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Marine fisheries have spread to the deep-sea because the fishes in many of
the shallow-water marine habitats have been overexploited. Many studies
have found that deep-sea fishes generally grow slowly and can achieve long
life spans; however, most age estimates have not been validated. Several
methods for validating age and growth estimates have been developed and
applied to deep-water and other long-lived organisms. These include lead-
radium and bomb radiocarbon dating of calcified structures. Application of
these techniques has usually validated high lifespan estimates, some in ex-
cess of a century. In this paper, we discuss the applications and limitations of
these techniques for difficult-to-age fishes. Because many fishery manage-
ment techniques focus on biomass or yield and not as much on life history
stages of fished populations, we specifically focus on the relevance of age
validation to fishery management of deep-dwelling fishes, especially relative
to slow growth, late age at maturity, long life spans, and the relative contri-
bution of big, old, fecund females (BOFFs) and maternal-age-dependent lar-
val survival to future generations via lifetime fecundity. These life history
traits make their populations more vulnerable to fishing mortality, thus em-
phasizing the need to accurately assess longevity in fishes.
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1.  Introduction

Many marine fisheries are reported as
overexploited on a global scale (Pauly et al.
2003). This overexploitation appears to have
influenced the relative abundance of preda-
tory fishes in some marine ecosystems (Pauly
1995; Worm et al. 2005) and may have up-
set the balance of some major ecosystems
(Pauly and Christensen 1995; Pauly et al.
1998, 2002, 2003; Christensen et al. 2003;
Frank et al. 2005). There is argument about
the extent and the causes of these fishery
declines and ecological impacts (Pauly 1995;
Pauly et al. 1998, 2002, 2003; Myers et al.
2003; Myers and Worm 2003, 2005; Walters
2003; Hutchings and Reynolds 2004; Safina
et al. 2005; Sibert et al. 2006; Worm et al.
2005; Hilborn 2007). However, it is certain
that many near-shore fisheries have been so
highly overexploited that fishing effort has
moved further offshore and into deeper wa-
ter (Clark 2001; Gordon 2001; Haedrich et
al. 2001; Roberts 2002; Stockley et al. 2005).

Fishery modeling and management prac-
tices have primarily focused on stock assess-
ments, which mainly use biomass and maxi-
mum (MSY) or optimum (OSY) sustainable
yield, to attempt to determine the level of
exploitation or sustainability of a given fish-
ery (Hilborn and Walters 1992; Gallucci et
al. 1996; Berkeley 2006). In some cases,
numerical abundance and/or age composi-
tion were taken into consideration, but even
age-structured analyses often make major
assumptions about age-driven biological
quantities. Because the complexities of popu-
lation age-structure are poorly understood,
dynamic parameters that are an important
consideration must be modeled or assumed
to be fixed (e.g., Methot 1990; Millar and
Methot 2002). Stock assessments are now
commonly performed, but the concept of
sustainability is still very much in question
(Millar and Methot 2002; Methot and Piner
2002; Ralston et al. 2003; Beamish et al.
2006; Longhurst 2006).

Fishing practices in many cases have
caused the size (and presumably age) struc-
ture of many populations to be fished down
(Mason 1998; Pauly et al. 1998, Worm et al.
2005; Harvey et al. 2006), and this may have
seriously impacted long-lived fishes like
chondrichthyans and those in the deep sea.
In nearshore environments along the west
coast of the U.S. there is evidence of signifi-
cant shifts downward in the size composi-
tion of rockfish landings (Mason 1998). This
fished-down size and age structure can have
numerous impacts and a few of the most sig-
nificant are further discussed here.

First, it can cause a loss of genetic di-
versity or heterozygosity (e.g., Hauser et al.
2002). In addition, some fishes are geneti-
cally structured at the regional and sub-re-
gional scales, as was demonstrated for
Patagonian toothfish (Dissostichus eleginoides;
Rogers et al. 2006) and further described in
otolith elemental analyses (Ashford et al.
2007), which influences how fishing might
affect the genetic structure of populations.
Stockley et al. (2005) demonstrated that the
deep-sea black-spot sea bream (Pagellus
bogaraveo), which was heavily fished in re-
cent years due to depletion of shallow-water
fish stocks, may have undergone a severe
bottleneck in its genetic population structure;
low genetic variability in its populations was
documented due to the small population size
that resulted from fishing.

Second, removing the larger individu-
als can favor slower-growing and earlier- ma-
turing fishes (Kenchington 2002; Ziegler et
al. 2007). Thus heritable differences in yield
and life-history traits can be caused by se-
lective fishing which has been demonstrated
for fishes such as the northern cod (Gadus
morhua; Novikov et al. 2002; Hutchings
2004; Olsen et al. 2004).

Third, there can also be long term eco-
logical and evolutionary implications of size-
specific fishing mortality, resulting in a
“dynamic tug-of-war between natural and
harvest selection” (Edeline et al. 2007) in
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terms of size and age at first reproduction
and size- and age-specific reproductive out-
put (Conover and Munch 2002; Berkeley et
al. 2004a; Bobko and Berkeley 2004;
Berkeley 2006; de Roos et al. 2006; Walsh
et al. 2006; Conover 2007; Jorgensen et al.
2007).

Fourth, there can be ecosystem effects
(Frank et al. 2005, Scheffer et al. 2005,
Worm et al. 2005) that can be manifested as
loss of top carnivores and changes in trophic
relationships of ecosystems. One manage-
ment technique that can help alleviate this
problem, at least on a local scale, is the im-
plementation of Marine Protected Areas
(MPAs; National Research Council 2001).
These are being seriously considered and
implemented in several places around the
world, especially along the west coast of the
United States (Parker et al. 2000). Berkeley
(2006), however, pointed out that MPAs do
not seriously consider the life histories of
fished populations, except as sources of lar-
vae for export from mature females.

Fifth, size-selective fishing has been es-
timated to cause a subsequent reduction in
lifetime production, measured by O’Farrell
and Botsford (2005, 2006a, b) as lifetime egg
production (LEP) in rockfishes (Genus
Sebastes; Family Scorpaenidae) and by
Harvey (2005) as age-specific egg produc-
tion. In addition, it can reduce survivorship
of larvae from “fit” or well-adapted adults.
It has been shown for some species that the
larvae from these older females in some
rockfishes are more numerous and robust,
being stronger and more likely to survive
(Love et al. 2002; Berkeley et al. 2004a, b;
Bobko and Berkeley 2004; Berkeley 2006).
And those larger, most likely older, females
not only are often more fecund but they can
also exhibit maternal-age-dependent in-
creased larval survival. This has caused some
authors to contend that fisheries, in general,
need to “leave the big ones” (Birkeland and
Dayton 2005).

2.  The Importance of Age Validation in
estimating Longevity (Lifespan)

We propose here that the life history param-
eters longevity (length of life) and/or lifespan
(average time between birth and death) are
very important to consider when determin-
ing how to manage exploited populations.
Long-lived fishes have often had their ages
and life spans underestimated, causing fish-
ery management policies to be less effective.
This is not a new concept because the im-
portance of age validation was strongly em-
phasized more than two decades ago by
Beamish and MacFarlane (1983) and more
recently by Campana (2001), among many
other authors. However, many age, growth
and longevity studies have not provided vali-
dated age estimates leading to the parameters
determined in their studies.

Traditional age validation methods
(mark-and recapture, laboratory rearing, or
marginal increment analysis) are often diffi-
cult or impractical to use for long-lived or
deep-sea fishes (Campana 2001). There was
little hope for such applications to deepwater
fishes until recent developments provided
some promise for tagging deep-sea species
in situ. This was pioneered by Starr et al.
(2002) for eastern Pacific deep-water
rockfishes, and used in other deep-sea ap-
plications (e.g. Sigurdsson et al. 2006) in
deep water (~500–800 m) off Iceland on
redfish (Sebastes mentella).

In lieu of such applications, a naturally
occurring radioisotope pair found in calci-
fied structures of fishes, radium-226 (226Ra)
and its daughter product lead-210 (210Pb), can
act as a built-in chronometer. In addition to
this radiometric technique, atmospheric test-
ing of thermonuclear devices in the 1950s
and 1960s caused a rise in radiocarbon (∆14C)
and produced a globally distributed signal
that diffused into the ocean surface world-
wide (Broeker and Peng 1982).

In recent years, many of the age estimates
for deep sea fishes have been reevaluated and
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in many cases were deemed drastically
greater than previously suspected. A number
of these age estimates, ones that were often
met with disbelief because of the great lon-
gevity estimates, have been validated
through use of lead-radium and bomb radio-
carbon dating, some of which also included
tag-recapture and oxytetracycline from field
studies (e.g., Beamish and McFarlane 1983;
Kastelle et al. 1994). Application of these
radiometric methods has been successful for
deep-sea fishes (e.g. Andrews et al. 1999,
2007) and this is especially true for a nu-
merous rockfishes (Andrews et al. 2002,
2005, 2007; Bennett et al. 1982; Campana
et al. 1990; Kastelle et al. 2000; Kastelle and
Kimura 2006; Kerr et al. 2004, 2005; Piner
et al. 2005; Stevens et al. 2004; Stransky et
al. 2005; Watters et al. 2006). In some cases,
complications in what appears to be a sys-
tem that was not conserved with time pro-
vided circumstances that violated the neces-
sary assumptions for successful application
(e.g., cartilage of chondrichthyans and stur-
geon; Burton et al. 1999; Welden et al. 1987).
For otolith material, however, numerous
other bony fishes have been validated using
lead-radium and bomb radiocarbon dating
(e.g., Fenton et al. 1991; Smith et al. 1991,
1995; Campana 1997; Andrews et al. 2001;
Kalish et al. 2001; Ewing et al. 2007).

In this paper, we return to Beamish and
McFarlane’s (1983) plea for age validation
to become a more common element in fish
age and growth studies. In doing so, we will
demonstrate the importance of age-validated
longevity to fish population dynamics, es-
pecially in exploited conditions. We will also
incorporate the results and concepts initiated
by Berkeley et al. (2004a, b), Bobko and
Berkeley (2004), and Berkeley (2006), in
which they demonstrated the importance of
larger, fecund female rockfishes (recently
coined as “Big Old Fecund Females” or
BOFFs), using the black rockfish (Sebastes
melanops) aged 50 years old by counting
rings in sectioned otoliths.

O’Farrell and Botsford (2005, 2006a, b)
used size structure of the same species
(S. melanops), but also included five other
rockfish species to demonstrate the effect of
size-selective fishing on LEP. They assumed
that size classes represented age classes, but
no age validation has been accomplished for
these species. Similar studies have been done
on rockfishes by Harvey (2005) and Harvey
et al. (2006), assuming specific growth char-
acteristics, not all of which were validated.
Thus, it is important to note that the ages
estimated or inferred from size-composition
or otolith readings could leave some doubt
about the reality of the BOFF and/or mater-
nal-age-dependent larval survival, and per-
haps the reduction in LEP. Hence, we em-
phasize use of age-validated species and that
this perspective on age validation becomes
more important when taking the previously
stated factors into consideration.

3.  The Importance of Lifetime Fecun-
dity (Reproductive Output)

It is important to note that true reproductive
output is a factor that can only be obtained
by validating longevity or lifetime of a given
species (Harvey 2005; O’Farrell and Botsford
2006a, b). In this paper, two terms will be
used with regard to reproduction; fertility,
the actual reproductive productivity or pro-
duction of offspring, and fecundity, the
physiological potential for reproduction or
the age-specific state of being fertile. It ap-
pears that most fishes, including rockfishes,
continue to reproduce after maturity, with-
out evidence of senescence in all years fol-
lowing the age at first maturity (Cailliet et
al. 2001). Because larger, and presumably
older, fish often have higher fecundity and
may have better adapted larvae, their life-
time fecundity becomes an important param-
eter in understanding and predicting popu-
lation dynamics (Phillips 1964; Gunderson
et al. 1980; Haldorson and Love 1991; Lea
et al. 1999; Love et al. 1990, 2002; Berkeley
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et al. 2004a, b; Bobko and Berkeley 2004;
Harvey 2005; Berkeley 2006).

Summarized data on size-specific fecun-
dity for rockfishes demonstrated that larger
rockfishes typically produce more offspring
(Love et al. 1990, 2002). Thus, fishing these
larger size and older age classes heavily can
truncate the number of reproductive years
and thus reduce their ability to maintain vi-
able populations. This has been demonstrated
demographically by Ralston et al. (2003) for
the shortbelly rockfish (Sebastes jordani) and
by Ziegler et al. (2007) on the banded
morwong (Cheilodactylus spectabilis). Also,
environmental processes, like El Niño
events, can also have a serious influence on
reproductive output like egg production in
fishes (Ven Tresca et al. 1995; Harvey 2005).
We propose that this approach, using age-
validated lifetime fecundity, should be a
major research objective for all exploited
fishes, including rockfishes.

Demographic approaches using either
life table analyses or stage- and/or age-based
matrices are good ways to produce predicted
population dynamics, with and without ex-
ploitation (Cailliet 1992; Ebert 1999;
Caswell 2001; Mollet and Cailliet 2002,
2003). In addition, sensitivity and elasticity
analyses (Heppell et al. 2000; Frisk et al.
2005; Garcia et al. 2008) will allow the most
ecological important life stages to be identi-
fied and used in fishery management policy.
However, it may be that sustainability is
unachievable (Longhurst 2002; 2006), espe-
cially without knowing these age-specific
life history traits.

4.  Deep-water Rockfish Age Determi-
nation, Validation, and Longevity

For this paper, we have chosen a few exam-
ples of age validation research on rockfish
populations with which we are familiar off
the west coast of the United States (Andrews
et al. 2002, 2005, 2007; Kerr et al. 2004;
Piner et al. 2005). We will focus on three

species of rockfishes for which age has been
validated, and life spans determined based
on the maximum growth zone counts, for
which one or both of the radiometric tech-
niques (lead-radium or bomb radiocarbon
dating) was used to support estimates of age.

Our bomb radiocarbon age-validation
results on bocaccio (Andrews et al. 2005;
Sebastes paucispinis) are useful relative to
the papers cited above on black rockfish
(S. melanops) because they are similar in
terms of lifespan (~50 years), but perhaps
not with regard to the other parameters as
studied by Berkeley et al. (2004a, b) and
Bobko and Berkeley (2004). We investigate
both their size and age at maturity and their
fecundity in this regard. We also present age-
validated results for two other species on
which we have published age-validation pa-
pers, the canary (Sebastes pinniger) and
yelloweye (Sebastes ruberrimus) rockfishes,
both of which have had their ages (and life
spans) validated using lead-radium and bomb
radiocarbon dating (Andrews et al. 2002,
2007; Kerr et al. 2004; Piner et al. 2005).

For these and other age estimation and
validation studies, calcified structures such
as otoliths, vertebrae, other bones, spines,
and thorns have often proved useful and ac-
curate. These structures are prepared for age
determination in ways that enhance the read-
ability of growth zones that are typically
present. In age validation studies the use of
core or growth zone specific material from
adult structures and from various year classes
have provided better age resolution than pre-
viously possible for both lead-radium and
bomb radiocarbon dating.

Successful application of lead-radium
and bomb radiocarbon dating to rockfishes
(family Scorpaenidae) has a well developed
history. The first application of lead-radium
dating to otoliths in general was an age
validation study on splitnose rockfish (S.
diploproa) in which a 60 yr lifespan was sup-
ported from the growth-zone derived age
estimation criteria (Bennett et al. 1982).
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Since this pioneering application, the tech-
nique has been applied to several other
rockfishes with varying degrees of age reso-
lution (Burton et al. 1999; Campana et al.
1990; Kastelle et al. 2000; Andrews et al.
2002, 2005, 2007; Stevens et al. 2004;
Watters et al. 2006). Bomb radiocarbon dat-
ing of fish otoliths began in the southern
hemisphere (Kalish 1993, 2001), followed
by a series of studies in the northern hemi-
sphere (e.g., Campana 1997; Kalish et al.
2001).

Lead-radium dating relies on the incor-
poration of naturally occurring radium-226
from the environment into the otolith and its
subsequent decay to lead-210. By measur-
ing the disequilibria of these two radioiso-

topes in otolith core material (first few years
of life), an independent estimate of age can
be determined based on the known ingrowth
rate of lead-210 from radium-226 (Fig. 1;
Campana et al. 1990; Smith et al. 1991;
Kimura and Kastelle 1995; Francis 2003).
This technique works well as a tool for de-
termining the validity of age interpretations
that differ considerably, but its application
is limited by relatively low resolution at ages
approaching 100 years. Typically, the end re-
sult for this kind of study is support for, or
refutation of, a given age estimation tech-
nique and establishment of an independent
estimate of age or lifespan. For example,
lead-radium dating performed on the
yelloweye rockfish (S. ruberrimus) provided

Fig. 1. Diagrammatic representation of the theory behind lead-radium dating. Represented is
the ingrowth of lead-210 from radium-226 as the ingrowth curve in the figure. The clusters of
hypothetical data points represent the various forms of potential age differentiation from lead-
radium ratios measured from samples with estimated age. The clusters not in agreement with the
ingrowth curve represent scenarios where age was either underestimated or overestimated by
several decades. The margin of error for age is typical for an age distribution from a pooled group
of otoliths. The margin of error for lead-radium ratios is approximate for lead-radium activities that
would be somewhat ideal. See Fig. 2 for a different graphic analysis of these same theoretical data
examples.
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support for age exceeding ~100 yr (Andrews
et al. 2002). The application refuted age es-
timates that were significantly younger and
provided age validated support for transverse
otolith ageing techniques, but this finding
was the extent of the maximum age resolu-
tion because of technique limitations. These
findings were similar for bocaccio rockfish
for which a minimum age of 31 years was
determined using lead-radium dating (An-
drews et al. 2005).

Many papers now have been written on
radiometric age determination of fishes since
Bennett et al. (1982) first confirmed the lon-
gevity of the splitnose rockfish (Sebastes
diploproa) using lead-radium dating. Such
age validation studies usually involve two

graphical comparison techniques. The first
involves plotting the predicted ingrowth
curve over time, plotted with individual age
estimates (usually from growth zone counts
in otolith sections), to determine the agree-
ment between measured and expected lead-
radium ratios (Fig. 1). The second approach
is to plot the growth zone derived age esti-
mates versus the radiometric age estimate for
each sample (Fig. 2). With this kind of com-
parison, it is possible to test for trends of
agreement or disagreement based on the hy-
pothesis that there is a one-one agreement
that results from a regression fitted to the
data. The one discrepancy in this process that
is still a work in progress is taking into
consideration the change of radiometric age
uncertainty with increasing age.

Fig. 2. Comparison of otolith-generated age estimate to radiometric age estimate using ratio of
lead-210 to radium-226. The cluster of value on the line indicate that age estimates were con-
firmed by lead-radium age estimates, while those to the upper left mean that lead-radium ages
were higher than growth zone derived ages. At the lower right the values indicate that otolith-
derived ages were too high and lead-radium age estimates indicated that these samples were
younger. See Fig. 1 for a different graphic analysis of these same theoretical data examples.
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Use of the bomb radiocarbon chronom-
eter requires a series of individual otoliths
for which the birth years, based on stand-
ardized growth-zone age estimates, range
from a time prior to significant atmospheric
testing of thermonuclear devices (pre-1957)
to the post-bomb period. This approach can
utilize both the 1) time of first rise in radio-
carbon, and the 2) sloped period for the rise
in radiocarbon, as a time-reference markers
for age validation. It is the agreement of the
bomb radiocarbon record, from the species
with age in question, with a reference bomb
radiocarbon time-series that provides a ba-
sis for age validation. Hence, the utility of
this approach for determining age or lifespan
is dependent upon the difference between the
collection year and time of first rise in ra-
diocarbon for the reference time series. For
example, a minimum lifespan of 43 ± 3 years
was determined for canary rockfish (Sebastes
pinniger) based on the first sample to have
measured radiocarbon levels that were pre-
bomb (Andrews et al. 2007). In addition, age
can be determined by projecting measured
radiocarbon levels back to a reference time
series (Campana 1997); a minimum life span
of 37 ± 2 years was determined in this man-
ner for bocaccio rockfish (Andrews et al.
2005). A thorough evaluation of age classes
can also be undertaken with a series of sam-
ples with different collection years (Piner and
Wischniowski 2004).

For each of the three species discussed
here, age has been determined using both
lead-radium and bomb radiocarbon dating.
Lead-radium results for yelloweye rockfish
provided strong support for the age estima-
tion criteria used to determine ages that ex-
ceed 100 years and the consistency of fit to
the ingrowth curve for younger age classes
provided additional support. Based on the
ease of otolith reading for this species using
the same criteria, we considered a radiocar-
bon record from otoliths of yelloweye
rockfish would provide a reference chronol-
ogy for validation of other regional fish spe-

cies (e.g., Kerr et al. 2005). Some (e.g.
Stewart and Piner 2007) have questioned this
assumption and suggested that the follow up
study using radiocarbon was instead further
validation for the age estimate criteria and
further support for the findings of the lead-
radium study.

It seems there is an element of truth in
both perspectives. Based on the findings of
the combined studies, and depending on your
perspective, the evidence that yelloweye
rockfish is one of the longest lived rockfishes
is robust. Lead-radium results for bocaccio
rockfish provided only a minimum age for
this species because of the remarkably low
radium-226 levels; there was 95% confi-
dence that the minimum age this species can
attain is 31 years. This finding was well sup-
ported and exceeded with the application of
bomb radiocarbon dating. Lead-radium and
bomb radiocarbon results for canary rockfish
worked well together by providing robust
support for ages estimated in the Canadian
canary rockfish fishery. Each application has
had variable degrees of age validation based
on the uncertainty or assumptions of the ap-
plication, and there is still a need for devel-
oping a high-precision dating method.

Here, we stress the paramount impor-
tance that some form of validation or sup-
port be given for age estimation procedures,
and ultimately estimates of longevity, before
we can accurately understand the population
dynamics of a population supporting a given
fishery. Without determining the temporal
periodicity of the growth zones in their
otoliths, the variation in growth and longev-
ity would not be fully understood for differ-
ent species of fishes like bocaccio, canary
and yelloweye rockfishes.

5.  Deep-water Rockfish Age-Specific
and Lifetime Reproductive Output

For the three species of interest here, we have
provided age validated support using both
lead-radium bomb radiocarbon dating (e.g.,
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Fig. 3). For bocaccio, canary, and yelloweye
rockfishes, the age estimates from otolith
growth zone counts produced age estimates
that conformed well to known regional bomb
radiocarbon levels. Thus, age estimation pro-
cedures are independently supported for the
estimated life spans of these three fishes and
it is this supported life span that we propose
is an important factor in determining the
sustainability of fisheries.

This allows us to also feel confident that
the resulting growth curves (Fig. 4 from Love
et al. 2002) provide evidence of a variety of
growth characteristics and life spans among

many species of the genus Sebastes. Growth
curves for 13 species of rockfishes, includ-
ing yelloweye and canary rockfishes, are
plotted in Fig. 4, but no growth curve was
yet available for bocaccio when Love et al.
(2002) published this figure. We now have a
better idea of bocaccio growth, with best
estimates, taken from MacCall (2007), of
growth coefficients (K) ranging from 0.184–
0.210, and asymptotic lengths (L∞) being
75.9 and 65.6 cm TL, for females and males
respectively. A life span estimate of ~50 years
was used by Love et al. (2002). However,
there is considerable variation in the value

Fig. 3. Plot of measured bomb radiocarbon (∆14C) levels in otolith cores, representing the first
year of growth, from adult bocaccio (S. paucispinis; Andrews et al. 2005), canary (Sebastes pinniger;
Andrews et al. 2007), and yelloweye (S. ruberrimus; Kerr et al. 2005) rockfishes, plotted with ∆14C
data from whole otoliths of juvenile Pacific halibut (Hippoglossus stenolepis; Piner and Wischniowski
2004). Birth year was estimated using growth zone counts for both canary and bocaccio rockfishes
and measured ∆14C levels from each aged core was compared to the chronological reference
time series established for the Northeastern Pacific Ocean; the chronological time series was
established for the region with the age-validated yelloweye rockfish (Andrews et al. 2002) and
known age juvenile Pacific halibut otolith records. Error bars for the data represent the analytical
uncertainty of the ∆14C measurements and the potential range for the birth date based on the age
estimate uncertainty.
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used for maximum age. MacCall (2007) re-
duced his maximum age estimate to 27 from
45 years used in his original 2003 stock as-
sessment. Our most recent work indicates
37 ± 2 years for the largest fish used in the
study (Andrews et al. 2005). Therefore, we
feel the best estimate would be ~37 years
based on our age-validated results, the im-
portance of which will be discussed further.

A synopsis (Love et al. 2002) of fecun-
dity information gathered from numerous
studies has produced evidence that larger,
and presumably older, rockfish females can
provide maximum fecundities (number of
eggs or number of larvae produced) that in-
crease exponentially with maximum length
(Fig. 5). Thus, the deeper-dwelling species,
which are often larger, may have increased
fecundity coupled with their increased lon-
gevity (Cailliet et al. 2001). The important
question that comes from this observation

has to do with the number of years past age
at maturity over which these females con-
tinue to produce eggs and larvae. In addi-
tion, both fishing and natural mortality can
cause the relative numbers of females in suc-
cessively older age classes to decline, fur-
ther reducing their net reproductive rates
over these years.

Knowing the longevity and age-specific
fecundity for rockfishes allows us to specu-
late about the potential impact of size-spe-
cific mortality from fishing. Without fishing
mortality, bocaccio, canary and yelloweye
rockfishes would start spawning from the
ages of approximately 7, 8, and 19 years, to
the end of their lifetime at ages approaching
37, 84, and 118 years, respectively (Berkeley
2006; modified by our recent results). Hence,
the longer-lived, deeper-dwelling canary and
yelloweye rockfishes would have up to 76
and 99 reproductive years, versus up to 30

Fig. 4. A compilation of data from numerous studies where von Bertalanffy growth curves
were fitted to female length-at-age data (otolith section age) for 13 rockfish species. In the context
of this study, the bocaccio growth data were not plotted because at the time of publication, age
data was not yet resolved (Data and figure from Figure 9.6, page 61, in Love et al. (2002) with
permission to reprint).
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years for the shallower, shorter-lived
bocaccio rockfish. By taking this into con-
sideration, it is relatively straight forward to
predict that size-specific fishing mortality
(i.e. heavily fishing the larger, older fish)
would have a deleterious impact on lifetime
egg (larval) production. This would be even
more convincing if age-specific natural mor-
tality, the growth rate and age at maturity
were known.

Using this line of thinking, it is interest-
ing to consider several other rockfishes that
have greater life spans. The rougheye
(Sebastes aleutianus) and shortraker
(Sebastes borealis) rockfishes have esti-
mated longevities ranging up to 157 and 205
years, respectively (Munk 2001); however,
these estimates are based on growth zone
counts from otolith sections. Niether lead-
radium or bomb radiocarbon dating has been
applied and the development of other tech-

niques is necessary to accurately ascertain
ages of this magnitude. Assuming these es-
timates are accurate, these exceedingly long-
lived fishes would be more vulnerable to
size-specific fishing mortality that targets
deep-dwelling individuals that are larger and
potentially much older.

Likewise, age validation is an important
factor in managing other long-lived fishes
that are heavily exploited. For example,
Baker and Wilson (2001) and Milton et al.
(1995) validated longevities in snappers
(family Lutjanidae) occupying relatively
deep water in the Gulf of Mexico and off
Australia, respectively. Another prime exam-
ple, with a bit of a twist, is the orange roughy
(Hoplostethus atlanticus) with its contrast-
ing reproductive strategy of bestowal (maxi-
mizing investment in a smaller number of
offspring; Pankhurst and Conroy 1987).
This factor, combined with its validated

Fig. 5. A compilation of data used to establish a relationship between rockfish maximum length
(L, cm) and fecundity (F) for 33 rockfish species from the eastern North Pacific (Data and figure
from Figure 5.8, page 37, in Love et al. (2002) with permission to reprint). This relationship may be
an indication that larger, and presumably older, fish are typically more fecund; typifying the con-
cerns associated with size-specific management strategies.
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centenarian longevity (Fenton et al. 1991;
Smith et al. 1995; Andrews and Tracey
2007), make orange roughy a particular con-
cern in a size-selective management strategy.
Other deep-water fishes with potentially high
longevity, like oreos (family Oreosomatidae:
Stewart et al. 1995), need to be further con-
sidered in this regard. This kind of vulner-
ability would be especially true for those tar-
geted preferentially for egg production, like
anglerfishes (family Lophiidae, genus
Lophius: Duarte et al. 2001; Landa et al.
2001).

6.  Conclusions

It is a combination of age structure (keep the
big ones), life-time egg production (greater
productivity), and genetic diversity (poten-
tial enhanced survivorship) that beg for fur-
ther consideration of age validation and
abandonment of only size-specific manage-
ment practices. Age validation for fishes that
are recognized as long-lived (e.g., Burton et
al. 1999 and Cailliet et al. 2001), such as
chondrichthyans (sharks: Cailliet and
Goldman 2004; Cailliet et al. 2006),
chondrosteans (sturgeon & paddlefishes:
Burton et al. 1999), and tarpons (Andrews
et al. 2001), either have required or will need
to use a combination of techniques, includ-
ing bomb radiocarbon, lead-radium dating,
and/or tag-recapture and marking techniques
to validate their growth characteristics and
longevity estimates.

For chondrichthyan fishes and stur-
geons, which are cartilaginous and do not
have calcified otoliths that are useful, lead-
radium dating did not work due to what ap-
peared to be a violation of the closed system
assumption (Welden et al. 1987; Burton et
al. 1999). Radionuclides may move around
from the vertebral column to the rest of the
body, thus making lead-radium dating not
useful for these fishes.

For some elasmobranch species, how-
ever, bomb radiocarbon dating has been suc-

cessfully applied because the signal is con-
served in cartilage. Apparently, the bomb
radiocarbon signal is conserved for some
species, but may be: 1) free to move around
in the vertebral column; or 2) mixed with
radiocarbon-depleted sources in other spe-
cies. This technique has worked well for the
porbeagle (Lamna nasus: Campana et al.
2002), shortfin mako (Isurus oxyrinchus:
Campana et al. 2002; Ardizzone et al. 2006),
spiny dogfish (Squalus acanthias: Campana
et al. 2006), and tiger shark (Galeocerdo
cuviei: Kneebone et al. in press). It did not
work as well for white shark (Carcharodon
carcharias: Kerr et al. 2006).

In summary, both lead-radium and bomb
radiocarbon dating provide solid, age-based
evidence as tools in age validation of fishes.
Lead-radium dating is useful for the groups
of fishes with otoliths large enough, and with
enough radioactivity, for core applications.
Bomb radiocarbon dating has often corrobo-
rated age estimates, growth characteristics,
and life spans of rockfishes, and deeper-
dwelling species. Results so far indicate that
these deep-water fishes can live a long time,
and in a growing number of cases exceed a
centenarian life span. As pointed out by
Longhurst (2002, 2006), longevity is ex-
tremely important to insure effective, age-
based management practices. In addition, the
metabolism and growth of deep-water fishes
appear to be lower and slower than near-
shore fishes (Haedrich et al. 2001; Roberts
2002; Marriott et al. 2006; Drazen and Seibel
2007). Prevention of fishing down the larger
and more productive age, not just size,
classes is of paramount importance.

Acknowledgments

We thank Bob Lauth (Northwest Fisheries Sci-
ence Center, National Marine Fisheries Service
[NMFS], National Oceanic and Atmospheric Admin-
istration [NOAA]); and Craig Lundstrom (University
of Illinois, Urbana-Champaign). This paper was funded
in part by the National Sea Grant College Program, the
National Oceanic and Atmospheric Administration,



Age-validated longevity of fishes 115

U.S. Department of Commerce, under grant numbers
NA36RG0537, NA06RG0142, and NA06RG0477,
project numbers R/F-148, R/F-174, R/F-176, R/F-
182, R/F-190, through the California Sea Grant Col-
lege System, and in part by the California State Re-
sources Agency. The views expressed herein are those
of the authors and do not necessarily reflect the views

References

Andrews AH, Tracey DM. Age validation of orange roughy and black cardinalfish using lead-readium dating.
Final Research Report for Ministry of Fisheries, Res. Project DEE2005/02. NIWA, Wellington, New
Zealand. 2007; 40 pp.

Andrews AH, Cailliet GM, Coale KH. Age and growth of the Pacific grenadier (Coryphaenoides acrolepis)
with age estimate validation using an improved radiometric ageing technique. Can. J. Fish. Aquat. Sci.
1999; 56: 1339–1350.

Andrews AH, Burton EJ, Coale KH, Cailliet GM, Crabtree RE. Application of radiometric age determination
to the Atlantic tarpon, Megalops atlanticus. Fishery Bull. 2001; 99: 389–398.

Andrews AH, Cailliet GM, Coale KH, Munk KM, Mahoney MM, O’Connell VM. Radiometric age validation
of the yelloweye rockfish (Sebastes ruberrimus) from southeastern Alaska. Mar. Freshwat. Res. 2002;
53(2): 1–8.

Andrews AH, Burton EJ, Kerr LA, Cailliet GM, Coale KH, Lundstrom CC, Brown TA. Bomb radiocarbon and
lead-radium disequilibria in otoliths of bocaccio rockfish (Sebastes paucispinis): a determination of
age and longevity for a difficult-to-age fish. Mar. Freshwat. Res. 2005; 56: 517–528.

Andrews AH, Kerr LA, Cailliet GM, Brown TA, Lundstrom CC, Stanley RD. Age validation of canary rockfish
(Sebastes pinniger) using two independent otolith techniques: lead-radium and bomb radiocarbon
dating. Mar. Freshwat. Res. 2007; 58: 531–541.

Ardizzone D, Cailliet GM, Natanson LJ, Andrews AH, Kerr LA, Brown TA. Application of bomb radiocarbon
chronologies to shortfin mako (Isurus oxyrinchus) age validation. Env. Biol. Fishes 2006; 77: 355–366.

Ashford JR, Jones CM, Hofmann EE, Everson I, Moreno CA, Duhamel G, Williams R. Otolith microchemistry
indicates population structuring by the Antarctic Circumpolar Curretn. Can. J. Fish. Aquat. Sci. 2007;
65: 135–146.

Baker MS, Wilson CA. Use of bomb radiocarbon to validate otolith section ages of red snapper Lutjanus
campechanus from the northern Gulf of Mexico. Limnol. Oceanogr. 2001; 46: 1819–1824.

Beamish RJ, McFarlane GA. The forgotten requirement for age validation in fisheries biology. Trans. Am.
Fish. Soc. 1983; 112: 733–743.

Beamish RJ, McFarlane GA, Benson GA. Longevity overfishing. Prog. Oceanogr. 2006; 68: 289–302.
Bennett JT, Boehlert GW, Turekian KK. Confirmation of longevity in Sebastes diploproa (Pisces: Scorpaenidae)

from 210Pb/226Ra measurements in otoliths. Mar. Biol. 1982; 71: 209–215.
Berkeley SA. Pacific rockfish management: are we circling the wagons around the wrong paradigm? Bull.

Mar. Sci. 2006; 78(3): 655–668.
Berkeley SA, Chapman C, Sogard SM. Maternal age as a determinant of larval growth and survival in a

marine fish, Sebastes melanops. Ecology 2004a; 85(5): 1258–1264.
Berkeley SA, Hixon MA, Larson RJ, Love MS. Fisheries sustainability via protection of age structure and

spatial distribution of fish populations. Fisheries 2004b; 29(8): 23–32.
Birkeland C, Dayton PK. The importance in fishery management of leaving the big ones. Trends Ecol. Evol.

2005; 20(7): 1–3.
Bobko SJ, Berkeley SA. Maturity, ovarian cycle, fecundity, and age-specific parturition of black rockfishes

(Sebastes melanops). Fishery Bull. 2004; 102: 418–429.
Broeker WS, Peng TH. The anthropogenic invasion: the movement of water through the oceanic thermocline.

In: Tracers in the Sea. Lamont-Doherty Geological Observatory, New York. 1982; 383–444.
Burton EJ, Andrews AH, Coale KH, Cailliet GM. Application of radiometric age determination to three long-

lived fishes using 210Pb:226Ra disequilibria in calcified structures: a review. In: Musick JA (ed). Ecology
and Conservation of Long-Lived Marine Animals. Am. Fish. Soc. Spec. Pub. 1999; 23: 77–87.

of NOAA or any of its sub-agencies. The U.S. govern-
ment is authorized to reproduce and distribute for gov-
ernmental purposes. We were also supported, in part,
under the auspices of the U.S. Department of Energy,
by the University of California, Lawrence Livermore
National Laboratory under Contract No. W-7405-
Eng-48.



116 G. M. CAILLIET AND A. H. ANDREWS

Cailliet GM. Demography of the central California population of leopard shark (Triakis semifasciata). Aust. J.
Mar. Freshwat. Res. 1992; 43(1): 183–193.

Cailliet GM, Goldman KH. Age Determination and Validation in Chondrichthyan Fishes. In: Carrier J, Musick
JA, Heithaus MR (eds). Biology of Sharks and Their Relatives. CRC Press, Boca Raton, FL. 2004; Chap-
ter 14, pp. 399–447.

Cailliet GM, Andrews AH, Burton EJ, Watters DL, Kline DE, Ferry-Graham LF. Age determination and valida-
tion studies of marine fishes: do deep-dwellers live longer? Exp. Ger. 2001; 36: 739–764.

Cailliet GM, Smith WD, Mollet HF, Goldman KJ. Age and growth studies of chondrichthyan fishes: the need
for consistency in terminology, verification, validation, and growth function fitting. Env. Biol. Fishes
2006; 77: 211–228.

Campana SE. Use of radiocarbon from nuclear fallout as a dated marker in the otoliths of haddock
Melanogrammus aeglefinus. Mar. Ecol. Prog. Ser. 1997; 150: 49–56.

Campana SE. Accuracy, precision and quality control in age determination, including a review of the use
and abuse of age validation methods. J. Fish. Biol. 2001; 59: 197–242.

Campana SE, Zwanenburg KCT, Smith JN. 210Pb/226Ra determination of longevity in redfish. Can. J. Fish.
Aquat. Sci. 1990; 47: 163–165.

Campana SE, Natanson LJ, Myklevoll S. Bomb dating and age determination of large pelagic sharks. Can. J.
Fish. Aquat. Sci. 2002; 59: 450–455.

Campana SE, Jones C, McFarlane GA, Myklevoll S. Bomb dating and age validation using the spines of spiny
dogfish (Squalus acanthias). Env. Biol. Fishes. 2006; 77: 337–336.

Caswell H. Matrix Population Models: Construction, Analysis, and Interpretation. 2nd ed. Sinauer Associates,
Sunderland, MA. 2001; 722 pp.

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

Clark M. Are deepwater fisheries sustainable?—the example of orange roughy (Hoplostethus atlanticus) in
New Zealand. Fish. Res. 2001; 51: 123–135.

Conover DO. Nets versus nature. Nature 2007; 450: 179–180.
Conover DO, Munch SB. Sustaining fisheries yields over evolutionary time scales. Science 2002; 297: 94–

96.
de Roos AM, Boukal DS, Persson L. Evolutionary regime shifts in age and size at maturation of exploited fish

stocks. Proc. Royal Soc. B 2006; 278: 1873–1880.
Drazen JC, Seibel BA. Depth-related trends ijn metabolism of benthic and benthopelagic deep-sea fishes.

Limnol. Oceanogra. 2007; 52(5): 2306–2316.
Duarte R, Azevedo M, Landa J, Pereda P. Reproduction of anglerfish (Lophius budegassa Spinola and Lophius

piscatorius Linnaeus) from the Atlantic Iberian coast. Fish. Res. 2001; 51: 349–361.
Ebert T. Plant and Animal Populations: Methods in Demography. Academic Press, San Diego, London, Bos-

ton, New York, Sydney, Tokyo, Toronto. 1999; 312 pp.
Edeline E, Carlson SM, Stige LC, Winfield IJ, Fletcher JM, James JB, Haugen TO, Vollestad LA, Stenseth NC.

Trait changes in a harvested population are driven by a dynamic tug-of-war between natural and
harvest selection. NC. Proc. Nat. Acad. Sci. 2007; 104(40): 15799–15804.

Ewing GP, Lyle JM, Murphy RJ, Kalish JM, Ziegler PE. Validation of age and growth in a long-lived temperate
reef fish using otolith structure, oxytetracycline and bomb radiocarbon methods. Mar. Freshwat. Res.
2007; 58: 944–955.

Fenton GE, Short SA, Ritz DA. Age determination of orange roughy, Hoplostethus atlanticus (Pisces:
Trachichthyidae) using 210Pb:226Ra disequilibria. Mar. Biol. 1991; 109: 197–202.

Francis RICC. The precision of otolith radiometric ageing of fish and the effect of within-sample heterogene-
ity. Can. J. Fish. Aquat. Sci. 2003; 60: 441–447.

Frank KT, Petrie B, Choi J, Leggett WC. Trophic cascades in a formerly cod-dominated ecosystem. Science
2005; 308: 1621–1623.

Frisk MG, Miller TJ, Dulvy, NK. Life histories and vulnerability to exploitation of elasmobranchs: inferences
from elasticity, perturbation and phylogenetic analyses. J. Northw. Atl. Fish. Sci. 2005; 35: 27–45.

Gallucci VF, Saila SB, Gustafson DJ, Rothschild BJ (eds). Stock Assessment; Quantitative Methods and Appli-
cations for Small-Scale Fisheries. CRC/Lewis Publishers, Boca Raton, New York, London, Tokyo. 1996;
527 pp.

Garcia VB, Lucifora LO, Myers RA. The importance of habitat and life history to extinction risk in sharks,
skates, rays and chimaeras. Proc. R. Soc. B. 2008; 275: 83–89.



Age-validated longevity of fishes 117

Gordon JDM. Deep-water fish and fisheries: introduction. Editorial. Fish. Res. 2001; 51: 105–111.
Gunderson DR, Callahan, Goiney B. Maturation and fecundity of four species of Sebastes. Mar. Fish. Rev.

1980; 42: 74–79.
Haedrich RL, Merrett NR, O’Dea NF. Can ecological knowledge catch up with deep-water fishing? a North

Atlantic perspective. Fish. Res. 2001; 51(2–3): 113–122.
Haldorson L, Love M. Maturity and fecundity in the rockfishes, Sebastes spp., a review. Mar. Fish. Rev. 1991;

53(2): 25–31.
Harvey CJ. Effects of El Niño events on energy demand and egg production of rockfish (Scorpaenidae:

Sebastes): a bioenergetics approach. Fish. Bull. 2005; 103: 71–83.
Harvey CJ, Tolimieri N, Levin PS. Changes in body size, abundance, and energy allocation in rockfish assem-

blages of the northeast Pacific. Ecol. Applic. 2006; 16(4): 1502–1515.
Hauser L, Adcock GJ, Smith PJ, Bernal Ramirez JH, Carvalho GR. Loss of microsatellite diversity and low

effective population size in an overexploited population of New Zealand snapper (Pagrus auratus).
Proc. Nat. Acad. Sci. USA. 2002; 99(18): 11742–11747.

Heppell SS, Caswell H. Crowder LB. Life histories and elasticity patterns: perturbation analysis for species
with minimal demographic data. Ecology 2000; 81: 654–665.

Hilborn R. Reinterpreting the state of fisheries and their management. Ecosystems 2007; 10: 1362–1369.
Hilborn R, Walters C. Quantitative Fisheries Stock Assessment: Choice, Dynamics, and Uncertainty. Chapman

and Hall, New York. 1992.
Hutchings JA. The cod that got away. Nature 2004; 428: 899–900.
Hutchings JA, Reynolds JD. Marine fish population collapses: consequences for recovery and extinction

risk. Bioscience 2004; 54: 297–309.
Jorgensen C, Enberg K, Dunlop ES, Arlinghaus R, Boukal DS, Brander K, Ernande B, Gardmark A, Johnston F,

Matsumura S, Pardoe H, Raab K, Silva A, Vainikka A, Dieckmann U, Heino M, Rijnsdorp A. Managing
evolving fish stocks. Science 2007; 318: 1247–1248.

Kalish JM. Pre- and post-bomb radiocarbon in fish otoliths. Earth Planet. Sci. Lett. 1993; 114: 549–554.
Kalish JM. Use of the bomb radiocarbon chronometer to validate fish age. Final Report FRDC Project 93/

109. Fisheries Research and Development Corporation, Canberra, Australia. 2001; 384 pp.
Kalish JM, Nydal R, Nedreaas KH, Burr, GS, Eine GL. A time history of pre- and post-bomb radiocarbon in

the Barents Sea derived from Arcto-Norwegian cod otoliths. Radiocarbon 2001; 43(2B): 843–855.
Kastelle CR, Kimura DK, Nevissi AE, Gunderson DR. Using Pb-210/Ra-226 disequilibria for sablefish,

Anoplopoma fimbria, age validation. Fishery Bull. 1994; 92: 292–301.
Kastelle CR, Kimura DK, Jay SR. Using 210Pb/226Ra disequilibrium to validate conventional ages in scorpaenids

(genera Sebastes and Sebastolobus). Fish. Res. 2000; 46: 299–312.
Kastelle CR, Kimura DK. Age validation of the walleye pollock (Theragra chalcogramma) from the Gulf of

Alaska using the disequilibrium of Pb-210 and Ra-226. ICES J. Mar. Sci. 2006; 63: 1520–1529.
Kenchington E. Effets de la peche sur les especes et sur la diversite genetique—Efectos de la pesca sobre las

especies y la diversidad genetica. Abstract, Reykjavik Conference on Responsible Fisheries in the
Marine Ecosystem, FAO Fish. Rep. No. 658. 2002; 17–18.

Kerr LA, Andrews AH, Frantz BR, Coale KH, Brown TA, Cailliet GM. Radiocarbon in otoliths of yelloweye
rockfish (Sebastes ruberrimus): a reference time series for the coastal waters of southeast Alaska. Can.
J. Fish. Aquat. Sci. 2004; 61: 1–9.

Kerr LA, Andrews AH, Munk K, Coale KH, Frantz BR, Cailliet GM, Brown TA. Age validation of quillback
rockfish (Sebastes maliger) using bomb radiocarbon. Fishery Bull. 2005; 103: 97–107

Kerr LA, Andrews AH, Cailliet GM, Brown TA, Coale KH. Investigations of ∆14C, ∆13C, and ∆15N in vertebrae
of white shark (Carcharodon carcharias) from the eastern North Pacific Ocean. Env. Biol. Fishes 2006;
77: 337–353.

Kimura DK, Kastelle CR. Perspectives on the relationship between otolith growth and the conversion of
isotope activity ratios to fish ages. Can. J. Fish. Aquat. Sci. 1995; 52: 2296–2303.

Kneebone J, Natanson LJ, Andrews AH, Howell WH. Using bomb radiocarbon analysis to validate age and
growth estimates for the tiger shark, Galeocerdo cuvier, in the western North Atlantic. Mar. Biol. 2008
(in press).

Landa J, Pereda P, Duarte R, Azevedo M. Growth of anglerfish (Lophius piscatorius and L. budegassa) in
Atlantic Iberian waters. Fish. Res. 2001; 51: 363–376.

Lea RN, McAllister RD, VenTresca DA. Biological aspects of nearshore rockfishes of the genus Sebastes
from central California, with notes on ecologically related sport fishes. Fish. Bull. 1999; 177: 112.



118 G. M. CAILLIET AND A. H. ANDREWS

Longhurst A. Murphy’s law revisited: longevity as a factor in recruitment to fish populations. Fish. Res. 2002;
56: 125–131.

Longhurst A. The sustainability myth. Viewpoint In Fish. Res. 2006; 81: 107–1121.
Love MS, Morris P, McCrae M, Collins R. Life history aspects of 19 rockfish species (Scorpaenidae: Sebastes)

from the southern California Bight. NOAA Tech. Report NMFS. No. 87. 1990; 38 pp.
Love MS, Yoklavich MM, Thorsteinson L. The Rockfishes of the Northeast Pacific. University of California

Press, Berkeley, Los Angeles, London. 2002; 404 pp.
MacCall AD. Status of bocaccio off California in 2007. In: Status of the Pacific coast groundfish fishery

through 2003, stock assessment and fishery evaluation. Pacific Fishery Management Council, 7700
NE Ambassador Place, Suite 200, Portland, OR 97220-1384. 2007.

Marriott PM, Manning MJ, Horn PL. Age estimation and maturity of the ridge-scaled macrourid (Macrourus
whitsoni) from the Ross Sea. CCAMLR Sci. 2006; 13: 1–13.

Mason J. Declining rockfish lengths in the Monterey Bay, California, Recreational Fishery, 1959–94. Mar.
Fish. Rev. 1998; 60(3): 15–28.

Methot RD. Synthesis model: an adaptable framework for analysis of diverse stock assessment data. INPFC
Bull. 1990; 50: 259–277.

Methot R, Piner K. Status of the canary rockfish resource off California, Oregon and Washington in 2001.
STAR Panel Review, Pacific Fishery Management Council. 2002; 1–8.

Millar RB, Methot RD. Age-structured meta-analysis of U.S. West Coast rockfish (Scorpaenidae) populations
and hierarchical modeling of trawl survey catchabilities. Can. J. Fish. Aquat. Sci. 2002; 59: 383–392.

Milton DA, Short SA, O’Neill MF, Blaber SJM. Ageing of three species of tropical snapper (Lutjanidae) from
the Gulf of Carpentaria, Australia, using radiometry and otolith ring counts. Fish. Bull. 1995; 93: 103–
115.

Mollet HF, Cailliet GM. Comparative population demography of elasmobranchs using life history tables,
Leslie matrices, and stage-based matrix models. Mar. Freshwat. Res. 2002; 53(2): 503–516.

Mollet HF, Cailliet GM. Reply to comments by Miller et al. on Mollet and Cailliet (2002): confronting
models with data. Mar. Freshwat. Res. 2003; 54: 739–744.

Munk K. Maximum ages of groundfishes in waters off Alaska and Biritsh Columbia and considerations of
age determination. Alaska Fish. Res. Bull. 2001; 8(1): 12–21.

Myers RA, Worm B. Rapid world-wide depletion of predatory fish communities. Nature (Lond.) 2003; 423:
280–283.

Myers RA, Worm B. Extinction, survival or recovery of large predatory fishes. Phil. Trans. R. Soc. B 2005;
360: 13–20.

Myers RA, Myers JK, Shepherd TD, Powers SP, Peterson CH. Cascading effects of the loss of apex predatory
sharks from a coastal ocean. 2003. Science 2003; 315: 1846–1850.

National Research Council. Marine Protected Areas: Tools for Sustaining Ocean Ecosystems. National Acad-
emy Press, Washington DC. 2001.

Novikov GG, Shibanov VN, Stroganov AN, Afanasjev KI, Melnikov SP. Analysis of population and genetic
characteristics of redfish of the Irminger Sea. Poster. ICES CM 2002; 10.

O’Farrell MR, Botsford LW. Estimation of change in lifetime egg production from length frequency data.
Can. J. Fish. Aquat. Sci. 2005; 62: 1626–1639.

O’Farrell MR, Botsford LW. The fisheries management implications of maternal-age-dependent larval sur-
vival. Can. J. Fish. Aquat. Sci. 2006a; 63: 2249–2258.

O’Farrell MR, Botsford LW. Estimating the status of nearshore rockfish (Sebastes spp.) populations with
length frequency data. Ecol. Applic. 2006b; 16: 977–986.

Olsen EM, Heino M, Lilly GR, Morgan MJ, Brattey J, Ernande B, Dieckmann U. Maturation trends indicative
of rapid evolution preceded the collapse of northern cod. Nature 2004; 428: 932–935.

Pankhurst, NW, Conroy AM. Size-fecundity relationships in the orange roughy, Hoplostethus atlanticus.
New Zeal. J. Mar. Freshwat. Res. 1987; 21: 295–300.

Parker SJ, Berkeley SA, Golden JT, Gunderson DR, Heifetz J, Hixon MA, Larson R, Leaman BM, Love MS,
Musick JA, O’Connell VM, Ralston S, Weeks HF, Yoklavich MM. Management of Pacific rockfish. AFS
Policy Statement Fisheries 2000; 25(3): 22–29.

Pauly D. Anecdotes and the shifting baseline syndrome of fisheries. Trends Ecol. Evol. 1995; 10: 430.
Pauly D, Christensen V. Primary production required to sustain global fisheries. Nature 1995; 374: 255–

257.
Pauly D, Christensen V, Dalsgaard J, Froese R, Torres F Jr. Fishing down marine food webs. Science 1998;

279: 860–863.



Age-validated longevity of fishes 119

Pauly D, Christensen V, Guenette S, Pitcher TJ, Sumaila UR, Walters CJ, Watson R, Zeller D. Towards
sustainability in world fisheries. Nature 2002; 418: 689–695.

Pauly D, Alder J, Bennett E, Christensen V, Tyedmers P, Watson R. The future for fisheries. Science 2003;
302: 1359–1361.

Phillips JB. Life history studies on ten species of rockfish (genus Sebastodes). Fish. Bull. 1964; 126: 1–70.
Piner, KR, Hamel OS, Henkel JL, Wallace JR, Hutchinson CE. Age validation of canary rockfish (Sebastes

pinniger) from off the Oregon coast (USA) using the bomb radiocarbon method. Can. J. Fish. Aquat.
Sci. 2005; 62: 1060–1066.

Piner KR, Wischniowski SG. Pacific halibut (Hippoglossus stenolepis) chronology of bomb radiocarbon in
otoliths from 1944–1981, and a validation of ageing methods. J. Fish Biol. 2004; 64: 1060–1071.

Ralston S, Bence JR, Eldridge MB, Lenarz WH. An approach to estimating rockfish biomass based on larval
production, with application to Sebastes jordani. Fish. Bull. 2003; 101: 129–146.

Roberts CM. Deep impact: the rising toll of fishing in the deep sea. Trends Ecol. Evol. 2002; 17: 242–245.
Rogers AD, Morley S, Fitzcharles E, Jarvis K, Belchier M. Genetic structure of Patagonian toothfish (Dissostichus

eleginoides) populations on the Patagonian Shelf and Atlantic and western Indian Ocean sections of
the Southern Ocean. Mar. Bio. 2006; 149: 915–924.

Safina C, Rosenberg AA, Myers RA, Quinn TJ II, Collie JS. U.S. Ocean fish recovery: staying the course.
Science 2005; 309: 707–708:

Scheffer M, Carpenter S, deYoung B. Cascading effects of overfishing marine systems. Trends Ecol. Evol.
2005; 20(11): 579–581.

Sibert J, Hampton J, Kleiber P, Maunder M. Biomass. Size, and trophic status of top predators in the Pacific
Ocean. Science 2006; 314: 1773–1776.

Sigurdsson T, Thorsteinsson V, Gustafsson L. In situ tagging of deep-sea redfish: application of an underwa-
ter, fish-tagging system. ICES J. Mar. Sci. 2006; 63: 523–531.

Smith DC, Fenton GE, Robertson SG, Short SA. Age determination and growth of orange roughy (Hoplostethus
atlanticus): a comparison of annulus counts with radiometric ageing. Can. J. Fish. Aquat. Sci. 1995; 52:
391–401.

Smith JN, Nelson R, Campana SE. The use of Pb-210/Ra-226 and Th-228/Ra-228 disequilibria in the ageing
of otoliths of marine fish. In: Kershaw PJ, Woodhead DS (eds). Radionuclides in the Study of Marine
Processes. Elsevier Applied Science, NewYork. 1991; 350–359.

Starr RM, Heine JN, Felton JM, Cailliet GM. Movements of bocaccio (Sebastes  paucispinis) and greenspotted
(S. chlorostictus) rockfishes in a Monterey submarine canyon: implications for the design of marine
reserves. Fish. Bull. 2002; 100(2): 324–337.

Stevens MM, Andrews AH, Cailliet GM, Coale KH, Lundstrom CC. Radiometric validation of age, growth,
and longevity for the blackgill rockfish (Sebastes melanostomus). Fishery Bull. 2004; 102: 711–722.

Stewart BD, Fenton GE, Smith DC, Short SA. Validation of otolith-increment age estimates for a deepwater
fish species, the warty oreo Allocyttus verrucosus, by radiometric analysis. Mar. Biol. 1995; 123: 29–
38.

Stewart IJ, Piner KR. Simulation of the estimation of ageing bias inside an integrated assessment of canary
rockfish using age estimates from a bomb radiocarbon study. Mar. Freshwat. Res. 2007; 58: 905–913.

Stockley B, Menezes G, Pinho MR, Rogers AD. Genetic population structure in the black-spot sea bream
(Pagellus bogaraveo Brunnich, 1768) from the NE Atlantic. Mar. Biol. 2005; 146: 793–804.

Stransky C, Kanisch G, Kruger A, Purkl S. Radiometric age validation of golden redfish (Sebastes marinus)
and deep-sea redfish (S. mentella) in the Northeast Atlantic. Fish. Res. 2005; 74: 186–197.

VenTresca DA, Parrish RH, Houk JL, Gingras ML. Short SD, Crane NL. El Niño effects on the somatic and
reproductive condition of blue rockfish, Sebastes mystinus. Cal. Coop. Oceanic Fish. Invest. Rep. 1995;
36: 167–174.

Walsh MR, Munch S, Chiba S, Conover DO. Maladaptive changes in multiple traits caused by fishing:
impediments to population recovery. Ecology Lett. 2006; 9: 142–148.

Walters C. Folly and fantasy in the analysis of spatial catch rate data. Can. J. Fish. Aquat. Sci. 2003; 60: 1433–
1436.

Watters DL, Kline DE, Coale KH, Cailliet GM. Radiometric age confirmation and growth of bank rockfish,
Sebastes rufus, from California. Fish. Res. 2006; 81: 251–257.

Welden BA, Cailliet GM, Flegal AR. Comparison of radiometric vertebral band age estimates in four Califor-
nia elasmobranchs. In: Summerfelt RC, Hall GE (eds). The Age and Growth of Fish. The Iowa State
University Press, Ames. 1987; 301–315.



120 G. M. CAILLIET AND A. H. ANDREWS

Worm B, Sandow M, Oschlies A, Lotze HK, Myers RA. Global patterns of predator diversity in the open
oceans. Science 2005; 309: 1365–1369.

Ziegler PE, Lyle JM, Haddon M, Ewing GP. Rapid changes in life-history characteristics of a long-lived tem-
perate reef fish. Mar. Freshwat. Res. 2007; 58: 1096–1107.


