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Patterns in marine fish biodiversity can be assessed by quantifying temporal variation in rate of
population change, abundance, life history and demography concomitant with long-term reductions
in abundance. Based on data for 177 populations (62 species) from four north-temperate oceanic
regions (Northeast Atlantic and Pacific, Northwest Atlantic, North mid-Atlantic), 81% of the
populations in decline prior to 1992 experienced reductions in their rate of loss thereafter; species
whose rate of population decline accelerated after 1992 were predominantly top predators such as
Atlantic cod (Gadus morhua), sole (Solea solea) and pelagic sharks. Combining population data across
regions and species, marine fish have declined 35% since 1978 and are currently less than 70% of
recorded maxima; demersal species are generally at historic lows, pelagic species are generally stable
or increasing in abundance. Declines by demersal species have been associated with substantive
increases in pelagic species, a pattern consistent with the hypothesis that increases in the latter may be
attributable to reduced predation mortality. There is a need to determine the consequences to
population growth effected by the reductions in age (21%) and size (13%) at maturity and in mean
age (5%) and size (18%) of spawners, concomitant with population decline. We conclude that
reductions in the rate of population decline, in the absence of targets for population increase, will be
insufficient to effect a recovery of marine fish biodiversity, and that great care must be exercised when
interpreting multi-species patterns in abundance. Of fundamental importance is the need to explain
the geographical, species-specific and habitat biases that pervade patterns of marine fish recovery and
biodiversity.

Keywords: marine conservation biology; biodiversity index; multi-species index; collapse; recovery;
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1. COLLAPSE AND RECOVERY OF MARINE FISH
Threats tomarine fish biodiversity are particularly acute
throughout the temperate and tropical waters overlying
the continental shelves (waters typically shallower than
200 m), a spatial bias generated by the observation that
roughly 5%of theocean’swaters are responsible for90%
of global catches (Pauly et al. 2002). Among fisheries
globally, 75% have been judged to be fully fished, over-
fished or depleted (FAO 2002). Population collapses
concomitant with increased fishing pressure have led
many to conclude that fishing constitutes the primary
threat to marine fish biodiversity (e.g. Jackson et al.
2001; Pauly et al. 2002;Myers &Worm2003), although
others have argued that such a conclusion is unduly
pessimistic (Hilborn 2004; Mace 2004). In addition to
the effects of exploitation, the biodiversity of many coral
reef and coastal marine species is also influenced by
habitat loss (Friedlander & Parrish 1998; Jones et al.
2002; Gardner et al. 2003). Based on their empirical
study of 58 marine fish population extirpations, Dulvy
et al. (2003) concluded that exploitation was the sole
or primary cause of decline for 40 of the cases
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examined; the remainder were attributed to habitat

loss, although the effects of habitat loss and exploitation

on abundance are not always readily separable. Irre-

spective of the causes, failure to arrest population

declines can result, and has resulted, in the extirpation

of some marine fish from parts of their former

geographical ranges (Dulvy et al. 2003, 2004; Myers &

Ottensmeyer 2005).

Losses of marine fish biodiversity can be reflected by

various intraspecific metrics. Prominent among these

are reductions in population abundance, changes to life

history and, in the most extreme cases, population loss

(Dulvy et al. 2003, 2004; Hutchings & Reynolds 2004).

With some possible exceptions (Jackson et al. 2001),
rate of decline among the most severely affected fish has

accelerated throughout the latter half of the twentieth

century when reductions of more than 80%, relative to

recorded (as opposed to true) historical levels, were not

uncommon (Hutchings 2000; Myers & Worm 2003),

particularly among large predators, e.g. Atlantic cod,

Gadus morhua (Hutchings & Reynolds 2004; Myers &

Worm 2005) and coastal and oceanic sharks (Baum

et al. 2003; Baum & Myers 2004).

Reductions in abundance are an inevitable conse-

quence of harvesting and can constitute a primary

objective of fisheries management. Depending on
q 2005 The Royal Society
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the species and on the single-species model of
productivity that is used, the predicted maximum
sustainable yield (MSY) of a population may not be
achieved until that population has been reduced by at
least 50% its size in an unfished state (Hilborn &
Walters 1992). This ‘fishing down’ element of popu-
lation decline has been used as a basis for arguing that
substantive declines by marine fish should not be a
cause for concern from a conservation or extinction
perspective (Musick 1999; Mace 2004). However,
notwithstanding often-substantial measurement error,
coupled with the caveats associated with using single-
species models to estimate MSY (e.g. the effects of
interspecific interactions on productivity are often
excluded), the strength of this argument depends on
the degree to which the documented declines accu-
rately represent population reductions from unfished
states. This is rarely the case for most of the world’s
fisheries, particularly among those prosecuted on the
continental shelves of the North Atlantic and North
Pacific. Using macroecological theory, Jennings &
Blanchard (2004) predicted that the current biomass
of large fish (4–66 kg) in the intensively fished North
Sea is more than 97% lower than that expected in the
absence of fisheries exploitation. Myers & Worm
(2005) have estimated that the abundance of many
large, predatory fish in temperate marine waters is less
than 10% of pre-exploitation levels. Among 21
populations of Atlantic cod, for example, they estimate
that all have declined more than 70% relative to their
estimated abundance in an unfished state, with 18 of
the populations declining by more than 90% (Myers &
Worm 2005). Consistent with these studies,
Christensen et al. (2003) used ecosystem models to
estimate that high-trophic level fish in the North
Atlantic have declined by a factor of nine over the
past century. An additional caveat associated with
single-species models used to estimateMSY is that they
treat each kilogram of the spawning component of a
population as being equally capable of contributing
offspring to future generations, an assumption that is
proving to be increasingly difficult to defend (Berkeley
et al. 2004a,b).

Given the extraordinary declines that have been
experienced by directly harvested and incidentally
caught fish (Hutchings 2000; Myers & Worm 2003,
in press; Hutchings & Reynolds 2004), one can raise
the question as to whether these reductions are
widespread among species, whether the rates of decline
have slowed or ceased and whether rapid recovery is as
uncommon as the literature might suggest. By addres-
sing these questions, one can assess the argument that,
despite rates of decline that are among the greatest
recorded for extant vertebrates, much of the recent
literature on marine fish collapses has been unduly
‘alarmist’ in nature, inappropriately interpreting the
effects that population reduction can have on rates of
increase and ignoring examples of recovery that have
followed severe reductions in fishing pressure (Mace
2004). Counter to this viewpoint, there is implicit
recognition that the biological diversity of all species,
including marine fish, is under threat (Royal Society
2003). The most tangible reflection of this concern is
Phil. Trans. R. Soc. B (2005)
the commitment made by the Conference of the Parties
to the Convention on Biological Diversity (CBD) to
‘achieve by 2010 a significant reduction of the current
rate of biodiversity loss’ (Royal Society 2003).

Within this context, our objectives were to
identify potential metrics of biodiversity for marine
fish, quantify their patterns over time and assess
their utility as biodiversity measures against which
progress towards the 2010 CBD target might be
evaluated.
2. METRICS OF MARINE FISH BIODIVERSITY
Qualitative and quantitative changes to various
measures of variability within and among species can
be used to measure biodiversity (Royal Society 2003).
Within species, one can examine rates of change in
population size (which relates directly to the 2010 rate-
based CBD objective), life-history changes concomi-
tant with population decline, population losses and
reductions in genetic variability. At the species level,
one can construct multi-species indices of abundance,
comparing these by habitat, by geographical region or
by some other biologically defensible variable.

(a) Population abundance

Estimates of population size for commercially exploited
marine fish are available primarily from two sources.
The first are model-based estimates derived from a
form of Sequential or Virtual Population Analysis
(SPAs or VPAs). These analyses are based on data
from commercial catches, calibrated with fisheries-
independent survey data and combined with estimates
of natural mortality. The second means of estimating
population size is to use the catch rates of fish obtained
from fisheries-independent, fixed- or mobile-gear
surveys conducted under the auspices of the fisheries
management agencies responsible for the management
of the species in question. The main weaknesses
associated with SPA estimates of abundance are that
they rely upon accurate reporting of commercial catch
data, they do not account for the illegal practices of
discarding and catch misreporting, they depend upon
reliable estimates of mortality owing to natural causes
and they can produce (sometimes serious) overesti-
mates of abundance in the most recent year(s) of the
time-series (the so-called ‘retrospective problem’). The
primary strength associated with research survey
estimates of the size of the breeding population is that
the data are obtained from random samples of fish
taken throughout the geographical area of each stock.
Thus, they are unbiased and do not depend upon the
validity of assumptions concerning natural mortality
and the accuracy of commercial fishery data. One
drawback to some survey estimates of catch rate,
however, is that they can be unduly variable in some
areas in some years.

From the perspective of assessing rates of change in
marine fish biodiversity, a major limitation associated
with these two means of estimating abundance is that
they are ultimately dependent on fisheries-independent
surveys that are very costly to conduct. As a conse-
quence, these surveys tend to be limited primarily to
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waters adjacent to the richest countries; there are few
fisheries-independent catch-rate data for coral reef and
other tropical fish. Geographically, the most extensive
data are available from the North Atlantic and North
Pacific, and the waters off South Africa, Australia and
New Zealand.

Compounding this geographical bias is a rather
severe taxonomic bias. Population data are available for
only a small percentage of the species found in the
waters adjacent to a particular country. For example,
off eastern Canada, time-series abundance data have
been compiled for only about 3–4% of all marine fish
species (26 of approximately 700–750 species, the
latter estimate having been provided by Claude
Renault, Canadian Museum of Nature, Ottawa,
Canada). In part, this can be attributed to the fact
that comparatively few species are of commercial
importance. In addition, although fisheries-indepen-
dent surveys do provide random samples of the fish
available to be caught in a particular region, the survey
gear is usually designed to be most effective for the
commercially important species and will better sample
fish in some habitats than others. For example, eastern
Canadian ground-fish surveys are designed to effec-
tively sample Atlantic cod, haddock (Melanogrammus
aeglefinus) and other similarly behaving ground-fish.
They do not effectively sample pelagic species such as
Atlantic herring (Clupea harengus). It is also important
to note that fisheries have been conducted on commer-
cially exploited species for a considerably longer period
of time than that for which abundance data are
available. Thus, when comparing current population
sizes with ‘historic’ estimates, one’s estimates are
almost certainly going to be underestimates.

Notwithstanding these limitations, these survey-
based data do provide an extraordinarily important
source of demographic information on some marine
fish. It is these data on which most of our analyses are
based. In addition to SPA- and survey-based estimates
of abundance, we also include relative abundance data
(standardized catch-per-unit-effort) for sharks that
have been estimated from data recorded in fishery
log-books (Baum et al. 2003).

(b) Life-history and demographic data

Phenotypic and genetic changes to life-history traits can
affect the rate of loss of biodiversity by influencing a
population’s susceptibility to collapse and probability of
recovery. This is because of the direct links that exist
between these fitness-related characters, such as age and
size at maturity, and population growth rate. The
former, manifested ultimately by age-specific schedules
of survival and reproductive investment, are the primary
determinants of individual fitness. The latter, rep-
resented by a population’s intrinsic or maximum rate
of growth, is a primary determinant of rates of harvest-
ing, probability of persistence and rapidity of recovery
(Myers et al. 1999; Hutchings 2002; Roff 2002).

Changes to age and size at maturity, and to the mean
age and size of spawners, will affect population growth.
Age at maturity reflects an evolutionary compromise
between the costs and benefits to fitness of reproducing
comparatively early or late in life. Benefits associated
Phil. Trans. R. Soc. B (2005)
with early maturity include increased probability of
surviving to reproduce and an increased rate of gene
input into the population, resulting in reduced gener-
ation time. However, early maturity can also result in
reduced fecundity and/or post-reproductive survival
because of the smaller body size typically associated
with earlier maturity within a population. In contrast,
the primary cost of delaying the age of initial spawning
is an increased risk of death prior to reproduction. The
primary fitness advantage to delaying maturity in fish is
the larger initial body size attained by individuals when
they first reproduce. Body size has a positive influence
on many life-history traits in fish. Most notable among
these associations are the observations that larger
females produce more eggs of a larger size than smaller
females and they frequently have lower age-specific
rates of mortality (Wootton 1998; Hutchings 2002;
Roff 2002). Although increased fecundity can enhance
fitness at the individual level, there is evidence that it
does not do so at the species level (Jennings et al. 1998;
Hutchings 2001; Denney et al. 2002); indeed marine
fish are vulnerable to collapse and extinction in spite of
their high fecundity (Myers et al. 1999).

Prolonged fishing pressure can lead to significant
changes in life-history traits. A key question is whether
these changes are phenotypic or genetic. Reduced
population density, for example, should lead to
reduced competition for food and may lead to
increased growth rate, which in turn usually results in
earlier maturity in indeterminately growing organisms
(Roff 2002). Alternatively, given that most fisheries
target the largest and oldest individuals, fish genetically
predisposed to mature at larger sizes and older ages are
more likely to be caught before they can reproduce.
Such selective harvesting should favour early- and
small-maturing genotypes, resulting in genetic
responses to exploitation that can alter the average
value of a character (Handford et al. 1977; Stokes &
Law 2000) or life-history reaction norms (Hutchings
1993; Reznick 1993; Grift et al. 2003; Olsen et al.
2004).

Although data on marine fish are exceedingly
limited, Olsen et al. (2004) recently provided compel-
ling evidence that reductions in the age and size at
which Newfoundland’s northern cod matured are best
explained as genetic responses to exploitation. Evi-
dence that fishing has effected genetic changes to
exploited marine fish populations has also been
documented for North Sea plaice (Pleuronectes platessa;
Grift et al. 2003) and for Atlantic cod in the Northeast
Arctic (Heino et al. 2002) and Gulf of Maine/Georges
Bank (Barot et al. 2004). The magnitude of these life-
history changes, and others (Murawksi et al. 2001), can
negatively affect recovery (Hutchings 1999). As with
many indeterminately growing organisms, including
Atlantic cod (Beverton et al. 1994), earlier maturation
at a smaller size can be associated with increased
survival costs of reproduction, resulting in higher
natural mortality and shorter lifespan. Based on the
output of a stochastic, age-structured life-history
model, Hutchings (2005) found that a reduction in
age at maturity from 6 to 4 years can reduce annual
population growth in Northwest Atlantic cod by
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25–30% and that earlier maturity more than doubles
the probability of negative population growth every
generation.

Despite clear and fundamental links between
individual life history, population growth rate and
population recovery, temporal changes in life-history
traits concomitant with population decline have yet to
be examined for a broad range of marine fish. Indeed,
among many species for which abundance estimates
are available, life-history data are not. When data are
available, the life-history traits most likely to be
represented are age and size at maturity; data on
fecundity, egg size and metrics of reproductive effort
are comparatively few. From a demographic perspec-
tive, although the information required to estimate age
and length at 50% maturity are frequently unavailable,
there are often sufficient data to allow one to quantify
changes in the mean age and size of the spawning
population over time.

(c) Population loss

Declines experienced bymanymarine fish have resulted
in the extirpationof species fromsignificantparts of their
geographical ranges (Dulvy et al. 2003; Myers &
Ottensmeyer 2005). However, the degree to which the
inevitable population losses associated with these range
depletions threaten marine fish biodiversity cannot be
reliably assessed with available information. Foremost
among the problems in doing so is the difficulty in
determining the spatial scale of population differen-
tiation and gene flow in marine fish.

A widely held perception that fish are limited only by
the geographical boundaries demarcating their extent
of occurrence on a given continental shelf meant that
almost no work was directed to the study of small-scale
population differentiation. Although population gen-
etics data have provided compelling evidence of
comparatively small-scale restrictions in gene flow,
accurate identification of geographical boundaries
separating putative populations is proving to be
exceedingly difficult, if not impossible, even for the
best-studied of species (Atlantic cod; Ruzzante et al.
1998; Hutchinson et al. 2003; Nielsen et al. 2003). The
primary consequence of this lack of work is that we are
unable to determine the extent to which population loss
has been a factor in the reduction of marine fish
biodiversity, notwithstanding limited evidence that
such losses may have been substantial for some heavily
exploited species, e.g. Atlantic cod (Ames 2004).

(d) Loss of genetic variability

The viability of collapsed populations is influenced by
stochastic factors of demography and genetics that
contribute to extinction risk (Beissinger &McCullough
2002). Rate of population decline can serve as a reliable
proxy for the degree to which population persistence is
threatened by demographic and, more importantly,
environmental stochasticity. From a genetic perspec-
tive, the major consequence of a reduction in popu-
lation size is an increase in the rate of loss of genetic
variability per generation, a rate of loss that, in the
absence of immigration, can be expected to increase as
population size declines. However, for many species it
Phil. Trans. R. Soc. B (2005)
is not clear how rate of population decline is related to
reductions in genetic variation (notably for loci under
selection). This is particularly true for marine fish.
Among the studies that have been conducted, the
results have been equivocal. Significant reductions in
genetic diversity concomitant with population decline
have been documented for a population of North Sea
cod (Hutchinson et al. 2003) and for New Zealand
snapper (Pagrus auratus; Hauser et al. 2002), although
such a decline was not evident in a study of Northwest
Atlantic cod (Ruzzante et al. 2001).
3. METHODS

(a) Overview

We proceed by examining metrics of within-species diversity

which pertain to changes in population abundance, life

history and demography; there are insufficient data to allow

an examination of either rate of population loss or temporal

reduction in genetic variability in marine fish. Our analyses

focus on temporal changes in (i) the slope of linear regressions

of log-transformed abundance plotted against time, (ii)

population size, (iii) multi-species abundance indices, (iv)

age and size at maturity, and (v) the mean age and size of

spawning individuals.

When assessing changes in the rate of biodiversity loss in

2010, at least two time periods will have to be selected for

comparison. With this in mind, we compared our metrics of

regression slope and relative abundance before and after the

arbitrarily selected year of 1992, the year in which the Rio

Biodiversity Convention was agreed upon and a year

sufficiently close to the present that it permits an examination

of recent changes in the rate of change in biodiversity. We are

unaware of any bias that the selection of this year would have

on our analyses.

(b) The data

Our analyses are based on data obtained from both the

primary and the secondary literature; it is the latter in which

fisheries stock assessments and their associated data are

published. There is a significant geographical bias in our

analysis in that we focus on marine fish in the North Atlantic

Ocean and the Northeast Pacific Ocean. The reasons for this

bias are twofold. First, our analysis is not intended to

represent a comprehensive worldwide examination of marine

fish biodiversity (although it is fairly comprehensive for the

North Atlantic Ocean). Rather, its primary purpose is to

evaluate metrics that might be used to measure rates of

change in marine fish biodiversity. Second, by concentrating

our analyses on species in these regions, we are able to focus

on the most extensive abundance and life-history data

available for marine fish. Comprehensive time-series data

on the abundance of coral reef fish do not exist.

Our literature review yielded data for 177 populations of

62 species in four geographical areas: Northeast Atlantic

(including waters east of Greenland, the Baltic Sea westward

and the Bay of Biscay northward), the Northwest Atlantic

(including waters from Baffin Island and west Greenland

southward, and from eastern Georges Bank (the Canadian

portion) northward), the North mid-Atlantic (including

waters primarily from the American portion of Georges

Bank south to the US state of Delaware and secondarily

southward to the Gulf of Mexico) and the Northeast Pacific

(including waters primarily off British Columbia and secon-

darily off the northwestern US; tables 1 and 2). The national
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and international fishery bodies responsible for undertaking

stock assessments in these four areas are as follows: Northeast

Atlantic assessments are conducted by the International

Council for the Exploration of the Sea; Northwest Atlantic

assessments by the Canadian Department of Fisheries and

Oceans (DFO) and by the Northwest Atlantic Fishery

Organization; North mid-Atlantic assessments are conducted

under the auspices of the US National Marine Fisheries

Service; and Northeast Pacific assessments are also con-

ducted by Canada’s DFO. We include the most recent

assessment available for each population from the data

sources reviewed, excepting those cases for which estimates

were considered by the assessors to be either unreliable or

unduly problematic. For each population, we also reviewed

the availability of data that could be used to estimate temporal

changes in two life-history parameters (time-series data on

age and length at which 50% of the individuals in a

population are mature) and two metrics of demography

(mean age and weight of spawners; tables 1 and 2).

Most of the analyses presented below distinguish between

demersal, or bottom-dwelling, and pelagic, or mid-water/-

near-surface dwelling, species. On occasion, we also dis-

tinguish teleosts from elasmobranchs. The former refers to

bony fish (thus excluding hagfish, lampreys, sharks, skates,

rays, lungfish and coelacanths); elasmobranchs include the

cartilaginous sharks, skates and rays.
(c) Metrics for measuring biodiversity

Data obtained from our examination of almost 180 popu-

lations were used to quantify changes in various metrics of

marine fish biodiversity. For each metric, we restricted our

analysis to those populations for which annual, or nearly

annual, estimates were available.

Population abundance data were analysed in several ways.

Given that a primary goal of this exercise is to measure a rate,

we first estimated the slope associated with linear regressions

between log-transformed abundance data and time. We

compared these slopes, which measure the rate of change in

population size over time, before and after 1992. We also

quantified two ratios of abundance. The first compared the

average size of each population over the 5 year period ending

in 1992 (1988–1992) with the average size of that population

during the earliest 5 years for which data were available for

that population. The second ratio compared the average

population size over the most recent 5 years with that

calculated for the earliest 5 years. We term these ratios the

pre- and post-1992 relative abundances for each population.

To explore the degree to which temporal slopes and relative

abundances might vary among fish, we grouped taxa by

region and by habitat (pelagic or demersal). There were

sufficient data to estimate slopes, as well as changes in relative

abundance, before 1992 for 166 populations and after 1992

for 175 populations.

To examine broad temporal patterns in the abundance of

marine fish, we constructed aggregated time-series of

abundance from individual populations. The time period

for which more than 20 years of data were available for the

greatest number of populations was that from 1978 to 2001,

inclusive. Among the 177 populations, abundance data were

available for 87 populations over this 24-year period. For each

population, we standardized the data such that the abun-

dance in 1978 was set to a value of one. Initially, we pooled all

data to provide an overall index. We then partitioned the

populations by habitat and compared the geometric mean

abundance of pelagic and demersal fish combined over
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the same time period for each of the four geographical regions

under study.

One limitation to this exercise is the caveat that changes in

abundance are being evaluated over a comparatively short

time frame relative to that over which each population has

been subjected to directed or incidental exploitation. To

address this limitation to some degree, we reconstructed our

combined pelagic and demersal fish datasets by dividing each

population’s annual abundance estimate from 1978 through

2001 by the highest abundance estimate available for that

population prior to 2002, before calculating geometric

means.

For life-history and demographic traits, we included only

those populations that had experienced an overall decline for

the time period during which abundance data were available

(minimum of 15 years). We used data on both sexes

combined, or on females only if data were provided by sex.

Proportional changes in life-history and demographic traits

were estimated by comparing the average value of the trait for

the five most recent years in each dataset with the average

value of the trait for the earliest years in the dataset. To assess

temporal changes in life-history traits, we used estimates of

the age and length at which 50% of individuals had attained

maturity, most frequently from probit or logit analyses.

Among the 177 datasets, data on age and length at maturity

were available for 20 and 21 populations, respectively. As

proxies for temporal changes in demography, we quantified

changes in the mean age and size of breeding individuals in

each population, using annual estimates of age-specific

abundance and weight. We defined the breeding population

as including all individuals in the population that were at least

as old as the age at 50% maturity in each year of the time-

series. Our aim was to examine potential truncations in age

and size structure, thus by using a constant minimum age for

each population, we avoided confounding these metrics with

changes in age at maturity. Of the 177 populations, we were

able to quantify changes to the average age and weight of

breeding individuals for 70 and 49 populations, respectively.
4. RESULTS

(a) Rate of change in abundance

The rate at which abundance changed before and after
1992 differed among populations, regions and habitat.
In total, 70% (nZ117) of marine populations were in
decline prior to 1992 (i.e. time-series for which the
slope was less than zero). Among these 117 popu-
lations, the rate of decline eased for 80% after 1992,
including 82% (NTOTZ93) of the demersal teleost
populations, 69% (NTOTZ13) of the pelagic teleost
populations and 82% (NTOTZ11) of the elasmobranch
populations.

The populations of greatest concern are those that
were declining prior to 1992 and whose rates of decline
accelerated thereafter. These 23 populations included
Atlantic cod (NZ9 populations), sole (Solea solea;
NZ2), Atlantic herring (Clupea harengus; NZ2),
pelagic sharks (NZ2), whiting (Merlangius merlangus;
NZ2) and one population for each of the following
species: plaice (Pleuronectes platessa), bocaccio
(Sebastes paucispinis), Pacific hake (Merluccius
productus), pollock-saithe (Pollachias virens), sardine
(Sardina pilchardus) and Atlantic menhaden (Brevoortia
tyrannus). Based on the trophic level designations for
these species provided by Froese & Pauly (2004), the
Phil. Trans. R. Soc. B (2005)
median trophic level of these 23 populations is 4.4
(compared with a maximum of 4.6; Pauly et al. 1998),
meaning that they are among the top predators in the
marine environment.

Population differences in the rate of change in
abundance before and after 1992 were evident at the
species and regional levels. There was considerable
variability in the rate of change in abundance for
pelagic species; populations exhibited strongly positive
changes in some areas, but strongly negative ones in
others (figure 1a). Within the Gadidae, the family that
includes some of the most over-exploited species of
demersal fish, the pre-1992 slopes are generally
negative (figure 1b); with a few exceptions (Northeast
Atlantic cod, blue ling (Molva dypterygia), whiting
(Merlangius merlangus) and Northwest Atlantic cod),
the post-1992 slopes were greater than the pre-1992
slopes. Within the flatfish (Pleuronectiformes: soles,
plaice, flounders, Greenland halibut), although most
species were in decline in most regions prior to 1992,
there has been a strong tendency for them to increase
since 1992 (figure 1c). Among the remaining demersal
species in our dataset, most were declining before 1992
and most have been declining, or have remained stable,
since (figure 1d).

(b) Relative population size

Comparisons of current and 1992 population sizes with
those experienced during the earliest years for which
data are available suggest that, with a few exceptions,
current population sizes of pelagic marine fish exceed
those experienced during each population’s earliest
recorded time period (figure 2a). The opposite is true
for demersal species. Although many populations have
been increasing since 1992 (figure 1), populations
remain small relative to historic sizes (figure 2b–d).

These comparisons mask important differences
among regions and among species. With the exception
of sharks and menhaden in the Northwest Atlantic and
herring in the Northeast Atlantic, the current abun-
dance of pelagic fish is similar to or greater than those
evident during the earliest years of each population’s
respective time-series (figure 2a). In contrast, most
gadids are at or near historically low levels (figure 2b),
notable exceptions being North mid-Atlantic cod,
Northwest Atlantic haddock (Melanogrammus
aeglefinus) and Northeast Atlantic haddock and saithe.
Proportional change in abundance was most highly
variable among flatfish (figure 2c), for which some are at
or near historic lows (e.g. Northwest Atlantic American
plaice (Hippoglossoides platessoides) and witch flounder
(Glyptocephalus cynoglossus)) while others are at or near
historic highs (e.g. Northwest Atlantic Greenland
halibut (Reinhardtius hipploglossoides),Northmid-Atlan-
tic summer flounder (Paralichthys dentatus)). Among the
non-gadid demersal fish, most are at or near historic
lows (figure 2d), the most notable including Northwest
Atlantic skates (Dipturus laevis, Amblyraja radiata),
redfishes (Sebastes spp.) and wolffishes (Anarhichus
spp.) and Northeast Pacific rockfish (Sebastes
paucispinis).

Among the top predator populations (NZ23)
referred to above whose declining population trends
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Figure 1. Rate of change in abundance for populations of pelagic and demersal marine fish from four regions (NEA, Northeast
Atlantic; NWA, Northwest Atlantic; NMA, North mid-Atlantic; NEP, Northeast Pacific). Data for each population represent
slopes of linear regressions between log (abundance) and years for all available data before (open triangle) and after (filled
triangle) 1992. The data in each panel are grouped as follows: (a) pelagic fish; (b) demersal fish of the family Gadidae;
(c) demersal flatfish of the order Pleuronectiformes; (d ) other demersal fish. Values plotted represent the median slope for
the populations contained within each species-regional grouping; specific populations and sample sizes can be obtained by
consulting tables 1 and 2.
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prior to 1992 were exacerbated thereafter, median
current population size is 64% less than that docu-
mented during the earliest years for which data are
available (tables 1 and 2). Among the nine populations
of Atlantic cod, the median reduction in abundance
is 83%.

(c) Trends in multi-species indices of abundance

Combining all available data, the multi-species index of
abundance standardized to a value of one at the
beginning of the time-series indicated an overall decline
of approximately 35% between 1978 and 2001
(figure 3). Compared with the recorded maxima in
their respective time-series, which typically extend no
further back than the 1950s (usually the 1960s) for
most species, the abundance of all marine fish
combined in 2001 was less than 70% of recorded
highs (figure 3).

Although the number of populations for which data
Phil. Trans. R. Soc. B (2005)
were available differed considerably among regions, the
patterns were remarkably consistent. Between 1978
and 2001, pelagic fish exhibited a general tendency to
increase, whereas demersal fish exhibited a general
tendency to decline (figure 4). Pelagic fish in the
Northeast Pacific (NZ5 populations of Pacific herring,
Clupea pallasi) were an exception to this pattern,
remaining relatively constant (figure 4d). Pelagic
species in the Northeast Atlantic (figure 4a) have
almost doubled their 1978 levels, whereas those in the
Northwest Atlantic (figure 4b) and North mid-Atlantic
(figure 4c) have increased even more so. Demersal fish
in each of the four regions declined considerably
through the 1980s and 1990s, exhibiting declines
ranging from 30% in the Northeast Atlantic to 75%
in each of the other three regions relative to their 1978
levels of abundance (figure 4); signs of recovery are
evident only among North mid-Atlantic demersal fish
(figure 4c).
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Figure 2. Changes in the relative abundance of populations of pelagic and demersal marine fish from four regions (NEA,
Northeast Atlantic; NWA, Northwest Atlantic; NMA, North mid-Atlantic; NEP, Northeast Pacific). Data for each population
represent ratios of the average abundance from 1988 through 1992 (open triangle) and ratios of current abundance (averaged
over the most recent 5 years for each population; filled triangle), both relative to the earliest estimates for each population
(averaged over the earliest 5 years). The data in each panel are grouped as follows: (a) pelagic fish; (b) demersal fish of the family
Gadidae; (c) demersal flatfish of the order Pleuronectiformes; (d ) other demersal fish. Each relative abundance estimate represents
the median for the populations contained within each species-regional grouping; these sample sizes can be obtained by consulting
tables 1 and 2.
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When compared against the highest population
estimates recorded for each population, it becomes
evident that the data presented in figure 4 present a
somewhat misleading representation of the changes in
pelagic and demersal fish abundance since 1978.
Specifically, the increases in pelagic fish abundance
are considerably more modest and the declines by
demersal fish considerably more extensive. Although
pelagic fish in the North mid-Atlantic and Northwest
Atlantic have increased significantly since 1978 (figure
4b,c), their abundance in recent years is approximately
50% of recorded historical highs (figure 5b,c). The same
appears to be true for Northeast Atlantic pelagic
Phil. Trans. R. Soc. B (2005)
species (figure 5a). Since 1978, Northeast Pacific
pelagic fish have fluctuated between 40 and 60% of
their recorded high levels of abundance (figure 5d).

Among demersal marine fish, relative to their
recorded historic levels, Northeast Atlantic species
have declined almost 70% (figure 5a). The reduction of
demersal fish in the other regions has been even
greater, populations having experienced declines of
more than 80% through the 1980s and 1990s.
Although North mid-Atlantic demersal species appear
to be recovering, their abundance in 2001, as a group,
remained at less than 60% of their highest recorded
levels (figure 5c).
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oceans from 1978 through 2001. The abundance estimates for each population have been either standardized to a value of one
for 1978 (open triangle) or divided by the highest estimate ever recorded for that population prior to 2002 (filled triangle).
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Figure 4. Temporal changes in the abundance of demersal and pelagic marine fish from four regions in north-temperate oceans
from 1978 through 2001, standardized to a value of one for 1978. The relative abundance estimates for demersal species (filled
triangle) are scaled according to the left vertical axis in each panel. The relative abundance estimates for pelagic species (open
triangle) are scaled according to the right vertical axis in each panel. Number of populations represented in each time-series is as
follows: (a) Northeast Atlantic (demersal: NZ27; pelagic: NZ14); (b) Northwest Atlantic (demersal: NZ23; pelagic: NZ2);
(c) North mid-Atlantic (demersal: NZ13; pelagic: NZ2); (d) Northeast Pacific (demersal: NZ1; pelagic: NZ5).
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(d) Changes to life-history traits and

demography concomitant with population

decline

The number of marine fish populations for which
temporal life-history and demographic data are avail-
able is considerably less than that for which abundance
estimates are available. One caveat associated with this
analysis is that the time frame over which life-history
and demographic data is available is usually consider-
ably shorter than that for which abundance estimates
are available. A second caveat is that these time periods
are biased in that they encompass the most recent years
in each population time-series, meaning that data are
unavailable for those periods of time when abundance
was usually considerably higher. For example, based
Phil. Trans. R. Soc. B (2005)
on published data which extend only to 1983, the
estimated proportional reduction in mean age of
spawners among Newfoundland’s northern cod is
less than 1%, despite a severe truncation in age
structure that occurred through the 1960s and 1970s
(Hutchings & Myers 1994).

Concomitant with overall reductions in abundance,
age and length at maturity have declined consistently
within each species for which data are available
(figure 6). Notwithstanding the fact that the time
periods differ among species, the reduction in age at
maturity has been considerable for many populations,
averaging 21% for all species (22% for demersal (NZ17)
populations, 17% for pelagic (NZ3) populations). The
decline in length at maturity was somewhat less,
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Figure 6. Proportional changes in (a) mean age and (b) length at maturity for pelagic (open triangle) and demersal (filled
triangle) marine fish from four geographical regions in the north-temperate Atlantic and Pacific Oceans. The period of time
represented by each datum differs among populations. Population data are described more fully in tables 1 and 2.
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averaging 13% for all populations, but was considerably

greater among demersal populations (15%,NZ18) than

among pelagic populations (3%,NZ3).

The observation that population declines are associ-

ated with earlier and smaller size at maturity was

reflected in changes to the mean age and weight of

spawning individuals. Concomitant with population

decline, the overall change in mean age of spawning

individuals was a decline of 5% (figure 7); pelagic fish
Phil. Trans. R. Soc. B (2005)
experienced considerably greater reductions in spawn-

ing age (12%, NZ11 populations) than demersal fish

(4%, NZ59; figure 7). Among the 70 populations

examined, the change in mean age was stable among

11% of them (i.e. change was greater or less than 1%

for 0 pelagic and 8 demersal populations) and positive

among 21% of the others (i.e. increase was O1% for

3 pelagic and 12 demersal populations). Restricting

the analysis to the 68% of populations for which mean
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Figure 7. Proportional changes in mean age among spawning individuals for pelagic (open triangle) and demersal (filled
triangle) marine fish from four geographical regions in the north-temperate Atlantic and Pacific Oceans. The period of time
represented by each datum differs among populations. Population data are described more fully in tables 1 and 2.
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Figure 8. Proportional changes in mean weight among spawning individuals for pelagic (open triangle) and demersal (filled
triangle) marine fish from four geographical regions in the north-temperate Atlantic and Pacific Oceans. The period of time
represented by each datum differs among populations. Population data are described more fully in tables 1 and 2.
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age of spawners declined, the reduction among pelagic
populations was greater (19%; NZ8) than that
experienced by demersal populations (10%; NZ39).
It is important to note that, because we held the
minimum reproductive age constant within each
population, our calculations of mean spawner age will
result in an underestimate of the actual changes in
mean spawner age within each population.
Phil. Trans. R. Soc. B (2005)
The reduction in mean weight of spawners was
similar to the reductions documented for age and length
at maturity, declining by an average 18% (NZ49
populations); pelagic populations experienced a greater
reduction in average weight (24%, NZ7 populations)
than did demersal populations (17%, NZ42 popu-
lations; figure 8). Among the 49 populations examined,
mean spawner weight remained stable among 4% of the
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populations (2 demersal populations) and increased
among 18% of the populations (9 demersal popu-
lations). Restricting the analysis to the 78% of
populations for which mean spawner weight exhibited
a decline, the reduction among demersal populations
(26%, NZ31) was slightly greater than that among
pelagic populations (24%, NZ7).
5. DISCUSSION

(a) Rate of loss of marine fish biodiversity

Our analysis of temporal patterns in the abundance,
life history and demography of pelagic and demersal
species in north-temperate waters provides some
insight into the complexity of assessing rates of
change in the biodiversity of marine fish. At first
glance, one might find solace in our observation that
among populations in decline prior to 1992, rates of
decline since then have eased for 81% of the
populations examined. Such a result would presum-
ably be deemed to be consistent with the international
commitment to reduce the rate of biodiversity loss by
2010. One might also interpret the increase in
abundance of pelagic fish as a sign of optimism.
Such an optimist might argue further that, within a
multi-species context, we have ‘turned the corner’ in
our efforts to reduce the rate of loss of marine fish
biodiversity. Positive as these changes are, we caution
that such optimism may be premature at best, badly
misplaced at worst.

Despite reductions in rate of decline, many demersal
species, including most top predators, remain at
historically low levels following historically unprece-
dented declines. Current levels of abundance for
demersal fish, as a multi-species group, are 70–90%
less than maxima documented in the past 30–40 years
(figure 5). Taken singly, several populations have
declined more than 90% relative to recorded highs,
e.g. northern and Grand Banks cod, Northwest
Atlantic spotted wolffish (Anarhichas minor) and north-
ern wolffish (A. denticulatus), Northeast Pacific bocac-
cio (Sebastes paucispinus) and Northeast Newfoundland
American plaice (Hippoglossoides platessoides). Given
that the period of time for which data are available is
much less than the period of time during which marine
fish in the North Atlantic and North Pacific have been
harvested, these population declines, as discussed
earlier, have almost certainly been underestimated, a
conclusion strengthened by recent indications that
many predatory marine fish in north-temperate marine
waters are 90–95% lower than they would be in the
absence offisheries exploitation (Christensen et al. 2003;
Jennings & Blanchard 2004; Myers & Worm 2005).

Appropriate as the 2010 objective of reducing rates
of biodiversity loss may be for many species, a more
substantive goal for marine fish would have been the
establishment of meaningful recovery targets for
severely depleted species. One primary consequence
of having experienced reductions of 80 and 90% or
more is that the rate of population decline must, by
necessity, decrease if the population is to persist.
Thus, any reduction in the rate of loss of temperate
marine fish biodiversity can probably be attributed to
Phil. Trans. R. Soc. B (2005)
long-overdue management actions to reduce fishing
effort on targeted species (although the benefits from
an ecosystem perspective may be offset if effort is
simply shifted to other species). While such effort
controls may be insufficient to effect substantive
recovery (Hutchings 2001), they should be sufficient
to reduce the rate of population decline in the absence
of Allee effects.

The question of whether the declines observed
among marine fish in the past half-century constitute
‘collapses’, from which the probability of substantive
recovery may be low, is fundamental to fisheries
management, fisheries science and marine conserva-
tion biology. It has been argued that population
reductions of 50–70% should not be considered
problematic, given that such reductions can be
consistent with fisheries policies aimed at achieving
MSYs (Musick 1999; Mace 2004). We would argue
that such a perspective, taken as an intellectual point of
departure from which to interpret the consequences of
population declines, is neither precautionary nor wise.

Among other things, such a perspective incorporates
the implicit assumption that the observed declines of
commercially exploited marine fish can be attributed
primarily to the fulfillment of a management objective.
This strikes us as an unlikely explanation for the
declines documented here for North Atlantic and
North Pacific marine fish. To our knowledge, few if
any of these declines can be attributed to management
plans designed to reduce abundance to stated
reduction targets in accordance with decision rules
for controlling and eventually stopping the rate of
decline. Furthermore, as discussed elsewhere, few if
any of these declines describe the reduction in
abundance of a population from an unfished state.

Regarding new fisheries, for which one would expect
an initial ‘fishing-down’ period of decline, it is
incumbent upon the responsible management agency
that its management plan for that fishery include: (i)
decision rules for controlling the rate of decline in
population size; (ii) a biomass reduction target; and (iii)
a mechanism for monitoring populations size relative to
the target. These recommendations are similar to those
made recently by the Groundfish Subcommittee of
PSARC (Pacific Scientific Advice Review Committee,
Canada) following its assessment of a new fishery for
longspine thornyhead (Sebastolobus altivelis) off British
Columbia (Romaine 2004). Between 1996 and 2004,
the population had decreased 35–55%, a rate of decline
that is of considerable concern for a species that
matures at 12 years (DFO 1999) and has a generation
time of more than 80 years (based on estimates of
natural mortality (MZ0.013–0.016) provided by
Pearson & Gunderson 2003).

(b) Multi-species indices of abundance: caveats

Our examination of temporal changes in the combined
abundance of demersal and pelagic species for each of
four geographical regions (figures 3–5) is similar to
indices that have been constructed for other species
(Balmford et al. 2003). The primary difference is that
our indices monitor temporal changes in the abun-
dance of populations rather than the abundance of
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species. The UK Wild Bird Index, for example,
comprises three sets of counts of British birds,
standardized to a value of one for 1970 and then
averaged across all species in one of the following
categories: all species (NZ105 species), woodland
(NZ33) and farmland (NZ19; DEFRA 2002). The
UK government uses this index as one of its indicators
for sustainable development (Royal Society 2003). The
Living Planet Index (Loh 2002) is similarly constructed
and represents a metric for assessing changes in the
abundance of a variety of vertebrates inhabiting the
forest, marine and freshwater environments. Multi-
species indices such as these can be useful in providing
relatively simple depictions of the state of species
diversity to government agencies and decision-makers.
But, as the present study suggests, they can seriously
mislead as well.

The value of multi-species indices as reflections of
the state of biodiversity loss diminishes as the inter-
dependence among species included in the index
increases. As our analysis of temporal trends in the
abundance of pelagic and demersal fish indicates,
increases by one group of species (pelagic species)
may be a direct consequence of reductions in others
(demersal species). Although we cannot state with
certainty that the rise in pelagic fish abundance can be
attributed to a reduction in predation pressure by
higher-level demersal predators, the conclusion is not
unreasonable, particularly given the evidence that
lower-trophic species have benefited similarly from
the presumed predation release afforded by the
reduction in demersal predators, e.g. increased abun-
dance of shrimp (Worm & Myers 2003) and small
pelagic fish (Choi et al. 2004) following the collapse of
Atlantic cod, increased abundance of flatfish following
the collapse of demersal species (Myers & Worm
2003). On Georges Bank, changes in the abundance
of elasmobranchs and sand lance following declines by
ground-fish and herring/mackerel, respectively, have
also been attributed to reduced competition and
predation (Fogarty & Murawski 1998). Thus, a
multi-species index for marine fish that combines
pelagic and demersal species, both high- and low-
trophic level predators, has great potential to provide
inaccurate reflections of the current state of marine fish
biodiversity (see also Pauly &Watson 2005). This caveat
underscores our assertion that marine fish multi-species
indices should not be confounded by the consequences
of interspecific interactions (such as predation and
competition) with rates of change in biodiversity.

Although we have focused on the effects that
interspecific interactions can have on one’s interpret-
ation of trends in multi-species indices of abundance,
our general point is that every such index (e.g. UKWild
Bird Index, Living Planet Index) has its inherent biases.
It is incumbent upon those constructing and interpret-
ing multi-species indices to identify these biases and to
disentangle their influence from the patterns of
biodiversity that these indices produce.

(c) Recommendations

For any group of species, the argument that one
requires more data on more species over broader
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geographical areas is ubiquitous. While we acknowl-
edge that this laudable objective should be pursued for
marine fish and that all data be collated and managed
within a single electronic database, we recognize that
the time required for significant progress to be made
towards fulfilling such an objective vastly exceeds the
time over which political and management decisions
must be made regarding the changing state of marine
fish biodiversity.

Based on our analyses to date, we offer the following
recommendations regarding the monitoring of marine
fish biodiversity. First, the analyses presented here
should be extended to include the remaining species
assessed by the US National Marine Fisheries Service
and the national fishery management agencies of South
Africa, Australia and New Zealand. Second, while we
believe there can be utility in constructingmulti-species
indices of abundance, care needs to be taken to ensure
that confounding factors do not unduly influence the
resulting patterns. Thus, for marine fish, it would be
appropriate if multi-species indices were constructed
separately for different geographical areas of the world’s
oceans, for different habitat types (e.g. demersal,
pelagic, coral reef, estuarine, mangrove) and for
different trophic levels (Pauly & Watson 2005).
Distinguishing marine fish on the basis of trophic
level is particularly important, given the considerable
influence that changes to the abundance of predators,
prey and competitors can have on the abundance of
other species in the same ecosystem. In this regard, the
species-specific trophic level designations provided in
FishBase (Froese & Pauly 2004) will prove useful.

We also recommend that effort be allocated to the
development of a biodiversity index, or indices, that
incorporate data on abundance, life history and
demography of the top predatory marine fish. The
persistence of these species, preservation of their
population components, maintenance of existing life-
history, demographic and genetic variability, and their
recovery to ecologicallymeaningful levels of abundance,
are fundamentally important to the conservation of
marine fish biodiversity. The latter is not achievable
without the former. In addition to their importance to
the functioning of marine ecosystems, top predators
such as cod, tuna, sharks and redfish/rockfish (Sebastes
spp.) share characteristics that render them particularly
vulnerable to over-exploitation. It is generally these
species that have experienced the greatest declines and
that tend to have life-history traits (late age and large size
at maturity, high longevity, large maximum size, slow
growth) that make them less likely to recover than
species at lower trophic levels (Denney et al. 2002;
Hutchings & Reynolds 2004; Dulvy et al. 2004). The
degree to which recovery is more dependent on
effectively controlling exploitation (e.g. north and
south temperate pelagic and demersal species), or on
preservation and rehabilitation of essential habitat
(estuarine and coral-reef fish), will clearly differ
geographically.

(d) Concluding remarks

Notwithstanding the historically unprecedented
depletions experienced by marine fish, our analysis
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suggests that marine fish biodiversity is recoverable,

insofar as rate of change in population size is a reliable

metric of biodiversity. Pelagic teleosts are among those
most likely to recover in response to reduced fishing

pressure (Hilborn 1997; Hutchings 2000; Dulvy et al.
2003), subject to the caveat that this apparent resilience

may be attributed, to an unknown degree, to a release

from predation and competition pressures. Our
analyses also indicate that substantive increases in

biomass can be realized among collapsed demersal

species. Data from the mid-Atlantic (particularly the
Gulf of Maine and Georges Bank) suggest that gadids

and flatfish have responded positively to stringent catch

and effort controls (figures 4 and 5). However, these
positive signs of recovery are not evident at broader

geographical scales in the North Atlantic.
It has been asserted that the scientific literature

dealing with marine fish collapses has been unduly

pessimistic and that insufficient attention has been
directed to the significant increases that have been

experienced by some collapsed populations. Mace

(2004), for example, draws attention to recoveries
experienced by 28 marine fish populations. Among her

examples, 10 are pelagic species, whose apparent

resilience has been well documented (Hilborn 1997;
Hutchings 2000;Dulvy et al. 2003).Of the remaining 18

populations, 14 inhabit waters of the North mid-

Atlantic area, a region in which substantive increases
in demersal fish biomass are indeed evident (figures 4

and 5). Notwithstanding the fact that some populations
are capable of rapid recovery (as previous work clearly

indicates; Hutchings 2000, 2001), it is unwise to use

data taken primarily from a single family known for its
apparent resilience (Clupeidae, which includes herrings

and sardines) and from a single geographical area to

draw general conclusions about the fate of collapsed
marine fish.

The question of whether some populations are

capable of some level of recovery following collapse is
not particularly germane in the broad sense. More

fundamental is the question of how one can account for
spatial and species-specific variability in recovery rates.

For example, in addition to significant reductions in

fishing mortality, recovery by demersal fish on Georges
Bank and the Gulf of Maine has almost certainly been

enhanced by the early maturity and comparatively

rapid growth experienced by species in this area,
relative to their counterparts elsewhere. The degree

to which recovery is enhanced or retarded by changes

to life-history or demographic traits, some of which
have been substantive among declining fish popu-

lations, requires further examination. In part, this will

depend on the degree to which the reductions in age
and length at maturity documented here (figures 6–8)

represent phenotypically plastic or genetic responses to
exploitation. It will also depend on the species and its

life history. Although they are an inevitable conse-

quence of fishing, truncation in age and size structure
of reproductive individuals, reflected here by changes

to mean age and size of spawners (figures 7 and 8), can

also negatively affect population growth rate, an
assertion supported by model simulations (Hutchings
Phil. Trans. R. Soc. B (2005)
1999, 2005; Murawksi et al. 2001) and by experimental

work (Trippel 1998; Berkeley et al. 2004a,b).

Our ability to predict the fate of collapsed marine

fish, and the future state of marine fish biodiversity, is

poor. Although some species have responded favour-

ably to reductions in fishing mortality, many severely

depleted populations have not. To enhance this

predictive capacity, we suggest there is utility in

undertaking geographically and taxonomically com-

prehensive examinations of the life-historical, demo-

graphic and genetic factors responsible for generating

species-specific, spatial and temporal variability in

recovery rates in marine fish.
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