons [t] compared with quotas exceeding 200,000 t),
the demographic impact was high because abundance was
correspondingly low. In 2002, among cod older than 3 years,
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a. Clupeids (> 70% decline)

b. Other fishes (> 70% decline)

and a demographic perspective, it would
be premature to assume that high levels of
abundance in depleted populations will
ensure long-term population survival. In
fact, the complacency embodied in the
“safety in numbers” argument may rep-
resent a notable threat to marine fish
recovery.

Although abundance can appear high,
itis important to acknowledge that census
estimates of mature individuals (N do
not reflect the actual numbers of individ-
uals that contribute genes during spawn-
ing, as reflected by the effective population
size (N). For broadcast-spawning organ-
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isms such as Atlantic cod, it has been esti-
mated that N is two to five orders of
magnitude lower than N_because of the in-
creased variance in individual reproductive
success associated with this type of mating
system (Hedgecock 1994). Empirical sup-
port for a similar N :N_ratio has recently
come from studies of marine fishes. Esti-
mating N, from declines in heterozygosity
and temporal fluctuations in allele fre-
quency over 46 to 48 years, Hauser and col-
leagues (2002) concluded that effective
population size in the broadcast spawning
New Zealand snapper (Pagrus auratus)
was five orders of magnitude less than the
census population size, which numbers in
the millions. The effective number of fe-
male red drum (Sciaenops ocellatus) in the
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Figure 5. Proportional 15-year population declines (= 70% and > 90%) and sub-
sequent recovery of clupeids ([a] > 70% decline, n = 16 populations; [c] > 90% de-
cline,n = 9) and all other species ([b] > 70% decline, n = 38; [d] > 90% decline, n

= 16). Data are from Hutchings (2000).

20% were estimated to have died as a consequence of fishing;
among cod older than 5 years, more than 35% were extracted
by the fishery (DFO 2003). These exploitation rates exceed the
rate (18%) considered sustainable in the 1980s (Hutchings and
Myers 1994) and the 10%-20% per annum range in 7, _
estimated for northern cod (Hutchings 1999).

Effective genetic and demographic population size. It might
be tempting to downplay or even dismiss suggestions that
marine fish populations can become extinct, because fish
abundance can remain relatively high despite dramatic rates
of decline (e.g., Matsuda et al. 1998). For example, despite
having declined 99.9% since the early 1960s, breeding north-
ern cod in the first few years of the 21st century number in
the millions (COSEWIC 2003). However, from both a genetic
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is 0.001 times that of the female census
population size.

The dynamics of small populations are
governed largely by the misfortunes of
each individual. Thus, in addition to ge-
netic considerations, the viability of a small population is a
function of chance realizations of individual probabilities of
death and reproduction. These chance events are products of
demographic and environmental stochasticity, that is, of un-
predictable environmental factors that affect the survival or
fecundity of some (in demographic stochasticity) and some-
times all (in environmental stochasticity) individuals in a
population (Lande 1993). Small populations may be far more
likely to become extinct as a result of demographic or envi-
ronmental stochasticity rather than as a result of the negative
genetic consequences associated with small N, (Lande 1993,
Caughley 1994).

Risks to historically small populations are further exacer-
bated by the fact that as populations decline, their geo-
graphical range tends to decline as well, as individuals seek and
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Table 3. Probability of recovery (over a period of 5 to 15 years) to 50% and 100% of the
abundance (N ) from which marine fish populations experienced their greatest 15-year
population decline.
Marine fish 15-year rate Number of Probability of recovery
species of decline populations to0.5N, toN,
All >50% 7 29% 10%
> 70% 54 22% 11%
> 90% 23 13% 9%
All except Clupeidae > 50% 58 17% 2%
> 70% 38 11% 0%
> 90% 16 0% 0%
Clupeidae (including >50% 19 63% 37%
herring) > 70% 16 50% 37%
> 90% 7 43% 29%
Gadidae (including >50% 25 20% 0%
Atlantic cod, > 70% 19 21% 0%
haddock) > 90% 6 0% 0%
Source: Data updated from Hutchings (2000); see also figures 2 and 5.

remain in the most favorable habitats (Swain and Wade
1993). Such range contractions can increase the risk of
exposing collapsed populations to environmentally stochas-
tic events that reduce survival. Again, northern cod provides
an instructive example. In early 2003, more than 1500 t of
mature cod, of which only about 1000 t were retrieved, died
in a very small area of Trinity Bay along the northeast coast
of Newfoundland (Hoag 2003). Although various causes for
the deaths have been hypothesized, an unpredictable oceano-
graphic event that trapped cod in supercooled water may pro-
vide the most parsimonious explanation. Irrespective of the
cause, given that the entire inshore spawning population of
northern cod in 2003 was estimated to be only 14,000 t (DFO
2003), this environmentally stochastic event probably re-
sulted in the death of more than 10% of the inshore breed-
ing population, thus having a disproportionately large
influence on population recovery relative to the geographic
area over which it took place.

Epilogue
In autumn 2003, the International Council for Exploration
of the Sea (ICES), the body responsible for providing
scientific advice to European governments on the status of
Northeast Atlantic fishes, concluded that cod in and adjacent
to the North Sea were at or near their lowest recorded levels,
their breeding populations having declined almost 90% since
the 1970s (ICES 2003). Unremittent increases in fishing
strongly implicated exploitation as the cause of the collapses
(in 2001, two out of every three cod older than 1 year were
being caught by the fishery). To restore depleted stocks as
quickly as possible, ICES recommended that both targeted and
bycatch fisheries for cod be closed. However, these drastic
measures will almost certainly not be implemented.

All too often, society seems to lack the collective institutional
and political will to prevent the depletion of marine fishes and
to resist the temptation to exploit them before they have

achieved ecologically meaningful levels of abundance. Canada’s
reopening of a targeted fishery for northern cod in 1999
(closed again in 2003 ), applying pressure on a population that
had declined 99.9% and shown no scientifically defensible
signs of recovery, serves as one of the more unfortunate
examples of a nation’s repeated abuse of marine ecosystems.

Equivocal responses by severely depleted marine fishes
to reductions in fishing are disquieting. They suggest that
restrictions on the only thing that humans can control—
fishing, managed by catch or effort limits—are not always
sufficient to allow recovery by collapsed populations. The
current low population sizes represent uncharted territory
in which the scientific capacity to predict future biological
dynamics is severely diminished.

The research conducted to date on the collapse, recovery,
and extinction risks of marine fishes draws attention to the
risks posed to fish and to fisheries by allowing populations to
decline to the extraordinarily low levels evident today. Com-
prehensive recovery strategies require greater understanding
of how fish behavior, habitat, ecology, and evolution affect
population growth at low abundance. Such strategies also
require the managerial fortitude to place long-term
conservation benefits to fish and fisheries ahead of short-term
political expediency.

The collapse of Newfoundland’s northern cod can be
considered the marine equivalent of the hunting of buffalo
to pitiable levels of abundance. Failure to take the conserva-
tion biology of marine fishes seriously will ensure that other
similarly depleted species remain ecological and numerical
shadows in the ecosystems where they once dominated.

Acknowledgments

Most of the analyses presented here were supported by a
Natural Sciences and Engineering Research Council of Canada
research grant to J. A. H. The United Kingdom’s Natural
Environment Research Council supported J. D. R’s research.

April 2004 / Vol. 54 No. 4 « BioScience 307

o



Articles et

The compilation of abundance data on Canadian populations
of Atlantic cod was funded by the Committee on the Status
of Endangered Wildlife in Canada. It is a pleasure to
acknowledge Ransom Myers for having the foresight to com-
pile abundance and biomass data for commercially exploited
fish worldwide and for his professional generosity in making
these data available on the Web. We thank Julia Baum and three
anonymous referees for their helpful comments on an earlier
draft of the manuscript.

References cited

Alverson DL, Freeberg MK, Murawski SA, Pope JG. 1994. A global assessment
of fisheries bycatch and discards. Rome: Food and Agriculture Organi-
zation of the United Nations. FAO Fisheries Technical Paper no. 339.

Baum JK, Myers RA, Kehler DG, Worm B, Harley SJ, Doherty PA. 2003. Col-
lapse and conservation of shark populations in the Northwest Atlantic.
Science 299: 389-392.

Beverton RJH, Hylen A, Ostvedt OJ. 1994. Growth, maturation, and longevity
of maturation cohorts of Northeast Arctic cod. ICES Journal of Marine
Science Symposium 198: 482-501.

Caughley G. 1994. Directions in conservation biology. Journal of Animal Ecol-
ogy 63: 215-244.

Christensen V, Guénette S, Heymans JJ, Walters CJ, Watson R, Zeller D,
Pauly D. 2003. Hundred-year decline of North Atlantic predatory fishes.
Fish and Fisheries 4: 1-24.

Collie JS, Escanero GA, Valentine PC. 1997. Effects of bottom fishing on the
benthic megafauna of Georges Bank. Marine Ecology Progress Series 155:
159-172.

Conover DO, Munch SB. 2002. Sustaining fisheries yields over evolutionary
time scales. Science 297: 94-96.

[COSEWIC] Committee on the Status of Endangered Wildlife in Canada.
2003. COSEWIC Assessment and Update Status Report on the Atlantic
Cod Gadus morhua, Newfoundland and Labrador Population, Lau-
rentian North Population, Maritimes Population, Arctic Population, in
Canada. Ottawa (Canada): COSEWIC.

Denney NH, Jennings S, Reynolds JD. 2002. Life-history correlates of max-
imum population growth rates in marine fishes. Proceedings of the
Royal Society of London, B 269: 2229-2237.

[DFO] Department of Fisheries and Oceans. 2003. Northern (2J+3KL)
Cod. Ottawa (Canada): DFO. Canadian Science Advisory Secretariat
Stock Status Report 2003/018.

Dulvy NK, Reynolds JD. 2002. Predicting extinction vulnerability in skates.
Conservation Biology 16: 440—450.

Dulvy NK, Sadovy Y, Reynolds JD. 2003. Extinction vulnerability in marine
populations. Fish and Fisheries 4: 25-64.

Frank KT, Brickman D. 2000. Allee effects and compensatory population
dynamics within a stock complex. Canadian Journal of Fisheries and
Aquatic Sciences 57: 513-517.

Fu C, Mohn R, Fanning LP. 2001. Why the Atlantic cod (Gadus morhua) stock
off eastern Nova Scotia has not recovered. Canadian Journal of Fisheries
and Aquatic Sciences 58: 1613-1623.

Gardner TA, Coté IM, Gill JA, Grant A, Watkinson AR. 2003. Long-term
region-wide declines in Caribbean corals. Science 301: 958-960.

Haugen TO, Vollestad LA. 2001. A century of life-history evolution in
grayling. Genetica 112: 475-491.

Hauser L, Adcock GJ, Smith PJ, Ramirez JHB, Carvalho GR. 2002. Loss of
microsatellite diversity and low effective population size in an over
exploited population of New Zealand snapper (Pagrus auratus).
Proceedings of the National Academy of Sciences 99: 11742-11747.

Hedgecock D. 1994. Does variance in reproductive success limit effective
population sizes of marine organisms? Pages 122—134 in Beaumont AR,
ed. Genetics and the Evolution of Aquatic Organisms. London:
Chapman and Hall.

Hoag H. 2003. Atlantic cod meet icy death. Nature 422: 792.

308 BioScience * April 2004 / Vol. 54 No. 4

04 April Article Hutchings 3/16/04 3:38 PM Page 308 $

Hutchings JA. 1996. Spatial and temporal variation in the density of north-
ern cod and a review of hypotheses for the stock’s collapse. Canadian
Journal of Fisheries and Aquatic Sciences 53: 943-962.

. 1999. Influence of growth and survival costs of reproduction on

Atlantic cod, Gadus morhua, population growth rate. Canadian Journal

of Fisheries and Aquatic Sciences 56: 1612-1623.

.2000. Collapse and recovery of marine fishes. Nature 406: 882—885.

. 2001a. Conservation biology of marine fishes: Perceptions and

caveats regarding assignment of extinction risk. Canadian Journal of Fish-

eries and Aquatic Sciences 58: 108—121.

.2001b. Influence of population decline, fishing, and spawner vari-

ability on the recovery of marine fishes. Journal of Fish Biology 59

(suppl. A): 306-322.

.2002. Life histories of fish. Pages 149-174 in Hart PJB, Reynolds JD,
eds. Handbook of Fish and Fisheries, vol. 1. Oxford (United Kingdom):
Blackwell.

Hutchings JA, Myers RA. 1993. Effect of age on the seasonality of matura-
tion and spawning of Atlantic cod, Gadus morhua, in the Northwest At-
lantic. Canadian Journal of Fisheries and Aquatic Sciences 50: 2468—2474.

. 1994. What can be learned from the collapse of a renewable resource?
Atlantic cod, Gadus morhua, of Newfoundland and Labrador. Canadian
Journal of Fisheries and Aquatic Sciences 51: 2126-2146.

[ICES] International Council for the Exploration of the Sea. 2003. Cod in
Subarea IV (North Sea), Division VIID (Eastern Channel), and Division
IIIa (Skaggerak). Pages 53—64 in Advisory Committee on Fishery Man-
agement (ACFM). Copenhagen (Denmark): ICES.

[IUCN] World Conservation Union. 2001. IUCN Red List Categories: Ver-
sion 3.1. Gland (Switzerland): IUCN Species Survival Commission.
Kaiser MJ, de Groot SJ, eds. 2000. Effects of Fishing on Non-target Species
and Habitats: Biological, Conservation and Socio-economic Issues. Ox-

ford (United Kingdom): Blackwell.

Lande R. 1993. Risks of population extinction from demographic and en-
vironmental stochasticity and random catastrophes. American Naturalist
142:911-927.

Law R. 2001. Phenotypic and genetic changes due to exploitation. Pages
323-342 in Reynolds JD, Mace GM, Redford KH, Robinson JG, eds. Con-
servation of Exploited Species. Cambridge (United Kingdom): Cambridge
University Press.

Matsuda H, Yahara T, Uozumi Y. 1998. Is tuna critically endangered? Extinction
risk of a large and overexploited population. Ecological Research 12:
345-356.

MclIntyre TM, Hutchings JA. 2003. Small-scale temporal and spatial varia-
tion in Atlantic cod (Gadus morhua) life history. Canadian Journal of Fish-
eries and Aquatic Sciences 60: 1111-1121.

McLaren I, Brault S, Harwood J, Vardy D. 2001. Report of the Eminent
Panel on Seal Management. Ottawa (Canada): Department of Fisheries
and Oceans.

Musick JA. 1999a. Criteria to define extinction risk in marine fishes.
Fisheries 24: 6-14.

. 1999b. Life in the Slow Lane: Ecology and Conservation of Long-
Lived Marine Animals. American Fisheries Society Symposium 23.
Bethesda (MD): American Fisheries Society.

Myers RA, Worm B. 2003. Rapid worldwide depletion of predatory fish
communities. Nature 423: 280-283.

Myers RA, Hutchings JA, Barrowman NJ. 1997. Why do fish stocks col-
lapse? The example of cod in Atlantic Canada. Ecological Applications
7:91-106.

Pauly D. 1995. Anecdotes and the shifting baseline syndrome of fisheries.
Trends in Ecology and Evolution 10: 430.

Pauly D, Christensen V, Dalsgaard J, Froese R, Torres E. 1998. Fishing down
marine food webs. Science 279: 860—863.

Powles H, Bradford MJ, Bradford RG, Doubleday WG, Innes S, Levings CD.
2000. Assessing and protecting endangered marine species. ICES Jour-
nal of Marine Science 57: 669—676.

Reynolds JD. 2003. Life histories and extinction risk. Pages 195-217 in
Blackburn TM, Gaston JK, eds. Macroecology. Oxford (United Kingdom):
Blackwell.

o



04 April Article Hutchings 3/16/04 3:38 PM Page 309 $

Reynolds JD, Mace GM, Redford KH, Robinson JG, eds. 2001. Conservation
of Exploited Species. Cambridge (United Kingdom): Cambridge Uni-
versity Press.

Reynolds JD, Dulvy NK, Roberts CM. 2002. Exploitation and other threats
to fish conservation. Pages 319-341 in Hart PJB, Reynolds JD, eds.
Handbook of Fish Biology and Fisheries, vol. 2. Oxford (United King-
dom): Blackwell.

Ricker WE. 1981. Changes in the average size and average age of Pacific salmon.
Canadian Journal of Fisheries and Aquatic Sciences 38: 1636—1656.
Rijnsdorp AD. 1993. Fisheries as a large-scale experiment on life-history evo-
lution: Disentangling phenotypic and genetic effects in changes in mat-
uration and reproduction of North Sea plaice, Pleuronectes platessa L.

Oecologia 96: 391-401.

Roff DA. 2002. Life History Evolution. Sunderland (MA): Sinauer.

Rowe S, Hutchings JA. 2003. Mating systems and the conservation of marine
fish. Trends in Ecology and Evolution 18: 567-572.

Sadovy Y. 2001. The threat of fishing to highly fecund fishes. Journal of Fish
Biology 59 (suppl. A): 90-108.

SadovyY, Cheung WL. 2003. Near extinction of a highly fecund fish: The one
that nearly got away. Fish and Fisheries 4: 86-99.

Scott B, Marteinsdottir G, Wright P. 1999. Potential effects of maternal
factors on spawning stock-recruitment relationships under varying
fishing pressure. Canadian Journal of Fisheries and Aquatic Sciences
56: 1882-1890.

Shelton PA, Healey BP. 1999. Should depensation be dismissed as a possible
explanation for the lack of recovery of the northern cod (Gadus morhua)
stock? Canadian Journal of Fisheries and Aquatic Sciences 56: 1521-1524.

Sinclair AF, Swain DP, Hanson JM. 2002. Measuring changes in the direction
and magnitude of size-selective mortality in a commercial fish popula-
tion. Canadian Journal of Fisheries and Aquatic Sciences 59: 361-371.

mununuw Articles

Smedbol RK, Shelton PA, Swain DP, Fréchet A, Chouinard GA. 2002. Review
of Population Structure, Distribution and Abundance of Cod (Gadus
morhua) in Atlantic Canada in a Species-at-Risk Context. Ottawa
(Canada): Department of Fisheries and Oceans, Canadian Science
Advisory Secretariat. Research document 2002/082.

Swain DP, Sinclair AF. 2000. Pelagic fishes and the cod recruitment dilemma
in the Northwest Atlantic. Canadian Journal of Fisheries and Aquatic
Sciences 57: 1321-1325.

Swain DP, Wade EJ. 1993. Density-dependent geographic distribution of
Atlantic cod (Gadus morhua) in the southern Gulf of St. Lawrence.
Canadian Journal of Fisheries and Aquatic Sciences 50: 725-733.

Trippel EA. 1998. Egg size and viability and seasonal offspring production
of young Atlantic cod. Transactions of the American Fisheries Society 127:
339-359.

Turner TE Richardson LR, Gold JR. 1999. Temporal genetic variation of
mitochondrial DNA and the female effective population size of red
drum (Sciaenops ocellatus) in the northern Gulf of Mexico. Molecular
Ecology 8: 1223-1229.

Turner TE, Wares JP, Gold JR. 2002. Genetic effective size is three orders of
magnitude smaller than adult census size in an abundant, estuarine
dependent marine fish (Sciaenops ocellatus). Genetics 162: 1329-1339.

Walters C. 2003. Folly and fantasy in the analysis of spatial catch rate data.
Canadian Journal of Fisheries and Aquatic Sciences 60: 1433-1436.

Walters C, Kitchell JE. 2001. Cultivation/depensation effects on juvenile sur-
vival and recruitment: Implications for the theory of fishing. Canadian
Journal of Fisheries and Aquatic Sciences 58: 39-50.

Waples RS. 1991. Pacific salmon, Oncorhynchus spp., and the definition of
“species” under the Endangered Species Act. Marine Fisheries Review 53:
11-21.

April 2004 / Vol. 54 No. 4 « BioScience 309



