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Abstract

Age determination and validation studies on deep-water marine fishes indicate they are difficult to
age and often long-lived. Techniques for the determination of age in individual fish includes growth-
zone analysis of vertebral centra, fin rays and spines, other skeletal structures, and otoliths (there are
three sets of otoliths in most bony fish semicircular canals, each of which is made of calcium
carbonate). Most have regular increments deposited as the fish (and its semicircular canals)
grows. The most commonly used otolith for age determination is the largest one called the sagitta.
Age validation techniques include: (1) tag—recapture, often combined with oxytetracycline injection
and analysis in growth-zones of bone upon recapture; (2) analysis of growth-zones over time; and (3)
radiometric approaches utilizing a known radioactive decay series as an independent chronometer in
otoliths from bony fishes. We briefly summarize previous studies using these three validation
approaches and present results from several of our radiometric studies on deep-water, bony fishes
recently subjected to expanding fisheries. Radiometric age validation results are presented for four
species of scorpaenid fishes (the bank, Sebastes rufus, and bocaccio, S. paucispinis, rockfishes, and
two thornyhead species, Sebastolobus altivelis and S. alascanus). In addition, our analysis of scor-
paenids indicates that longevity increases exponentially with maximum depth of occurrence. The
reason that the deep-water forms of scorpaenid fishes are long-lived is uncertain. Their longevity,
however, may be related to altered physiological processes relative to environmental parameters like
low temperature, high pressures, low light levels, low oxygen, and poor food resources. © 2001
Elsevier Science Inc. All rights reserved.
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1. Introduction

Age estimation provides information on fish life histories that is essential for effective
fishery management. Common techniques used for determining the age of (“ageing”
Bagenal, 1974) fishes include growth-zone analysis of vertebralcentra (Cailliet, 1990),
fin rays and spines (Brennan and Cailliet, 1989), other skeletal structures, and most
commonly, otoliths (Bagenal, 1974; McFarlane and Beamish, 1995). Indeed, there have
been two recent international symposia focused entirely on the importance of otoliths in
fish life history studies (Secor et al., 1995; Fossum et al., 2000). Often, these structures are
sectioned, polished, and stained to enhance the readability of their growth-zones (Cailliet
et al., 1986). The growth-zones are then counted and the fish’s age determined.

In many fish studies, the annual periodicity of growth-zones in these structures has been
assumed but seldom validated (Beamish and McFarlane, 1983). Growth-zones can be
correlated with environmental fluctuations affecting the growth of the fish (Williams
and Bedford, 1974). Thus, environmental cycles on a variety of time scales may cause
growth rings to be laid down in calcified structures leading to error in age estimates.
Further, in many deep-water fishes, discernible growth-zones exist in otoliths despite
the relative constancy of the environment in which they live, but they are often very
difficult to count accurately. This is mainly because they grow slowly and produce fine
growth-zone structure, especially in the larger specimens (Mace et al., 1990; Bergstad,
1995; McFarlane and Beamish, 1995).

Such problems make validation essential for accurate age and growth studies, and three
main age validation techniques have been developed. The first is tag—recapture, often
combined with oxytetracycline injection, and analysis of growth-zones upon recapture.
This involves collecting a wide range of sizes of a given species, keeping them alive so
they can be tagged, injected, and released, and collecting sufficient numbers of individuals
over time to demonstrate the rate at which growth-zones are deposited. However, keeping
deep-water fishes alive after capture and transport to the surface is difficult because they
suffer barotrauma (Mace et al., 1990; Bergstad, 1995; McFarlane and Beamish, 1995).

The second age validation technique is to analyze growth-zone characteristics (opacity,
translucency) and increment dimensions over time (also known as marginal increment
analysis). This again requires collecting large numbers of samples, but in this case cover-
ing all seasons, and even depths because in some species (e.g. sablefish, Anoplopoma
fimbria, and thornyheads, Sebastolobus spp.), different stages or ages live at different
depths. There is a certain amount of subjectivity involved in characterizing the margins,
but this can be a powerful tool. However, in the deep sea, which is so remote and
expensive to sample, obtaining sufficient samples to validate growth using this technique
is difficult. Plus, growth-zones in deep-sea animals are often narrow and difficult to
discern, let alone measure.

Recently, a third, very promising technique has been developed which utilizes a
known radioactive decay series in the cores of previously aged fish otoliths to
provide an independent age estimate of bony fishes (Bennett et al., 1982; Campana
et al., 1990). This technique has proven most valuable to long-lived fishes, espe-
cially those from deep water which are difficult to sample and keep alive. The most
common approach exploits the disequilibria of lead-210 (*'°Pb) and radium-226
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(**Ra) in otoliths as a natural chronometer (Smith et al., 1991; Bergstad, 1990,
1995).

Three assumptions must be met to use the radiometric approach (Bennett et al., 1982;
Campana et al., 1990). First, the calcified structure acts as a closed system for radium and
its daughter products. Second, the initial activity ratio of *'’Pb:**Ra in the calcified
structure should be much smaller than one, ideally close to zero, and is known or
measured. Third, the uptake rate of *°Ra is proportional to mass growth of the structure
during the lifetime of the fish. The second and third assumptions can be minimized or
eliminated if otolith cores (otolith material at the center or nucleus) are used.

An essential requirement for utilizing *'°Pb:**°Ra disequilibria for age determination is
the capability of measuring the activity of these radioisotopes with high precision and
accuracy at very low levels (Andrews et al., 1999b). In age determination of fishes, the
measurement of *'’Pb has been accomplished using a-spectrometry on its daughter
product, polonium-210 (ZIOPO; Flynn, 1968). For 226Ra, however, three techniques have
been used: (1) scintillation counting of its daughter radon-222 (**Rn) via radon emana-
tion; (2) direct a-spectrometry of ***Ra in a filtered precipitate; and (3) direct determina-
tion of *°Ra via isotope-dilution Thermal Ionization Mass Spectrometry (TIMS; Cohen
and O’Nions, 1991). Most recently, a technique that measures both isotopes has been used
and has shown promise (Baker et al., 2001a,b). Each of these techniques has been success-
ful in validating age estimations, but each has varying degrees of error and advantage.

Early radiometric studies on four species of sharks were unsuccessful due to violation of
two of the three assumptions (closed system and constant incorporation of radionuclides
into the porous cartilage) used to age these fishes (Welden et al., 1987). Similar problems
have been encountered when attempting to use radiometric techniques with sturgeon
pectoral fin rays (Burton et al., 1999). This is unfortunate because several studies have
found that sturgeon are long-lived and slow growing (Probst and Cooper, 1954; Brennan
and Cailliet, 1989, 1991; Rien and Beamesderfer, 1994), but validation has only been
possible using tag—recapture and oxytetracycline marking of bone growth-zones.

The radon emanation technique has been applied in radiometric determination of age of
ten fish species, in which nine were members of the family Scorpaenidae (Burton et al.,
1999; Kastelle et al., 2000). This technique uses the a-decay of ***Rn as a proxy for ***Ra
and has typically had a large error associated with each determination (Andrews et al.,
1999b). Refinement of the technique in studies over time, however, have eliminated
violation of the mass growth assumption and reduced the margin of error by using otolith
core material, the first few years of growth (Burton et al., 1999), and by increasing the
sensitivity of the radon emanation system (Craig Kastelle, NOAA, NMFS, Alaska Fish-
eries Science Center, Seattle, WA, personal communication).

Direct a-spectrometry of *°Ra has been used in radiometric age determination studies
of six fish species (see Table 1 in Burton et al., 1999). This technique has been used
primarily by researchers in Australia and New Zealand, where *°Ra is isolated by co-
precipitation with barium, using barium-133 ('**Ba) as a yield tracer (Fenton et al., 1990).
Because this technique is more sensitive, relatively low sample weights have been used
(~1 g), but the error associated with this technique has been relatively high (~12-21%)
(Andrews et al., 1999b).

Determining **°Ra in otoliths using radon emanation and direct a-spectrometry has
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been an effective tool in radiometric age determination, but aspects of each technique made
improvement desirable (Andrews et al., 1999b). Because some fish species have a longevity
that may exceed 100 yr, the utility of the radiometric technique becomes increasingly depen-
dent on the error of the technique. As the activity of *'°Pb asymptotically approaches the
activity of *°Ra; the error becomes a larger proportion of the age estimate. A reduction of this
error would reduce the age estimate uncertainty and would increase the applicability of the
technique to fish approaching 150 yr (Andrews et al., 1999b).

In recent studies, the use of TIMS has been refined and applied to the radiometric age
validation of four species of deep-sea fishes, the Pacific and giant grenadiers (Family
Macrouridae, Coryphaenoides acrolepis; Andrews et al., 1999a and Albatrossia pector-
alis; Burton, 1999), the Atlantic tarpon (Family Megalopidae, Megalops atlanticus;
Andrews et al., 2001), and the bocaccio rockfish (Family Scorpaenidae, Sebastes paucis-
pinis; Andrews et al., 2000a). The use of TIMS has reduced the error associated with the
measurement of *°Ra and made it possible to apply the radiometric technique successfully
to samples with lower weight and lower *°Ra than previously attempted (Andrews et al.,
1999b). We are also using TIMS in our radiometric age validation studies of additional
scorpaenid fishes as well as deep-sea corals (Andrews et al., 2000b; Wilson et al., 2000).

These radiometric age validation techniques have been used on marine fishes, summar-
ized by Burton et al. (1999), with Kastelle et al. (2000) adding results for Sebastolobus
alascanus (shortspine thornyhead) and four species of Sebastes (S. aleutianus, rougheye
rockfish; S. alutus, Pacific ocean perch; S. borealis, shortraker rockfish; and S. polyspinis,
northern rockfish). In addition, recent studies on fishes such as the snappers (family
Lutjanidae) and drums (family Sciaenidae) have also used this approach (Baker et al.,
2001a,b).

Because the inshore areas along most coastlines are heavily fished, fishing activities are
concentrating more and more on deep-water fishes (Moore, 1999; Moore and Mace, 1999).
In addition, it appears that many of these deeper-dwelling fishes are long-lived. Thus, it
would be interesting to find out, what features of their life histories and physiology might
account for this longevity.

The objectives of this paper are to compare growth-zone and radiometric age estimates
for four species of scorpaenids (bank rockfish, Sebastes rufus; bocaccio rockfish, S.
paucispinis; and two thornyheads, longspine thornyhead, Sebastolobus altivelis, and short-
spine thornyhead; Fig. 1). Then we present a preliminary analysis of the relationship
between scorpaenid longevities and their maximum depth of occurrence, with a discussion
of the possible physiological mechanisms that might help account for increased longevity
with depth.

2. Materials and methods
2.1. Traditional methods to determine age
Otoliths from thornyheads, and bank and bocaccio rockfishes were collected from

various locations in the nearshore and offshore marine environment along the coast of
California in three separate studies conducted during the 1990s (Watters, 1993; Cailliet et
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al., 1996; Kline, 1996; Andrews et al., 2000a). Age of individual fish in each study was
estimated using one of the two techniques. Transverse sections were taken from otoliths
for all species, mounted to glass slides, and read under a dissecting microscope. Some
bocaccio age estimates used the break-and-burn technique (Don Pearson, NMFS, personal
communication). Growth-zones visible in these cross sections were used as an estimate of
age for each fish, where either reflected or transmitted light was used to enhance the detail
in the sections. In each study, the hypotheses tested were that traditional age estimates
were the same as those produced using radiometry (Watters, 1993; Kline, 1996; Burton et
al., 1999; Andrews et al., 2000a).

2.2. Radiometric determination of age

The naturally occurring uranium-238 (***U) decay series contains the radioisotope pair
6Ra and its daughter product *'°Pb; the pair used for age determination of long-lived
fishes. Radium-226 has a half-life of approximately 1600 yr, and decays through a series
of short-lived daughter isotopes, with half-lives of only days, minutes, or seconds, to the
more stable isotope *'°Pb, which has a half-life of 22.26 yr.

Radiometric age determination of fishes relies on the incorporation of ***Ra, a water
soluble calcium analog, from the environment into the calcium carbonate matrix of
otoliths and its subsequent decay into 210py (Smith et al., 1991; Fenton and Short,
1992). Because the parent and daughter isotopes of radium are not calcium analogs and
are relatively insoluble or short-lived in seawater, therefore less abundant, they are not
readily incorporated into calcified tissues. Lead-210 is generated in situ within the otolith
by radioactive decay of “*°Ra, a process called ingrowth (Fenton and Short, 1992).
Because the half-life of **°Ra is so much greater than the half-life of *'°Pb, *°Ra activity
can be considered constant. As *'°Pb decays, its activity approaches the activity of ***Ra
(Fig. 2; Ivanovich, 1992; Cowart and Burnett, 1994). It can be said that 219pp builds into
secular equilibrium with *°Ra over time. By measuring both *'’Pb and **’Ra, the dise-
quilibrium of these isotopes can be used as a natural chronometer which is useful in
determining ages of fishes up to 120—150 yr.

Radiometric ages for the species presented here were calculated by measuring the
activity of these isotopes in whole- and core-otolith (first few years of growth) material
using a-spectrometry to determine *'°Pb and one of two techniques to determine “*°Ra.
Because of the extremely low levels of *'’Pb and **°Ra, trace-metal precautions were
exercised during sample cleaning and processing (Watters, 1993). All acids used were
double distilled (GFS Chemicals®) and dilutions were made using Millipore® filtered
Milli-Q water (18 © cm™'). Thorough cleaning and repeated dissolution of the core
samples were performed prior to radiometric analysis (Andrews et al., 1999b).

The procedures using a-spectrometry to determine *'°Pb are well established and have
changed little over many years of application (Flynn, 1968). Determining “*Ra, however, has
evolved considerably, where ***Ra was determined using the radon emanation technique for
the bank rockfish and thornyheads, and our refined technique including TIMS was used for the
bocaccio rockfish. Determination of 2'°Pb in the rockfish samples, where activity was very
low, required the use of its daughter *'°Po and a yield tracer, Polonium-208 (**Po; Flynn,
1968). To ensure that all of the *'°Po was ingrowth from 2'°Pb and that *'*Po:*'°Pb was in
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secular equilibrium, all samples were at least 2 yr old (from date of capture). The polo-
nium isotopes were plated on to a silver planchet (99.999%, A.F. Murphy Die and
Machine Co.) and a-spectrometric determination of the plated sample was used to deter-
mine the activity of *'°Pb by proxy (Andrews et al., 1999a).

Because this technique is very sensitive, otolith core material was used to avoid
problems with developing otolith mass-growth models (Campana et al., 1990; Kimura
and Kastelle, 1995). In the analysis of the bocaccio rockfish, the sample remaining after
polonium plating was recovered for TIMS analysis of “**Ra. The analyses of the bank and
thornyheads, however, were performed before the TIMS technique was developed, and the
radon emanation technique was, therefore, used for 226Ra determination in these species
(Watters, 1993; Kline, 1996).

The radon emanation technique was applied to whole otoliths of the bank rockfish
(Watters, 1993) and shortspine and longspine thornyheads (Kline, 1996). This technique
used the a-decay of ’Rn to determine “*°Ra by proxy. Because the instrumentation used
for the radon emanation technique had relatively low sensitivity, the use of whole otoliths
in large numbers (>10 g) was required to increase the activity and reduce the error of the
6Ra determination. This approach required the assumption that the ontogenetic uptake of
6Ra by the otolith was in a constant proportion to the mass growth of the otolith. This
approach was used because the amount of ***Ra in otolith core material (~1 g), used to
determine *'Pb, was not large enough to determine “*°Ra via radon emanation. The
constant uptake of *°Ra was indirectly tested for the shortspine and longspine thornyhead
rockfishes by measuring ***Ra activity in a series of otolith-weight stratified samples, but
was assumed to be true for the bank rockfish.

To reduce error and avoid the ***Ra uptake assumption in the determination of bocaccio
rockfish age, ***Ra was measured using a more sensitive technique that employs TIMS on
the same otolith core sample used for 219pp determination (Andrews et al., 1999b). After
coring, cleaning, dissolution, and plating in a similar manner to the thornyhead and bank
rockfish studies, the residue was processed for **Ra determination by spiking the samples
with a radium-228 (***Ra) tracer and then passing the samples through a series of chro-
matography columns. These columns separated the radium in the samples from interfering
quantities of calcium and barium, where the final sample was processed on a thermal
jonization mass spectrometer. By determining *'’Pb and ***Ra in the same sample, this
technique made the calculation of radiometric age independent of sample mass and alle-
viated any concerns over the ontogenetic uptake of *°Ra by the otolith. In all three studies,
radiometric age was determined by applying the ratio of the measured isotopes
(*'°Pb:**°Ra disequilibria) to the secular equilibrium model. To compare age determina-
tions and accuracy of growth-zone age estimates, radiometric ages were compared directly

Fig. 1. Photographs of specimens of the four scorpaenid species for which age and longevity results were
presented. The bank rockfish (Sebastes rufus) was collected and photographed by Milton Love (University of
California, Santa Barbara). The longspine (Sebastolobus altivelis) and shortspine (Sebastolobus alascanus)
thornyheads were collected in the Monterey Submarine Canyon, California and photographed by Donna
Kline. The bocaccio rockfish (Sebastes paucispinis) was also collected in the Monterey Submarine Canyon at
120 m and photographed by Gregor Cailliet.
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Fig. 2. Typical ingrowth curve (*'°Pb:***Ra) showing how the radio-isotopes decay, causing the ratio to asymp-
totically approach one at a rate predicted by the known half-lives of the isotope in question.

with otolith growth-zone ages using simple linear regression and a paired two-sample -
test.

2.3. Analysis of longevity versus depth of occurrence in the family Scorpaenidae

To explore the relationship of maximum estimated age to depth of occurrence, a litera-
ture search was performed and personal communications were sought to collect the latest
longevity information for as many rockfish (genus Sebastes) species as possible. Maxi-
mum depth was used because the oldest individuals of these fishes are commonly the
deepest. This estimate was recorded from the deeper of either Miller and Lea (1972) or
Kramer and O’Connell (1995) for each species plus newly compiled depth information
(Milton S. Love, Personal Communications, University of California, Santa Barbara, CA
93106). This information was used to plot maximum depth versus maximum age, where an
exponential function was used heuristically to describe the relationship, if any, between
longevity and depth of occurrence. Information on distribution was also used in the plot to
differentiate species that had distributions either north or south of the northern California
border, or distributions that covered the full range of northeastern Pacific rockfishes, from
Baja California, Mexico to Alaska.

3. Results
3.1. Traditional and radiometric determination of age
Growth-zone and radiometric ages were similar for all of the four scorpaenid species

examined (Fig. 3). However, there was a tighter fit between the two estimates for the bank
rockfish and the two thornyheads than for the more variable bocaccio rockfish (Fig. 3d).
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For the bank rockfish, five pooled otolith age-groups were examined, ranging in mean
growth-zone age from 13.2 to 39.7 yr (Fig. 3a; Watters, 1993). There was no significant
difference between growth-zone and radiometric age estimates (paired two-tail r-test, df =
4, t = —0.6424, P = 0.5556). The oldest growth-zone age-group was composed of
otoliths ranging in age from 35 to 53 yr (mean age 39.7 yr); maximum radiometric age
was determined to be 40.7 yr (range of 33.6—49.7 yr).

For the shortspine thornyhead, fourteen pooled otolith age-groups were examined,
ranging in mean growth-zone age from 10.6 to 71.7 yr (Fig. 3b; Kline, 1996). There
was no significant difference between growth-zone and radiometric ages (paired two-
tail #-test, df = 13, t = —0.7907, P = 0.4433). The oldest growth-zone age-group was
71.7 = 12.0 yr SD; radiometric age was determined to be 84.8 yr (range of 62.2 yr to an
undefined upper limit).

For the longspine thornyhead, thirteen pooled otolith age-groups were examined,
ranging in mean growth-zone age from 3.3 to 35.6 yr (Fig. 3c; Kline, 1996). There was
no significant difference between growth-zone and radiometric ages (paired two-tail -test,
df =12, = —0.5739, P = 0.5766). The oldest growth-zone age-group was 35.6 * 4.9 yr
SD; radiometric age was determined to be 36.5 yr (range of 29.6—45.8 yr).

For the bocaccio rockfish, 10 pooled otolith age-groups were examined, ranging in
mean age from 2.5 to 19.4 yr (Fig. 3d; Andrews et al., 2000a). There was no significant
difference between growth-zone and radiometric ages (paired two-tail #-test, df =9, t =
—0.1933, P = 0.8510). The oldest growth-zone age-group was composed of otoliths
ranging in age from 13 to 29 yr (mean age 19.4 yr); radiometric age was determined to
be 28.7 yr (range of 23.8-34.6 yr). The greatest variation was in the growth-zone age
estimates, whereas the radiometric ages were usually less variable.

Of the ~56 known rockfish species (genus Sebastes) from the northeastern Pacific
Ocean, maximum age or longevity estimates are available for 47 species (Table 1). For
all of these species, the maximum depth recorded ranged from 37 m for the black-and-
yellow rockfish (S. chrysomelas) to at least 874 m for the shortraker (S. borealis) and
rougheye (S. aleutianus) rockfishes. The lowest estimates of maximum age were 12 and
14 yr for calico (S. dalli) and rosy (S. rosaceus) rockfishes, respectively, where maximum
depths were ~250 m. The highest estimates of maximum age were 157 and 205 yr for the
shortraker and rougheye rockfishes, respectively, both of which live to the north and had a
maximum-recorded depth of 874 m, the deepest recorded for the rockfishes listed.

A plot of maximum-recorded depth versus these maximum estimated ages (longevity)
revealed a pattern that appeared exponential for the known species of Sebastes (Fig. 4).
The relationship was described heuristically as longevity (years)=38 + 4.1x 107’
(depth, rn)z'g, where the distribution showed a fair amount of scatter with a relatively
low, but significant, r* = 0.51(P < 0.001). The thornyheads are plotted even though
they were excluded from the statistical analysis, because they are in a different genus,
with morphological and physiological differences, and occupy very deep water.

Distributional information revealed that rockfish residing primarily south of the
Oregon—California border tended to have lower maximum ages and live at shallower
depths (Fig. 4). Rockfishes that were found only north of California tended toward greater
depth and higher longevities. The northern rockfish (S. polyspinis) has the deepest distri-
bution (626 m) for those species found only north of California. The oldest rockfishes, in
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Fig. 3. Comparison of mean otolith growth-zone ages and radiometric ages for four species: (a) Bank rockfish
(Sebastes rufus; paired two-tail r-test, df = 4, t = —0.6424, P = 0.5556); (b) shortspine thornyhead (Sebastolo-
bus alascanus; paired two-tail r-test, df = 13, r = —0.7907, P = 0.4433); (c) longspine thornyhead (Sebastolo-
bus altivelis; paired two-tail t-test, df = 12, t = —0.5739, P = 0.5766); and (d) bocaccio rockfish (Sebastes
paucispinis; paired two-tail #-test, df = 9, = —0.1933, P = 0.8510). A linear regression and a line of agreement
are drawn for comparison and the regression coefficient (+*) noted. Vertical bars represent low and high radio-
metric age estimates, based on analytical uncertainty of 2'°Pb and **’Ra measurements. Horizontal bars represent
the range of otolith-derived ages for each pooled otolith age group. There was no significant difference between
growth-zone and radiometric age estimates.
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Fig. 4. Plot of maximum depth of occurrence (m) versus longevities (years) of 49 species of fishes in the family
Scorpaenidae, based upon this paper and a review of the literature on age and growth of this group. The curvi-
linear regression is only for fishes in the genus Sebastes, with the two species of Sebastolobus plotted to the right,
but not included statistically.

general, had a broad distribution (Baja California, Mexico to Alaska) and ranged from
relatively shallow to the greatest depths.

4. Discussion
4.1. Radiometric age validation and longevity estimates

The best traditional age validation methods require examination of known-age fish
obtained through tag-recapture studies or laboratory rearing (Beamish and McFar-
lane, 1983). However, tag—recapture techniques are impractical for deep-water
fishes, because barotrauma precludes vital marking, and recapture probability is
low. Laboratory rearing is also difficult, because generally little is known of the
early life histories of deep-sea fishes. Thus, many of the species studied from deep-
water areas rely on marginal increment analysis, which is good only if one has
sufficient samples covering all seasons.

Radiometric age determination of fishes is most useful for difficult-to-age or difficult-to-
sample species, especially for relatively long-lived species. The technique is not routinely
used for all age determination studies, because it is costly and few laboratories have the
specialized equipment necessary to process and age calcified structures. The radiometric
technique is only useful for fishes in which the three assumptions are satisfied for a given
calcified structure. Because these assumptions are violated in chondrichthyan (shark) and
chondrostean (sturgeon and paddle fishes) structures used for age determination (vertebrae
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List of maximum estimated age for 47 rockfishes (Sebastes spp.)
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Common name

Species

Longevity (years)

References for age

Calico

Rosy

Flag
Squarespot
Kelp

Brown
Black-and-yellow
Grass

Pygmy

Olive
Chilipepper
Gopher
Shortbelly
Starry
Greenspotted
Bocaccio
Speckled
Stripetail
Greenstriped
Vermilion
Blue
Harlequin
Black
Greenblotched
Bank
Redstripe
Copper
Cowcod
Northern
Sharpchin
Widow
Yellowtail
Darkblotched
Dusky

China
Silvergray
Canary
Splitnose
Rosethorn
Quillback
Yellowmouth

Pacific ocean perch

Redbanded
Tiger
Yelloweye
Shortraker
Rougheye

Rl o N g R

dalli

rosaceus

. rubrivinctus

hopkinsi

. atrovirens

auriculatus
chrysomelas
rastrelliger
wilsoni
serranoides
goodei
carnatus
Jordani

. constellatus

chlorostictus
paucispinis
ovalis
saxicola
elongatus
miniatus
mystinus
varigatus
melanops
rosenblatti
rufus
proriger
caurinus
levis
polyspinis
zacentrus
entomelas
Sflavidus
crameri
ciliatus
nebulosus

. brevispinis

pinniger

. diploproa

helvomaculatus
maliger

reedi

alutus

babcocki
nigrocinctus

. ruberrimus
. borealis
. aleutianus

205

Reilly et al. (1994)

Reilly et al. (1994)

Reilly et al. (1994)

Casillas et al. (1998)

Reilly et al. (1994)

Love and Johnson (1998)
Zaitlin (1986)

Love and Johnson (1998)

S. MacLellan, pers. commun.*
Casillas et al. (1998)

Love et al. (1998)

Bloeser (1999)

D. Pearson, per. commun.”
Reilly et al. (1994)

Reilly et al. (1994)

Chilton and Beamish (1982)
Reilly et al. (1994)

Reilly et al. (1994)

Shaw (1999)

Paul Reilly, per. commun.*

T. Laidig, pers. commun.

S. MacLellan, pers. commun.*
K. Munk, pers. commun.*
Casillas et al. (1998)

Watters (1993)

S. MacLellan, pers. commun.*
Love et al. (1998)
Butler et al. (1999)

K. Munk, pers. commun.
K. Munk, pers. commun.
K. Munk, pers. commun.
K. Munk, pers. commun.
Love et al. (1998)

K. Munk, pers. commun.*

S. MacLellan, pers. commun.*
S. MacLellan, pers. commun.*
S. MacLellan, pers. commun.*
Wilson and Boehlert (1990)
K. Munk, pers. commun.®

K. Munk, pers. commun.*

S. MacLellan, pers. commun.”
S. MacLellan, pers. commun.*
K. Munk, pers. commun.®

K. Munk, pers. commun.®

K. Munk, pers. commun.®

K. Munk, pers. commun.®

K. Munk, pers. commun.®

e
e
e
e

* Shayne MacLellan, Department of Fisheries and Oceans Canada, Pacific Biological Station, Nanaimo, BC,

Canada VIR 5K6.

® Donald Pearson, National Marine Fisheries Service, Southwest Fisheries Science Center, Tiburon Laboratory,

Tiburon, CA 94920, USA.

¢ Paul Reilly, California Department of Fish and Game, 20 Lower Ragsdale, Monterey, CA 93940, USA.
¢ Tom Laidig, National Marine Fisheries Service, Southwest Fisheries Science Center, Santa Cruz Laboratory,

100 Shaffer Road, Santa Cruz, CA 95060, USA.

¢ Kristen Munk, Alaska Department of Fish and Game, Mark Tag and Age Lab, PO Box 25526, Juneau, AK

99802, USA.



752 G.M. Cailliet et al. / Experimental Gerontology 36 (2001) 739-764

and fin ray sections, respectively), age validation for these fishes will require a combina-
tion of techniques, including tag—recapture and marking (Burton et al., 1999).

The pioneering study by Bennett et al. (1982) has led to the use and further refinement of
the radiometric age validation technique to many different groups of fishes, some of which
live in deep water (Burton et al., 1999; Kastelle et al., 2000; Baker et al., 2001b). To date,
there have been at least 18 scientific papers written on radiometric age determination of
fishes. The majority of these have successfully confirmed age or longevity estimates.

The results presented here for four species of scorpaenid fishes add useful information
for understanding both the growth rates and longevities of deep-water fishes. The compar-
ison of age estimates from otoliths compared favorably with those from radiometric
analysis. The agreement was quite close for the bank rockfish and the two deeper-dwelling
thornyhead species. However, there still was variability in both otolith and radiometric age
estimates. This is probably due to the difficulty in estimating the ages from sectioned
otoliths and to the requirement to combine the cores of many otoliths to provide sufficient
material for the radiometric measurements. The agreement was not as tight for the shal-
low-dwelling bocaccio rockfish. The main source of variation was in the otolith estimates,
indicating that these fish are difficult to age (Andrews et al. 2000a).

Even though variability exists in both techniques for age determination of these fishes, it
appears that they all are relatively long-lived. The bank rockfish reaches an age of at least
41 yr, based on radiometrics, but is estimated to reach 53 yr using otolith growth-zone
counts (Watters, 1993; Cailliet et al., 1996). The two deeper-dwelling thornyheads get
older, with radiometric analyses indicating the longevities of longspine and shortspine
thornyheads to be at least 27 and 62 yr, respectively. For these two species, otolith growth-
zone counts indicates that they reach 45 and 115 yr, respectively (Table 2). The radio-
metric estimates for bocaccio indicate a longevity of at least 24 yr, but the otolith ages
suggest that bocaccio get much older, from 36-50 yr. It is important to remember that,
even though commercial fisheries for the bank rockfish and thornyheads are relatively
recent (past two decades or so), there might have been size-selective fishing mortality on
all four of these species. Therefore, their historical longevities may have been even higher,
and the northerly distribution of increasing age (Fig. 4) may be an artifact of regional
fishing pressure.

4.2. Implications for management of deep-sea fisheries

With the collapse and closure of fisheries on the continental shelf, fishers are turning to
deep-water fish stocks on the continental slope (Bergstad, 1995; Merrett and Haedrich,
1997). Along the Pacific coast, C. acrolepis (Pacific grenadier) is the target of a relatively
new directed fishery off California and Oregon (Matsui et al., 1990; Andrews et al.,
1999a). The fishery in Monterey Bay, California grew substantially from practically
zero landings during 1992 to the fifth largest fishery during 1996 (900 tons; Leos, 1996;
1997; Andrews et al., 1999a). This is a dramatic example of what can happen when the
fishing target shifts.

As early as 1959, Beverton and Holt (1959) proposed a relationship between longevity
and natural mortality in fishes, and summarized what was known at that time about their
growth characteristics. In this, and a later paper (Beverton, 1987), it was proposed that
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Table 2

Longevities of selected long-lived marine fishes with information on age validation. Estimated longevity is based
on some kind of growth-zone interpretation. Ages given in the age validation column are the minimum age that
can be interpreted based on the age validation technique

Group or species

Estimated longevity

Age validation

Elasmobranchs (sharks and rays)
Rhizoprionodon spp.
(sharpnose sharks)

Isurus oxyrinchus (mako shark)
Triakis semifasciatus

(leopard shark)

Squatina californica

(angel shark)

Carcharodon carcharias
(white shark)

Squalus acanthias

(spiny dogfish)

Sturgeon (fresh water/anadromous)
Acipenser oxyrinchus

(Atlantic sturgeon)

Acipenser transmontanus

(white sturgeon)

Tarpon (tropical shallow water)
Megalops atlanticus
(Atlantic tarpon)

Skilfishes (deep slope)
Anoplopoma fimbria (sablefish)

Grenadiers or rattails (deep slope)
Coryphaenoides acrolepis (Pacific
grenadier)

Albatrossia pectoralis

(giant grenadier)

Rockfishes (nearshore to deep slope)
Sebastes paucispinis

(bocaccio rockfish)

Sebastes rufus (bank rockfish)*
Sebastolobus spp. (thornyheads)”
Sebastes ruberrimus”

(yelloweye rockfish)

Seamount fishes (South Pacific Ocean)

Hoplostethus atlanticus
(orange roughy)
Allocyttus verrucosus
(warty oreo)

Epigonus telescopus
(black cardinal)

10 yr*

25 yr*
30 yr°

35 yr¢
~50 yr°

50-75 yr®

42"-60' yr

104 yr’

55 yrk

114 yr™

73 + years®

56 + years?

369-50 yr'
53 yr™

45 and 115 yr*
118 yr¥

125 yr*
130 yr*

104 yr*

10 yr (MIA, Tag-recap)”

25 yr (MIA, Tag-recap)®
30 yr (OTC, edge analysis)®

35 yr (Tag—recap)®
13 yr (MIR)"

50-75 yr (OTC, Tag—recap)®

Juveniles (MIR and OTC)"

Juveniles (OTC)’

50 + years (radiometric)'

34 (radiometric)", 65 (OTC)™

56 yr (radiometric)®

32 yr (radiometric)?

24 yr (radiometric)"
41 yr (radiometric)"

27 and 62 yr (radiometric)"
100 yr (prelim. radiometric)™

116134 yr (radiometric)*
120-140 yr

None

* Indicates information for species presented here.
* Parsons (1985) and Simpendorfer (1993).

® Pratt and Casey (1983).
¢ Kusher et al. (1992).
¢ Cailliet et al. (1992).

e

Calculation based on age(max) = 5(In 2)/k.
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-

Cailliet et al. (1985) and Wintner and Cliff (1999).
& McFarlane and Beamish (1987) and Tucker (1985).
Stevenson and Secor (2000).
Magnin (1964).

Rien and Beamesderfer (1994).
Crabtree et al. (1995).

Andrews et al. (2001).

Beamish and McFarlane (2000).
Kastelle et al. (1994).

Andrews et al. (1999a).

Burton (1999).

Chilton and Beamish (1982).
Andrews et al. (2000).

Cailliet et al. (1996).

Watters (1993).

Kline (1996).

" K. Munk (ADFG), pers. comm.
A. Andrews, unpublished data.
Smith et al. (1995).

Stewart et al. (1995).

Tracey et al. (2000).
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there were relationships between mortality, growth and metabolic rates, as well as phylo-
genetic implications. Both of these papers were stimulated by the need to better understand
fish population dynamics, as determined by growth, maturation, and fecundity, relative to
proposing effective fishery management principles.

Leaman and Beamish (1984) noted that many species of bottom fishes have greater
longevities than previously estimated, causing major changes in the management policies
regulating their fisheries. They presented some of the advantages of longevity for fishes,
including a long reproductive life, increased population stability, ability to persist in less
than ideal habitats, and energy conservation. They also, however, presented evidence that
age frequencies of fish populations could be deleteriously affected by fishing mortality,
resulting in fewer of the older individuals, and an underestimate of longevity. In a later
paper, Leaman (1991) demonstrated that some long-lived (50—100 yr) rockfishes (family
Scorpaenidae) had limited phenotypic plasticity and therefore could not withstand heavy
fishing mortality that could reduce their lifespan.

To date, there are 47 species of northeastern Pacific rockfishes (Sebastes spp.) with
estimates of maximum age ranging from 12 to 205 yr (Table 1). As research techniques
have improved and age estimate accuracy has increased, the estimated longevity of many
of these species has increased over time. A prime example of increased longevity due to
advances in age estimation techniques was described for the Pacific ocean perch (S. alutus;
Beamish, 1979). Age estimates for this species, from microscopic analysis of the otolith
surface, placed the maximum longevity at approximately 30 yr. However, sections taken
from the same otoliths later increased this estimate to greater than 70 yr, and perhaps to
90 yr (Chilton and Beamish, 1982). The scenario is similar for many of the species listed
(Leaman and Beamish, 1984), the most recent example being the rougheye rockfish (S.
aleutianus) aged at 205 yr using traditional otolith readings, an increase of more than 50 yr
over the previous estimate (Kristen Munk, ADFG, Juneau, AK, personal communication).

Because fishes in several different orders are long-lived, it appears that longevity is not
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unique to deep-sea fishes (Table 2; see also Beverton, 1987). As can be seen from our
cursory review of longevity studies, sharks and rays (elasmobranchs), sturgeons (Acipen-
seridae), tarpon (Megalopidae), skilfishes (Anoplopomatidae), grenadiers or rattails
(Macrouridae), roughies (Berycidae), oreos (Oreosomatidae), cardinalfishes (Apogoni-
dae), as well as rockfishes (Scorpaenidae), also are long-lived. However, some of these
are generally deep-dwelling groups (Macrouridae, Oreosomatidae, etc.) and it would be
interesting to know if the relationship between longevity and maximum depth in these
groups is similar to the trend we found for the Scorpaenidae. It appears that those species
in the family Macrouridae that occupy the outer shelf and upper slope tend to be smaller
and have estimated maximum ages that are lower than deep slope and abyssal species
(Middleton and Musick, 1986; Morales-Nin, 1990; Savvatimsky, 1994; Kelly et al., 1997,
Andrews et al., 1999a). This is still an open question for other families and orders of fishes.

An additional factor that must be considered is the regional history of fisheries exploita-
tion. Virgin stocks of fishes are probably very rare today (Craig, 1985), but may have a
higher probability of existing further north because exploitation tends to be more logis-
tically difficult and has not been happening as long as in regions further south. This is
exemplified by the fact that many rockfishes were originally described from specimens
taken in commercial catches as early as the mid-1800s. Thus, fishing pressure today may
have reduced the longevity we now see for fishes taken in modern fishing practices (Robert
Lea, CDFG, Monterey, California, personal communication; see also Leaman and Beam-
ish, 1984; Craig, 1985; Leaman, 1991). This could mean that a species could have the
potential to attain greater ages than the age estimates we now have, especially those which
live in southern California waters, because it is possible that the oldest cohorts of the
population have long since been removed from the population.

4.3. Why do deeper-dwelling fishes live longer?

4.3.1. Environmental factors in the deep sea

Our analysis indicates that the longevities of scorpaenid fishes are related to their depth
and/or distribution (Fig. 4). These fishes occupy a diversity of habitats ranging from
shallow, nearshore to deeper slope waters, from Baja California, Mexico to the Aleutian
Islands, Alaska. Indeed, longevities in the genus Sebastes exponentially increased with
maximum depth of occurrence. The two species of thornyheads, while also long-lived,
occupy even deeper waters.

It is not known why deep-dwelling fishes might live longer. Thus, it is important to
evaluate the environmental factors in deep water that might have selected for physiolo-
gical adaptations leading to longer lives. It is well known that several environmental
factors change with depth in the ocean (Childress, 1977; Siebenaller and Somero, 1982;
1989; Somero, 1992a,b; Childress, 1995). These include increasing pressure, decreasing
temperature and light levels, and reduced food availability. In addition, at some depths
there is an oxygen minimum zone, to which some organisms are physiologically adapted
(Yang et al., 1992; Childress, 1995).

4.3.2. Decreased metabolism and enzyme activities in deeper-dwelling organisms
Early hypotheses suggested that deep-sea organisms have metabolic and biochemical
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adaptations related to reduced temperatures and increased pressures (e.g. Childress, 1977).
However, more recent studies indicate that these metabolic adaptations are not only
influenced by temperature reduction and increased pressure, but by a combination of
factors, including reduced oxygen, light and food levels (Torres and Somero, 1988a,b;
Siebenaller and Somero, 1989; Somero, 1992a,b; Yang et al., 1992; Childress, 1995;
Vetter et al., 1994; Vetter and Lynn, 1997). Although several papers proposed that
deep-dwelling fishes would have increased body sizes and reduced metabolism, few
have attempted to explore the relationship of these factors with increased longevities in
deep-sea fishes (e.g. Beverton, 1987).

There have been many studies concentrating on the effect of low temperature and high
pressure on enzyme kinetics of deep-sea fishes, including some of those in this study
(Siebenaller and Somero, 1978, 1982, 1989; Siebenaller et al., 1982; Siebenaller, 1983,
1984; Hennessey and Siebenaller, 1985; Vetter and Lynn, 1997). These studies have often
noted metabolic rate reductions with increasing depth, both ontogenetically and between
congeners occupying different depths. In both of the thornyhead species, the ontogenetic
transition from pelagic to increasingly deeper benthic habitats result in a reduction in
metabolism and enzymatic activities (Smith and Brown, 1983; Siebenaller, 1984). Also,
as shown by Siebenaller and Somero (1982), the shallower species, S. alascanus (180—
1524 m) had about twice the values of LDH, Lactate Dehydrogenase; PK, Pyruvate
Kinase; MDH, Malate Dehydrogenase; CS, Citrate Synthase; and CPK (creatine phos-
phokinase) than the deeper-dwelling S. altivelis (550—1756 m).

Yang and Somero (1993) studied the difference in metabolic rates, blood oxygen affi-
nity, and white muscle enzyme activities between the very shallow scorpionfish (Scor-
paena guttata) and the deeper shortspine thornyhead. They found that oxygen
consumption was higher for the shallow-dwelling scorpionfish, but blood oxygen affinity
was higher for the deeper-dwelling thornyhead. In all cases, enzymatic activities (LDH,
PK, MDH, and CS) were considerably higher for the shallow-dwelling scorpionfish. For
flatfishes, Vetter et al. (1994) found similar results on metabolic adaptations and enzyme
activity with depth of flatfishes (Dover sole, Microstomus pacificus; deep-Sea Sole,
Embassichthys bathybius; rex sole, Glyptocephalus [ = Errex] zachirus; and California
halibut Paralichthys californicus).

Several studies have concentrated on reduced metabolism and growth in deep-sea
fishes, mainly those in the meso- and bathypelagic region (Childress, 1977; Childress
and Somero, 1979; Childress et al., 1980; Mauchline, 1988). In addition, Antarctic fishes
also have metabolic and enzymic adaptations which decrease with increasing depth of
occurrence, indicating that these metabolic reductions are the same as for temperate zone
fishes (light, food location, food abundance, etc.), with pressure not playing much if any
role in these depth-related reductions in oxygen consumption (Torres and Somero,
1988a,b). Hubold and Tomo (1989) found that the Antarctic silverfish (Pleuragramma
antarcticum) had a low growth performance and the von Bertalanffy growth model for it
predicted a maximum age of 21 yr for 245 mm TL fish.

In another study, Sullivan and Somero (1983) found increased LDH activity with
increasing body size for the sablefish (A. fimbria), even though this species moves to
deeper water as it grows larger. These higher LDH activities appear to reflect a general
pattern of metabolic scaling, in which enzymes in white muscle associated with anaerobic
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generation of ATP increase with body mass. However, in their study, a reduced ration size
resulted in lower enzyme activities, indicating that food deprivation in the deep sea might
reduce growth.

4.3.3. Other biochemical changes in deep-sea fishes

Many studies have investigated the enzymatic changes present in deep-sea organisms
that facilitate life at low temperature and high pressures (Hochachka and Somero, 1984).
The LDH situation is one, illustrating how pressure, in particular, is problematic for
enzyme activities because Michaelis—Menton kinetics are adversely affected, and how
deep-sea fishes have compensated. Deep-sea fishes most likely possess many modifica-
tions to their proteins, such as reduced enzymatic content which can reduce the costs of
muscle production.

Another recent discovery about biochemical differences between shallow-and deep-
living animals concerns the organic osmotic solute trimethylamine-N-oxide (TMAO).
Gillett et al. (1997), Kelly and Yancey (1999), and Yancey and Siebenaller (1999)
found that deep-sea organisms, including macrourid fishes, skates and decapod crusta-
ceans, had higher TMAOQ levels in their tissues than shallow forms. Because TMAO is a
powerful stabilizer of protein structure, these authors conjecture that high levels of TMAO
in tissues of deep-living species may help to offset perturbation by elevated pressure of
protein structure and function. Indeed, Fyfe-Johnson and Yancey (1998) reported that
LDH of the deep-sea grenadier Coryphaenoides leptolepis was stabilized by TMAO
under conditions of high pressure.

The effect of reduced protein damage at depth by elevated TMAO values on growth
rates and longevities in deep-sea fishes is unknown. However, deep-sea fishes could have
reduced energy costs needed for protein synthesis if elevated TMAO levels protect
proteins from disruption by pressure, with the result that the half-lives of proteins are
lengthened (George Somero, Hopkins Marine Station, personal communication).

4.3.4. Reduced oxidative stress

A question of particular and recent interest in marine fishes concerns the levels and
effectiveness of their antioxidative mechanisms. Hill and Womersley (1993) reported on
literature indicating that fluorescent age-pigments (FAS) accumulated with age in poiki-
lothermic organisms. They proposed that differential expression of genes related to meta-
bolic, antioxidant, or lysosomal enzymes could all potentially influence the rate of age
pigment production. They also suggested that cold-water fishes might be susceptible to
damage from free radical attack, if they did not compensate for this by consuming dietary
antioxidants. Since deep-water fishes are among the longest-living vertebrates, they
proposed that interactions of diet and peroxidative metabolism may be of great signifi-
cance for them and discussed the possible evolutionary mechanisms involved.

Indeed, Rees et al. (1998) found that oxygen-detoxifying mechanisms may have
provided excellent foundations for the emergence of many bioluminescent systems in
deep-sea organisms. They proposed that the deep sea was an environment with reduced
oxidative stress, and that the organisms colonizing this habitat most likely already had
effective antioxidant mechanisms. They discovered that coelenterazine, a type of luciferin
occurring in many marine bioluminescent groups, had strong antioxidative properties as it
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is highly reactive with reactive oxygen species (ROS) such as the superoxide anion and
peroxides. They suggested that its primary and original function was the detoxification of
deleterious oxygen derivatives.

Rees et al. (1998) also proposed that selection for antioxidative defense mechanisms
may be decreased for deep-sea organisms-reduced light irradiance and lower oxygen
levels reduce the exposure to oxidative stress. Because metabolic rates of deep-living
species appear, in general, to be low, the production of ROS might be low as well, thus
exposing them to less ROS damage.

Janssens et al. (2000) found a decrease in the ROS-detoxifying enzymes superoxide
dismutase (SOD) and glutathione peroxidae (GPX) with increasing depth of occurrence of
16 species of mesopelagic and bathypelagic fishes. They suggested that the relatively low
oxidative stress in the deep sea resulted in reduced antioxidative defenses that are used
primarily against metabolically produced ROS. The amounts of catalase (CAT), however,
did not vary with metabolic activity or depth, thus suggesting a different function. They
found high levels of antioxidants in the bioluminescent organs, thus supporting the
hypothesis generated by Rees et al. (1998). The levels of antioxidants in deep-dwelling,
benthic fishes have not been studied and therefore, their influence on longevity is
unknown. Because fewer deep-seabenthic fishes have well-developed bioluminescence,
their antioxidant enzymes may not be as modified as those in midwater fishes.

4.4. Future directions

While this study has documented the tendency for deep-dwellings scorpaenid fishes to
have long lives, we have only begun to suggest the mechanisms behind such extreme
longevities. Our analysis of the literature on deep-sea fish adaptations indicates that a
number of factors have resulted in their reduced metabolic rates. Of greatest potential
relevance in this context is the fact that, for many species, there appears to be a reduced
rate of oxygen consumption with depth, indicating that damage from ROS is likely to be
lower. These two findings, plus the evidence in Rees et al. (1998) and Janssens et al.
(2000), support the hypothesis that deep-sea fish longevity is related to their reduced
metabolic rates. Our findings are at best correlative and will require experiments, such
as those presented by Mangel and Abrahams (2001) on ferox trout and Reznick et al.
(2001) on guppies to unravel the roles of food, predation, and other ecological factors in
determining longevities in fishes. It is hoped that this heuristic analysis will stimulate
biochemists and physiologists to concentrate their studies on the adaptations that deep-sea
fishes may be using to increase their longevities.
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