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NON-TECHNICAL SUMMARY 9

Chapter 1 Non-technical summary

1993/109 Use of the bomb radiocarbon chronometer to validate fish age

Principal Investigator: John M. Kalish
Address: Davision of Botany and Zoology
Australian National University
Canberra, ACT 0200
john kalishidanu. edu.au
Objectives:

1. Validate ages of southern bluefin tuna (Thurmes maccovii);

2. Determine suitability of the radiocarbon chronometer for age validation of oreo
SpeCics,

Validaic ages of redfish (Centroberyx affinis);

Validate ages of blue grenadier (Macruromus novaezelandiae);

Validate ages of school shark (Galeorhinus galews), and;

Determine other species suitable for age validation via the bomb radiccarbon
chronometer in collaboration with other Australian rescarchers and fisheries
managers.

o

Non-Technical Summary

Outcomes Achieved

The outputs from this rescarch will reduce uncertainty in stock assessments for more than
20 commercially imporiant fish species. In some cases, notsbly southern bluefin tuna, the
findings of this study have resulted in significant changes in estimates of stock
productivity and sustrinable yields. Therefore, the outputs improve stock assessments and
provide greater certainty for the sustainable management of key fisheries resources. The
project measured mdiocarbon in 28 commercially important fish species including
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species from the waters of each State and the Northem Temritory and has relevance to
many of Australia's most valuable finfish fisheries. Furthermore, the results provide
conclusive support for comments made in & recent review of age determination and age
validation methods which stated that °...bomb derived radiocarbon from nuclear testing
provides one of the best validation approaches available for long-lived fishes’. Due to the
cffectiveness of the method, age validation has been achieved for a broad range of
species at a cost to stakeholders far below that of *traditional® validation techniques. The
results also demonstrate the broad application of the method and highlight the value of
measurements of radiocarbon (o investigations of fish biology and ecology with results
providing new insight into the ecology of decp-sea and coastal fish species. In addition to
the direct benefits to the management of Australian fish species, this study has also
increased the profile of Australian fisheries science internationally and resulted in new

Estimates of fish age are necessary to determine growth rates, mortality rates, age at first
maturity, and other basic parameters relevant to understanding the biology of exploited
fish populstions. Furthermore, many fisheries resources are managed on the basis of age
structured population models. Therefore, it is extremely important to determine the
sccuracy of fish age estimates used in the assessment of fisheries resources. Otoliths,
calcium carbonate gravity and auditory receptors in the inner ear of teleost fish, are the
primary source of information on the age and growth of fishes. However, the estimation
of fish age from otoliths is not always a simple process. This is because the structures
used most frequently to estimate fish age, opaque and transiucent zones in thin sections
of otoliths, are not always formed annually. A critical aspect of studies of fish age is 1o
validate an age estimation method, where validation is the process used to determine the
accuracy of a method used to estimate fish age, usually by independent confirmation of
the frequency of formation of the opaque and translucent zones. A new method of age
validation, used extensively for the first time in this study, is based on the measurement
of radiocarbon in fish otoliths.
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The ability to measure radiocarbon levels in the environment and the successful
interpretation of these data are two of the great scientific findings of the twentieth
century, and, in 1960 Willard Libby was awarded the Nobel Prize in Chemistry for the
development of the radiocarbon dating method. Today, the measurement of radiocarbon
has numerous applications in the physical, biological, and social sciences. However, for
investigations of fish biology, the measurement and application of radiocarbon data has,
until now, lagged behind the technological advances making it possiblc to carry out high
measurement by accelerator mass spectrometry (AMS), first developed about 20 years
ago, makes it possible (o analyse very small samples (< | mg) for radiocarbon, and was
first applied as a ‘bomb radiocarbon chronometer’ to the validation of fish age by Kalish
(1993). Recent reviews on fish age and growth (e.g. Campana 2001) have acknowledged
that the bomb radiocarbon chronometer is the most effective method available to validate
methods to estimate the ages of fish.

Human activities have had s major impact on radiocarbon levels in both the atmosphere
and oceans with three activities being most significant: 1) buming of fossil fuels; 2)
atmospheric detonation of nuclear bombs; and, 3) generation of power by nuclear fission.
The second activity, although a profoundly negative event, does have a “silver lining".
Atmospheric testing of nuclear weapons in the 1950s and 1960s resulted in a drastic
increase in radiocarbon levels in both the atmosphere and the ocean, and some of this
radiocarbon was incorporated into living organisms. The increase in ocean radiocarbon
during the 1960s was so rapid that the changing levels of radiocarbon during those years
can be used as a de facto time scale. Otoliths have been shown to retain o chemical record
that may be interpretable as a complex function of variations in a fish's physiology and
environment over time. Among the constituents of otoliths, radiocarbon has been shown to
be a good proxy for radiocarbon levels in seawater, indicating that these structures can be
used as ‘clocks’ over recent decades. Using AMS, it is possible to measure with high
precision, levels of radiocarbon in samples that contain less than 0.5 mg of carbon.
Calcium carbonate otoliths are 12% carbon making it feasible to analyse radiocarbon levels
in otolith samples that weigh less than 5 mg. For many commercially important fish
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species, the amount of otolith calcium carbonate deposited in the first year of life exceeds 5
mg. This makes it possible to analyse radiocarbon levels in selected regions of a fish's
otolith, including that portion that was deposiled within | year or less of birth. By selecting
atoliths from fish with presumed birth dates during the bomb-related increase in ocean
radiocarbon and analysing segments of the otolith formed soon after birth, the fish's true
age can be estimated. Ultimately, these data can be used to validate a method of age
estimation. Furthermore, this validation procedure provides an estimate of the age of a fish
that is independent of the counting of opague and translucent zones in otolith thin sections,
the method used most often to estimate the age of fish.

This project measured radiocarbon in calcified tissues of 28 commercially important fish
species and over 300 high precision accelerator mass spectrometry measurements of
radiocarbon were completed. The majority of measurements were made on otolith
carbonate although vertebral collagen was analysed in two species (school shark,
broadbill swordfish) and vertebral carbonate in one species (broadhill swordfish). The
technique of radiocarbon dating was used for age validation of one species, orange
roughy, as opposed to the bomb radiocarbon chronometer used for the others. There are
degrees of success in any age validation study and four levels of “validation" are
identified for the species in the table. Three asterisks (***) indicates 2 successful
validation for & species across a broad range of fish ages and evidence that age estimates
based on the method of choice, typically interpretation of zones in otolith thin sections,
are accurate. Two asterisks (**) indicates that the age estimation method provides
reasonable estimates of fish age, but further work may be required to improve
understanding of the accuracy of the method. One asterisk (*) indicates that the study of
age validation identified potentially serious faults in the age estimation method and
further research is required (o ensure accurate age estimates are available for assessment
of the species. No asterisks beside a species indicates that inadequate data were collected
to draw a conclusion regarding the accuracy of an age estimation procedure for the
species.
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school shark® black orea®™ rubry snapper*® spengled cmperor **
Blue grenadicr®*# Warty orea®® Crimson seaperch* banded morwong®**
pink ling**® oreo Tingermark scaperch® | jackass morwong®®
orange roughy™* amooth arec® saddietail seaperch™ Patagoman toothfish*** |
codfish*** st barred rockood™* | 7od oo™ southem Bluchin ama®*® |
Dight rediish®* sifver trevally** goidband soapper®®® | swoniish

[ king dory** Jack mackerel**¥ sharpivoth snapper™® | blue-cye trevalia®

This study demonstrates the effectivencss of the bomb radiocarbon chronometer for studies
of age validation and supports further use of this method. The research also provides
valuable information on the habitats and migration of several fish species. For example,
radiocarbon measurements in otoliths demonstrated the polar distribution of smooth oreo
juveniles and the estusrine habitats of juvenile tropical sesperchs. Finally, radiocarbon data
from otoliths of marine fishes can provide powerful constraints on both carbon cycle
models and ocean general circulation models, data that are essential to rescarch on climate
and global change.

Campana, S.E. 2001. Accuracy, precision and quality control in age determination,
including a review of the use and abuse of age validation methods. Jowrnal of fish

biology 59: 197-242.

Kalish J. M. 1993, Pre- and post-bomb radiocarbon in fish otoliths. Earth and Planetary
Science Letters 114; 549-554,

KEYWORDS: radiocarbon, otoliths, age and growth, age validation, Australian fisheries,
carbon flux
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Chapter 2 Background

Data on fish age are essential for determining the production of fish stocks. Although
age data are routinely collected by a range of methods, it is infrequent that an age
estimation method is proven to be accurate. Several methods are used to validate fish
ages; however, these possess many shortcomings. For example, capture-mark recapture
studies are extremely expensive, labour intensive, often have a very negative effect on
the growth of the tagged fish while at liberty, and arc not feasible for many species
including deep-sea species. Furthermore, estimation of the growth increment on an
otolith or vertebra, between the time of the initial capture, marking and subsequent
recapture constitutes the most rudimentary validation of age. This is due to the fact that it
is only possible to determine the time elapsed between marking and recapture; the
number of years prior to capture of the individual remains unknown. Therefore, the true
age of the fish can not be determined only the validity of the most recently deposited
increments. Radiometric age estimation using various activity ratios (c.g. 210Ph/226Ra)
can, in theory, overcome many of the shoricomings of capture-mark recapiure
experiments;, however, several unique problems are introduced by the use of diometric
methods. Several key assumptions must be made to apply the radiometric method
including: constant uptake of radioisotopes relative to calcium during the life of the fish;
constant rate of otolith mass growth or a known rate(s) of otolith mass growth, and; the
otolith must be a "closed sysiem”™ with respect to the radioisotopes under consideration.
Even without violation of any of these assumptions the radiometric method is
problematic due to the need for relatively large semple sizes (>1 gram) and the relatively
low precision of the method resulting from extremely low levels of radioactivity relative
to background for the radioisotopes typically considered. Given the extreme importance
of age cstimation studies and the problems with currently established methods of age
validation, there is tremendous scope for the development and application of new
methods.

A recently developed method of age validation, the bomb radiocarbon chronomter,
overcomes many of the shortcomings of other methods. Kalish (1993) described the new
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method and demonstrated its efficacy with the long-lived telcost Pagrus awratus. The
bomb radiocarbon chronometer method is based on the cccurrence of an anthropogenic
chemical marker in otoliths, specifically the sharp increase in radiocarbon (reported as
4", the age- and fractionation-corrected per mil deviation from the radiocarbon
activity of nineteenth century wood) in the 1950s and 1960s that resulted from extensive
atmospheric testing of nuclear weapons by the United States, Soviet Union and Great
Britain. This spike of radiocarbon would be evident in the otoliths of fish species that
inhabit at least the upper 200 m or mixed layer of the water column. Kalish (1993) has
shown that fish otoliths are an excellent proxy for determining levels of radiocarbon in
seawaler dissolved inorganic carbon (DIC). Because otoliths are not resorbed during the
life of the fish, these structures retain a permanent record of ocean radiocarbon. The
atmospheric testing of nuclear weapons in the 1950s and [960s has had o tremendous
effect on the levels of radiocarbon in both the atmosphere and oceans (Broecker ef al.,
1985). Because these tests had both a relatively abrupt start and end, a tempaorally
discrete pulse of radiocarbon was injected into the ecosphere. This marker, or transient
tracer, is cne of the most effective tools at our disposal for investigations of carbon flux
and ocean circulation. Fortuitously, this anthropogenic input of radiocarbon has also
provided a readily detectable mark on fish otoliths and, for that matter, most living
organisms. Similar to the injection of oxytetracycline hydrochloride (OTC) into fish
during capture-mark-recapture experiments, radiocarbon provides a mark on otoliths that
can be associated with a point in time. Kalish (1993) demonstrates this property of the
radiocarbon mark and shows that maximal rates of increase for ocean radiocarbon,
measured via the otolith radiocarbon proxy, are associated with the peak almospheric
testing of nuclear bombs. Radiocarbon increased rapidly in the surface ocean from about
1958 until a peak around the mid-1970s although this varies with ocean and latitude.

To use the bomb radiocarbon chronometer for the validation of age, it is only necessary
to measure radiocarbon in the carliest formed portions of the otolith. Because of the
small sample size requirements of accelerator mass spectrometry (AMS) (now as little as
0.2 mg of carbon), the otolith material formed in the first year, or less, of life is generally
adequate for high precision analysis. Measurements of radiocarbon in the carliest formed
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otolith material can be related to the known temporal variation of bomb radiocarbon in
the environment. An age "calibration curve” based on otolith A'C in known age fish (or
other organisms e.g. hermatypic corals), such as P, auratus (Kalish 1993) could be
produced for an ocean region and A' C determinations from other species could be
applied 1o the relationship. Alternatively, reliable results could be obtained by producing
a sigmoid A"'C versus presumed annual increment curve and, ultimately, assigning ages
to the fish.

In many cases, age validation via the measurement of ' C in otoliths would be more
effective than mark-recapture methods. Mark-recapture studies only provide direct
evidence of the frequency of annual increment formation between the time of marking
and recapture, whereas determination of ' C levels in fish otoliths can be used to
determine the absolute age of individual fish.

Otolith chemistry, including measurements of radiocarbon, can be used to investigate a
range of other issues on the ecology and biology of fish that are relevant to the
asscssment and sustainable development of marine resources. The distribution of
radiocarbon is already defined on spatial and temporal scales that make it possible to use
these data to develop a further understanding of stock structure, migration and
movement.

Major spatial and temporal gaps in the distribution of CO5 in the South Pacific and
Southern Oceans have hindered attempts to assess the importance of these waters as a
sink for anthropogenic CO9 (Tans et al., 1990) produced by the combustion of fossil
fuels. A major source of data on the flux of CO between the atmosphere and oceans
has been measurements of C made in hermatypic corals from tropical and subtropical
walers; however, the major limitation of corals as recorders of these data is that suitable
corals are restricted to the upper 50 meters of tropical and subtropical oceans. Because
messurements of ' C in fish otaliths are a good proxy for ' C in scawater DIC and teleost
fishes are present in all marine environments; radiocarbon measurements from fish
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otoliths will make it feasible to model more accurately the globl flux of carbon and
understand the fate of stmospheric CO4, the principal greenhouse gas. Furthermore, the
longevity of many fish species, combined with our ability to accurstely determine the
age of some species, makes it possible 10 extend the ocean A" C record to pre-bomb
periods in a wide range of environments. The existence of otolith archives at fisheries
laboratories throughout the world ensures the accessibility of this data source.

Mmm;hmﬂwmﬁwwmﬁrmwmﬂﬁ.fﬂmw&mm
otoliths will provide additional inputs to models of global carbon flux and determine the
roll of the oceans as a sink for CO5.
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Chapter 3 Need

Accurate estimates of fish age are among the most important biological parameters
required to develop sound population dynamics models and assessmenis of stock status.
These assessments are essential (or the development of sound management strategies for
individual species and ecosystems. The degree of uncertainly associsted with age
estimation can have a dramatic influence on the overall uncertainty of a stock assessment.
Minimisation of this source of uncertainty can be achieved, in part, by developing reliable,
accurate and validated methods.

Australian fisheries exploit species with a broad range of life history strategies from
short-lived highly fecund species such as skipjack tuna to extremely long—Jlived
moderately fecund species like orange roughy. There is a clear need to accurately
identify the place of cach species within this spectrum and to validate or determine the
level of accuracy of methods emploved for routine age estimation of the fish catch.

Routine methods of age validation are poorly suited to many of the fish species exploited
in Australian waters. In addition, for those species where routine validation may be
suitable, an effective validation would require many years, if not decades of research.
This time frame is inadequate for many species that are already heavily exploited (e.g.
southern bluefin tuna, blue grenadier, redfish, school shark and others) and an alternative
and rapid method such 2s the bomb radiocarbon chronometer should be pplied to those
species that would be amenable to this approach.
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Chapter 4 Objectives

1. Validate ages of southern bluefin tuna ( Thunmes maccoyii);

Determine suitability of the radiocarbon chronometer for age validation of oreo
species;

Validate ages of redfish (Centroberyx affinis);

Validate ages of blue grenadier (Macruronus novaezelandioe);
Validale ages of school shark (Galeorkinus galeus); and,
Determine other species suitable for age validation via the bomb radiocarbon
chronometer in collaboration with other Australian researchers and fisheries
MANAECrs.
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Chapter 5 Radiocarbon and fish biology

John Kalish

Summary

Measurements of radiocarbon are extremely valuable in many fields of scientific
research, but application of these data to studies of fish biology have been rare. Recent
advances in the lechnigues used to quantify radiocarbon, particularly accelerator mass
spectromeiry, have increased the feasibility of applying these data to a range of problems.
Background information relevant to the use of radiocarbon in studies of fish biology is
presented and the besis for a new method of age validation using the "bomb radiocarbon
chronometer” is discussed. The sharp increase in radiocarbon in seawater dissolved
inorganic carbon resulting from the atmospheric testing of nuclear bombs in the 1950's
and 1960's provides a discrete chemical signature that can be identified in fish otoliths,
and this signature can be related to specific points in time. Age validation using the
bomb radiocarbon chronometer eliminates the need to carry out expensive and time
consuming tagging experiments for many fish species. Reduced somatic growth
associated with tagging studies and stress related to capture, handling, marker injection
and tagging are eliminated. Furthermore, capture-mark-recapture experiments only
validate the period of time between the marking of a fish and the time of recapturs,
whereas the bomb radiocarbon chronometer provides an estimaie of the actual fish age,
not just the time period during which the fish is at liberty. Radiocarbon data from the
otoliths of a deep-sea teleost, the smooth oreo (Psevodocytnis maculatus) demonstrate the
ptility of these data in determining the juvenile habitat of this species. Results obtained
from measuring radiocarbon in otoliths support the broad application of these technigues
in both age validation and life-history studies,
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Introduction

The ability to measure radiocarbon levels in the environment and the successful
inlerpretation of these data are two of the great scientific findings of the twentieth century,
and, in 1960 Willard Libby was awarded the Nobel Prize in Chemistry for the development
of the radiocarbon dating method. Today, the measurement of radiocarbon has numerous
applications in the physical, biological, and social sciences {Taylor et al. 1992). However,
for investigations of fish biology, the measurement and apphication of mdiocarbon data has
lagged behind the technological advances making it possible to carry out high precision
analyses on small samples. The revolutionary advance of radiocarbon measurement by
accelerator mass spectrometry (AMS) is little more than a decade old (Bennett et al. 1977;
Nelson et al. 1977) and was only recently applied as a*bomb radiocarbon chronometer” to
the validation of fish age (Kalish 1993). Because both radiocarbon methods and data are
unfamiliar to many, this paper presents background information that is essential to an
understanding of the field. It then highlights the major applications of radiocarbon data to
studies involving fish biology with an emphasis on otoliths and areas for further
investigation. Radiocarbon data from the otoliths of a deep-sea teleost, Pseudocytus
maculatus, are presented and provide an indication of the utility of these data in life history
studies.

Origin of radiocarbon in the environment

Three isolopes of carbon occur in nature; two isotopes of stable carbon (12C, 13C) and
radiocarbon (''C). The lighter stable isotope 12C accounts for sbout 98.89% of all carbon
and the remainder is primarily 13C. Radiocarbon is far less abundant with about 1 atom of
"C for every 1012 atoms of 12C. Radiocarbon is produced naturally by the interaction of
cosmic rays with almospheric atoms. Cosmic rays enter the sarth's atmosphere, collide
with atmospheric atoms and, in some instances, these collisions result in the cjection of &
neutron from the atmospheric atom. If the neutrons interact with atoms of nitrogen ( N), a
proton can be replaced by the neutron and the resulting atom becomes radiocarbon. The
radiocarbon configuration of 6 protons and 8 neutrons is unstable, The mean lifetime of a
"¢ atom is 8267 years at which time the atom undergoes the transformation back to ' N by
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the ejection of an electron, or beta particle (f~) and an antineutrine (v}, which results in
the conversion of one of the neutrons to a proton. On the basis of the loganithmic decay
patiern the balf-life of “'C is 5730 years (Lederer ct al., 1967).

Reporting of radiocarbon data

Accepted standards for the reporting of radiocarbon values are discussed in Stuiver and
Polach (1977) and essential points are summarized here. All radiocarbon results must be
reported relative to the NBS (National Bureau of Standards) oxalic acid standard or another
accepled standard, such as the ANU (Australian National University) sucrose standard
which has been intercalibrated with the NBS standard. The absolute international standard
activity (AISA) is 95% of the activity (count rate) in the year 1950 AD normalized to
stable 13C/12C value (8''C) of -19%e relative to PDB (peedee belemnite stable carbon and
oxygen isotope standard) (Craig 1957). The inclusion of the year 1950 in the definition of
the standard fixes the activity of the standard despite the fact that it is decaying over time.
Normalization relative to a fixed value for 6'°C accounts for isotopic fractionation of the
standard that may occur in the course of laboratory procedures. The radiocarbon activities
estimated from the oxalic acid standard are similar to those estimated for the atmosphere,
via the tree ring proxy (discussed below), prior 1o the industrial age (pre-1850 AD).

Radiocarbon levels can be reported in specific forms for different research fields. In
archaclogical, anthropological, and geological research, the age of the sample in years is
most important and should be reported as a conventional mdiocarbon age or radiometric
age in years BP (before present, where the present is standardized as the year 1950). The
use of this form of age notation implies adherence to specific conventions regarding the
reporting of ages (Stuiver and Polach 1977).

Researchers in oceanography, climatology, geochemistry, dendrochronology, and the like,
generally report radiocarbon data as A'*C, and a similar comvention is recommended for
fish biology. Radiocarbon measurements reported as A'*C represent the per mil (%)
deviation of the sample from the activity of 19th century wood, after corrections for
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isotopic fractionation to a 5'°C of -25%s (relative to the PDB standard) and corrections for
sample age (decay until 1950 AD) (Stuiver and Polach 1977).

AMC=8"C-2(8"C+25) 146" C/1000)

| - 14C/Cstandard
§4C % 1000

Although A"™C should be used only when samples have been age-corrected, this correction
is not always applied. For example, oceanographers generally use A'*C when presenting
data on radiocarbon in seawater DIC (dissolved inorganic carbon), DOC (dissolved arganic
carbon), or POC (particulate organic carbon) despite the fact that age corrections are not
possible for these data.

Given the known half-life of radiocarbon, three basic assumptions are central o the
application of the radiocarbon dating method: 1) the distnbution of radiocarbon in the
biosphere is uniform in time and space; 2) the radiocarbon being measured in a sample
derives from a living organism and, during life, the organism derived its complement of
carbon from the biosphere, and; ) upon death, the organism or relevant portion of the
organism being measured for radiocarbon ceased to exchange carbon with the
environment. [n many cases, these assumptions are not valid and these potential problems
are discussed below.

Radiocarbon pathways
OF particular relevance to fish biologists is the pathway of radiocarbon from the
atmosphere to aquatic environments. Radiocarbon produced by cosmic rays entering the
atmasphere becomes part of the stmospheric reservoir as it is oxidized 1o form "C0; A
portion of the atmospheric 'CO; ultimately becomes incorporated into the ocean at a rate
dependent on several factors including: 1) the difference between the concentrations of
Ci02 in the air and the ocean, and; 2) the rate of gas transfer between the air and ocean,
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Depending on the concentration of CO2 in the air and sea, the net transfer of gas maybe
into or out of the water. The rate of CO2 transfer across the air-sea interface in a region is
generally calculated on the basis of wind speed, although there is no consensus on the

Comparison of radiocarbon time series determined from tree rings and corals produced
prior to anthropogenic inputs indicates that there was some form of balance between the
input of *CO

to the ocean and the production of radiocarbon in the atmosphere (Fig. 5.1) (Druffel and
Suess 1983). Under these sieady state conditions, the atmospheric levels of radiocarbon
were 40 to 50%s greater than those measured in the ocean; a true equilibrium not being
achieved within the atmosphere-ocean system. [n addition 1o exchange with the
atmosphere, the surface mixed layer of the ocean is constantly loosing radiocarbon, in the
form of DIC, to other pools through several processes including: mixing with decper water;
incorporation of DIC into organic carbon pools (DOC, POC, and biota), and; indirectly,
through incorporation of POC in sediments. There is a significant flux of bomb
radiocarbon labelled POC to the deep ocean and this radiocarbon-aden POC is ultimately
derived from DIC in surface waters (Druffel and Willinms 1990; Dvuffel et al. 1992),
Bomb-labelled DOC is also produced by organisms as they process DIC. On the basis of
proxy records of radiocarbon in seawater DIC that have been obtained from corals, it is
apparent that these losses of radiocarbon from surface ocean DIC were relatively constant
and balanced by the production and incorporation of cosmogenically produced "'C prior to
the industrial age (Druffel and Suess 1983).

Anthropogenic effects o radiecarbon levels
Human activities have had a major impact on radiocarbon levels in both the atmosphere
and oceans with 3 activities being most significant: 1) burning of fossil fuels; 7)
atmospheric detonation of nuclear bombs, and; 3) generation of power by nuclear fission.
The combustion of fossil fuels (e.g. coal, oil) has accelerated dramatically since the mid-
19th century and a current estimate of the atmospheric input of carbon derived from fossil
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fuels is about 5.3 Gtyr-1 (gigatons per year) (Tans et al. 1990). Because fossil fuels are
the products of animals and plants that died millions of years ago, they no longer contain
detectable quantities of radiocarbon. Release of this "C-free CO2 into the atmosphere has
resulted in dilution of the cosmogenically produced radiocarbon. This decrease in
atmospheric and ocean radiocarbon levels between about 1850 and the present is called the
Suess effect (Se) and it is easily recognized in radiocarbon records obtained from the tree
ring and coral proxies (Fig. 1). More recently, it has become obscured by the "'C inputs
from other anthropogenic sources.

Atmospheric tests of nuclear bombs between 1952 and 1963 increased atmospheric levels
of ™C by almost 100% (Fig. 5.2) (Nydal and Lovseth 1983; Levin et al. 1985). This
increase in radiocarbon levels has been measured directly in the atmosphere and via the
tree ring proxy. Although the increase in ocean radiocarbon due to nuclear testing was nol
as large as that in the atmosphere, it is, by far, the most significant event in any time serics
of ocean radiocarbon levels (Fig. 5.3) (Druffel and Linick 1978; Nozaki et al. 1978;
Broecker ot al. 1985; Kalish 1993).

Radiocarbon is produced in several phases of nuclear energy production. Recent estimates
suggest that the mean annual production of "*C from the nuclear energy cycle over the next
10 years will be approximately one half of the annual natural production of radiocarbon
(Briggs and Hart 1988). Radiocarbon produced during the nuclear energy cyele is unlikely
to be detected in aquatic organisms unless they are in close proximity to the source of ',

Methods of radiocarbon measurement

Three techniques are commonly used for the measurement of radiocarbon including: gas
proportional counting (GF) of CO2, acetylene (C2H2), and methane (CHA4); liquid
scintillation counting (LS) (encompassing liquid scintillation spectrometry), and;
accelerator mass spectrometry (AMS). Each technique has specific advantages or
limitations; however, all are in & constant state of development and improvement. The
earliest measurements of radiocarbon were made using the GP method and modem systems
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of this type are capable of providing the highest level of precision for radiocarbon
g

Although GP methods are highly precise, they require relatively large sample sizes and/or
long counting times (Kromer and Munnich 1992; Polach 1992). Standard GP analyses
require several grams of carbon making the technique impractical for analyses involving
fish otoliths (calcium carbonate is 12% carbon). High precision is attainable with many
AMS systems within 1 h for smaller amounts of sample, albeit at & considerably greater
cost.

The AMS technique is based on the counting of atoms of a radicisotope rather than
quantification of the isotope’s decay as in the GP and LS techniques, Several factors make
it difficult to directly quantify the number of radiocarbon atoms in a sample. In a modem
samplé¢ of carbon, derived perhaps from the bones of a recently killed fish, there are about
1012 stable carbon atoms (“C and "C) for every atom of '*C. If the fish bones had been
obtained from a prehistoric midden that was 30,000 years old, then the number of *C
atoms would have been reduced by more than a factor of 10. This occurs because of the
radioactive decay of the "'C in the sample and the fact that, under normal circumstances,
substantial amounts of new '*C are not incorporated after the sample has died. The
presence of atoms of "*N and molecules of "CH2 and ""CH with the same mass as ''C is an
additional complication. The magnitude of this problem can be appreciated when it is
realized that the stmosphere is about 78% nitrogen and these atoms are not eliminsted even
from the finest vacuum systems. Bennett et al. (1977) discssed the method for the
elimination "*N atoms from the ion beam of the AMS system: a key to the success of this
method for the measurement of radiocarbon.

Acceleralor mass spectrometry measurements are generally made on samples that have
been converted to graphite. Several methods are available for the prepartion of graphite
targets and AMS laboratories must maintain strict control over the preparation of these
targets to maintain sample purity, density, and other properties (Jull et al. 1986; Vogel et
al. 1987). The graphite target is placed in a vacuum chamber with an ion source, typically
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cesium. The target is bombarded with cesium ions and the carbon is sputtered from the
graphitc target. Negatively charged C ions are accelerated through a series of focusing and
mass selecting devices and attracted to the positive terminal of the accelerator which can be
charged with up to +3 million volts. In the center of the accelerator, the C- jons pass
through a stnpper cell containing gas or foils. Collisions between the material in the
stripper cell and the C- ions result in the removal of up to 4 or § electrons and the
formation of C3+ or C4+ ions (the production of different charge states is dependent on the
energy of the accelerator, e.g. 2 MV or 6 MV). The ions are now repelled, accelerating
them further and they are selected on the basis of energy and charge by a series of
electrostatic deflectors and focusing magnets, resulting in the measurement of carbon
isotopes by gas or solid state ionization detectors.

Accelerator mass spectrometry has two important advantages over other techniques of
radiocarbon measurement: 1)the ability to deal routinely with samples containing 1 mg of
carbon (analyses have been carmied out with 20 pg of carbon, but with reduced precision
(Vogel et al. 1989)) and; 2) the ability to make a high precision (1% error) measurement in
shout one hour. The major drawbacks of AMS are the high cost, which is typically twice
as expensive as measurements made by GP or LS techniques, and slightly lower precision.
The high cost of AMS is balanced, to some extent, by the short amount of time it takes to
analyze a sample. Furthermaore, il is likely that precision of AMS measurcments of
radiocarbon will increase in the future (Beukens 1992),

Application of radiocarbon measurements to fish biology

Measurements of radiocarbon in aquatic organisms have been relatively rare. On the other
hand, there are numerous measures of radiocarbon made directly on seawater DIC ar
through proxies, particularly hermatypic corals. These measurements of radiocarbon in
seawater can provide data that are relevant to several processes including the flux of CO2
between the stmosphere and occans and the horizontal and vertical mixing of water
masses. A combination of factors make these applications of radiocarbon data feasible.
For measurements of scawater radiocarbon prior to extensive testing of nuclear bombs in
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the laie 1950°s, the long half-life and slow mixing times of the ocean are most critical.
Thiz combination of factors makes it possible to recognize, for example, deep water that
has been isolated from the atmosphere for hundreds, if not thousands of years. As a result,
upwelling events, where cold, nutrient-rich water is brought to the surface, can be
recognired due to the presence of low radiocarbon values in surface waters. Radiocarbon
is also & good indicator of upwelling because of its relatively steep vertical gradient from
the surface waters to about 800 m depth and the negligible effect of biologcal processes on
application of seawater radiocarbon data involves the use of these data in the calibraton of
GCM's (general circulation models) (Oeschger et al. 1975; Sieganthaler 1983; Toggweiler
et al. 1989, 198%b; Sarmiento et al. 1992). There are several papers which can be
consulted to provide further information on the application of radiocarbon data to studies
of ocean circulation and CO2 flux (Druffel 1981, 1987, 1989; Broecker et al. 1985;
Toggweiler et al. 1991; and others). In freshwater systems, the nature of radiocarbon
variation is somewhat different from that of the oceans. In most cases, the tumover rate in
freshwater habitats is adequately rapid that measurements of radiocarbon will reflect
atmospheric values. Exceptions to this are those systems that are feed largely by
groundwater that may have been isolated from the atmosphere for hundreds or thousands

of years.

The main aim of most studies that have measured radiocarbon in aguatic organisms has
been 1o determine the flow of carbon through the environment and these have usually dealt
with the flow of carbon to the deep-sea (Williams et al. 1970; Williams et al. 1978; Pearcy
and Stuiver 1983). This can be accomplished most simply by determining A''C in animal
tissucs. These analyses could be used to determine, for example, if a deepsea fish was
consuming significant quantities of carbon that were derived from surface waters and can
provide insight into the behavior of fishes although the interpretation of the results may be
uncertain. For example, Pearcy and Stuiver (1983) found that muscle tissue from the
abyssal macrourid Coryphaenoides armatus had A''C values higher than would be
expected on the basis of their depth of capture. This was determined to be ducto a
combination of factors including a diet consisting of pelagic cephalopods and fishes



RADIOCARBON AND FISH BIOLOGY 9

{Pearcy and Ambler 1974) and the fact that this species does occur in midwater, far above
the sea floor (Pearcy 1976).

Interpretation of A"'C values obtained from fish tissues are further complicated by the lack
of understanding regarding the flux of particulate and dissolved organic carbon (POC and
DOC) in the ocean (Druffiel and Williams 1990; Druffel et al. 1992); a topic beyond the
scope of this paper. Unlike the otoliths, the isotopic composition of fish muscle tissue
would be largely determined by the isotopic composition of the dict (Gearing et al. 1984).
As a result, POC and DOC would play a much greater role in determining the radocarbon
levels measured in tissues other than ofoliths,. Measurements of radiocarbon in ocean POC
indicate that bomb produced radiocarbon is distributed throughout the water column,
whereas there is no evidence of bomb radiocarbon being present in DOC (Druffel et al,
1992).

Measurements of fish otolith A''C provide results that are similar to those made for A''C in
seawater DIC (Kalish 1993), Studies of stable carbon isotopes (Kalish 1991a; 1991b)
suggested that 70% of the carbon deposited in otoliths was derived directly from seawnter
DIC. This carbon would be incorporated into otoliths after uptake from seawater by the
gills. The endolymph that surrounds the otoliths is in close contact with capillaries and its
composition is related to that of the blood plasma (Kalish 1991c). Under these conditions,
some carbon derived from ingested food would also become incorporated in the otoliths
and this appears o be the source for the remaining 30% of otolith carbon. In most fish
species, the fact that shout 30% of otolith carbon might be derived from food would have
little effect on A"'C measured in the otolith because most fish consume prey that spend the
majority of their time within a similar depth range. In some species, however, it is possible
that diet would have a significant effect on A'*C measured in otoliths (Kalish 1993),
Further research on the sources of otolith carbon and their potential variation within and
among species would be useful for the interpretation of carbon isolope data obtained from
otoliths.
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Because the carbon of otolith CaCO3 is deposited throughout the life of a fish and it is not
reworked after deposition it can provide a record of A™'C in seawater DIC (Kalish 1993).
These data can be used in many ways including investigations of ocean circulation, carbon
flux, and fish biology. The most straightforward application of otolith A'*C data involves
using these measurements as & proxy for A™C in seawater DIC. Otoliths from archives
maintained by most fisheries laboratories can provide a time series of A'™'C variations in a
particular region and these can be applied to oceanographic and atmospheric studies as
discussed shove. Hermatypic corals have been used as proxies for A'C, but corals are
restricted to shallow tropical and subtropical seas (Druffel and Linick 1978; Nozakd et al.
1978; Druffel 1987; Toggweiler et al. 1991). A recent study demonstrated the feasibility of
extracting A'“C time series from a temperate bivalve species, Arctica islandica (Weidman
and Jones in press) and like fish otoliths, these structures show great promise for obtaining
further reconds of ocean radiocarbon in both mid- and high-latitudes.

Radiocarbon data obtained from corals collected from 3 locations (Druffel 1980, 1981;
Landman et al. 1988} and from fish otoliths (Kalish 1993) arc compared in Fig. 5.3. The
data show variations in radiocarbon from the early 20th century to the present. For 3
locations A'C is about -50%s until 1955, whereas the data from the Galapagos coral
indicate that radiocarbon levels were somewhat lower in that region. This is due to the
presence of relatively old, upwelled water around the Galapagos Islands. All records show
an increase in A'“C starting around 1955 to 1960 which is related to the atmospheric testing
of nuclear bombs. The highest levels of radiocarbon were measured in the corals from
Belize/Florida and Heron Island, Australia due to their relatively close proximity to the
source of radiocarbon in the subtropical north Pacific Ocean. The increase in radiocarbon
in the New Zealand fish otoliths and the Heron Island coral lags about 1 year behind the
Florida coral. This is due to the relatively rapid meridional transport of mdiocarbon in
many regions, when compared with the latitudinal transport. There is a further delay at the
Galapagos due o the origin of the water masses in that region. Also, the lower peak values
for A™C in the Galapagos coral are related to the upwelling in that region. Features such as
these can be used to develop an understanding of the flux of radiocarbon and, ultimately,
CiO2 between the atmosphere and ocean,
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Because some data on seawater A''C already exist at most latitudes and depths (Broecker
ct al. 1983), we can use these data to help us estimate the habitat of fish species or
particular life history stages that have remained elusive. A good example of this
application is provided by recent measurements of '*C made in the otoliths of the smooth
oreo {Oreosomatidae; Pseudocyttus maculatus) (Kalish unpublished data). Smooth oreo 15
a commercially important decpwater trawl species in both New Zealand and Australia and
it is known to also occur off of South Africa and Kerguelen Island. The adults of the
species appear to be restricted to latitudes between 25°S and 52°S (James et al. 1988). In
New Zealand approximately 20,000 tons of smooth oreo are trawled each year from depths
of about 800 to 1200 m. Despite the sbundance of adults (>135 mm SL), the juveniles are
extremely rare and appear to have a distribution that is quite different from that of the
adults. The majority of observed juvenile smooth oreos (32 specimens) (<135 mm SL)
have been collected in association with krill or in the stomachs of fin whales and were
captured between 60'S and 68'S latitude (Abe 1957; Svetlov 1978; Abe and Suzuki 1981).
Three other juveniles have been collected: two at about 44°S latitude near New Zealand
and one at about 48°S latitude near Patagonia. Furthermore, the adults are apparently
adapted 1o deepwater by their bluish grey to greyish brown color and very large eyes;
juveniles seem better adapted to surface waters because they are silvery with an irregular
pattern of bluish blotches and small eyes. From the results of the few juvenile collections
and their physical appearance, it has been assumed that these fish occur in surface waters.

Based on the limited biological data on smooth oreos, it was hypothesized that juveniles
occurred in the Southern Ocean south of 60°S. 1 performed an initial test of this hypothesis
by determining A'C in the juvenile segments of smooth oreo otoliths. Three groups of
smooth oreo otoliths were collected: 1) 15 sagittae from females (>40 cm TL) with
cstimated ages in excess of 40 years (pre-bomb hatch date) based on counts of presumed
annual increments made on otolith thin sections; 2) 15 sagittae from females (<18 em TL)
with estimated ages of less than 8 years (postbomb hatch date), and; 3) outer edges of
sagittae from an additional |5 females (>40 cm TL) to represent calcium carbonate
deposiled in the adult habitat. All fish were collected by demersal trawling at depths of
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sbout 1000 m on the South Chatham Rise east of New Zealand in 1987. For the first 2
groups, otolith material deposited in about the first 2 years of lifc was isolated from each
otolith and the material from the 2 groups of fish was pooled separately. Calcium
carbonate from the older fish was presumed to have been deposited pro bomb, whereas
CaCO3 from the younger fish was presumed o have been deposited postbomb.

Relatively large negative values for A™'C from the 2 smooth oreo samples (Table 5.1)
indicate that it is extremely unlikely that the adult smooth oreos spent their juvenile lives in
surface waters at mid-latitudes. In fact, comparison with data on A"'C measured in
seawater DIC (Figs. 4 and 5) provides support for 2 hypotheses: 1) adult smooth oreos
collected in New Zealand waters use waters south of 60°S latitude as n juvenile nursery
ground and; 2) juvenile smooth oreos collected at mid-latitudes have strayed from the
normal nursery ground or they are at the northern edge of their range. If the younger
smooth oreos had been in about the top 200 m of the water column as juveniles, a A'C
vilue of about +100%s (Broecker et al. 1985; Kalish 1993} would have been expected
(Figs. 4 and 5), For the older smooth oreos, with a presumed “pre-bomb™ hatching date
before 1950, a A™'C value of about -55% (Bien et al. 1960; Rafter and O"Brien 1970;
Kalish 1993) was anticipated. Because A'*C values for both samples appear to be
significantly lower than any pre-bomb values in low and mid latitude surface waters
{Broecker et al. 1985) (Fig. 5.4), it must be concluded that the juvenile smooth oreos cither
live well below the surface mixed layer or they occur at high latitudes in the Southern
Ocean. Mesasurements of A'*C in seawater in the region of the Chatham Rise (east of New
Zealand), the major trawling ground for adult smooth oreo, indicated that it would be
necessary for the post-bomb group of juvenile oreos to be at depths of sbout 00 m and in
midwater (2000 m bottom depth) to encounter water with a A'C value of about -85%.
(Sparks et al. 1989) (Fig. 5.5). TheA'C value of -95%e for the pre-bomb juvenile would
be reasonable for a fish living at around 800 m in Southern Hemisphere mid-latitudes prior
to 1950 (Ostlund and Stuiver 1980). Two factors make this deep-water distribution for
smooth areos unlikely: 1) the disruptive color pattern and small eye indicative of a fish
living in surface waters and; 2) the occurence of the copepod Neocalanus tonsus in the
stomachs of the 2 smooth oreo juveniles caught in New Zealand waters. Furthermore, the
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radiocarbon levels measured in the otoliths are consistent with those expected for a fish
living in the surface mixed layer at about 60°S [atitude, in agreement with the capture
location for 32 of 35 collections of juvenile smooth oreo.

Age validation using the bomb radiocarbon chronometer

To the fish biologist, the validation of fish age is another valuable application of
radiocarbon measurements made in otoliths. Kalish (1993) descrnibed this age validation
technique and applied it o the long lived teleost Pagrus auratus. This technique has little
to do with the conventional method of radiocarbon dating; instead it takes advantage of the
significant anthropogenic influence on environmental radiocarbon levels, specifically the
atmospheric testing of nuclear bombs.

The bomb related increase in ocean radiocarbon can be used for age validation because of
the relatively discrete nature of the radiocarbon pulse due to the bomb tests (Fig. 5.3).
Measuremenis of radiocarbon in seawater DIC in the lale 1950"s and the early 1970's
provided 2 data points which effectively define both the pre-bomb minimum and post
bomb maximum radiocarbon levels. These data provided evidence for the nature of the
rise in ocean radiocarbon levels, however, the rale of increase has been more clearly
defined by measurements of radiocarbon in the skeletons of hermatypic corals. These
measurements of radiocarbon derived from seawater and corals provide a clear indication
of radiocarbon levels at different points in time and in certain locations. Variations in
radiocarbon levels at other latitudes can be further estimated from kmown-age fish
otoliths (Kalish 1993) and bivalves (Weidman and Jones 1993). Because levels of
radiocarbon in the ocean can be related to a specific point in time; it is feasible o use
bomb derived radiocarbon as a chronometer.

Validation of fish age using the bomb radiocarbon chronometer involves AMS
messurements of radiocarbon in otolith material deposited in the early part of a fish's life.
In fact, this validation technique would not be practical withou the development of AMS
which makes it possible to carry out precise measurements of radiocarbon in samples of
otolith Ca003 weighing less than 25 mg. Otolith material deposited in the first year of a
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fish's life will contain radiocarbon indicative of that time period. High levels of
radiocarbon (>-20%e) arc & clear indication that a fish was hatched after the atmospheric
testing of nuclear weapons; low levels (<-30%e) provide evidence that a fish had hatched
prior to 1958, Selection of otoliths from fish with presumed hatching dates between about
1960 and 1970 provides the greatest resolution for age determination using the radiocarbon
chronometer. In the mid-1960s it is feasible to estimate the date of hatching to within 6
months or less.

This validation technique is most useful for fishes living in the surface mixed layer of the
occan. For fish living their early juvenile lives below sbout 300 meters, it becomes more
difficult to determine the rate of flux of radiocarbon to those depths, Because thee is
considerable uncertainty regarding the penetration of radiocarbon into depths greater than
BO0 meters, the techmque has little immediate value for validating the age of those species
that spend their entire lives at these depths (see Fig. 5.5). However, the validation
technique is practical for those deep-sea species that have a juvenile stage that occurs in the
surface mixed layer. There are many species that fit this description including Sebastes
spp., Anoplopoma fimbria, several specics in the Orcosomatidae, and others.

Otoliths from fish with presumed hatching dates between about 1960 and 1970 should be

obtaining otoliths of this age is not difficult due to the extensive otolith material held in the

archives of many fisheries laboratories. Also, because many specics of fish live for more

than 30 years, it is still feasible to collect material that can be used for radiocarbon age
fidati

Although the period from 1960 to 1970 is considered to be most effective for age
validation, it is feasible to use later years including 1970 to the present. A gradual decrease
in ocean radiocarbon can be seen after the peak around 1974 (Fig. 5.3); however, data from
the oceans are ioo sparse to draw conclusions regarding the rate of decrease. Further
measurements of A'C in otoliths of known age fish (Kalish 1993) or other radiocarbon
proxies can be used to define this decrease and determine the utility of this time period in
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age validation studies. The decrease in radiocarbon in seawater DIC results from losses to
other pools or advection of radiocarbon to other areas. In some regions the reduction in
radiocarbon levels may be adequately rapid to provide resolution suitable for age validation
studies. The ability to use data from these years is dependent on 3 factors inchading: 1)
relatively rapid loss of radiocarbon to other pools or regions; 2) high precision (<1% error)
estimates of radiocarbon and; 3) ability to discriminate between similar radiocarbon levels
associated with the increase in bomb "'C or the subsequent decrease in ', Fxamination
of atmospheric radiocarbon data collected from several locations over the last 2 decades
(Levin et al. 1992) provides an indication of the complexity of this problem and the
potential differences that might occur in different ocean regions.

Age validation using the bomb radiocarbon chronometer has numerous advantages over
other methods of age validation. The need to carry out expensive and time consuming
tagging experiments is no longer necessary for validating the age of many fish species.
Reduced somatic growth associated with tagging studies and stress related to capture,
handling, marker (e.g. oxytetracycline hydrochloride, SrCl) injection, and tagging arc
eliminated (McFarlane and Beamish 1987, 1990; Saunders et al. 1990). Furthermore,
capiure-mark-recapture experiments only validate the period of time between the marking
of a fish and the time of recapture, whereas the bomb radiocarbon chronometer provides an
estimate of the actual fish age, not just the ime peniod during which the fish is at liberty.
Finally, AMS analyses of radiocarbon can be carried out with small samples of otolith
material (<25mg). Radiometric age estimation using various activity ratios (e.g.
210Pb/226Ra) can, in theory, overcome many of the shortcomings of capture-mark-
recapture experiments mcluding mortality and injury due to tagging and reduced growth
rates due to stress from both handling and the immune response resulting from tag related
injuries. However, several unique problems are introduced by the use of radiometric
methods, Several key assumptions must be made to apply the radiometric method
including: constant uptake of radicisotopes relative to calcium during the life of the fish;
constant rate of otolith mass growth or a known rate(s) of otolith mass growth, and; the
otolith must be a “closed system™ with respect to the radioisotopes under consideration.
Although the analysis of otolith cores may reduce some of the comphications associated
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with the above assumptions, it would not overcome these problems (Campana et al. 1990;
Fenton and Short 1992). Even without violation of any of these assumptions the
radiometric method is problematic due to the need for relatively large sample sizes (> 1
gram) and the relatively low precision of the method resulting from extremely Jow levels of
radioactivity relative to background. The bomb radiocarbon chronometer offers

It may be feasible to validate age using radiocarbon decay for very longdived fishes. A
sample from the central portion of an otolith, similar to that suggested for the application of
the bomb chronometer, undergoes natural radiosctive decay acccording 1o the logarithmic
decay law. In most cases, this decay would not be detectable due 1o the relatively long
half-live of C'* (5730 years) relative to the“typical™ age of a fish, and the precision of
AMS. However, fish species such as orange roughy (Hoplostethus atlanticus), with
maximum ages estimated 1o be in excess of 150 years (Fenton et al. 1991), may be
amenable to radiocarbon dating technigues. The first consideration would be to achieve
the highest precision practical. For AMS, this is currently between 5% and 10%e for small
samples, or sbout 40 to 80 years. Ideally, a series ol radiocarbon measuremenis should be
made from the earliest formed portion of the otolith, to the otolith edge in order to follow
the decrease in age (increase in radiocarbon level) of otolith material. Alternatively, a
radiocarbon measurement might be made at the otolith edge only; this value being taken as
the initial radiocarbon level in the center of the otolith prior to any significant radicactive
decay. Of course, it is asssumed that radiocarbon levels have been constant during the life
of the fish, an assumption that may be reasonable for decp-sca specics.

Further development of radiocarbon methods that are applicable to fish biology will
depend on 3 major factors including: 1) development of the AMS technique, particularly
relating to increased precision and further reductions in sample size requirements; 2)
increased understanding of the flux of carbon as DIC, DOC, and POC through the oceans,
and: 3) increased understanding of the sources of carbon for otoliths and other tissues.
Because of the importance of age determination and age validation, measurements of
radiocarbon in fish otoliths will almost certainly play an important roll in studies of fish
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biology and in fisheries management. These radiocarbon data can also be incorporated into
databases that are an important part of investigations into global change.
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Table 5.1. a“ﬂiﬂunmuﬂrudhjwﬂe-ﬂadnhpﬁnﬂnﬂhnhﬁthnfﬂuu
groups of adult smooth oreo (Pseudocytius maculatus) collected on the South Chatham
Rise off the cast coast of New Zealand. A'*C data from Pagrus auratius otoliths collected
in New Zealand waters are presented for comparison. The location category refers to the
presumed source of radiocarbon measured in the otolith sample. These data are to be
compared with the measurements of A'C in seawater DIC shown in Figs. 4 and 5. Errors
are one standard deviation.

Sample A"C (%) Location Source
Pre-1950 P. maculatus -94.248.] This study
Juvenile section
Post-1980 P, maculatus -84.6¢7 5 This study
Juvenile section
Post-1980 P. maculates -54.8=7, 950 m (44'5,178°E)  This study
adult section

1943 Pagrus auratus ~ -51.147.0 surface (39°5,179°E) Kalish 1993
1980 Pagrus auratus  +98.448.0 surface (39°S,179°E) Kalish 1993
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Figure 5.1. Radiocarbon levels in the atmosphere and ocean between the years 1800-
1952, as determined by the tree ring and coral proxies. Atmospheric A™C is consistently
greater than A''C measured in the occans. The decrease in atmospheric A''C, beginning
around 1900, is due 1o the buming of fossil fucls, which results in the release of “C-free
CO2 and the dilution of atmosphenic radiocarbon. The amount of this decrease is called
the Suess effect. The Suess effect is also evident in the ocean A''C records after about

1920; however, the magnitude of the effect is not as great as in the atmosphere. (Figure
modified from Druffel and Suess 1983).
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Figure 5.2. Variations in atmospheric A'C versus time at three latitudes since the
beginning of atmospheric testing of nuclear weapons. The Limited Test Ban Treaty
curtailing atmospheric testing was signed in 1963. The increase in atmospheric
radiocarbon due to atmospheric testing of nuclear weapons was about 100% and this
represenied about a 5% increase in terrestrial radiocarbon. The atmospheric radiocarbon
data are from Nydal and Loveseth (1983) and Levin et al. (1985) and the figure is from
Broecker et al. (1985).
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Figure 5.3, Variations in ocean A™C versus time in the ocean at four locations. The
differences in peak A''C among sites are related to location relative to the sources of
bomb radiocarbon. Emuuma“ﬂnhputvﬂuumbmdmd:mﬁ:mbuhm
of radiocarbon due to ocean circulation and the loss of radiocarbon in seawater DIC 1o
other pools such as DOC and POC. Low A"C values in Galspagos coral are related to
the upwelling of water low in A"C. Belize/Florida coral data are from Druffel (1980)
and Druffel and Linick (1978); Galapagos coral data from Drulfel (1981); Heron Island
coral data from Landman et al. (1988); fish otolith data from Kalish (1993 ).
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Figure 5.4. Latitudinal variation in A'C in Pacific Ocean surface waters both before and

after significant inputs due to the astmospheric testing of nuclear weapons. From
Broecker and Peng 1982,
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Figure 5.5. Plot of variation in AC along 179°E in the south Pacific Ocean east of New
Zealand. Figure modified from Sparks et al. 1989,
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Chapter 6 Investigating global change and fish biology with fish
otolith radiocarbon

John Kalish

Semmary §
Fish otoliths, calcium carbonate gravity and auditory receptors in the membranous
labyrinths of teleost fish, can provide radiocarbon data that are valuable to a wide range of
disciplines. For example, the first pro- and post-bomb time series of radiocarbon levels
from northern or southern hemisphere lemperate oceans was obtained by camrying out
accelcrator mass spectrometry analyses on sclected regions of fish otoliths. These data can
models. Because fish otoliths can serve as a proxy of radiocarbon in seawaler dissolved
inorganic carbon in all oceans and a1t most depths, there is considerable scope for further
investigations of otolith radiocarbon in relation to both oceanography and global change, In
addition 1o applications relevant to global change, fish otoliths are also valuable sources of
important parameters in population modeling and fisheries management. Use of the bomb
radiocarbon chronometer to validate fish age determination methods offers considerable
advantages over traditional forms of age validation and promises to become a standard tool
in fish biology and fisheries management. Radiocarbon data from otoliths can also provide
valuable information on the ecology of fishes and has already provided surprising
information relevant to the ecology of some deep-sea fishes,

Introduction

Measurcments of radiocarbon in seawater dissolved inorganic carbon can be used to
investigate both ocean circulation and the flux of carbon between the atmosphere and
ocean. Radiocarbon studies of ocean circulation are possible becanse of the long half-life
of radiocarbon and the slow mixing times of the ocean. These data can be applied to
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investigations of specific mesoscale circulation patterns such as upweiling or to stodies of
global circulation patterns. One of the most important applications of scawater radiocarbon
data relevant to ocean circulation and carbon flux involves the use of these data in the
calibration of GCM's (general circulation models) (Oeschger et al. 1975, Siegenthaler 1983,
Toggweiler et al 1989, Toggweiler et al 1989b, Sarmiento et al 1992).

Anthropogenic inputs of carbon in the last century have perturbed the natural equilibrium of
"C in the atmosphere and oceans, The dilution of cosmogenically produced radiocarbon by
the burning of "'C-free COZ, the release of this material into the atmosphere, and its
subsequent incorporation into the oceans can be used to estimate the rate of fossil fuel CO2
input into the oceans (Broecker et al 1985). The atmospheric tests of nuclear bombs
between 1952 and 1963 have had a dramatic effect on atmospheric levels of *C, increasing
them by almost 100% (Nydal and Lovseth 1983, Levin et al 1985) and bomb produced
radiocarbon serves as one of the main tracers for studying the flow of carbon through the

atmosphere and ocean.

Time series of radiocarbon levels in the ocean and atmosphere are necessary to develop the
greatest understanding of carbon flux through the environment. Retrospective
determinations of "*C in the oceans are typically obtained by carrying out radiocarbon
analyses on carbon obtained from dated bands of hermatypic corals (Druffel and Limck
1978, Nozaki et al 1978). Radiocarbon data obtained from corals has been very effective at
reconstructing histories of radiocarbon levels in shallow water tropical and subtropical
environments (Toggweiler et al 1991). However, measurements of radiocarbon in
hermatypic corals cannot provide time series of radiocarbon levels for temperate, high
latitude, and deeper waters. If such data were obtainable, there is the potential for a
considerable improvement in the radiocarbon calibration of GCM's and in estimates of the
fiux of CO2 through the environment based on the bomb 'C tracer.

Data presented in ref. (Kalish 1993} indicated that fish otoliths were suitable as a proxy for
C in seawater DIC and that these structures could provide time series that extended from

the late 19th century to the present. Because fish occur in almost all aquatic environments
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and at all depths, fish otoliths have the potential to provide *C records from regions not
covered by hermatypic corals and they can act as an adjunct o data derived from corals in
subtropical and tropical environments.

Fish otoliths

Fishes are a very diverse group of animals with about 25,000 known species. They can be
found in environments ranging from hypersaline desert springs and limestone aquifers o
the deepest regions of the ocean. Among the fishes, the teleosts, a modern group in an
evolutionary sense, are by far the most speciose and diversified with almost 20,000 species.
One character that is common among teleosts is the presence of 3 pairs of otoliths ("ear
stones") within the paired membranous labyrinths: the sagitta, the lapillus, and the
asteriscus. Each ololith is in contact with sensory hair cells protruding from a sensory
macula and these "otolith organs" act as both gravity and anditory receptors. In most fishes,
one pair of otoliths, the sagittae, is by far the largest (Fig. 6.1). Sagittae are aragonitic
structures that are formed through the deily deposition of aragonite-dominant and organic
matrix-dominant zones. A sagitta from an adult fish typically contains less than 1% organic
material, although the quantity of organic matrix deposited in the otolith can be higher in
the carly life of a fish. Over the course of & year in a fish's life, the structure and
composition of the daily increments that are deposited will vary. Variations in the width,
organic content, and trace clement composition of increments have been investigated. The
reasons for this variation are not well understood; however, cumulative differences in
otolith ultrastructure make it possible to resolve changes in otolith structure over the course
of a year. The resulting annual increments are believed to be a manifestation of several
processes resulting in changes in otolith structure. In their simplest form, annual
increments are comprised of an opaque zone and a transiucent zone (Fig. 6.2) and, in many
ways, they are similar to the annual structures called tree rings.

Both daily increments and annual increments have been studied intensively because of their
importance in estimating the age and growth of fishes (Summerfelt and Hall 1987).
Investigations of fish otolith structure and composition indicate that after deposition, otolith
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aragonite is not resorbed (Simkiss 1974), a requirement for these structures o be
appropriate for the estimation of age and growth. Most importantly, the age of many
species of fish can be determined with preat accuracy (Smith 1993). Because the ololiths
are not resorbed during the life of the fish, they also contain a permanent chemical record
that can be related to the biology of the fish and changes in ils environment (Kalish 1989,
Kalish 1990, Kalish 1991a, Kalish 1991b). There are numerous pitfalls in relating the
chemistry of fish otoliths to the environment particularly due to the fish's ability to
physiologically discriminate against certain substances (Kalish 1991b, Kalish 1992).
Despite these difficulties, it appears that otoliths can provide proxy records of certain
properties of the fish's environment, most notably temperature, via (180 thermometry
(Kalish 1991a, Kalish 1991¢) and "*C in seawater DIC (Kalish 1993),

Otoliths are the primary source of information on the age and growth of fishes. Because
age and growth dats are among Lhe most important parameters in modeling the population
dynamics of commercially exploited fish stocks, there are large archival collections of
otoliths maintained at fisheries and oceanographic laboratories throughout the world. For
some fish species, otolith collections began in the early 20th century. The existence of
these collections, coupled with the fact that many fish species live to 100 years or more
(Bennett ot al. 1982, Campana et al 1990, Fenton et al 1991) males it feasible to obtain data
from otoliths that can be related to environments as early as the 19th century and before
anthropogenic inputs had a significant impact on atmospheric radiocarbon levels.
Collections of fishes in muscums may provide additional data from as early as the 18th
century. The presence of otoliths in sediments and at archasological sites makes these
structures valuable o investigations of palacoenvironments.

Sagitta shape is species specific, however, in almost all cases individual sagitta from adult
fish weigh less than | g and frequently less than 250 mg. Because of their small size, high
precision analysis of otolith radiocarbon by gas proportional counting or liquid scintillation
methods is impractical. Sample weights obtainable from portions of fish otoliths are easily
analysed with high precision (< 1%) by accelerator mass spectrometry (AMS).
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Obtaining A"'C data from fish otoliths

Even if radiocarbon analyses are done using AMS, most otoliths are too small 1o remove
successive annual layers and carry out a high precision analysis. Several options are
available to overcome this problem including: 1) pooling of layers of otolith material
formed over several years; 2) pooling otolith material exitracted from similar portions of
otoliths from several fish, and; 3) selective removal of oaly the earliest farmed portion of
the otolith (e.g. material deposited during the first year or less of life). In each instance, the
collection date and age of the fish must be known und, for many species of fish this isnot a
problem (Kalish 1993). Pooling of otolith layers from an individual otolith, while
providing adequate carbon for an analysis, reduces the temporal resolution of the data.
Pooling otolith material from scveral fish is impractical because of the difficulty in finding
adequate numbers of fish from the same year-class and errors that may result from
assigning incorrect ages to individual annual increments. The third option is the most
practical. Otolith growth decreases as the fish gets older; therefore the first annual
increment has the greatest mass. For many fish species, the otolith material deposited in the
first year of life will weigh more than 25 mg. Selection of a fish species and otolith
samples that can be aged with a high level of reliability is essential. Subsequent selection
of otoliths from fish with a range of ages (or birth dates) is a simple matter, This strategy
was employed in ref. (Kalish 1993),

Example of A"C data from fish etoliths

Radiocarbon data collected from otoliths of Pagrus auramus collected off the cast coast of
the North Island of New Zealand were compared with similar data collected from
hermatypic corals (Fig. 6.3). Ref. (Kalish 1993) describes the sample processing and
analysis in detail, Prior to the atmosphenic testing of nuclear bombs, the radiocarbon record
is similar to that measured in corals from Belize and Florida. As expected, these records
diverge when bomb radiocarbon inputs become a factor, and the New Zealand otolith
record lags behind the Belize/Florida record by about a year. Data from Heron [sland corals
are very similar to the New Zealand data during the late 1950's and early 1960's. These
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relationships and others between the coral and otolith data sets provide an indication of the
rates of stmospheric and oceanic transport of radiocarbon to different regions.

Although there appears to be a slight decrease in A"'C measured in Pagrus auratus otoliths
between 1918 and 1950, this decrease is not significant and, therefore, does not provide
evidence for the Suess cffect in temperate waters of the Southern Hemisphere. These
results are in agreement with radiocarbon data obtained from corals collected from the
southwestern Grest Barrier Reef, Australia where no evidence for a Suess effect was found
(Druffel and Griffin 1993). Despite the agreement between these 2 data sefs, further results
are probably required to confirm that a Suess effect was not evident in Southern
Hemisphere temperzete and high latitude waters,

The measurement of radiocarbon in fish otoliths also has applications to studies of fish
biology. The validation of methods of fish age estimation is probably the most important.
Many fisheries resources are managed on the basis of age-structured population models.
Furthermore, fish ages are necessary to determine growth rates, mortality rates, age at first
maturity, and other basic parameters relevant to understanding the biology of exploited
populations. As discussed previously, otoliths are the principle source of information on
fish age; however, the estimation of ages from otoliths is not always a simple process. This
is because the opaque and translucent zones used to estimate fish age are not always formed
annually. In many cases, an experienced otolith "reader” can distinguish between "false”
and “true” annual increments, but this process is not always straightforward.

Due to uncertaintics in standard age estimation procedures, validation of age estimation
methods has become an essential aspect of fishenies research (Beamish and McFarlane
1983). Unfortunately, standard validation procedures such as capture-mark-recapture
studies often have a negative effect on the growth and survival of tagged fish (McFarlane
and Beamish 1987, McFarlane and Beamish 1990, Saunders et al 1990). Furthermore,
these studies are expensive and lime consuming. An alternative validation procedure
involves measuring the radiocarbon levels in the earliest formed portions of fish otoliths
isolated from fish with presumed birth dates prior 1o the atmospheric bomb tests of the late
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1950's and during the period of rapid increase in ocean radiocarbon levels from about 1960
to 1970 (Kalish 1993). Because of the extensive collections of otoliths in archives, this
validation procedure is feasible for fish with even a moderately long lifespan. Also, studies
of fish age and growth in recent years indicate that there are many fish species with
maximum ages in excess of 50 years.

Radiocarbon data from fish otoliths may also provide information that is useful in
determining the distribution of fish species or life-history stages of fish that are rarely
encountered. Ref. (Kalish 1994) presented radiocarbon data from the otoliths of smooth
oreo (Preudocyttus maculatus), a deepwater (200 to 1200 m) mid-latitude species that
suggests that the juvenile stages of this species live in surface waters of the Southern Ocean
south of 60°S latitude. These findings are supported by several collections of extremely
rare juvenile smooth oreos south of 60°S latitude (Abe 1957, Svetlov 1978, Abe and Suzuki
1981).

Otoliths can be an important component in the sediments and at archaeological sites. For
example, in Australia, hundreds of otoliths have been found st an ancient shoriginal site at
Lake Mungo, now a dry lake basin. Radiocarbon dating of charcoal from this site indicates
that il was inhabited over 20,000 years ago and that fish constituted a major portion of the
diet. Radiocarbon dating of otoliths from the site and subsequent (180 analyses of
scasonally deposited layers could provide an indication of seasonal temperature cycles
during the Pleistocene.

Condusions

Measurements of radiocarbon levels in fish otoliths by AMS have a broad runge of potential
applications and these data can be used to investigate arcas as diverse as ocean circulation,
carbon flux, fish age determination, and palseoclimatology. The importance of fish ololiths
to fish age estimation, and ultimately to fisheries management, ensures the availability of
this data source. Consultation with fisheries agencies in various regions or specialists in
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otolith research should provide adequate information to ascertain the availability of otoliths
for specific investigations.
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Figure 6.1. Several views of a left sagitha from a teleost fish (Asripis trutta) illustrating
both shape and orientation. Drawing by Darren Stevens, New Zealand NTWA.
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Figure 6.2. Transverse section of a sagitta from a teleost fish (Arripis trutta). The age of
the fish estimated from this ofolith was 8 years on the basis of counts of opaque and
translucent zones from the center of the ofolith section to its proximal edge. The stippled
region at the center of the otolith represents approximately one year of growth, Drawing
by Darren Stevens, New Zealand NTWA.
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Figure 6.3. Time series of A"'C from corals and fish otoliths, Belize/Florida coral data
are from Druffel (1980) and Druffel and Linick (1978); Galapagos coral data from
Druffel (1981). Heron Island coral data from Landman et al. (1988); fish otolith (Pagrus
auratus) data from Kalish (1993). Error bars on otolith data are + 1 sd.
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Chapter 7 Use of the Bomb Radiocarbon Chronometer to
Determine Age of Southern Bluefin Tuna (Thunnus

maccayii)

John Kalish, Justine Johnston, John Gunn and Naomi Clear

Summary

The growing otoliths of fish incorporate radiocarbon in concentrations that are equivalent to
that found in ambient seawater dissolved inorganic carbon. Therefore, pulses of
anthropogenic radiocarbon produced by the atmospheric detonation of nuclear weapons can
ultimately be detected in otoliths. This study estimates the age of large southern bluefin
tuna Thunnus maccoyii using an age estimation procedure based on the determination of
levels of bomb-derived radiocarbon in otoliths. Radiocarbon data from selected regions of
southern bluefin tuna otoliths indicate that this species may reach ages in excess of 30 years.
Furthermore, individuals that approach the asymptotic length are likely to be 20 years of age
or older. The data agree generally with accepted models of southern bluefin growth, but
show that these fish live longer than was believed previously. Comparisons between otolith
section and bomb radiocarbon age estimates indicate that reading otolith sections is an
effective method to estimate the age of larger southern bluefin. The presence of a
significant number of individuals greater than 20 years of age in the southern bluefin
population may alter estimates of natural mortality rates currently used in Virtual Population
Analysis models for stock assessment of this species.

Introduction

Southemn bluefin tuna { Thunms maccoyii) is a highly migratory species that is found
throughout the Southern Ocean north of about 60°S latitude. Southern bluefin is exploited
by fishers from Australia, Japan, New Zealand, Indonesia, Tarwan, and Korea and it is the
most valuable commercial finfish species in Australia with the annual Australian caich
valued at more than $80 million (Kailola et al. 1993). Caich rates for southern bluefin have
decreased dramatically in the last decade, presumably due 1o increased fishing pressure on
the resource, associated with its increased value (Caton et al. 1990). International
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management of southern bluefin has been placed under the jurisdiction of the Convention
for the Conservation of Southern Bluefin Tuna (CCSBT), a trilateral convention that
includes Australia, Japan, and New Zealand as its members. The CCSBT has indicated that
age estimation of southern bluefin is a high priority research area (Anon. 1994),
Furthermore, the lack of validated catch-at-age data for the exploited population has
introduced significant uncertainty into the Virtual Population Analysis that is the primary
stock assessment tool used by the CCSBT.

Age estimation for the larger tunas including southern bluefin and northern bluefin
(Thunnus thynnus) is problematic due to difficulties involved in the interpretation of marks
on hard paris, such as otoliths and vertebrae (Hurley and Isles 1983, Prince and Pulos 1983,
Prince 1985, Thorogood 1987). Furthermore, logistical problems associated with the
mobility and longevity of these species make tagging studies and, concomitantly, the
validation (sensu Kalish ct al. 1995) of a "preferred” age estimation procedure, both difficult
and costly. Despite the complications associated with age estimation and the related
validation for the larger Thunnus spp., these areas of research have a high priority in many
nations that have significant fisheries for these species. In Australia research related to age
estimation for southern bluefin includes a mark-recapture study using strontium chloride to
mark calcified tissues (Clear et al. In preparation), investigation of conventional age
estimation methods based on otoliths and vertebrae (Gunn et al. 1995), and the application
of bomb radiocarbon measured in otoliths to age determination and validation (this study).

Although obvious zones are present in the otoliths and vertebrae of southern bluefin of all
sizes (Gunn et al. 1995), and annual bands have been validated in the otoliths of fish up to
6+ years (133 cm LCF) (Clear et al. In preparation), there are still problems with the
interpretation of zones from calcified tissues of larger and presumably older fish. In larger
southern bluefin, discrepancies in the oumber of presumed annual increments counted in
otoliths and vertebrae have lead 1o uncertainty over which, if either, provides a true estimate
of age for mature fish. An additional complication is the lack of known age individuals and
the rarity of tagged and returned fish with long periods at liberty (>10 years). Similar
problems exist for age estimation of Atlantic blucfin tuna (Thunnus thynnus) (Lee & Prince
1995). Until recently, stock assessment of southern bluefin was carried out under the
assumption that these fish can be up to 20 years of age (Collette & Nauen 1983, Majkowski
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& Hampton 1983, Caton et al. 1990); however, the only direct evidence for this came from
one tag recovery 20 years after release of a one year old bluefin (CSIRO unpublished data).

Determination of southern bluefin longevity and validation of age estimation methods for
larger individuals is required in order to increase the reliability of stock assessments for this
species. Zone counts in otoliths (Gunn et al. 1995) have suggested ages well in excess of the
previously accepted maximum age of 20 years, but in the absence of tag-recapture data,
there has been little chance of validating these estimates.

The bomb radiocarbon chronometer (Kalish 1993, 1995a, 1995b) provides an alternative
method to tag-recapture studies. The bomb radiocarbon chronometer can be used to
estimate the age of individual fish and the technique is well-suited to estimating the age of
southern bluefin tuna. Because there is no accepted "routine" method for age estimation of
larger southern bluefin tuna, direct estimation of age on the basis of the bomb radiocarbon
chronometer presents a viable alternative to test assumptions regarding southern bluefin
longevity. Southern bluefin are suited to age estimation using bomb radiocarbon due to the
presumed longevity of the spectes and the likelihood that individuals in the present
population were spawned during the bomb-related increase in radiocarbon in the stmosphere
and ocean (Kalish 1993),

Materials and methods

Southem bluefin otoliths (sagittae) were selected from otolith archives maintained at the
CSIRO Marine Laboratories (Hobart, Tasmania), A single otolith from each pair was
selected for analysis with the other otolith, when available, being retained for studies of
routine age estimation procedures, The majority of otoliths selected were from larpe
individuals as these fish are likely to be more suitable for age estimation on the basis of
bomb radiocarbon due to theif presumed birth date. Otoliths were obtained from large fish
caught off southeast Tasmania and in the Java Sea between 1988 and 1994, Otoliths from
two southern bluefin that were one year of age (55 cm FL) were also selected to assist with
calibration and to provide an indication of the decrease in ocean radiocarbon since 1980.
The small fish were caught off the southwest coast of Western Australia m 1985 and 1993,
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In this study, calibration refers to the process of establishing a relationship between surface
ocean radiocarbon levels in a region and time (Kalish 1995b).

Otoliths were weighed dry and then prepared for radiocarbon and stable carbon isotope
analysis. The carliest formed portions of individual otoliths was isolated with a fine, high
speed drill. This was achieved by “sculpting” from the larger otolith, an otolith that was
representative of a southern bluefin less than 1 year of age. During the sculpting process the
position of "landmarks” such &s the otolith core and zones associsted with the presumed first
annual increment were monitored frequently. This ensured that the sculpted otolith
contained material only deposited during the early life of the fish. The final product was a
single piece of otolith aragonite (Fig. 7.1). Sample weights ranged from sbout 13 1o 24 mg.
Otolith carbonate was converted to CO2 by reaction in vacuo with 100% phosphoric acid.
An aliquot of the CO2 was used to determine §'°C for each sample and the remaining CO2
was converted to graphite (Lowe and Judd 1987) for analysis of radiocarbon. Radiocarbon
levels in each sample were determined by accelerator mass spectrometry (AMS) at the
Institute of Geological and Nuclear Sciences, Lower Hutt, New Zealand (Wallace et al.
1987). Radiocarbon values are reported as A'*C, which is the age- and fractionation-
corrected permil deviation from the activity of nineteenth century wood (Stuiver and Polach
1977). Radiocarbon determinations were made via the NBS oxalic acid standard in
conjunction with the ANU sucrose standard, Reported errors for the radiocarbon data are |
standard deviation. Radiocarbon errors include both counting errors and laboratory random
CITOTS.

There are few radiocarbon data available that are suitable for the temporal calibration of
radiocarbon data obtained from the earliest formed portions of southermn bluefin tuna otoliths.
This portion of the otolith is presumed to be deposited in the tropical and subtropical Indian
Ocean, specifically in the region of the Java Sea and southeast Indian Ocean. Radiocarbon
data were selected from both the pre- and post-nuclear testing GEOSECS (Geochemical
Ocean Section Study) expeditions to the Indian Ocean (Bien et al. 1965, Stuiver and Ostlund
1983), studies of corals from Cocos-Keeling Island (Toggweiler et al. 1991) (Table 7.1), and
the otoliths of two 55 cm southern bluefin tuna that were one year (Table 7.2) of age based
on previous studies of southern bluefin age and growth (Gunn et al. 1995). These data were
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used to model the bomb-related inerease in Indian Ocean radiocarbon during the 1960s and
T0s,

For zone counts, ofoliths were embedded in polyester resin and sectioned with a low-spead
diamond saw. Three parallel replicate sections were taken in the darso-ventral plane

(transverse), one anterior to the primordium, one through the primordium and one posterior
to it. Each section was then mounted on glass rounds and polished to thicknesses of 0.4-0.6

mm using 600 grade wet-dry paper.

Ape was estimated from otolith sections by a reader that had read more than 1000 southem
bluefin ololith sections (NPC). These age estimates were compared with age estimates
derived from otolith radiocarbon data.

Results
Birth date astimates for individual tuna were determined directly from the otolith

radiocarbon data. A second order polynomial fimction that describes the bomb-related
increase in A''C in the eastern Indian Ocean was established from a combination of the
GEOSECS data, the Cocos-Keeling coral date. and the two small southern bluefin of known
age (birth dates 1984 and 1992). Pre-bomb A'“C measured from seawater dissolved
inprganic carbon (DIC) and corals, both representative of the year 1953, were not used in the
estimation of the function. Radiocarbon data ere not available in the relevant area between
about 1963 and 1970. The function determined from these data (Fig. 7.2) describes a time
series of A'C that is similar to that modelled for A''C in the southern hemisphere tropical
Indian Ocean by Broecker et al. (1985). The resulting function was used to estimate the
hirth dates of the large southem blusfin tuna on the basis of the A'"*C measured in the earliest
formed regions of the individual otoliths, A'*C data measured in the sagittae of 22 southern
bluefin tuna are plotted with A'“C determined in surface seawater DIC from the GEOSECS
expeditions (Bien et al. 1965, Stuiver and Ostlund 1983) and from known age segments of
hermatypic corals from Cocos-Keeling Island in the Indian Ocean (Toggweiler et al 1991)

(Fig, 7.3).
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Radiocarbon-based estimates of birth dates for the 20 large southern bluefin tuna range from
1958 to 1973 (Table 7.2). The birth date estimated for the oldest tuna in this study provides
an indication of the latest reasonable birth date (i.e. the fish could be older). Because this
individual was spawned prior o significant stmospheric testing of nuclear weapons, the
portons of the otolith that were analysed do not contain any detectahle bomb-denved
radincarbon, Radiocarbon-based birth dates from southern bluefin were also plotted with
otolith radiocarbon data from Pagrus awratus and Centroberyx affinis (Fig. 7.4). The data
from Pagrus auratus describe an established calibration curve for increases in radiocarbon
in the temperate South Pacific Ocean off New Zealapd (Kalish 1993). The data from C.
affinis are based on age cstimates derrved from the reading of otolith sections combined
with radiocarbon analyses and ar¢ representative of changes in ocean radiocarbon off the
east coast of Australia at temperate latitodes (Kalish 1995). The tuna burth dates and
corresponding A"'C values are coincident with both the P. suratus and C. affinis data unti)
the 1970s when tuna otolith A'C reaches higher levels than the data from P, auratus. In
later years the tuna dats agree more closely with the C. affinis data.

Age estimates for southern bluefin tuna were calculated on the basis of the radiocarbon-
based birth date estimates and known collection dates for individual fish (Table 7.2) and
were compared with age estimates from the counting of presumed annual increments on
trapsverse sections of otoliths. Because pairs of otoliths were not obtained from all fish only
15 af the 22 saamples analysed for radiocarbon had corresponding otolith sections. An age
difference plot, where the difference between the age estimated from the otolith sections and
A'*C iz plotted as a function of the "homb radiocarben age”, was used to compare age
cstimates (Fig. 7.5). Pairwise age comparisions betweaen the section and bomb radiocarbon
estimates suggest that there may be significant differences among the two methods of age
egtimation {two-tail t-test; df=14; P=0.051). If the bomb radiocarbon age estimates are taken
as the standard, then there appears to be evidence that section ages of several of the youngest
fish may be overestimates for this small sample,

When A'*C measured in southern bluefin otoliths is plotted as a function of the birth dates
estimated from the reading of otolith sections several data points diverge significantly from
the bomb radiocarbon curve denived from Pagrus auratus otoliths (Fig. 7.6). Specifically,
three southern biuefin section ages {Sample Nos. 203, 564, 598) fall outside the curves
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defined by the 95% confidence Itmits determined for individual predicted values from the P.
auratus radiocarbon and hirth date data. The ages (birth dates) of these presumably younger
fish, with greater quantities of bomb radiocarbon in their otoliths, appear to be overestimated
as they fall to the left of the bamb radiocarbon curve defined by P. aursius.

Diseungsion

Objective estimates of southemn bluefin tuna age are possible on the basis of radiocarbon
analyses made in the earliest formed segments of otoliths. The age estimates were based on
the assumption thet most of the cbserved variation in otolith A™C was related to differences
in the birth date of individual southern bluefin. The primary support for this assumption is
derived from the fact that there were rapid incresses in radiocarbon in tropical and temperate
oceans during the 19605 and 70s and that otolith radiocarbon is a good proxy of rediocarbon
in seswater DIC (Kahsgh 1993),

Radiscarbon data from selected regions of southern bluefin tuna indicate that this species
can reach ages in excess of 30 years. Furthermore, individuals that approach the asymplotic
length are hkely to be 20 years of age or older. The data agree generally with accepied
models of southern bluefin tuna growth denved from taggmng dats and with growth curves
based on zone counts in otoliths across the size range of the species (Gunn et al. 1995). A
detailed comparison with eurrent growth models wag not passible because of the size range
of individuals used The estimates of length at age suggest that the estimate of Leo is good
and, furthermore, thet it is not feasible to estimate age from length for southem bluefin tuna
greater than about 180 cm LCF.

Peak radivcarbon levels measured in southern bluefin tuna otnliths are higher than those
measured in Pagrus auratus otoliths from off the east coast of New Zealand, but similar to
those measured in Cendroberyx affinis otoliths from the Tasman Sea off southeast Australia
The higher level of radiocarbon in the tuna otaliths would be eéxpected on the basis of the
relative proximity of the northeastern Indian Qcean and the temperate central South Pache
QOcean to northern bemisphere atmospheric testing. Rapid ransport of seawater through the
Pacific-Indian Oceans throughflow region (Fieux et al. 1994) wounld result in effective
transport of radiocerbon from the Pacific to the Indian Ocean and, ultimately, would also
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result in relatively hagh redioearbon [evels in the tropical and subtropical Indian Ocsan. The
ocean off southeast Australia wounld alsa be expected to receive greater quantities of bomb
derived radiocarbon due to ocean transport via the East Australian Current.

There are several possible sources of arror that may affect the strict interpretation of
radiccarbon in southern bluefin tuns otoliths in terms of birth dates/age. Firstly, the material
1solated for radiocarbon analyses is sculpted from the whale otolith. [ncomplete removal of
otolith caletum carbonaie deposited later in life (2.e. younger otolith material) would affect
the level of radiocarbon measured in that sample. For exemple, many of the tuna otoliths
that had relatively hagh rachocarben levels (>50%.), that is relatively young fish, werse
estimated to be alder on the basiz of reading otolith sections. I{ sculpting failed to remove
all otolith material deposited after the first year of life for fish spawned in the late 19505 or
1940s, then younger otolith matenial with hugher radiacarbon levels would "contaminate” the
sample. This would result in a radiocarbon-based age estimate that was younger than the
true value. The majonty of discrepancies between section age end bomb radiocarbon ape
indicats that the radiocarban age is younger than the section age. On this basis,
contamination of the samples with calcium carbonate deposited after the first year of life
and/or a alight bias to overestimate age from otolith sections rmust be considered as
possibilities.

The inclusion of younger otolith material in & sarople believed to be representative of the
first year of growth may oceur due fo insecurate sculpting, however, the degree of
sontamination required o explain the larger age discrepancies observed is not likely, A
mass balance model was used to illustrate the effect of different levels of contamination on
A™C for the two samples that showed the greatest difference between bomb radiocarbon age
and section age. Sample No. 203 was estimated to be 16 years of age (birth date of 1972) on
the basis of A''C (116.249 4%q), whereas the otolith section age was 24 years (birth date of
1964). 4"°C in the eastern Indian Ocean was estimated to be about 40%a in 1964 (see Fig.
7.2), well below the value measured in Sample Mo, 203 (Table 7.2). If this fish was, in fact,
spawned in 1964 and the sample was sculpted without contamination, then we would expect
the sample of about 20 mg to have & A"C of 40%.. Consider the possibility that, after
sample sculpting is complete, the sample contains 18 mi of material with a A™'C of 40%e
nd 2 mg of materjal deposited after the first year of life and with a 4"*C of 50%s. In this
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case, the sample would have resulted in a A'C of 40.5%.. Assuroe each additional 2 mg of
younger calcium carbonate, that replaces 2 mg of calcium carbonate depasited during the
first year of life, results in a 10%. increase in mean A™*C of the inappropriately included
material. Under this scenanio, it would be necessary for the sculpted Sample No. 203 to
contain 2 mg of caleinm carbonate with a A'“C of 40% deposited during the first year of life
and 18 mg with a A'*C of 130%. to obtain a A'*C of 116%s for a southern bluefin spawned in
1964, Given the degree of care taken with the sculpting process this extent of contamination
is extremely unlikely. Furthermare, this model overestimates the probable A™C for the
contaminani and it is likely to be much lower in those instances where the sample sculpting
process was imprecise. A similar model was applied to the results from Sample No. 564
where bomb rediocerbon and otolith section age estimates differed by 7 years (Table 7.2)

In order for the correct birthdate to he 1960 (A'*C of ahout -18%.) for Sample No. 564, it
would have been necessary for the 18.2 mg sample o contain 15.5 mg of "contaminant®
with & A'°C of about 90%s. These arguments assume that, although spatial variation in
surface ocean A'*C can be significant over the possible range of 1 yeer old southern bluefin
(3ee below), this variation is small when compared with temporal vanation in A"*C during
the 1960s and early 1970s. The relatively small variabion in A''C over large (primanly
meridional) spatial scales is evident in Fig. 7.4 where data derived from the cast coasts of
New Zealand (Pagrus auratus) and New South Wales (Centroberyx affinis), and the eastern

Indian Ocean are compared.

The likelthood of sample contamiration by otolith matenal deposited later in hife could be
reduced by sculpting smaller samples. Tn this study, otolith sample weights for radiocarbon
analyses were maintained between 13.1 and 24.4 mg (1.6 to 2.9 mg of carbon) based on the
requirement for & mindmum quantity of cerbon to achieve a specified level of analytical
precision i the AMS facility that did the analyses. Analysis of radiocarbon by AMS hag
developed to the point where it 15 possible, at some facilibies, 1o obtain high precision
analyses on samples that contain less then 0.5 mg of carbon (4 mg of CaCO3). Because the
ahility to analyse small samples varies among laboratories, i 1s important to consult with the
operators of AMS facilibes before submitting samples for radiocarbon analysis. It is
recommended that the smallest sample size that can be analyzed with high precision
{<£10%a) be used for AMS analysis in those cases where the species under investigation has
relatively small otoliths.
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Southern bluefin funa is & highly migratory species and appears to travel great distances
during the first year of life (Shingu 1978, CSIRO unpublished data). The exact nature of
these movements is not well-defined and some individuals appear to migrate south along the
western coast of Australia, whereas other young southern bluefin may move in a south-
westerly directhion towards the coast of South Africa. Data on southern hluefin movements
indicate that one year old fish can move significant distances from the spawning grounds in
the tropical Indian Ocean south of Java, between about 10°S and 15°8 latitude. Southern
bluefin 25 em LCF (30-120 days old) heve been collected between Narthwest Cape and
Freemantle, Western Australia and fish betwesn 50-55 em LCF (one year old) have been
captured off New South Wales, Tasmania, Victoria, South Australin, Western Australia and
South Africa (CSIRO unpublished data). These movernents wounld expose individual
southern bluefin to varying levels of radiocarbon while the earliest formed portions of the
atolith were being deposited. In addition, the rapid increase in ocean radiocarbon levels
between about 1960 and 1975 would expose individual fish to temporally varying
radiocarbon.

Radiocerbon data in Stuiver and Ostlund (1983) show significant letitudinal and longitudinal
variation during the 1977-78 Indian Ocean GEOSECS expedition. These data can be used
a5 a basis for understanding the distribubon of bomb carbon in earlier years. The highest
concentretion of bomb carbon was found in the central gyre of the Indian Ocean batwesn
about 10° S and 35°8. [n the castern section of the gyre A'“C values were up to about
14(%s, but were slightly lower in the western portion of the gyre. Far greater vanation in
A'C values was found with latitude. In 1977-78, maxisnum A"C values of around 140% in
southern tropical latimdes of the Indian Ocean decreased to abour 28%e (eastern [odian
Cicean) and -14% (western [ndian Ocean) at around 5078 latitede, the southern extent of the
range of adult southern bluefin. The renpe of A'*C values was much less at the
aguthernmost extent of the distribution of 1 year old southern bluefin at around 15°8
latimude. In 1977-78, A"C levels were ahout 98% at 35°5 |atitude in both the eastern &nd
western Indian Ocean,
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As juvenile southern blusfin migrate south or southwest from the tropical Indian Ocean the
growing otolith will integrate radiocarbon levels over & broad temporal (months) and spahal
(10005 of km) scales. Becanse bath the path taken by individual tuna and the temporal end
gpatial veriation in surface ocean radiocarbon over dme will vary, individual otoliths will
ingorporate different levels of radiocarben, regardless of the birth date of individual fish.
The effect of this vanathon can be reduced by sculpting smaller otolith samples for
radiocarbon analysis, thereby limiting the range of possible movements by young fish s
they move from the spawning grounds.

Fish species mneorporate different levels of carbon isotopes into the CaCO3 of the otoliths
and these differences may be linked to metabolic rate effects (Kalish 1991). Southern
bluefin tuna otaliths have been shown to be relatively depleted in *C compared with otoliths
fram other non-scrombrid fishes. This fractionation of carbon isotopes in the otaliths is
likely to be reflected in the incorporation of "CT however, these effects have been
considered mn this stody a4 the calculation of A'*C accounts for fractionation {Stuiver and
Polach 1977).

Southern bluefin tuna otoliths for this study were selected at random from large fish sampled
by CSIRO researchers and collaborators. The sample is not adequate to estimate the range
of ages present in the population of southern bluefin tuna, but it does suggest that & large
percentage of the fish greater than 180 cm FL are at least 20 years of age and that southern
bluefin cam live to ages in excess of 30 years. Furthermore, the results show that reading
otolith sections is an affective method to estimate the age of larger southern bluefin, The
enalysis of additional samples could provide data relevant to defining the age structure of
larger southem bluefin tuna and more precisely define the accuracy of age estimation by the
reading of otolith sections. '
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Table 7.1. Measurements of A'*C made on tropical Indian Ocean surface water samples or corals from latitudes comparable to
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locations of juvenile Thunmes maccoyii otolith deposition. DIC is dissolved inorgame carbon.

Latitude Longitade Sample type Sample date ATC (%) Reference
12°5 97°E hermatypic coral July 1953 30 Toggweiler el al 1991
12°8 97°E hermatypic coral  July 1970 118 Togeweiler et al 199]
12°8 o7T°E hermetypic coral  July 1972 129 Toggweiler ct al 199]
12°8 OT°E hermatypic coral  July 1973 130 Toggweiler et al 1991
12°§ 97°E hermatypic coral  July 1974 134 Toggweiler et ol 1991
1228 oE hermatyme coral July 1976 121 Toppwealer et al 1991
10°31'S 105°34'E seawater DIC 19 Oct 1960 -16 Bien et gl 1965
1B740°8 BR"IFE seawater DIC 27 Nov 1960 =7 Bicn et al, 1965
IGTIR'S DEc41E semwater DIC 20 Dec 1960 ¥ Bien et gl. 1965
13714'S 108°45'E sgawater DIC 1 Jan 1961 -15 Bien et al. 1965
34*11's 105°49'E seawater DIC 25 Nov 1962 20 Bien et al. 1965
207158 109*58'E seawater DIC B Mar 1978 140 Stuiver and Ostlund

1983
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Table 7.2. Southern bluefin tuna (Thunnus macceyii) fish and otolith data. Sample weights indicate the weaght of otolith material separated for
individual analyses of stable cerbon and radiocarbon and are representative of less than the first year of otolith growth for an individual fish.
The birthdate was determined as discussed in the text. The age is the date caught minus the birthdate determined from the radiccarbon data.

Sample Date  Fork Otolith Sample 6C A™C[%:)  Birthdate Age(years)  Otohth

No.  caught length wt  wi(mg) (%,PDB) (years, ADD.) section age
(em) (&) L (birth date)
190 26/11/8 195  0.1768  19.7 640 293287 1963 25 35 (1963)
195  2/12/88 190  0.1802 176 -8.38 119.79.6 1972 16
203 21288 185 0.1578 192 -6.70 116.7+9.4 1972 16 24 (1964)
520  127/89 180 01465  19.1 -7.84 41.249,7 1964 25 26 (1963)
§52  25/6/8%9 180  0.1523 193 -1.16 68.149.2 1966 23 26 (1963)
564  4/7/89 195 01695 182 -7.32 78.5+10.1 1967 22 29 (1960)
584 Q/7/89 195 0.1851 19.5 -8.42 69.648.5 1966 23
598 15/7/89 1k2 0.1861 12.3 -7.26 75.24£10.7 1967 22 27 (1962)
642 20/6/89 186 0.2353 24.4 -8.18 -38.847.1 1958 3l
753 16/6/89 190 0.1863 18.6 -7.26 55.249.9 1965 24
2278 24/293 35 00135 13.8 8.33 BO.HE.6 1992 1
4670 11711/ 184 D1S50  13) -6.59 101.0£11.0 1570 23 24 (1969)
4682 18319 180 01774 156 -6.79 B8.2+10.8 1968 25 23 (1970)
4653 1831/ 185 01684 196 -7.33 73.8410.4 1967 26 27 (1966)

3
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4732
H2RBE
6289
6290
6291

6203

14/11/9
1874785
6/11/94
3/12/94
28/12/9
614194
6/12/94
26/12/9

201
a5

190
154
189
196
106

199

0.1719
0.0140
0.219
0.2046
0.2835
0.2773
0.2402
02093

15.8
14.2
16.8
1%.8
19.8
19.2
198
19.9

-7.58
5,51
68
6.8
aT.]

=

1.8
T4

50,1294
115.1+9.2
71.1£10.2
37.24+11.9
85.7+£10.7
-18.1+8.8

Tit8.6
54.2+8.6

75

1965
1984
1967
1964
1068
1960
1967
1965

28

27
30
26
34
27
29

30 (1964)
26 (1968)
28 (1966)
34 (1960)
28 (1966)
20 (1965)

q—
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Pigure 7.1. Thunnus maccoyii. Comparison among, from left to nght: whole sagitta (219
mg) o 190 em southern bluetin, sculpted sagitta (18.6 mg) from 190 ocm southern
blusfin , whale sagitta (14.2 mg) fram 55 cm southern bluefin.

-£1) T T T ey
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Year
Figure 7.2, Thunmus maccoyii. Data and funstion used 1o provade a calibranen for Indian
Ocean A™C values during the increase in bomb-derived radiocarbon. Data points prior to
1580 were derived from measurements of dissolved inorganic carbon in surface seawnter
(Bien et al. 1965, Stuiver & Osthimd 1583, Toggwedler et a] 1991). Data points from 1984
and 1992 were detarmined from measurements of radiccarbon in whole otolithe of 1 year
old southern bluefin tuna. The polynoral funetion is: A''C = -1750667 + 1778 (year) -

0.45 (year2).
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Figure 7.3. Thunnus maccoyii. Radiocarbon data from southern bluefin tuna otoliths,
Cocos-Keeling Island hermatypic coral (Toggweiler et al. 1991), and GEQOSECS
(Geochemical Ocean Section Study) DIC (disasolved inorganic carbon) (Bien et al. 1955,
Stuiver and Ostlund 1983). The dete of calcification for the southern bluefin tuna data
was determined on the basis of 2 second order polynomial fimetion described by the post
bomb coral and GEQOSECS radiocarbon data, as well as 2 small southern bluefin tuna with
birthdates of 1983 and 1991,
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Figure 7.4. Thunmus maceoyii. A'*C of southern bluefin tuna otolith cores plotted against
the birth date determined from radiocarbon levels, A''C data from Pagrus auratus otolith
cores are plotted ageinst the true birth date (Kalish 1993) and A™C values from
Centroberyx affins (Kalish 1995b) are plotted agamat birth dates determined from reading
otolith sections. For southemn bluefn tuna, Pagrus aurans, and Centroberyx affinis A'C
values are based on otolith material deposited over a time period equivalent to about the
first year of life. Errors are +1 sd.
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Figure 7.5. Thurmus maceoyii. Differences (years) between age estimates determived from
radiocarbon data and reading otolith thin sections.
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Figure 7.6. Thunnus maccayii. A'*C values versus birth date estimates for southern bluefin
tuna from otolith readers plotted with A™C data versus birth date data for Pagrus aurans,
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Chapter 8 Applicadon of the Bomb Radiocarbon Chronometer to
the Validation of Redfish Centroberyx affinis Age

John Kaligh

Summary

Validation of methods used to estimate fish age is a critical element of the fish stock
assessment process. Despite the importance of validation, few procedures are available that
provide unbiased estimates of true Esh age and those methods thet are available are seldom
used. The majonty of these methods are unhkely to provide an indication of the true age of
individual fish, data that are best suited to the validation process. Acceleraior mass
spectrometry analyses of radiocarbon in selected regions of Centroberyx affinis otoliths, were
used to validate the age estimation method for this species. Radiocerbon data from the
otoliths of Centroberyx affinis with presumed birthdates between 1955 and 1935 described
the increase in ocean radiocerbon attributable to the atmospheric detonabon of nuelear
weapons in the 1950s and 1960s. The results confirm the longevity of Centroberyx affinis
end demonstrate the effectiveness af the bamb radiocarbon chronometer for the validation of

age estimation methods.

Introduction
Several procedures are used for age estimation of teleosts; however, the counting of zones on

otoliths appears to be used most frequently . Numerous validation studies for a range of fish
species support the application of otolith zone counts for the roufine estimation of fish age
{see Summerfelt and Hall 1987, Smith 1992, Secor et al. 1995) , where validation refers to
the process of estimating the accuracy of the age estimation method (Kalish et al. 1995).

Validation is considerad to be an easenhal component of age estimation studies; however,
validation is not always aftempted or it 15 not completed satisfactorily (Beamish and
MecFarlane 1987). The most frequently employed methods for validation include: 1) mark-
recapiure shudies in conjunction with the injechon of a substance (e g. oxytetracycline
hydrochloride or strontium chloride) capeble of marking calcified tissuss; 2) analysis of
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length frequency modes; 3) monitoring of strong year classes; 4) marginal increment
gnalysis, and; 5) radiometnc age estimation. Beamish and McFarlane (1987) suggested
*_..that vahidation of ages of clder fish requires either a mark-recaprure study or the
identification of known-age fish in the population.™

Because many of these validation technigues are only applied to a restricted number of ape
groups, the validation may only be partial, In some instances, a8 combination of methods 13
employed. For example, age validation of orange roughy (Hoplosiethus atlanticus) has
employed analysis of length frequency modes to validate zones on the otoliths of gmall
individuals (Mace et al. 1990) and radiometric age estimation to validate extreme longevity
in larger individuals (Fenton et al, 1991). However, an approach thet combines several
methods cannot always provide conclusive validation of an age estimation procedure. Tn
addition, problems with the precizion of the apge validation procedure may be significant.

Among the methods identified above, only mark-recapture studies and radiometric ape
estimmation are switable to the validation of age for longer lived figh with maximum ages in
excess of about 20 years. Tagging studies, the most commonly employed method of
validation, ave also impractical for meny species due to low rates of recapture, softness of
tissues, depth of occurrence, and post-harvest processing strategies. Furthermore, most
lagging studies only provide an indication of the tme elapsed between tagging and recapiure
and they do not provide a measure of true fish age.

Radiometric age estimation based on the activity ratios of various naturally occurring
radionuclides (e.g. 210Pb/226R 1) 1= gaining acceptance as an age validafion techoique
(Bennetf et al. 1982, Camapana et a], 1990; Fenton ot al. 1991). Although radiometric age
estimznion is capable of overcoming many of the shortcomings of previously mentioned
validation tachniques; it introduces several unigue problems associated with key assumptions
{Fenton and Short, 1992) and the relatively low precision of the method. [n addition,
radiometric age estimation requires sample sizes of about | g, making 1t necessary to pool
samples from several otoliths for each analysis. This precludes the ghility to detect ape
estimation errors resulting from incomrect interpretation of otolith zones; however, the
technique is well-suited ag a general indication of fish age.

A new techmgue of age validaton, based on the "bomb radiocarbon chronometer” (Kalish
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1993, Kalish 1995) overcomes somé probléms associated with other age validation
procedures and makes it possible to estimate the absolute age of individual Gsh. The method
is based on the quantification of anthropogenic radiocarbon in selected regions of ofoliths.
Atmosphenic testing of nuclear weapons in the 1950s and 1%60s resulted in a drastc merease
in radiocarbon levels in bath the atmosphere and the ocean, and some of this radiocarbon was
incorporated into living arganisms. The increase in ocean radiccarbon during the 1960s was
50 rapid that the chaoging levels of radiocarbon during those years can be used as s de facto
time scale. Otoliths have been shown 10 retain a chemical record that may be interpretable as
a complex function of variations in a fish’s physiology and environment over time (Kalish
1990, 1991a). Among the constiteents of otoliths, radiocarbon hes been shown to be & good
proxy for radiocarbon levels in seawater dissolved inorganic carbon (Kalish 1993). Using
accelerator mass sprectrometry, it is possible to measore with high precision (erors <1%),
levels of radiocarbon in samples that contain less than 0.5 mg of carbon (e.g., Voge! et al.
1989). Aragonitic ololiths are 12% carbon maling it feasible to analyse radiocarbon levels in
otolith samples that weigh less than 5 mg. For many comercially important fish species, the
amount of otolith caleium carbonate deposited in the first year of life exceeds 5 mg. This
makes it possible to analyse radiocarbon levels in selected regions of a fish's otolith,
including that portion that was deposited within | year or less of birth, By selecting otoliths
from Gsh wnth présumed birth dates during the bomb-relgted increase in ocean radiacarbon
and analysing segments of the otalith formed soon after birth, the fish's cue age can be
estimated. Ultimately, these data can be used to validate a method of age estimanon,
Furthermore, this validation procedures provides an estimate of the ape of a fish that 15
independent of the counting of otalith zones.

This study presents results from an investigation into the application of the bomb radiocarbon
chronometer to the validation of the age estimation method for redfish Centroberyx affinis.
Redfish are an important commercial species in the rawl fishery off southeast Australia;
however, litile information is available on their biology (Kailpla et al. 1993). Juveniles are
collected by trawling 1n shallow coastal waters and the adults are found on the continental
ahelf and slope down to depths of at least 450 m (May and Maxwell 1986). In Australian
waters, redfish reach a maximum size of about 40 cm FL and are believed to be slow
growing. Previous estimates of age based on the number of zones visible in whole otoliths
produced maximum apes of 16 years (Diplock 1984), whereas recent age estimates based on
zones in otolith thin sections indicate maximum ages in excess of 40 years (Smith and
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Raobertson 1992). Because of their depth of accurrence and prequmed age range, redfish are
an ideal candidate for age validation based on the radiocarbon chronometer,

Materials and methods

Sagittal otoliths from redfish, Cenrraberyx affinis, were selected from archives af the Manine
Science Laboratonies, Queenschff, Victoma, Australia. The samples selected were from
redfish collected by commercial trawlers operating out of Uladulla (35°8, 151°E), New
South Wales, Australia in March 1993. One sagifta from cach pair was embedded in
polyester resin and 4 thin sections were taken in the transverse plane within the proximity of
the otolith core. These sections were mounted on glass slides and the ages of fish were
estimated by counting the number of presumed anmual increments present. The otolithy were
regd by 5 independent readers 1o provide estimates of Bsh age. These age estimates were
used as a guide to select otoliths for radiocarbon analysis. The greatest age resolution of the
bamb radiocerbon chronometer is berween about 1960 and 1974, the period when the rate of
increase of radiocarbon in the ocean 15 greatest. For this reason, the majority of otoliths
selected were from fish with presumed birthdates during those years. Otoliths from figh that
were presumed fo have been gpawned prior to significant atmosphenc testing of noclear
weapons were also selected to provide an indication of pre-bomb radiocarbon levels in the
oeean off southeast Auvstralia and to provide an indication of the maximum fizh age.
Additional samples were also selected from redfish with presumed ages of less than | 0 yesars
to determine the peak in ocean radiocarbon in the region and to estimate the rate of loss of
radiocarbon to other pools. Samples selected for analysis and age estimates based on thin
sectioma are shown in Tahble 8.1,

Sample preperation procedures wers simlar to those described in Kalish (1993) for snapper,
Pagrus mratus. Otolith sragonite deposited during a penad presumed to be less than the
first 8 months of life was 1s0lated from one sagitta from each fish. This was accomplished by
cutting and grinding the otolith with a hund-held high speed drill to remove material
deposited after what was presumed to ba the first annual increment. Further grinding of the
remaining portion of the otolith was used to "senlpt” the material into a strocture with the
shape and dimensions of the earliest formed porions of a redfish samtta. Sagtias from very
gmall redfish end zones visible om the otolith being sculpted were used as a puide. Counts of
presumed daidly increments in otolith thin sections suggested that the aragomite 1solated for
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radincarbon analyses may have been deposited in less than 8 months, Sample weights
ranged from about 17 to 25 mg. Otolith carbonate was converted to CO2 by reaction in
vacuo with 100% phosphoric acid. An aliquot of the 002 was used to determine 5''C for
each gample and the remaining CO2 was comverted to graphite using excess H2 and an iron
catalyst (Lowe and Judd 1987). The graphatised samples were analysed for radiocarbon.
Radiocarbon levels in each sample were determined by accelerator mass spectrometry
{AMS) at the Instimite of Geological and Nuclear Sciencas, Lower Hutt, New Zealand
(Wallace et . 1987). Radiocarbon values are reparted as A'C, which is the age- and
fractionation-corrected deviation (parts per thousand) from the activity of mneisenth century
wood (Stuiver and Polach 1977). Age carmections are based on the mean ¢stimate of age
deiermined from reeding of otolith sections. Radiocarbon determinations were made via the
MBS oxalic acid standard 1n conjunction with the ANU sucrose standard, Reported errors are
1 standard deviation for both radiocarbon data and age estimates based on the reading of
otalith sechons. Radiocarbon errors include both counting errors and 1esboratory randorm

ESITOTE,

Results

The radiocarbon data obtained from redfish otoliths were plotted against the presumed birth
date estimated from the otolith sections from the same fish (Fig. 8.1). These data were
plotted with bomb radiocarbon calibration data for temperate latitudes in the Sauth Pacific
determined from snapper otoliths (Kalish 1993) (Fig. 8.1). The radiocarbon data from
snapper are used as a cabbrabion between surface ocean radiocarbon levels measored at
temperate latitudes in the southern hemisphers and time, ag the snapper data arc
representative of the true variation in radiocarbon (Kalish 1993). Om this basis, variations
between radiocarbon levels for years/birth dates eatimated from sechons of redfish atoliths
and radiocarbon levels determined from snapper otoliths are representative of possible errors
in the estimation of birth date for individual redfish.

The change in radiocarban level over time, ag estimated from the redfish omliths, describes 2
curve that is representative of the pre- and post-bomb flux of radiocarbon in the ocean and is
consistent with the data from snapper. Radiocarbon levels increased in the early 1960s
because of the flux of bomb radiccarbon from the atmosphere to the oceen and these levels
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peaked after about 1975. In later years, the bomb-denved radiocarbon became redistributed
to other carbon pools mncluding organsms, sediments, dissolved organic carbon, aod
particulate organc carbon.

The majority of the redfish data fall within the curves defined by the upper and lower 5%
confidence limits determined for individoal predicted values from the snapper data. Redfish
gnd snapper data from the peniod spanning the rapid increae of radiocarban (1955-1980)
were modeled separately with & cubic polynomial (Table 8.2). The cubic polynomial was
selected & priort because it was most likely to represent the two inflections in radiacarbon
levels due to anthropogenic inputs from etomic testing and the subsequent decrease in
radiocarbon resulting from loss to other pools. All but three of the redfish data points fell
within the 95% confidence limits determined from the snapper data and those three points
were on, of Just beyond, the curves defined by the confidence limits. The snapper confidence
limits are fully enclosed by the confidence limits defined by the redfish data

Discnasion

Radiocarbon analyses of redfish otoliths indicate that the counting of annual increments in
otolith thin sections 15 & valid method for estimating redfish age. The oldest fish in the
sample were af least 33 years old based on pre-bomb rediocarbon levels measured in several
otaliths and estimates of age hased on counts of annual increments suggest that the oldest
fish may have been over 37 years of age (Table 8.1). Using the bomb radiocarbon
chronometer, it i3 not possible to provide an unequivocal estimate of the maximum redfish
age; it 13 possible only to determine that an individual fish was spewned prior to the flux of
bomb radiocarbon into the temperate South Pacific Ocean around 1960, If later collections of
redfish otolithg are made, for example in the year 2000, then the maximum age that could be
estimated would be 40 years.

Three possible explanations for deviabons between the snapper and redfish data inelude: (1)
errors in redfish age estimeates determined from otolith thin sections; {2) differences in the
uptake rates of carbon and, concomitantly, radiocarbon from the environment for the two
apecics, and (3) differences in oceanpgraphic and atmospheric circnlation resulting in a
dafferent flux of radiocarbon in the snapper and redfish habitats. There may be some errors in
the estimates of redfish age, but if errors doe exist, they cannot be detected on the basis of the
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radiocarbon data presented in this study. There were three instances, however, where the
saction age birth date for redfish did not fall within the 95% confidence limits defined by the
polynomial regression of the snapper data hetween 1955 and 1980, (sample Nos. 18, 24, and
44}, In addition, the redfish datum from 1985 (sample No. 30) appeared to deviate from the
radtocarbon cahibration corve; a possible explanation for this is disenssed later,

Ome agsumption that wag made in the interpretation of the radiocarbon data obtained from
fish otoliths was that there were no significant differences in the uptake rates of carbon
containing tons between fish species. The patential sources of carbon to the CaCO3 of the
otolith incude dissolved inorganic carbon from the seawater and organie carbon denved from
food. Data are limited, however, there is evidence that a large percentage (>-60%) of otolith
carbon 15 derived directly from dissolved inorganic carbon in seawater (Kalish 1991k,

1991 ¢). Regardleas of the sources of otolith carbon, studies indicate that uptake rates for ions
can vary among species (see Hoar and Randall 1984). The radiocarbon date, however, are
unlikely to be adequate to resolve this vanation.

There are distinet differences in ocean circulation between the habitats of the snapper and
redfish used in this smdy and these differences are likely to result in detectable differences in
the temporal variation in ocean rediocarbon. The snapper were from the eat coast of the
Maorth Island of New Zealand and the redfish were collected off southeastern Anstralia, a
separeiion of over 2000 km. Redfish live in a region of southeastern Australia thet is
influenesd by the Bast Australian Cyurrent, a major current that has its origin in tropical
oceans and would be a rich source of bomb-derived radiocerbon. The snapper were collected
in a region of New Zealand that is not characterised by strong currents, but it dnes derive
some water from the region of the Tasman Front via the Fast Auckland Current (Heath
1985). Theae differences sugmest that greater quantities of bomb radiocarbon may reach
southeast Australia via ocsan circulation.

Other studies on the flux of radiocarbon to the South Pacific Ocean indicated that a peak in
gurface pcean radiocarbon occurred around 1974 (Landman et al. 1988; Toggweiler et al.
1991; Kalish 1993). These studies also showed a gradual decline, albeit at different rates, in
ocean radiocarbon after 1974 gs the radiocarbon became incarporated mnto other inorgamc
and organic carbon pools. The radfish radiocarbon data suggest that radiacarbon levels off
the coast of New South Wales were shll inereasing up to 1985, Furthermaore, the maxirmom
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A'*C value of 1286410, 7% from 1985 is signi ficantly higher than the maxiraum value of
98,428, 8% measured for Pagrur guratus from a similar labtode off New Zealand (Kalish
1993), but lower than peak A"'C values obiained from corals from Fiji (138%e) (Topgweiler
et al. 1991 and Heron [sland (145%,) (Landman ot 2!, |988). This ragult may be an
indication of the relative transport of disanlved inorganic carbon from the Coral Sea to the
coast of New South Wales via the East Auvstralian Current. Nevertheless, ammospheric
trangport is hikely to be the predominant influence on the present distnbution of radiocarbon
in the surface ocean Other featuras of the radiocarbon time series based on the redfish
otaliths might be explained on the basis of regional ocesnography; however, given the {act
that the majority of differences between the redfish and snapper data are not significant, these
distinctions would not be well supported.

Application of the bomb radiocarbon chronometer to the estimation of fsh age requires the
existence of a celibrabion, such as the sngpper data, so that temporal variations in radioearbon
for & particular region can be approximated. For many regicns tehse data are lacking and the
snapper data presented 1 Kalish (1993) represented the first pre- and post-bomb time series
of radiocarbon at temperate lantudes of the northem or southern hermisphere. A similar time
series for northern temperate latimdes was produced by Weidman and Jones (1993) on the
basis of radiocarbon data obtained from the shells of the bivalve Arctica islandica Several
radiocarbon time series obtained from tropical and subtropical hermatypic corals are
avatlable {c.g., Druffel and Linick 1978; Wozakd et al, 1978; Toggweiler et al. 1991). The
available radincerbon dara however, are not always adequate to provide an aceurate estimate
of radiocarbon in a particular region end, in some instances, the best data that are gvailable
are the single measurements of pre- and post-bamb radiocarbon made directly on seawater as
part of programs such as the GEOSECS expeditions (&g, Broecker ot al. 1985), Despite the
lack of calibration data in some regnons, the bomb radiocarbon chronometer can still be
extremely effective becanse of our basic understanding of the flux of radiocarbon in the
merine environment For example, the presence of very low levels of radiocarbon (i.e., less
then —40%.) would indicate that the fish was born prior to 1960. Alternatively, a rapid
increase in radiocarbon over time would provide a validation for & series of otoliths presumed
ta have birth dates between about 1960 and 1970, even in the absence of any caltbration data.
Of course, calibration curves can be developed for other regnons using radiocarbon data
obtained from otoliths where an independent validation of age is available; this was the
strategy employed in developing the calibration based on snapper otolith radiocarbon (Flalish
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1993).

The major limitations to the epplication of the bomb radiccarbon chronometer for age
estimation ioclode the requirement for otaliths from fish with birth dates between about 1560
gnd 1975 and complications in determining the environmental variation in radiocarbon
experienced during early life for some deepwater or highly migratary species. Given the
apperent range of ages for many commercielly important species the requirement for samples
from fish with birth dates between 1560 and 1975 is not always & problem. Furthermore,
meny fisheries laboratories maintam extensive otolith archives and this can make it passible
to use the method for species with relatively short Life spans. Although the method cannot
determine accurately the age of fish spawned prior to 1960, the absence of bomb radiocarbon
in & sarople provides an indication that & fish i3 relatively long hived. In addition, increasad
precision of radiocarbon estimates may make it possible to utilise the decrease in bomb
radiocarbon, afler about 1980, as a chronometer; however, this chronometer would be
unlikely 1o pravide the temporal resolution achievable during the 1960s and eatly 1970s.

[t may be difficalt or impossible to apply the bomb radiecarbon chronometer to some deep-
sea or highly migratory fish species. The flux of bomb-derived radiocarhon to the deep sea
may be very slow or, in some cases, undetectable, Some despwater fish do have larval and
juvenile stages thal are present in surface weters and these species should be amenahle to age
estirnation on the basis of bomb radiocarbon levels (Kalish 1995), Highly migratory species
may be problematic because of difficulties in determining the region where the early growth
stages of the fish took place.

The bomb radiocarbon chronometer is suitable for determining the absalute age of a range of
fish species. Despite its utility, however, cosl may prevent the application of the method in
some sitnattons. Typical costs for accelerator mass spectrometry analysis in a single otolith
sample are about AUSSB00 (2001). This cost includes conversion of the sample to CO2 and
then grephite. Other procedures, including otohth sculptng, can be aceomplished easily in
maost laboratories. The oumber of samples o be analysed is dependent on the degree of
validation that iz desired; achieving a very precise estimate of the accuracy of an age
egtimation method would, undoubtedly, be more costly. On the other hand, confirming the
temporal meaning of the zones being counted is a critical part of the validation procedure that
could be achieved with a aingle, carefully selecied, radiocarbon analysia. Given the costs and
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time invelved in completing a tagging study, the bomb radiccarbon chronometer represents a
vighle and cost-effective means of validation.

This study indicates the suitability of reading otolith sections to estimate the age of redfish
and demonastrates the efficacy of age validetion using the homb radiocarbon chronometer.
The procedure is rapid end relatively low cost and provides data suitable for a complets
validation of age estimation procedures. The radiocarbon data presented here can also be
applied to investigations of carbon flux and ocean circuletion.
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Table 8.1a Fish, otolith and radiocerbon data from Centroberyx affinis collected in March 1993 off Ulladulla, New South Wales, Australia.
Values of A'C are reported with £1 standard devistion. Sample weights indicate the weight of otolith material separated for individual analyses
of stable carbon and radiocarbon and are representative of less than the first year of otolith growth for an individual figh,

“Sample Laboratory Sex  Fish Fishwi. Otolith  Sample 37C ATC( %) Mean age Mean
No. BCCCsEion length (z) wi. wi. (mg) (%=,PDRB) {years) Rirthdate
no. (cm} _ (mg) o (years, A.D.)
12 RRL M 27 500 955 185 1.20 607+ 6.7 37.321.3 1055.7:1.3
g N WH M 29 571 1025 21.6 -1.85 -50.4+ 6.7 36.943.0 1956.1+3.0
NZA1234
4 RRL M 26 471 970 21.5 -1.35 -56.1+ 7.7 34.942.6 1958.142.6
NZA1234
23 RRL F 29 651 1056 233 1.24 447+ 7.6 33.7+1.1 1959.341.1
NZA1234
18 EEL F 32 853 1080 17.4 -0.94 A4 T+ 7.4 31.0+1.0 1962.01.0
NZA1234
35 RRL M 25 432 R17 243 -1.37 -21.348.6 10.440.8 1962.6+0.8
NZA1234
10 RRL M 29 508 R79 18.2 -1.48 -10.5+ 74 29.741.0 1963.3+1.0
NZA1234
15 RRL M 28 645 013 25.5 -1.55 55.0+ 7.3 25.7+2.1 1967 3£2.1
NZA1234
26 RRL F 28 559 912 15.4 -1.3 72.1£7.8 26.740.5 1966,340.5
NZA1234
44 RRL M 27 497 775 21.8 243 832+ 7.8 26,608 1966440 8
NZA1234
24 RRL F 13 971 1015 18.5 -2.68 90,9£7.7 26.4+0.8 1966.6+0.8
NZA1234
11 RRL F 28 586 691 23.5 -1.6 88.8+ 11.1 22 7+0.8 1970,3+0.8
NZA 1234
1 RRL F 25 442 637 19.6 -0.63 1059+ 11.9 18.1+0.7 1974, 8+0.7
NZA1234
B RRL F 27 457 563 22.1 -1.58 117+ 11.3 12.4:40.5 1980.520.5

NZA1234
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30 REL F 27 454 584 34 -1.5 128.6 107 76405 1985.4+0.5
NZA1234
Z RRL Imm 0.3 - o2 21.5 -1.34 BO.B+B.3 2+0 199].040

NZANZ3S
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Table 8.1b. continuad Age estimation data from Centroberyxe affinis otolith sections collected off Ulladulla, MNew South Wales, Australia in
March 1993, Fish ages were estimated by 5 readers,with readers 4 and 5 each providing 2 estimates of age. All age and birthdate estimates
presented in the table are determined from counts of presumed annual increments in otolith thin sechons. Values of mean age and mean birthdate
are reported with +1 standard deviation.

~Sample Mesn age Mean
No. Reader {Apge, Birth date) (vears) Birth date
(years, A.D.)
] 2 3 411 442 5 52

12 3T(1956) 39(1954) 35(1958) 37(1956) 3T (1956) 3IB(1955) 3B(1955) 373x]13 1955.741.3
9 34 (1959) 35(1958) 37(1956) 37(1956) 37(1956) 35(1958) 43 (19500 36930 19561130
4 M (195%) 3319600 32(1961) 34(1959) 3B(1955) 34 (1959) 39(1934) 3492246 1958.142.6
23 33 (1960) 33(1960) 34(195%) 33 (1960) 34 (1959) 33 (1960) 236(1957) 337411 1959.3+1.1
18 32(1961) 31(1962) 29(1964) 31(1962) 31 (1962) 31(1962) 32(1961) 31.0£1.0 1962.0=1.0
35 30(1963) 30(1963) 3I0(1963) 30(1963) 32(1961) 30(1963) 31(1962) 30.4:0.8 1962.6=0.8
10 29(1964) 30(1963) 29(1964) 20(1964) 31(1962) 29(1964) 31(1962) 29.7x1.0 1963.341.0
15 2T (1966} Z7{1966) 26(1967) 27(1966) 27(1966) 27(1966) 25(1968) 25.7=2.1 1967.3+2.1
26 2T (1966) 26 (1967) 26(1967) 27(1966) 27 (1966) 27(1966) 27{1966) 26.7£0.5 1966.3£0.5
44 25(1968) 25(1968) 25(1968) 24 (1969) 27(1966) 24 (1969) 30(1963) 26.6=08 1966.4+0.8
24 26 (1967) 26(1967) 26(1967) 26 (1967) 28B(1965) 26 (1967) 27(1966) 26.4+0.B lgﬁﬁ.ﬁﬂ'ﬂ.ﬁ
11 2301970y 23(1970) 21 (1972) 23(1970) 23(1970) 23(1970) 23(1970) 22.7+DB 1970.3=0.8
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1 17 (1976) 19 (1974) 1B(1975) 1B(1975) 19(1974) 1B(1975) 1B(1975) 1B.1=0.7  1974.8+0.7
B 12(1981) 13(1980) 13 (1980) 12(1981) 12(1981) 12(1981) 13(1980) 124405  1980.540.5
30 T7(1986) 7(1986) 7T(1986) K (1985) B (1985) H(1985) B(I9BS)  T60S 19854405
2 2(1991) 2(1991) Z(1991) 2(1991) 2(1981) 2{1991) 2 (1991) 240 199] 0+

Table 8.2. Curvilinear regression results for radiocarbon versus birthdate (year) data from snapper (Pagrus auratus) and redfish (Centroberyx
affinis) between the years 1955 and | 980,

r2 intercept X xl x3 SE(x) SE(xZ) BSE(x3)

[Pﬂﬁ']"a? ARy 0.97 282x108 430x105 2189 -0.037 122x105 621 0.010
n-

Cenroberyxaffinis  po07  304x 108 —463x105 2358 -0040 233x105 11E4  0.020
(n=14)
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Figare 8.1. A™C of Centroberyx affinis otolith cores plotted against presumed birthdate,
AMC data from Pagrus auratus otolith cores are plotted against the true birthdats and the
data are from Ealish (1992). Birthdates were estimated from otolith sectioms read by
multiple readers. For both C. affinis and P. aurams, A''C values are based on otolith
material deposited over a time period less than the first year of life. Frrors are +1 sd
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Chapter 9 Application of the Bomb Radiocarbon Chronometer to
the Validation of Blne Grenadier Macruronus
novaezelandiae Age

Tohn Kaligh, Justine Johnston, David Smith, Sandy Morison and Simon Robertson

Surmmary

Accelerator mass spectrometry was used to measure radiocarbon in the earliest formed
portions of selected biue grenadier Macruronus novaszelandiae otoliths to provide a
validation of fish age estrmates based on the quantification of opague and translucent zones
in otolith thin sections. A''C data from blue grenadier otoliths were compared with previous
estimates of A'°C in seawater dissalved inorgenic carbon at similar latitutes, longitudes, and
depths to link variation in otolith A™C to time. Minimum otolith A'*C was -76.947. 7%,
indicative of pre-bomb radiocarbon levels below the surfaced mixed layer at latimdes where
juvenile blue grenadier are found. When plotted versus fish ape estimated from atalith
sections, the majority of the A''C data combined to define a curve indicative of the increase
in bomb radiocarban 1n temperate aceans of the Southem Hemisphere and indicstes that aps
estimation procedures based on otolith thin sections are satisfaciory for blue grenadier age.
1f otolith section age estimates were correct, peak otolith A'°C of 106.8%7 9% oceurred
during the late 1960s, earlier than expected. This may be a manifestation of an increase in
mixad-laver depth associated with increased frequency of zonal westerly winds at this nme.

Introduction

Blue grenadier (Merlucendae: Macruronus novaezelandiasg) is a major component of the
demersal traw] fisheries in both Australia and New Zealand. In New Zealand, whers thiz
species 18 commonly referred 1o as hoki, trawl catches exceed 200,000 tons per ennum, and 1t
ig the largest fishery hy weight and value (Annala 1994). Ahout 2,500 tong of blue grenadier
are caught off southeast Australia each year where it represents an important and increasing
element of the traw] caich (Smith 1994), Merlueciids are very important commercial species
in bath southem and northern températe oceans and many stocks have been studied
intensively. Fish age 13 a cnbcal aspect of these studies, validation of age estimation
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procedures, however, ig rarely achieved because of the difficulties in tagging these species
and the lack of known age individuals.

Development of age validation methods based on the chemical composition of fish otoliths
makes it possible to estimate fish age without the complications of mark-recapture studies.
For soft-bodied, deep water species that are virtually imposaible to tag successfully, chemical
methods are essential. Application of radiometric age sstimation, based on radicisotopic
disequilibria (&.g. 210Ph/226Ra activity ratios) to several deep-water species has proven to
be successfol (Bennett et al. 1982, Campeana et al. 1991, Fenton et al. 19%1), and the method
has heen applied recently to estimation of blue grenadier age (Fenton and Shart 1995).
Fenton and Short (1995) stated that radiomerric age estimates were in "approximate
agreement” with a study of blue grenadier growth (Kenchington and Augustine 1987) that
was based on presumed annual increments in whole otoliths and otolith thin sections. Errors
associated with radiomeatric age eatimation, however, were relatively large and the level of
agreement with the study of Kenchington and Augusting (1987) indicates that further
research i3 required to validate age estimation methods for blue prenadier. Purthermore,
sample sizes required for analysis of low-level radisisotopes by O-spectrometry are large and
it was necessary to pool 6 otolith cores (Fenton and Short 1995) for each analysis. This
makes it difficult to apply radiemetric age estimation dats to validation (sensu Kalish et al.
1995) of the “routine” age estimation procedure that, for blus prenadier, 15 besed on
interpretanon of presumed annual increments in odolith thin sections.

Recent developments in the esbmation of fish age based on the radiccarbon levels in otolitha
can provide estimates of the absolute age of individual fish (Kalish 1993, Kalish 19954,
1995b, Kalish et al. 1996). Atmospheric testing of nuclear weapons in the 19503 and 1960s
resulied in & dramatic increase in both armospheric and ocean radiocarbon. During the peak
rate of increase in ocean radiocarbon between about 1960 and 1970, estimates of levels of
bomb radiocarbon in the océan, via the otolith proxy, bécome an effective chronometer for
the determination of fish age  In addition, the age of fish can be broadly classified as pre-
bomb ar post-bomb, where earliest formed regions of otoliths from pre-bamb fish have A''C
velues that are typically below ~40%, & value that is representative of the surface ocean prior
to significant atomic testing (Broecker et al 1985). The relationship between time and A'*C
15 giraightforward in relation to fish ving all or, at least the early stages (e.g. first 6 months)
of their lives in the surface mixed leyer of the ocean. An additional variable, for those
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specics that live at greater depths, relates to the ime required for radiocarbon, in the form of
disselved inorganic carbon (DIC) and particulate organic carbon (POC), to penetrate to those
depthe. Several studies have considered the rate at which radiacarbon mixes into the deep-
sea (e.g. Broecker et al. 1985, Sarmuento 1986, Togepweiler et al. 1989, Druffel et al, 1992,
Jain et al. 1995) and this vaniable can be readily estimated &t moderate depths by comparing
depth profiles of radiocarbon made befare and after atomic testing. Confirmation of the
penetration of bomb-produced radiocarbon to particular depths could have alse been
achieved by measurng levels of tritum at depih; fritium 13 only present in the environment
a3 a product of atomic testing and related anthropogemic sources.

Blus grenadier are found at depths ranging from about 200 to 700 m with young juvenilas
occurring predominantly at depths of 200 to 400 m (Kuo and Tanaka 1984). Radiocarbon
analyses of the earliest formed regions of blue grenadier otoliths deposited in the first year of
life or less would be a proxy for measuraments of radiocarbon in seawater DIC at depths of
ahonnt 200 to 400 m and weuld algo ssrve to validate methods of age estimation used tor blue
grenadier. Using the bomb radiocarbon chronometer, this shudy seekes to validate the otolith
thin section method of age estimation for blue grenadier and to provide data on the flux of
radincarbon in temperate southem hemisphere oceans,

Materials and methods

Saginel otoliths from blue grenadier, Macruronus novaezelandiae were selected from
erchived material from the Tasmanian Department of Sea Fisheries, Austrahia Sample
preparation procedures were similar to those described in Kalish (1993, 1995b) for snapper,
Pagrus suratus end redfish, Centroberyx affinis. The majority of samples selected were
from blue grenadier collected by commercial trawlers fishing along the west coast of
Tasmania in 1979 and 1980 (Table 9.1). These archived otolith collechons were used
becanse the presumed manimum age of hiue grenadier is approximaiely 25 years, I these
estimates were correct, more récént collecions would be unlikely to include fish with barth
dates prior to extensive atmosphenc testing and during the maximurmn rate of inerease in
ocean radiocarbon bebween gbout 1960 and 1970; the period during which the bamb
radiocarbon chronometer provides the finest ape resnlution. Additional otoliths eollected in
19092 and 1993 were analysed to determine ocean radiocarbon levels between 1980 and the

present.
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Ome sapitia from each pair was embedded in polyester resin and thin sections were taken in
the transverse plane within the proximity of the otalith core. These sections were mounted
on glass slides and the ages of fish were estmated by counting the number of presumed
annual increments present. Most otoliths were read by four independent readers (three from
the Central Ageing Facility, Queenacliff, Victoria and one from Australian National
University) to provide estimates of fish age. Apge estimates were used as a guide in selection
of otoliths for radiocarbon analysis. Samples selected for analysis and age estimates based
on thin sechons are shown in Table 9.1,

Otolith aragonite deposited during a period presumed to be less than the first 6 months of life
was isolated from one sagine from cach fish. The earliest formed porton of individual
otoliths was 1solated with 4 fine, high speed drill. This was achieved by “sculpting” from the
larger otolith, an otolith that was representative of a blue grenadier of about § months of age.
The final product was a single piece of otlolith aragonite, Sample weights ranged fom about
17 to 26 mg (Teble ©.1). Otolith carbonate was converted to CO2 by reaction in vacuo with
100% phosphoric acid. An aliquot of the CO2 was used to determine 5"C for each sample
and the remaining CO2 weas graphitised for analysis of radiocarbon. Radiocarbon levels in
each sample were determined by accelorator mass spectrometry (AMS) at the Institute of
Geologicel and Nuclear Sciences, Lower Hutt, New Zealand (Wallace et al. 1987).
Radiocarbon velues are reporied as A14C, which is the age- and fractionation-corrected
permil deviation from the activity of pineteenth century wood (Stuiver and Polach 1977).
Age corrections are based on the mean estimate of age determined from reading of otolith
sections. Radiocerbon determingtions were made via the NBS oxalic acid standard in
conjunction with the ANLI sucrose standard. Reéported emors are | standard devaition for
both radiocarbon data and age estimates based on the reading of otolith sections,
Radincarhon errors include both counting errors and laboratory random errors,

Results

Radiocarhon date obtained from blue grenadier, snapper (Pagrus auran) (Kalish 1993), and
redfish ( Centrobenyx affinis) (Kalish 1995b) were plotted against the presumed birth dale
estimated from otolith thin sections (Fig. 9.1). The New Zealand snapper data are used 10
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provide a standard curve thet is indicative of the temparal changes in surface ocean
radiocarbom 1n the temperets South Pacific Ocean. Radiocarbon data from redfish collected
off New South Wales were included because these fish accur in closer proximity to the blue
grenadier used in this study. The majority of the blue grenadier data fall near a curve defined
by the snapper and redfish data; however, several data points (Table 9.1) deviate significantly
from the curve defined by snapper and redfish. There are three groupings of blue grenadier
data poiots thet eppear to deviate from the standard curve (Fig. 9.1). These groups include:
1) sample murobers 72 and 196 that both yielded pre-bomb radiocarbon levels (i.e. <-40%.);
2) sample numbers 87, 185, and 408 that had highest levels of bomb radiocarbon, and; 3)
sample numbers 8 and 31 that were estimated to have been spawned during the decling in
bomb radiocarbon between about [980 and 1985,

Despite the small discrepancies with the standard curve, the radiocarbon data from blue
grenadier otoliths indicate that quanh fication of presumed annual increments in thin sections
of otoliths is a good estimator of blue grenadier age. Furthermore, it 18 reasonable to
conclude that some deviation from the standard curve, in blue grenadier 4'C, is an
indication of subtle differences in radiocarbon transpart between different geographic regions
and depths.

Age estimates for individual blue grenadier were calenlated on the basis of the ocean
radiocarbon calibration defined by A'*C in snapper otoliths, This wes secomplished by
modelling the change in snapper A"'C using 2 cubic spline and using the resulting
relationship to estimate hlue grenadier birth date hased on A''C measured in the otolith,
Before converting blue grenadier 4 "¢ to birth date and ape an additional "correction factor®
was applied to account for the depth of occurrence of juvenile blue grenadier as detailed
belaw.

The depth distribution of juvenile blue prenadier in the ocean off southeastern Australia is
not well deseribed, although rawl sarveys supgest that its depth distribution is similar to that
determined in studies of blue grenadier off New Zealand. Explorstory trawl surveys off New
Zealand indicated that juvenile hlue grenadier less than | year old are moat abundant at
depths of between 200 and 400 m (Kuo and Tanaka 1984). At these depths, the radiocarbon
content of seawater DIC is likely to be leas than that measured in the surface mixed layes.
Furthermore, the penetration of bomb-produced radiocarbon below the mixed layer is likely



VALIDATION OF BLUE GRENADIER AGE 100

to be delayed. The lowest level of radiocerbon measured in the blue grenadier otoliths was -
76.947. 7%= for & fish that was eshmated to have been spawned in 1958, Ths is lower than
the few pre-bomb (between about -40 and -60%.) measurements of radiocarbon made in
Indign and Pacific Ocean surface waters at temperate latitudes (e.g. Bien cf al. 1985,
Broecker et al. 1985). Estimates of vertical profiles of ocean radiccarbon prior to stomic
testing in the late 1950s (Broecker end Peng 1982, Broecker et al. 1985) suggest that the
difference between surface mixed layer radiocarbon and that measured in the otolith of the
blue grenadier spawmed in 1958 would be consiatent with & depth of occurrence just below
the surface mixed layer.

Trawl survey dats and the imited pre-bomb radiocarbon data, indicate that small juvenile
blue grenadier are present below the surface mixed layer making it necessary to consider the
rate of mixing of bomb-produced radincarbon for those fish that were spawned after
gipnificant atomic testing. Informatiom from depth profiles collected at two times at a similar
location in the Indian Ocean can be used to estimate the rate of penctration of bomb
radiocarbon: once in December 1960 at 36°18'S latitude 98°41'E longitude (Bien et al. 1965)
and, again in February 1978 at 39°57'S latitude 109°58'E longitude (Stuiver and Ostlund
1983). Data from these 2 profiles are plotted together in Fig. 9.2. By 1978 bomb radiocarbon
had mixed to a depth of about 1050 m and decreased linearly with depth from the surface. If
it 18 assumed that thers is a rapidly mixed surface layer of about 200 m in this regian, then
the bomb radiocarbon must have moved to deeper water at a rate of about 47 m per year from
1960 to 1978. Using this rate of penetration end an average depth of 300 m for juvenile biue
grenadier, about 2 years would be required for the bamb radiocarbon to penetrate o blue
grenadier depths. Om this basis a "correction factor” of 2 years was added to estimates of
blue grenadier birth dates determined on the basis of otolith AYC. Data on correctad A''C
birth dates that were close to the dates of the Indian QOcean vertical profiles (1960 and 1978)
of radiocarbon are plotted in Fig. 9.2 and suggest good agreement between the two sources of

radincarban measurement.

The agreement between age esimates based on otolith sections and otolith AMC is good,
however, there arc several instances where sigmficant differences are evident (Sample nos.
£7, 185, 408). No attempt was made to model A"*C age for three samples (Sample nos. §, 31,
and 195) because of their position on the radiocarbon curve. Both samples 8 and 31 had near
peak values of A'*C and it would be difficult 1o estimate their age due to the relatively broad
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peak in A"*C after about 1975, A A™C age was not estimated for sample 407 because, basad
on the clearly pre-homb A'C value measured in the otolith core, this fish was spawned prior
to detectable inputs of bamb '*C into the ocean, [t is possible anly to state that this fish was

spawned prior to sbout 1958 (Kalish 1995a).

Both otolith section and A'C ages wers plotted egainst standard length and with von
Bertalan ffy growth functions for female and male blue grenadier (Kenchington and
Augustine 1987, Horn and Sulliven 1996, Smith et al. 1995) (Fig. 9.3). Both estimated ages
from otolith sections and otolith A'*C are in general agreement with the growth fiunctions;
however a seriss of A'*C apes (Sample nos. 87, 185, 408) diverge from the growth functions.
Otalith section ages should agree with the von Bertalanfly growth functions described in
Srmith et al. {1995) as the otoliths used in the present study comprised part of the data set
nsed to describe growth for blue grenadier from weatern Bass Strait.

Otolith weight and blus grenadier age estimated from otolith sections and A"*C are plotied in
Fig. 9.4. The limited dats suggest that otolith weight is a fair indicator of fish age for this
speciea and provide a further indication that A'*C values obtained for sarople nos. 87, 185,
and 408 are divergent from the expeocted trend.

Digcusslon

Differences between the plots of otolith radiocerbon and year (Fig. 9.1) for blue grenadier,
anapper and redfish are not large given the geographic separation betwesn the samples used
in the respective studies. Sample collection locations tor the 3 species were separated
geographically by up to 10° of latitnde and by over 30° of longitude. Limited ocean
radiocarbon data are available in southern hemisphere temperate latitudes, although useful
measurements of radincarhon in seawater DIC in the region of southeast Australia wers
carried out in survey work of the 1980s and 70s. Despite the lack of data, two hypotheses
can be put forwerd to explam the divergence between the blue grenadier, snapper, and redfish
data sets. These include: 1) geographic separation and concomitant differences in
atmosphere and ocean flux of rediocarbon, and, 2) different depth distribution and delayed
flux of radincarbon to deeper water,

The wide geographic separation between the collection sites for the snepper and biue
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grenadier samples is likely to result in detestable difierencés in the temporal vanation in
acenn radioesrbem. Snapper are a relatively sedentary species and the radiocarbon dsta from
these fish are likely to be representative of the habitat along the east coast of the North Tsland
of New Zealand, where they were collected. Blue grenadier are relatively mobile in that they
have a relatively long-distance larval drift; furthermaore, the nature and extent of this drift is
not fully enderstood (Thresher et al. 1988), Regardless of the precise habitat of the blue
grensdier, the ocean around Tasmania would experience very different circulation patierns
from the MNorth Island of New Zealand and, as a result, the flux of radiccarbon would also be
different. Significant sources of ocean-transported bomb radiocarbon to the Tasmeanian
continental slope and shelf would be the later partions af hoth the Lesuwin and East
Australian Currents. Both of these major currents have their origing in tropical oceans that
would have been rich sources for bomb-derived radiocarbon. The snapper were collecied in
a region of New Zealand thal 13 not charactensed by strong currents, but it does denve some
witer from the region of the Tasman Froot via the East Auckland Current (Heath 1985).
These differences guggest that greater quantities of bomb radiocarbon may reach southeast
Australia via ocean circularion.

In addition to the ocean-derived differences in bomb radiocarbon, there are likely to be
differences in bomb radincerhan delivered 1o the two locations on the hasis of atmospheric
circulation, The closer proximity of the snapper collection sites to the location of atomic
testing in the ropicel North Pacific Ocean soggests that greater levels of bomb-darived
radiocarbon would have been carried to the New Zealand site by the relatively rapid trangport
mechanism of the atmnspheric pathways, This factor, combined with the relative depth of
occurrence of snapper and blue grenadier (see Reqults) may explain the shghtly carlier
manifestation of bomb-radiocarbon in snapper and redfish otoliths (Fig. 9.1).

Three A"*C values obtained from blue grenadier otoliths appear to diverge significantly from
the curve that describes the increase in radiocarbon during the 19608 and 1970s. Otolith
section ages suggest that (hese three blue grenadier (Sample nos. 87, 185, 408) were spawned
in the late 1960, whereas the quantities of bomb radiocarbon detected in these otoliths
suggest birth dates in the early to mid 1970s. Plots of both otolith weight (Fig. 9.4) and
standard length (Fig. 9.3) against otolith A''C age provide strong evidence that ages based on
radioearbon are incorrect for these three fish. These A'*C age estimates may be in érror dug
to: 1) habitat differences between these three blue grenadier and other fish used in this smdy,
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and; 2) changes in armospheric and/or ccesnic cireulation in the ragion during the late 1960s.
The first suggestion seems least likely pgiven the clustering of these points and the small
likelihood that three fish in the small sample used in this study ccourred in "unusual" habitate
groand the seme tme penod. However, this poasibility cannot be excluded.

Chanpes in atmospheric and oceanic circulation in the tate 1960s may have affected the
distribution of radiocarbon in juvenile blue grenadier hahitat around Tasmama. Several
factors might increase A™'C in this habitat including an increass in the mixed layer depth
associated with increased wind stress and enhanced transport of rediocarbon from tropical
and subtropical waters by the Leeuwin and East Ausiralian Currents. Atmospheric end
oceanographic data indicate that there were significant chenges in mesoscale ocean features
in southeast Austraha during the late 1960s. These changes may be a manifestation of
phenoment associated with an increase in the the number of days of zonal westerly winds
over southeastern Australia. Data presented in Harris et al (1988) indicated that the greatest
number of days of zonal westerly winds in a given year between 1945 and 1985 accurred in
1869. These atmospheric conditions were assaciated with incressed ocean mixing and
requlted in low maximom summer sea surface temperatures off eastern Tasmania and an

increase in the frequency of "sprning" blanm conditons.

Frequeni zonal westerly winds in southeast Anstralia would increase the rate of downwelling
of radiocarbon-rich surface waters and may also increase transport of radiocarbon from the
trapics and subtropics. These effects might explain enhanced A''C in some blue grenadier
with otolith secten age birth dales in the late 1960s. Purther evidence of enhanced transport
of radiocarbon 1o southeast Ausiralia is provided by data on redfish (Fig. 9.1) (Kalisk 1995b)
where several specimens from the late 19605 show evidence of unusually high A'*C. These
fish were likely to occur along the continental shelf off New South Wales, Australis during
their first year of life and may have been exposed to wereased radiocarbon due to transport
by the Fast Australisn current. Juvemle redfish are unlikely to occur significantly below the
surface mixed layer making changes in radiocarbon distnbution with depth of little
importance in altering A'*C in the juvenile otolith.

Numerous factors play a part in determining the temporal vaniation in radincarbon levels at &
given locabon. Estimates of radiocarbon levels in fish otoliths, 1n conjunchon with estmates
of age from those same structures, can be used to develop 2 more detniled undersianding of
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carbon flux and ocean circulation. A prerequisite to the application of radiocarbon data from
otoliths in studies of ocean circulation is the development of a validated age estimation
procedure and the assignment of correct ages to samples. [In the absence of & complete
understanding of variations in ocean radiocarbon levels, however, it is still possible to
determine fish age from fish otolith radiccarbon due to the dramatic alteration in pcean
radiocarbon associated with atomic testing.
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Table 9.1a. Macruronus novaezelandiae. Fish and otolith data for blue grenadier collected off southeast Australia. Fish ages mttmu'lud from otolith
sections by four readers (CAF1-3, .ﬂ.H'Ul Central Ageing Facility and Australian Hﬂ:tmm] University, respectively). Valoes of A"'C, mean age and
mean birth date are given £1 §D. AC birth dates and pges determined on basis of A (‘mmndmblungrmadmrumhﬂnmmmunmmmth
cahbration curve derived from Pagris auratus and corrected based on depth of cccurrence of juvenile M.noveczelandiae (see Results), Sample
weights are weight of otolith material separated for individual analyses of stable carbon and radiocarbon and are representative of less than first year
of otolith growth for an individnal fish. (* indicates no attempt made to provide direct estimate of fish birth date and age on basis of A'"'C alone (see
Results); na not applicable; FDB Pee Dee Belemmite standard; AT year of birth)

Sample Collection Fisn Otolith  Sample Apge (birth date) Mean Mean

no. date length  weight  weight barth date age

(em) (g (mg) CAFI CAFZ CAFR3 ANUIL  (year)  (year)

8 3Feb93 8BS 06543 202 13(1980) pa na 11(1982) 1981 12

31 19Dec2 74 04032 199 B(1984) nma na B(1984) 1984 g8

72 TMay 79 91 07853 162 19(1960) 17(1962) 18(1961) 17{1962) 19613 17.75

79 TMay 79 E7 05906 173 O(1970)  1D{1969) O(1970) 1I(1968) 19693 0.75

86 TMay 7% 06 07577 254 1401965) 15(1964) 14(1965) [4(1965) 19648 1425

87 7TMay T2 52 06795 235  10(1969) 11{1968) 10(1969) 9(1570) 1969 10

EE 150c193 51 01748 199 3(1590) na na 3(1990) 1990 3

130 TMay 70 04 0.7423 237 15(1964) 15(1964) 16(1963) 14{1565) 1964 15

182 8 Jan 80 93 06069 22 10(1970)  IO(1970) 10{1970) 11(1969) 1969.8 10.3

183 8 Jan 80 89 06932 182 12(1968) 13(1967) 11(1969) 12(1968) 1968 12

185 Elan B0 95 06846 264 15(1965) 15(1965) 16(1964) 12(1968) 19655 145

191 8lan B0 91 0.7651 171 14(1966) 13(1967) 14(1966) 13(1967) 19665 135

196 19Jan 80 112 08564 102 na na na 22(1958) 1958 2
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407 TMay 79 54 0.6779 251 12(1967) 13(1966) 13(1966) 13(1966) 19663  12.8
408 7TMay 7% 100 05599 17 11(1968) 10{196%) 11(1968) 12(1967) 1968 11
Table 9.1b. (continued)
Sample Laboratory Collecton Sample 50 A"C(%) Mesmnbuth Mean A Chirth A Cage ACage
No. BCcession date wt (mg) (%, PDB) date age  date (AD) {yr) mean age
no )
R RRL 3Feb 93 202 =277 714289  198] 12 1981* 12+ 0.00*
NZA1234
31 RRL 19 Dec 92 19.9 -2.94 741284 1984 B 1084+ B* 0.00%
NZA1234
72 RRL TMay 79 162 -2.1 -58.8482  1961.3 17.75 1959 20 2.25
NZA1234
79 RRL TMay 79 173 -2.95 60.2+82 19693 9.75 1969 10 0.25
NLA1234
B6 RRL TMay 79 254 -3.13 -2.247.9 1964.8 1425 1965 14 -0.25
NAA1234
87 RRL TMay 79 235 -2.56 106.8+7.9 1960 10 1974 3 -7.00
NZA1234
L1 RRL 150t 93 199 -3.53 T4.3£89 1990 3 1992 2 -1.00
NZA12I4
130 RRL TMay 79 237 -2.63 -14.4+7 1964 15 1964 15 -0.25
NZA1234
182 RRL BJan BD 22 -3.52 BDG6LE3 19698 10.3 1971 9 -1.25
NZA1234
183 RRL BlJan B0 182 -1.96 60.2+8.3 1968 12 1969 11 -1.00
NZA1234
185 RRL BlanBO 264 -2.82 93379 1965.5 14.5 1574 & -8.50
NZA1234
191 RRL BlmB80 171 -3.33 -1.849.2 1966.5 13.5 1965 15 1.50
NZA1234
196 RRL 19 Jan BD 192 -2.54 -76.9+7.7 1958 22 1958+ 22* D.00*

NLA1Z34
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407 RRL TMay 79 251 2.13 17.7=R.6 1966.3 12,8 1966 13 0.25
NZA1234
408 RRL TMay 79 17 -2.59 G0.048.1 1968 11 1974 5 -6.00

NZAL2I4
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Figure 9.1. Macruromus novaezelandiae, Pagrus auratus and Centroberyx affinis. A"C
of otolith cares plotied against birth date determined from otolith thin-sections for M.
novaezelandiae and C. affinis (Kalish 1995b) and against true birth date for P. aurams
(Kalish 1993}, All A™C values based an atolith material deposited over time period less
than first year of [ife. Meana +1 SD.
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Figure 9.2. Profiles of A''C in seawater DIC {dissolved inorganic carbon) determined in
Indian Oczan on December 1960 at latitude 36°18°8 loagitude 58°41'E (Bien et al. 1965)
and again in Fe 1978 at latitutde 39°57'S longirude 105°58'E (Stutver and Ostlund
1983). Increass in A''C between 1960 and 1978 at depths above ~1050 m is due to
penetration of bomb radiocarbon. Birth dates determined on basis of A'*C measured in
Macruromus novaezelandiae otoliths in conjunction with a calibration curve derived from
Pagrus gurarus and & correction for depth are included to show agreement between
radiocarbon dats derived directly from seawater DIC and otolith proxy.
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Figure 9.3. Macruronus novaezelandiae, Age cstimates for individual blue grenadiers
derived from otolith A"C plotted with von Bertalanffy growth functions estimated for
female and male M. novaszelandias from several studies on presumed anmual increments
in otoliths (Kenchington and Augustine 1987; Smith et al. 1995; Homn and Sullivan

1996).
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Chapter 10 Determination of school shark age based on analysis of
radiocarbon in vertebral collagen

John Kalish and Justne Johnston

Summary

Radiocarbon measured in school shark vertebrae provides strong evidence that age sshimates
determined from counts of presumed enpual inerements in stained vertebrae are gross
underestimates of the true figh age. This result is reinforced by a companison between the two
independent estimates of fish age and vertebra weight. Vertehral growth is likely to be
dramatically reduced or cease aliogether when fish reach asympintic length; ag a result, shark
vertehrae may not be well suited to estimation of age for larger and older individuals.
Measurements of pre-bomb levels of rediocarbon in the esrliest formed segments of school
shark veriehrae provides evidence that elasmobranch vertebral tissue may be subject to
limited reworking and, therefore, would be smtable for smudies of temporal changes in
vertebral composiion as proxies for physiological and environmental changes experienced
duning the life of the shark.

Introduction

The school shark (Galeorhirms galeus) is o demersal shark species that ocenrs on the
continental shelves and opper continental slope to depths of 550 m of Austrabia, New Lealand
North and South Amenca, Burope and Africa (Last and Stevens 1994). The Australian fishery
for school shark has been in existence for more than 70 years and is an importent fishery off
south eastern Australia with catches excesding 2000 t in some years. School shark has also
supported fisheries off Africa, Furope, New Zealand, Narth America and South America

As early as the mid-1980s the fishery for school shark was assessed as overfished. Efforts to
reduce catch have been made in recent years including implementation of management
arrangements based on a Total Allowable Catch (TAC) and the allocation of Individual
Transferable Quotas (TTQs) (McLoughlin et al. 2000). Stock assessment of school shark stams
i3 a bigh priority for research and accurate estimation of age and growth is an impartant
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element of these assessments.

Age estimates for elasmobranchs are rarely validated despite the importance of age validation
for accurate stock assessments (Bearnish and McFarlane 1983), Validation of the routine
method of age esomation for school shark has not been achieved and there is no accepted
method of age estimation for this species. The objective of this study 15 to determine if age
estimates from counts of presumed armual increments in veriebras provide accurate estimates
of schoal shark age. The study uses the bamb radiocarbon chronometer (Flalish 1995a) for
validatron and is the first applicahon of the method to an elasmobranch species

Materials and methods

School shark vertebrae were provided by the Marine and Freshwater Resources Institute
(MAFRI). Vertehrae provided were all from fish canght in the Great Australian Right,
Samples ncluded vertebrae collected from rouhne sampling and age eatimation programs for
shark during the 19905, and three individuals that were tag-recaptures from tagging work
carried out hetween 1973-1576 (Table 10.1), Vertebral gamples collected included from 5 to 6
post cranial verichrae and 1 or 2 of these vertebrae are typically selected for age estimation
based on methods described in Walker and Moulton (1991) and Moulton et al (1992}, Briefly,
the age estimation method invalves steining of whole vertebrae with alizarin red stain,
washing and immediate viewing under a stereo microscops at low magnification using
incident light. Apes are estimated based on the number of presumed annual increments with
an increment comprised of one light stained band and one dark stained band.

Selected regions of vertebrae from school shark were isolated by drilling and grinding using
a dental-type dnll. Vertebrae from newly bom pups were used as a gunde duming the process
of sample preparation. The samples were cut and ground until the material remaining was
representative of the first year of life and this material was used in subsequent sample
preparation.

After isolation of the selected portion of the vertebra, samples were subject to pre-treatment to
isolate the collagen fraction of the bone. Unlike the research on swordfish vertebeae (Kalish,
this stedy), which analysed both eollagen and carbonate frachions of vertebrae, this research
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only analysad collagen fractions. Samples were soaked in 0.1M HC] to isolate the collagen
fracton of the bone. The resulong gel was dissolved in 0.5M HC), transferred to a double
tube, frozen and vacunm oven dried. This material was rinsed in reverse asmosis water,
frozen, vacuum oven dried and combusted. The resultant gas was reacted with catalyst to form
graphite. Further preparation and handling of targets is similar to procedures described in
Kalish {1995b). Collagen extractions were carmed out at the Australian National University
and at the Rafter Radiocarbon Laboratory, Institote of Geological end Nuclear Sciences (New
Zealand). Samples were analysed for radiocarbon by accelerator mass spectrometry at the
Rafter Radiocarbon Laboratory and ere reported here as 4'C (%),

Results

The results of age estimates based on counts of presumed annua! merements in vertebrae
(MAFRI age estimates) and the radiocarbon data are presented in Table 10.1. A™C (%)
measured in the eollagen fractions from schoe] shark ventebrae ranged from =75.9%: to
165.7%a for vertebras that were assigned ages ranging from 4 to 14 years hased on presumed
annual increments. The MAFRI age estimates are plotted against the A'*C (%a) measured in
the same vertebras (Fig. 10.1). A radiocarbon time series, derived from New Zealand snapper
{Pagrus auratuy), and uged as a calibration for radiocarbon variation in the South Western
Pacific Ocean (Kalish 1993) is platted on the same graph (Fig. 10.1}. The majority of the
MAFRI apge estimates for school shark 1s far removed from the calibration time series and
provide evidence for large errors in these age catimates.

Birth date estimates for individual school shark were determined direetly from the vertebral
radiocarbon data for comparison with the MAPRI age estimates. A third order polynomial
function that describes the bomb-related increase in A'*C in the south western Pacific Ocean
was establizshed from the Pagrus gurafus otolith dara (Kalish 1993), A similar mode)] was
developed for comparison with age estimates from Centroberyx affiniv otoliths in an earlier
study (Kalish 1995b). Pre-bomb A'*C measured in Pagrus auratus otoliths from earlier than
1955 ar after 1980 were not used in the estimation of the function. The function determined
from these data (Fig. 10.2) describes a time series of A"*C that is similar ta that modelled for
A"C in the southern hemisphere temperate Pacific Ocean by Broecker et al, (1985), however,
this new model 15 likely to be a better representation of the true variation due to the nature of
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the data source. The reaulting function was used to estimate the birth dates of the school shark
an the basis of the A™*C measured in the earliest formed regions of the individual vertsbrae.
Birth dates were rounded to the nearest year, A'*C data measured in the vertebrae of 11 school
shark are plotted with A''C calibration for the south western Pacific Ocean in Fig. 10.3,

It was not possible to make definitive estimstes of age based on vertebral A'*C for the
samples that had radiocarbon levels that fell beyond the range of the model, The birth date
estimate for the earlieat harn schoal shark in this shady oaly provides an indication of the
|latest reasonable birth date (i.e. the fish could be older). Becanse one individual (sample no.
212) with a AMC of 78 9% was clearly spawned prior to significent atmospheric (esting of
nuclear weapons, the segment of the vertebra that was analysed did not contain any detectable
bomb-derived radiocarbon. Three vertebrae (sample nos. BRN3420, BRN3433, BRNS30E)
had A'*C levels that clearly fall above the model, however, these points are still within the
95% confidence limits of the model.

Birth dates for school shark that were calculated on the basis of vertebral radiocarbon are
plotted with the age astimates from the counting of presumed annual increments in vertebrae
(Fig. 10.3). A comparison of these age estimates pravides evidence that the MAFRI age
eanimates dramafically underesnmate the age of school shark by up 1o 18 years (Table 10.1
and Fig. 10.4). In all cases, the MAFRI] age estimate is smaller than the age estmate from
vertebral radiocarbon.

Vertebral weight was plotied against age estimated from radipearbon and age based on
presumed annual increments (Figures 5 and &) due to the potential of vertebral weight to
provide an independent estimate of relanve age. There is no evidence of any relatonship
between vertebral weight and the MAFR] age estimate, whereas the radiocarbon mode! age
estimate does show a positive carrelation with vertebral weight (Fig. 10.5). This relationship
is improved further by excluding those vertebral samples that clearly showed pre-bomb Al
levels (Fig. 10.6). As indicated earlier, the age estimates for these individuals is representative
of 8 minimum age and these fish may be older.
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Discussion

Radiocarbon measured in school shark vertebrae provides strong evidence that age estimates
determined from counts of presumed annual increments in stained vertebrae are gross
underestimates of the true fish age. This result is reinforced by a comparison between the two
independent estimates of fish age and vertebra weight

Vertehral growth is likely to be dramatically reduced or cease altogether when fish reach
asymptotic length; as a result, shark vertebrae may not be well suited to estimation of age for
lerger and older individusls. Seven out of nine age estimates based on annuli in vertebrae were
between 12-15 years for sharks between 1510 - 1615 mm (TL}, around the asymptotic length
for school shark (OQlsen 1984, Moulton et al.1992). These ages are well below the maximum
known age for a school shark of about 36 years for a tagged male recaptured at a length of
1520 mrm (TL) after 35.4 years at liberty (Moulton et al. 1989). Companisom of the MAFR]
gpe estimates with radiocarbon based estimates provides evidence that the accuracy of the
MAFRI estimate decreases with shark age. These results indicate that further research is
required on estimates of age or, altermatively, an different method of age estimation should be
developed for thig shark species.

The measurements of 5 °C and 4''C in vertebral collagen m school shark, an elasmobranch,
can be compared with those made on the vertebrae of swordfish (Xiphias gladius) (Kalish, this
study), a teleost. In both cases, the 5°C data provide a clear indication that the majority of
carhon in the collagen of vertebrae iz derived from metabolic sources. The measurements of
A""C in the school shark provides excellent evidence of minimal reworking of vertebral tissues
due tn the measmurement of pre-bomb A levels in fish with ages estimated 1o be in excess of
20 years. Relative low A'*C levels were measured in individuals with ages in excess of 25

years,

Paotentral reworking or rermodelling of vertebral tissues is a major impediment to the use of
bone in age and growth studies. Clear evidence that acelluler otoliths are not reworked 15 one
of the principal charactenistics of these structures that make them suited to studies of age and
growth. Similar evidence is lacking in relation to vertebrae; bowever, this study provides some
evidence that elasmabranch vertebral tissue may be subject to limited reworking. Further
research is required before a definitive conclusion can be made in relation to this issve. In
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comntrast to these findings, the study of swordfish vertebrae provided some evidence that thege
gtructures are reworked in some way, spea fically through the investment of increased
quantities of mineral in the veriebrae, This increasad inchusion of mineral in the veriebrae
would increase the strength of the structure as the fish grows larger and exerts greater forces
on the vericbrae.
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Table 10.1. Shark, veriebra and radiocarbon data for school shark (Galeorhinus galeus). Samples collected by the Marine and Freshwater
Resources Ingstitute (MAFRI), Victoria from the Great Australian Bight .
Sampleno. Laboratory Collechon Sex Length Vertebra sample 5°C A L (%) MAFRI MAFRI Model Model Model -

accession date TL  weight weight (%, ape  hirthdate age  birth MAFRI
. (mm}  (g) (mg) PDB) (vears) (year) (years) date  age

(year) (years)
BRN3429 NZABRB40 1071192 F 1540 1.8424 1029 -15.1 164.318.1 13.86 1978.14 14 1978 0.14
BRN3431 NZARR4] 11/11/92 F 1510 1.7065 262 -1E1 413x74 12,78 197922 26 1966 13.22
BRN3432 NZABE4Z 12/4/%2 F 1600 2.1455 1027 -139 437 1493 1977.07 30 1962 15.07
BRN3433 NZASB41 12/4/92 F 1520 15858 1056 -151 1547481 1293 1979.07 15 1977 2.07
BRNS396 NZARE44 23/%/93 F 1595 1.436 748 -14.5 165782 13.01 197999 15 1978 1.99
BRENSTOS NZARBAS 19/9493 F 1582 1.66BE 02 -149 131.3+48.7 1272 1980.28 18 1975 5.28
BRNST9T NZABBGI 1/6/93 F 1615 1.7634 963 -14 9784176 1473 1978.27 21 1972 6.27
212 NZABDIT 199/73 M 1568 1.B7 2132 -132 -T8.841.7 9.71 1963.29 I3 1950 13.29
BRM633 NZARDIE 236092 M 1141 1866 1866 -17.5 91.540.] 348 1988.52 21 1971 17.52

1346  NZABOI9 141175 F 1554 2.3 2076 -145 -58.74#8.2 nodata no data 20 1955 nodata

B2R08 NZABD20 11/4/7T8 F 1575 1.523 2079 -17.1 -569492 modate nodata 23 1955 no data
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Fig. 10.1. Estimates of Galeorhinus galens age determined from counts of presumed
annual increments in verichree (MAFRI ape estimates) compared with a time seriss of
rediocarbon in the South Westemn Pacific Ocean determined from otolith cores of Pagrus
auratie (Kalish 1993).
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Fig. 10.2. Time series of radiocarbon in the South Western Pacific Ocean determined from
otolith cores of Pagrus eratis (Kalish 1993) and & cubic polynomial model of the time
series (South Western Pacific model). The mode] i3 truncated at the years 1955 and 1980,
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Fig. 10.3. Estimates of (raleorhinus paleus age determined from counts of presumed
annual increments in vertebrae (MAFRI ape estimate) compared with estimates of
Galeorhimus galews age determined from the radiocarbon measurements made in vertebra
cores (Model age estimate). MAFRI apge estimates were not available for several of the
samples analysed for radiocarbon and only the data point showing the age estimated from
venebral radiccarbon will appear on the graph. The South Western Pacific mode] used to
estimate these ages from the radiocarbon data is shown,
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Fig. 10.5. Relaticnship between Galeorhinus galews vertebra weight and two independent
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radiocarbon for these fish would be mirimum ages and, therefore, may bias any
relationship between vertebra weight and age.
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Chapter 11 Validation of pink ling (Genypterus blacodes) age based
on otolith radiocarbon

John Kalish, Justine Johnston, David Smath, Sendy Morison and Siman Roberison

Summary

Measurements of natural and bamb-produced radiocarban in the otoliths of pink ling
(Genypieris blacodes) indicate that esbmates of age based on otolith sections ere accurafe,
The relationships between otolith section based age estimates and radicoarbon 1n atolith
cores, and the radiocarbon eahbraton curve based on Pagrus awratus (Kalish 1993) was
excellent end indicates that otolith based estimates are likely 1o very accurate. Furthermore,
there was good agreement betwean otolith readers both within and smong laboratories for
those samples analysed for radiocarbon. This result supports the application of the age and
growth model for ling presented in Smith and Tilzey (1995). The number of radiacarbon
analyses, however, was inadequate to confirm the existence of & difference in growth rate
between males and females.

Introduction

Pink ling (Genypterus blacnders) occur on the continental shelf and upper slope waters of
southern Australia. The species is also found off New Zealand and South America and &
aimilar, if not identical species Genypterus capensis cccurs off South Africa Age and
growth studies have been cammied out on these species in Australia (Withell and Wankowsld
1989, Smith and Tilzey 1995), New Zealand (Horn 1993) and South Africa (Payoe 1985).
Each of these age and growth stodies was based on interpretation of zomes in otoliths;
however, only Homn (1993) included any attempt {o validate the age estimation method, The
marginal increment analygis presented in Horn (1993) indicated that it was often difficult to
define houndaries between opaque and renslucent zones and that vanability within samples
was high, Data in Horn (1993) indicate that results of the marginal increment analysis do not
present a conclusive validation. Furthermore, marginel increment analysis cannot provide
age estimates of individual fish, data that are best-suited for validation studies.
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Ths study uses the bomb radiocarbon chronometer (Kalsh 1993, 19954, 1995b) o determing
the age of individual ling and validate the otolith section method of age eshmation for this

species.

Materials and Methods

Sample preparation procedures are srmilar to those described m Kalish (1993, 1995b). The
otoliths of pink ling are relatively large and this simplified the process of otolith seulpting. to
produce a sample of ahout 15 mg for analysis of radiocarbon b}r.nmaleramr mass
apectrometry (AMS). Analyses were carried out by the Rafier Radiocarbon Laboratory,
lnstitute of Geological end Nuclear Sciences (New Zealand). Details of sample pre-treatment
and radiocarbon anslysis are as reportad in previous work (Kalish 1995, Kalish et al. 1995)
and, results are reported as A'*C (Stuiver and Polach 1977).

The second sagitta from each otalith pair was prepared for otolith reading. Thin sections
were prepared by the Central Apeing Facility (Queenscliff, Victoria) and read by four
independent readers at Australian National University (desipnated ANU | and AN 2) and
the Central Ageing Facility (designated CAF 1 and CAF 2).

Results and Discussion

Drtalith cores from eleven pink ling were analysed for radiocarbon (Tabla 11.1). The results
of the radiocarbon analyses were plotted versus the mean birth date estimated by four
independent otolith readers and with data from snapper (Pagrus auratus) (Kalish 1993),
redfish ( Centroberya affinis) (Kalish 1995b), blue grenadier (Macrnoronus novaezelandiae)
{Kalish et al. 1996a), and southern bluefin tuna (Thumnus maccoyii) (Kalish et al, [9%6b)
(Fig. 11.1}. On the basis of the mean birth dates estimated by the four atolith readers, the
radiocarbon values from ling otoliths fall within the curve that defines the bomb radiocarbon
increase in surfece waters of the southwest Pacific. This indicates that mean ages estimated
by the four otolith readers are close to the true fish age. Purthermore, differences in age
egtimates were relafively small among the readers both withun and among laboratories,

The otolith section age estimates were plotted with von BertalanfTy models used to describe
ling growth in Australia and New Zealand (Fig. 11,2}, The Australian growth models were
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derived from fish captured in Bass Strait in 1984 and 1985 (Withell and Wankowslk: 1989)
and fish captured 1n Western Bass Strait 1 987-89 (Smith and Tilzey 1995), while the Mew
Zegland mode] selected for comparison was based on samples of ling collected from the
Chatham Hise between January 1991 and January 1992 (Hom 1963), The samples used for
radiocarbon analysis were among those used in the study of ling age and growth included in
Smith and Tilzey (1995) and, therefore, are representative of age estimates abtained in that
atudy.

The relationship between otolith weight and fish age indicates that otolith weight is a fair
estimator of age for the samples analysed for radsocarbon (Fig. 11.3).

Discussion

Radiocarbon data from pink ling otoliths provide a excellent validation of the otolith section
method of age esttmation for the species and also provide insight into ocean circuiation in the
southwest Pacific Ocean. A™(C data from ling indicate that peak values reached about 130%.
in the late 19703, similar to A''C measured in otolith cores from redfish hatched between
about 1975 and 1985 (Kalish 1995b). During thia period, peak A''C measured in snapper
otoliths was 98428 8% in 1980, significantly lower than that measured in both ling and
redfish. Ling, redfish, and snapper otolitha used for radiocarbon measurements were obtained
from fish collected around 39°8, 35°5, and 38°8, respectively, Snapper were collected from
off the eastern coast of the North [sland, New Zealand, whereas both the ling and redfish
were collected off the coast of south eastern Australia. The results suggest that there are
distinct differences in radiocarbon flux in these two regions afier aboot 1975 with greater
input of radiocarbon to Pacfic Ocean off south eastern Australia. Furthermore, the similanty
of radiocarbon records from the cores of ling and redfish otoliths suggests similar habitats for
these two species during the first year of life.

Concluosions

This study validates the otolith secton method of age estimahion for ing between § and 26
years of age on the basia of A'*C values in otolith material deposited early in life. Birth dates
assigned to individual fish on the basis of otolith sections agree with birth dates predicted
from A"*C values measured in the otoliths. Although the age estimation method for ling less
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than & years of age was not validated directly, it is concluded that the counts of annusl
increments formed at younger ages muat be correct in order to armive at the correct age
estimates for older fish. Furthermore, the results indicate that age estimates from ling otoliths
are likely to be very accurate (12 yeara) This smudy supports the application of the age énd
growth model] for Img presented i Smith and Tilzey (1995). The number of radiocarbon
analyses, however, was inadequate to confirm the existence of a difference in growth rate
between males and females.
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Table 11.1. Fish and otolith data from Genyplerus blacodes collected from Western Bass Strait between February 1987 and April 1989, Fish
ages were estimated by four readers; two from the CAF and two from ANU. All age and birth date estimates presented in the table are

determined from counts of presumed anmual increments i otolith thin sections. Values of AMC, mean ape, and mean birthdate are

with

+] standard deviation. Sample weghts indicate the weight of otohith material separated for individual analyses of stable carbon and mdiocarbon
and are representative of less than the first year of otolith growth for an individual fish.

Sample Leaborstory andSex Figh Otolith Sampl 57C  AYC (%)

Mean age Mean

No. leboratory length  wi [ (o, Reader (Age, Birth date) (years) Birth date

ACCEaRiON {cm) () wt.  PDB) (years,

numnber (mg) A.D.)

CAF 1 CAF 2 AN T  ANU

PLI  NZASS27 M 82 0375 151 -25 1249404  9(1980)  9(1980) 9(1980) 11{197 9.5+1.0 1979.5+1.0
PL2 NZASS28 F B3 0422 189 -2B 1203496 I1(1978) 1O{197%) I1(1978) 12(197 1108 197308
PLS NZAS529 M 88 0427 84 -24 1296106  B{I979) B(1979) B(1979) 91978 B.3x0.5 1978.8H0.5
PLID NZAS553 F 88 05 165 -26 11864129 12(1976) 11(1977) 11(1977) 13(197 1).8+0.9 1976.6:0.9
PL14 NZASS54 F 91 0.663 151 -2.6 192106 19(1570) 1B(1971) 1B(1971) 1B(197 1E3=0.5 1970.8+0.5
PL15 NZAS555 F 99 0718 169 -15 -3+11] 25(1964)  24{1965) 25(1964) 24(196 24.520.6 1964.50.6
PLI® NZASSS6 M OO0 0574 156 -2.6 G48:131  13(1974)  13{1974) 13(1574) 14(197 13.320.5 1973.820.5
PL24 NZASS57 M 101 0669 142 -18&8 1015112 18(1971) 1B(1971) 1B(1971) 18(197 18+0 197140
PL2S NZAS558 F 100 0782 192 -42 369119  2I1(1966)  22(1965) 22(1965) 19(196 20.5+]1.3 1966513
PL27 NZAS559 F 101 0776 166 -25 464200  28(1959) 2B(1959) 26(1961) 23(196 26.3+2.4 1960.8+2.4
PL2B NZASS60 M 108 0997 139 .24  41+154 25(1962)  25(1962) 25(1962) 24(196 24.8+0.5 1962.3+0.5
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Figure 11.1. A'*C data from five fish species. Data for Genypterus blacodes are plotted
against the mean birth date estimated by four independent readers from Australian National
University (ANU) and the Central Ageing Facility (CAF). Data from Pagrus quratus are
plotted against the true birth date for those fish (Kalish 1993). Both Centroberyx gffinis and
Macruronous novaezelandiae A''C values are plotted versus mean ages estima‘ed by multiple
readers from the CAF and ANU (Kalish 1995, Kalish and Johnston 1995). A"™C values from
Thunmus macceyii otoliths are plonied versus the birth date determined from a model
descnbing varigtion in A'C levels over time in the eastern [ndian Ocean (Kalish et al.
submitted). Ermor bars plotted with the . blacodes and P. auratus data are one atandard

deviation.
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study plotted versus total length. The age versus length data are plotted with several von
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Smith and Tilzey (1995).
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Chapter 12 Application of the bomb radiocarbon chronometer to the
validation of king dory (Cyrtus traversi) age

John Kalish and Justine lohnaton

Summary
Measurements of natural and bomb-produced radiocarbon in the stoliths of king dory (Cytius

traversi) indheate that estimates of age based on otolith sections are accurate. In addition,
radiocarbon data from lang dory otolith cores suggest that thos species 1s hkely to oceur
between shout 45°5 and 50°5 latirude during the first year of life. King dory otoliths are
relatively small and this study involved refinement of methods for the preparation of otolith
calcium cerbonate for radiocarbon analysis. The range of prepared otolith sample weights
wad 3.8 to 5.7 mg (mean=4.5+0.52 mg). Graphite targets prepered for radiocarbon analysis
from these otolith samples contained less than 0.5 mg of carbon. This represents &
sigmificant advance in the use of the homb radiocarbon chronometer for the determination of
fish age and demonstrates the suitability of the method for species with small ataliths,
Furthermaore, improvements in sample preparation and the analysis of small samplag will
reduce the ikehhood of contaminetion as discussed in the study of southern bluefin tona age.

Introdustion

The bomb radiocarbon chronometer represents a sipnificant advancement in the
determination of fish age and the validation of age estimation methods when compared with
radiometric methods (e.g. 210Pb/226Re) due to its accuracy and the ability to complete an
analysis with individual atoliths or otolith "cores”. There are, however, numerous species
with relatively small otaliths that present novel complications in relation lo the analyss of
rediocarban. Examples of commercially important species with small otaliths include john
dory (Zeus faber), mirror dory (Zenopsis nebulosus), smooth oreo (Preudocptius maculatus),
black oreo (4llocytius miger), warty oreo (Allocyiius verrucosus), spiky oreo (Meocytrus
rhomboidalis), jackass marwong (Memadaetyfus macropierus), and others, Otalith mass for
many of these species can be less than 100 mg for adult fish and under S mg for Gizh about 1
year of age. The small gize of these otolithe made it necessary for Stewart et al. (1995) to use
as many as 143 otoliths (mean otolith mass 7.421.9 mg) to make & single radiometric age
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determination for warty oreo. Of course, this precludes the possibility of determining age on
an individual fish and mmposes limitations on the interpretation of radiometric data in relation
to the age estimation method being validated.

Methods have been developed for the analysis of radiocarbon in very small samples (Vogel
et al. 1989) and the levels of precision associated with these methods has improved in recent
years to the point where they are suiteble for the determination of fish age. However, there
are only a few accelerator mass spectrometry (AMS) faclities in the world thet are able to
complete high precision radiccarbon analysis with samples that contain less than .5 mg of
carbon. Furthermore, the physical isplation of the relevant portion of otolith calcum
carbonate for analysis can be problematic.

This study uses the bomb radiocarbon chronometer (Kalish 1993, 1995) to determine the age
of individual king dory (Cytiur traversi), & species with relatively amall otoliths. To
complete this task, we explored alternate methods of sample preparation in order to isolate
physically the carliest formed portions of the otolith and collaborated with 1.8, National
Science Foundation/University of Arizens Accelerstor Mass Spectrometry Facility for the
high precigion analysis of amall otalith samples.

Materials and Methods

In earlier studies of fish otolith radiocarbon, sample preparation procedures for the isolation
of otolith cores involved the progressive sculpting of adult otoliths until they resembled
otoliths from fish of about one year of age (Kalish 1993, Kalish 1995, Kalish et al. 1996a).
The atoliths (sagittac) of king dory are relatively small (Smith and Stewart 1994) and are not
amenagble to these sculpting methods. Furthermore, previous studies of otolith radiocarbon
typrcally involved the analysis of sarmples with weights ranging from about 10 to 25 mg
(about 1.2 1o 3.0 mg of carbon). Preperation of samples with this weight from king dory
otoliths would result in the isolation of otolith material deposited during the first 0.9 to 6.9
years of life. This estimate is based on Smith and Stewart (1994) where otolith weight = 2.47
% (age) + 7.871. This would not provide an adequate estimate of A"'C in the otolith during
the first year of life and is likely to be poorly suited as a general indication of birth date.

We modified earlier sculpting techniques to accommodate the small size of king dory otoliths
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and to make 1t feasible to prepare samples with a weight of less 4 mg. The region of interest
for the otolith to be sculpted was determinad by viewing the sample with trangmitied light
microscopy end the use of the section from the sister otolith as & reference. Opaque and
translucent zones on the whole ntoliths were suiteble as reference points and could be relatad
to the thin sections. After the sculptor determined the otalith's structure and key features, it
was glued, distal side up, with Crystalbond on to standard microscope slide. The otolith was
not "embedded” in the Crystalbond. The slide was placed on a microscope-type stage with
slow motion controls that allowed for passage of light through the whole otolith (to facilitate
viewing of opaque and transhacent zones) and viewed with a magnifying lens/lamp. A thin
outer layer (less than 50 pm) of the otolith's distal surface was ground away with a fine
carborundum bat sttached to a dental-type drill. This step was necessary because ofoliths of
both dores and oreos oftén incorporate a layer of older otolith material on the distal surface.
After this material was removed, the Crystalbond was partly dissolved in reagent grade
acetone so that the otolith could be removed from the slide. The otolith was then affixed to
the slide with the proximal (sulcus acusticus) surface upwerd. We were careful to engure that
the entire distal surface of the otolith was covered with Crystalbond so that it was fixed
securely to the glass slide. A thin pencil line was drawn on the proximal surface of the
otolith to cutline the outer edpge of the region of interest. Fine carborundum dnll bits were
used to reduce the effective diameter of the otolith to a point just ingide of the peneil line.
Thig effectively removed otolith material deposited along the sagiftal plane. The final step
involved thimming the otolith by grinding in the lateral plane. We determined the thickmess of
the otolith wath & micrometer and compared this thickmess with estimates of the desired
thickness determaned from the otolith thin section. In some cases we were able to sculpt
otoliths to a the point where the region of interest weighed 1.8 mg. Afier sculpting was
comnplete the otolith was placed in acetone to remove the Crystalbond,

For some species, the atoliths were too brittle to sculpt to 8 mass of <5 to 8 mg. This appears
to be due to the structural nature of the earliest deposited otolith matenial and may be related
to the relatively kigh levels of organic material in these regions. For those species where it
was impractical to grind the otolith to the small sizes required, we found that a combination
of sculpting and acid dissnluton was most effective for preparing small semples. Britile
otoliths were sculpted to a weight of about 10 mg. This invalved initial remaval of the than
distal layer of older otolith material, and grinding in both the sagtial and lateral planes so
that the sample was similar in shape to the final shape destrad, although somewhat larger,
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The otolith was placed in acetone to remove the Crystalbond, allowed to dry and then placed
into 5% HCI for a period of contralled digestion. Gas evolution from otolith calcium
carbonate was slow enough to allow obaervanon of the state of the otolith dunng digestion.
The digestion process was obaerved unfil 1t was judged that the otolith was small snough to
have attamed the prescribed weght (e.g. 3.0 mg). The otolith was removed from the acid
bath; put through several washes of distilled water, cleaned in an ultrasonic bath, and finally
placed in plastic tubes for drying and storage. It was found that otolith digestion did not
proceed along the desired axes if the otolith was not ground indtially to a relatively small size
(<10 mg). This was probably related to the uneven dismbution of arganic matnix in the later
formed portons of the atolith, Relatively uniform distribution of organic matrix in the
carliest formed portions of the otolith may result in more uniform acid digestion.

Graphite tarpets were prepared from the sculptedfasid digested otolith fragments and
radincarbon analyses were carmied out at the U.S, National Science Foundation/University of
Anzona Accelerator Mass Spectrometry Famlity (NSF-AMS).

The second sagitta from each atolith pair was prepared for otolith reading. Thin sections
were prepared by the Central Ageing Facility (Queenscliff, Victoria) and read by two
independent readers at the Central Ageing Facility.

Resulis and Discunssion

Otoliths fram fourteen king dory were analysed for radiocarbon. Two semples included
otolith cores from two individuals resulting in & total of twelve radiocarbon values (Table
12.1). Ome semple was contaminated and resulted in a A'*C value that was more than three
times the maximum A'‘C measured in southeast Australian waters. Contamination occurred
when the sample was transferred from the CO2 line to the graphitisation line in a glass vessel
that previously contained a sample that had twenty times modern levels of atmospheric
radiocarbon (personal communication, (5.8, Burr, NSF-AMS,; NSF-AMS has agreed to run
two free samples to replace the sample lost due to their error). The range of prepared otolith
sample weights was 3.8 to 5.7 mg (mean=4.5+0.52 mg). Graphite targets prepared for
radiocarhon analysis from these otolith samples contained less than 0.5 mg of cathon. The
precigion of the analyses ranged from 5.0 to 8.2% (mean=6.4+1.1%) and demonstrates the
feasibility of carrying out routine hgh precision analyses of mdiocarbon on small samples.
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The results of the radiocarbon analyses were plotted versus the birth date estimated by CAF
otolith readers and with date from snapper (Pagruy awratus) (Kalish 1993) and redfish
{Centroberyx affinis) (Kalish 1995) (Fig. 12.1). On the basis of the birth dates estimated by
the otolith readers, the A*°C values from king dory otoliths fall within the curve that defines
the bomb radincarbon increase 1n surface waters of the southwest Pacific Ocean. Thia
indicates that ages estimated by the otolith readens are good estimates of the true fish age.

The radiocarbon data derived from the otolith cores of king dory suggest that this gpecies
might occur south of 45°8 latitude during the first year of life.  Estimates of pre-bomb At
from king dory of -48.945 0%, are consistent with other values of A'*C obtained from the
temperate south Pacific Ocean between about 30°8 and 50°8 latitude (Kalish 1993, 1995),
Pre-bomb radiocarbon levels are not particulerly usefu! in delineating the distribution of a
fish in surface waters, hawever, post-bomb radiocarbon levels can be more useful in
deterining latitude of pecurrence, Peak A''C for king dory appears to be sbout 50%s or less
end this iy consistent with A''C measured in seawster dissolved inorganic carbon around
50°S latitude (Fig. 12.2). There are no significant differences between A'*C curves for
snapper, redfish, and king dory between ahout 1958 and 1967, After 1967, the snapper and
redfish curves show far greater increascs in A™C than the lang dory data. These results are
consistent with reduced transport of rediocarbon to higher latitude waters. Furthermore, the
low A"™C velues from king dory otolith cores calcified in 1988 and 1992 (Fig 12.1) provide
additional evidence that king dory less than one year of age spend the majority of their early
life in waters. Although peak A'*C appears lower in king dory otolith cores, the rate at which
A'*C decreases during the late 1980s to early 1990s appears similar to the rate suggested
from radiocarbon analysas on the otolith cores of other southern temperate fish species. This
quggests radiocarbon was redustributed to other pools (e.g. dissolved orgamc carbon,
particulate organic carbon) at similar rates across the temperate waters of the South Pacific

Ocean,

Conclusions

This study validates the atolith ssction method of age estimation for kang dory on the basis of
AMC values in otolith material deposited carly in life. Rirth dates assigned to individual fish
on the basis of otolith sections apree with hirth dates predicted from A'*C values measured in
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the otoliths and expected rates of change in A"C. Results suggest that king dory less than
one year of age may oecur south of the Subtropical Convergence. Fmally, this study
demonastrates the suitability of the bomb radincarbon chronometer for determining fish age
for species with small otoliths and the feasibility of applying the method to samples
containing <4 mg CaCO3 (<0.5 mg of carbon). This increasss the applicability of the bomb
radiocarbon chronomeéter to a broadér rangs of species (eg oréos, donés, morwong) and
reduces the likelihood of contamination for those species where otalith sculpting 15 relatively
difficult (Kalish et al submittad).
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Teble 12.1. Fish and otolith date from Cyfiur traversi collected in the southeast traw] fishery in February 1989 and June 1993, Fish ages

wene estimated by readers from the CAF. All age and birth date estimates presented in the table are determined from counts of presumed

ennual increments in otolith thin sections. Values of A''C are reported with +1 standard devistion. Sample weights indicate the weight
of otolith material separated for individual analyses of stable carbon and radiocarbon and are representstive of the first year of otolith
prowth for en individual fish,

Sample Laboratory Collection Sex Fish Fish Otolith  Sample &'C ATC{%s) Otolith section
Mo.  pccession  date lenpth  weight wt  wt(mg) (%,PDR) age (birth
no. _ i [c:ll:n_} E&} (&) date)

3 AATGTEG 603  Imm 11.0 2B 0.003 3.0 -3.0 1B.66.7 1 (1952)
4 AAIG6TBG 693 Imm 102 26 0.0027 2.7 " o "

8 AAL6TET 289 Imm 109 1] 0.0043 4.3 4.7 52.8+7.2 1 {1988)
19 AALIGTEE  2/80 M 433 1920  0.06E1 4.2 -1.3 31.7+6.8 20 (1969)
31 AALGTED 239 M 36.4 1690 00562 4.6 3.3 45.4+68 20 (1968)
49 AAL6TOD  2/80 M 42.6 2070 0.056 4.5 4.2 26.646,7 22 (1967)
SO AALGTL 289 M 33.1 BS0 00427 3B 15 17.627.5 23 (1966)
6 AALGTI2Z /R M 40.9 1430 0.067 4.4 -33 39.5453 22 (1967)
79 AALGTRI /B9 F 50.0 3380 01054 29 -4,1 48950  32(195T)

164  AALGTHG  2/B9 F 45.5 2070 0.0773 2.2 " " "

106  AALGTOS  2/80 M 43.5 2030  0.0512 4.5 -38 3B.9+82 16 {1973)
120 AAl6THG  2/89 M 46.2 2000  0.0561 4.7 -5.3 12.845.3 24 (1965)
226 AAL6TOT  2/89 F 50.1 3320 0.059 4.2 -3.0 -35.1+5.1 30 (1959
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Figure 12.1. A**C data from three fish species. Data for Cyrtus traversi are plotted egainst
the mean hirth date estimated by a reader from the Central Ageing Facility (CAF). Data
from Pagrus auratus are plotted againgt the true birth date for those fish (Kalish 1993),
Centroberyx affinis A'*C values are platted versus mean ages estimated by multiple readers
from the CAF and ANU (Kalich 1995). Error hars are one standand deviation.
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after significant inputs duee to the atmospheric testing of nuclear weapons. Figure from
Broecker and Peng 1952
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Chapter 13 Application of the bomb radiocarbon chronometer to the
validation of blue-eye trevalla (Hyperoglyphe antarctica)
age

John Kalish and Justine Johnston

Summary

Increased catches of blus-eye trevalla (Hyperoglyphe antarctica) associated with targeted
and non-tarpeted trawling have highlighted the urgent need to determine the stamg of blue-
eye stocks in southeast Australia. It 15 not possible to estimate yields from these stocks untl
further information 15 obtained. Age estimation and the requisite age validaton are & key
element of the stock assessment process; however, a validated method of age estimation does
not exist for trevalla. Although some research has heen carned out on age estimation of
trevalla there has been concem regarding the accuracy of ages assigned to this species.
Measurements of natural and bomb-produced radiocarbon in the otoliths of blue-eye trevalla
indicate that there are significant errors when trévalla age is estmated by reading otolith
sections. Furthermore, there are significant differences in age estimates made by different
atolith readers from different laboratonies. 11 is necegsary to carry out further research on age
estimation procedures for blue-eye trevalla and to establish ololith reading protocols for the
species. (iven the difficulty inherent in reading blue-eye otoliths it wll be important to
ensure that there 15 agreement among lebomtories invalved in age estimation. This can be
achieved through inter-laboratory calibration exercises. Further measurements of
radiocarhon in trevalla otoliths are planned.

[mtroduction

Catches of blus-eye trevalla (Hyperoghphe antaretica) have increaged gteadily since the
beginning of the dropline fishery that began targeting the species in the 1970s. Further
increases in catch have resulted from by-catch associated with deepwater trawling and
current trends suggest that commercial fishing pressure on trevalle will increase (Wilhams
1994). I[ncreased catch rates and a lack of information on the productivity of this species
highlight the need for developing & validated age estimation method for the species.
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The depth distribution of blue-eye trevalla changes dramatically during their life-history.
Trevalla belong to the Centrolophidae, a family of fishes where behaviour of juveniles can be
characterised by their association with floating objects such as jellyfishes, salps, and othes
flotsam (Haedrich 1967). Because of the association that many species have with jellyfish,
centrolophids are often called medusafighes. Juvenile blue-eye trevalla from 30-60 mm in
length were found only recently drifting in association with rafts of kelp (Last et al. 1993). It
is unknown how long these juveniles reman in the surface waters before descending to the
deeper (200-900 m) habitats occupied by the adults. Hom (1988) estimated that blue-eye
maintain a pelagic existence until a length of about 47 cm, after which blue-eye recruit to the
commescial fishery in New Zealand waters. Trawl and drop-line catches of blus-cye in
Australia are limited to fish greater than 45 cm FL so it appears likely a similar ontogenetic
migration is occlrring in Australian waters (Baelde 1995).

The depth distribution of juvenile blue-eye trevalla makes this species a suitable candidate
for age validation based on the bomb radiocarbon chronometer (Kalish 1995a, 1995h).
Estimates of age and growth for blue-eye trevalla in New Zealand suggest that 8 47 cm
trevalla 15, on everage, two years of age (Horn 1988). 1f this is commect, than a significant
emount of ololith caleium carbonate would be deposited by this species whale they remain in
the surface mixed layer of the ccean. Radiocarbon denived from atmospheric testing of
nuclear weapons is readily identified in the surface ocean after about 1960 and waould be
incorporated into the otoliths of juvenile blue-cye spawned after that year. Movement of the
larger juvenile trevalla into deeper waters would reduce the amount of bomb-derived
radiccarbon incorporated into the later-formed segments of the otolith, Despite the change in
the dynamies of radiccarbon incorporation in the alder life history stages, the radiocarbon
deposited in early life in the surface waters would remain unaltersd in the calcium carbonate
lattice of the otolith. This stady ia designed to determine the switability of the reading of
otolith sections for estimating the age of blue-cye trevalla.

Materials and methods

Sample preparetion procedures are sioular to those desenbed in Kalish (1993, 19%6s et al,
1996h et al.). The otoliths of blue-eye trevalla are relatively large and this simplified the
process of otolith sculpting to produce a sample of about 15 mg for analysis of radiocarbon
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by accelerator mass spectrometry (AMS). Analyses were carmed out by the Rafter
Radiocarbon Laboratory, Institute of Geological and Nuclear Sciences (New Zealand).
Details of sample pre-treatment and radincarhon analysis are as reported in previous work
(Kalish 1995, EKalish et al. 1995) and, results are reported as A'C (Stuiver and Polach 1977).

The second sagitta from each otolith pair was prepared for otolith reading, Thin sections
were prepared by the Central Ageing Facility (Queenscliff, Victoria) and read by three
independent readers at Australian National University (designated Reader 1 and Reader 2)
and the Central Ageing Facility (designated CAF).

BResults and Discossion

Moliths from fifteen blus-eye trevalla were analysed for radiocarbon (Table 13.1), The
resulis of the radiocarbon analyses were plotted versus the birth date estimared by the three
independent otolith readers and with data from snapper {(Pagrus awratus) from an carlier
study (Kalish 1993) (Fig. 13.1). There were sipmficant differences among otolith-based age
gatimates from each of the readers . Forthermore, almodt all satimates of barth date from
otolith sectinons resulted in the data falling to the right of the radiocarbon calibration curve
defined by P. auratus otoliths, The relabonship betwresn otolith section birth dates and
rediocarbon indicates that there are significant ervors in the age catimates from otolith

Lechions.

Observations of otolith sections of blue-eye trevalla made by a range of readers indicate that
interpretation of zones on these structures 15 relatively difficult. This appears to be due to the
large number end rregular spacing of zones in the otoliths from Targer trevalla. Estimates of
age and birth dates for individual blue-eye differed dramatically among readers; however, the
largest discrepancy was between readers from ANU and the reader from CAF. This suggests
that the general interpretation of the zones within the otoliths is different between the two
facilities. This is not dus simply to differences in the interpretation of individual zones.

Interpretation of the blue-eye radiocarhon data is dependent on the wse of an appropriate
radiocarbon calibration for the region where fish less than one year of age occur. This study
uses the snapper radioearbon calibration obtained from the cast coast of the North [sland of
New Zealand (1993). When radiocarbon data from 2 range of species are plotted with the
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bhue-eye data (Fig. 13.2), the blue-eye daia appear as outliers falling 1o the right of most of
the data. This may result from: 1) occurrence of blue-cye revalla juveniles at more southern
lanrudes where the quantities of bamb radiocarbon are significantly lower than at about 35°
to 40" § latitude (1Le. south of the Subtropical Convergence in the southwest Pacific), 2)
accurrence of blue-eye trevalla juveniles at greater depths than previcusly assumed (i.e. not
in the surface mixed layer); 3) sample contamination, or; 4) errors in the estimation of age
from otolith sections.

Because of the ranty of small blue-eye juveniles, there are few data pn the occurrence of this
life-history stage (Last et al. 1993); however, individuals of between 30-60 mm were recently
collected in the Tasmean Sea af 42°37' §, 148%41'FE (Nicol]l 1993) in rafts of floating seaweed.
This collection puts the few juveniles that have been collected near the boundary of the
Subtropical Convergence (around 42°8 in the southwest Tasman Sea), a region across which
post-bomb radiocarbon levels show marked spatial variation (Fig. 13.3). Although few data
are available it can be estimated that pre-bomb varietions in A'*C values between 3578 and
45°8 latitude in the South Pacific were on the order of 10%a. Given the precision of the AMS
analyses earmied oul in this study, this &ifference would be harely detected in trevalla otoliths,
Radiocarhon mersurements made by the GEOSECS (Geochemical Ocean Section Study)
expeditions in the carly 1970z along north-south transects indicate that, during that time,
A"™C values between 35°S and 45°5 |atitude might differ by as much as 50%.. These
estimates are based on rediocarbon data collected in the central Pacific Ocean (Ostlund and
Stuiver 1980), and it is possible that this varjation would be slightly less along the east coast
of Australiz due to radiocarbon transported to the south by the East Australian Current
{Kalish 1995)., Although the magnitude of the effect cannot be determined with the available
data it is possible that juvenile blue-eye trevalla occur far enough south that they are in a
region where A"C values are significantly lower than that of snapper, redfish {Centroberyx

affinis}, or blue grenadier (Macruronous novaczelandiac).

Anofher possible explenation for the discrepancy between A'*C values and section ages may
be related to the depth of occurrence of blue-eye trevalla. Blue-eye belong to a family of fish
that is characterisad by & pelagic juvenile stage and the few collections of uveniles have
been made in surface waters with floating seaweed. On this basis, it seems unlikely that the
fish were occurring below the surfaced mixed layer. Furthermore, when plotted against CAF
birth dates estimated from otolith sections the blus-sye data fall to the right of the biue
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grenadier data. Research on blue grenadier (Kalish ef al, 1996b) indicated that juvenile blue
grenadier are likely to be found at depths between 200 and 400 m and that bomb mdiocarbon
required about two yeard {o penelrate to these depths. When the CAF birth dates are applied
to the blue-eye radiocarbon data, the points fall to the right of the blue grenadier data. This
suggests an additional lag of about 4 years before bomb radiocarbon reached the juvenile
blus-eye habitat and, mnr:a:nr;itmﬂy. 8 depth of over 600 m, an unlikely habitat for small
juvenile bine-eve,

Sample contaminetion could affect the radiocarbon results from blue-eye trevalla; however,
this possibility seems unlikely, Blue-eye trevalla otobths are relatively large and this
simplifies the process of sculpting the otoliths so that the matenal deposited in the first year
of life, or less, is retained. [n fact, bacause the otoliths of this species are relatively large
even at a presumably young age, it was possible to isolate material that was depasited during
what was presumed to be less than the first 8 months of life. Nevertheless, it is posaible that
some matenal deposited in later life was retained on the sculpted otolith sample. [f this
situation had ocowrred that additional bomb madiocarbon would be included in the otolith
samples and the estimate of age/birth date based on the level of bomb rediocarban would
have been lower. 1f this were the case than the bomb radiocarbon estimates of age/birth date
would be lower than the CAF otolith section ages. This is & scenario that is opposite o the
data presented in this study. The problem of sample contamination during the sculpting
process was also discussed in relation to the preparation of southern blusfin tuna ataliths for
radiocarbon analysis (Kalish et al. 1596a).

'The data indicate that there are significant errors in the estimation of age from the reading of
otolith sectiong. There are geveral indicators that make it pecessary 1o question the accuracy
of the séction-based age estimates meluding the vanahlity among otolith readers and the
resulting relationship between birth date and radiocarbon. There is a significant bias among
the otalith readers, moat notably that fish estimated to be older by Reader 1 and Reader 2
were considered sipnificantly younger by the CAF reader (Table 13.1 and Fig. 13.4) The
gimilarity between ape estimates from Readers | and 2 would be expectad since these readers
were rained to read trevalla otoliths af the same time, although they read otoliths sections
independently for this study. The corroboration of age estimates by Readers 1 and 2 does not
provide any indication that these readings are correct, both Readers 1 and 2 may be
Lnaccurate.
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Deviations from the expected relationship between A'*C values and age based on otolith
sections provide further evidenee of inaceuracies assaciated with the reading of blue-eye
revilla otoliths. Of the fifteen blue-cye wevalla otoliths anatysed, six had radiocarban levels
that would be classified as pre-bomb due to A'C velues of less than <40%. (Table 13.1, Fips.
13.1 and 13.2). These six samples had A"'C values that ranged from -81+9.2%o to -
44.748.3%a. The sample with the lowest A'*C value (-81+9. 2%, for ANUT) is low, but it is
within the range of A'*C that might be expected between about 45°8 and 50°8, particularly if
it is possible for blue-eye larvae and juveniles to develop in throughout the northern regons
of the Southem Ocean, Central Apgemng Facility and ANU (Readers 1 and 2) estimates of
birth dates for the six "pre-bomb" fish range from 1965 to [969 and 1945 o 1963,
respectively (Table 13.1). Birth dates as late as 1959 are exiremely unlikely for blue-eye
trevalls whose otoliths had A'C values of less than -40%s. A summary of the |atimdinal
variation in radiocarbon in the Pacific (Linick 1980) indicated that mean values for A'C at
S0°8 were ahout -25%. and 50%. in 1962 and 19469, respectively, Other results provide
strong evidence that some of the age estimates are incorrect. For example, CAF age
estimates suggested that several fish were 23 years of ape (birth date 1969) (ANU1, ANURI,
ANU171) and these fish had A"C values of 39%a, -60.7%, and -44.7% (Table 13.1, Figs. 1
and 2). The occurrence of pre-bomb and clearly post-bomb radiocarbon values for fizh of the
same age 15 extremely unlikely, if not impossible. Tf these values were correct than it would
have been necessary for these fizh to spead the firgt year of life in extremely different
habitats (e.g. depth and/or latitude).

Age estimates from otnlith sechions were plotted aguinst otclith weight in Fig. 13.5. A pearly
linear relationship between otolith weight and age would be expectad due to the continuous
growth of otoliths throughout the life of the fish. The data from the blus-eye trevalla atoliths
are inadequate to determine if there is significant deviation from a linear relationahup, but
there are some differences between the relatonships between otolith weight and age
estimated by the two laboratories (ANL and CAF). Otolith weight versus age estimated by
Readers 1 and 2 was best described by a linear relationship (otolith weight = 0.1158 +
0.025938 age; r2=0.79) rather than an exponential relationship (otolith weight = 0.24829
e0,040277 age; r2=0.66). Otolith weight versus age estimated by CAF was best described
effectively by both an exponental (otolith weight = 1,24829 ¢0.055033 age; r2=0.73) and
linear relstionship (otolith weight = 0.016251 + 0.037796 age; r2=0.72). This suggests that
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the agea of older fish may be underestimated.

Conclusions

This study indicates that there ere gignificant srrars in age estimates determinad from otolith
sections and that these age estimates are often inconsistent with measurements of radiscarhon
in the otoliths. Furthermore, readers from different age determination laboratorias obtained
significantly different ages from individual otolith sections. Further reseerch is necessary to
determine the source of the discrepancies among otolith readers and to develop appropriate
protocols for reading blue-eye trevalla otoliths. Additional measurements of bomb-
radiocarbon will be essential to identify an accurate method of otolith reading and these
measurements should be carried out in conjunction with inter-laboratory calibration of the
preferred reading method.

Additional measurements of radiocarbon are planned for both young and old blue-eye
trevalla end these measurements will be camed out in conjunction with otolith readers at
CAF, ANLJ, and other leboratonies mvalved in the management of blus-éye trevalla, Otolith
sections used in this smdy will be re-read by readers from hoth the CAF and AN to
determine the repeatability and consistency of the interpretation of blue-eye otolith sections.
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Table 13.1. Fish and otolith data from Hyperoglyphe antarctica collected off southeast Auvstralia between January 1992 and April 1994, Fish
mges were estimated by three readers; one from the CAF and two from ANU. All age and birthdate estimates presented in the table are
determined from counts of presumed annoal increments in otolith thin sechons. Values of Al “C, mean age, and mesn birthdate are reported
with =] standard deviation. Sample weights indicate the weight of ololith material separated for individual analyses of stable carbon and
radiocarbon and are representative of less than the first year of otolith growth for an individual fish.

~Sample Laboratory and  Sex Fish  Fish Otwlith Semple  5°C ATC Mean age (years) Mean
No. |aboratory accession lenpgth  wt. wt. wi. (¥, (M) Reader Birthdate
no. (cm) (&) (g} (mg) PDE) {Age,Birthdate) (years, A.D)
CAF ANU1 ANUZ
ANLI1 RRL F 71 500 OS5ETL 178 2.5 3993 23 24 22 23812 1968.2+£2
NZAS12 196 1968) (1970
ANL 7 RRL F a0 571 059439 13 31 -B1+9.2 ( 'gg [ _'ig ( 33 3345 1960ES
NZAS413 (1967 (1958) (1960)
ANLI RRL F 59 471 03722 162 2.7 B9.6t9.2 1 1 i 11.8£1 1981.2+1
13 NZAS414 il 933‘} (198 ls {1 E'E"..]'.a
ANU ERIL M 62 651 04857 168 -3.1  66.249.] 1 2 2 19.4+] 1973.6=1
17 NZA5415 (576 (1973) (1973)
ANU RRL F 53 B3%3 02577 1.7 -3.3 T2.8+9 62 1987=2
25 NZAS416 (1988) (1986) (1989)
ANU REL F T4 432 07444 163 -32 4448 8 2 0 1972
27 NZASAL7 (1972)
ANLI REL M 71 598 06854 15 -25 -20.6+£93 2 i5 33 3344 189604
4 1 D6 195K 1960
;ﬂg'ﬂ.,r H;ﬁjjs F B7 o645 12446 198 =3 -56.2+7.6 { Ig ( 4% ( Eﬁg 43 k9 1949 45
a5 NZAS4]9 {19!553 (194G6) (1945
ANU RRL F 79 559 D.T7244 16.] -3.3 59489 1 19 1973
36 NZAS52] 1973
ANLI ERL M 66 497 O0S5TOR 1609 23 6E.9+9.8 ( lg 12 19ED
54 NZAS5522 {lgﬂ'ﬂg
AN ERL F 91 o71  1.0%47 126 =25 = ) 34 32 31 85 1960245
T4 NZAS523 65.3+11.1 ['195273 {19‘533 (1'5'15;?3
ANU RRL F G0 586 0.9554 152 -3.6 - 3 29.4+5 1962 65

T8 NZAS5524 27.3210.6 (1970) (1960) (1963)
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Fignre 13.1. AM'C of Hyperoglyphe antarctica otolith cores plotted against the birth date
determined by three independent readers from otolith sections. A™C data from Pagrus
auratus otolith cores ere plotted against the true birth date (Kalish 1993). A"'C values are
based on otolith material deposited aver a time period equivalent to ahout the first eight
months of life, Errors are =1 sd.



VALIDATION OF BLUE EYE TREVALLA AGE 160

100

d i 0k g gl

Hyperglyphe antarctica (CAF) |
Fagris aurafus |
Cantroberyx affinis

Thunnus maccoyi

Macruronous novaezelandiae

—
1
L]
e
e ]
MO T
Lo
+ 2 & 0O

AR e T T e e ey ] r———

1040 1950 1960 1670 1980 1580 2000
Date of Calcification (years A.D.)

Figure 13.2, A'°C data from five fish species. Data for Hyperoglyphe aniarcrica are plotted
againgt birth date estimated by the CAF. Data from Pagrus guratus are plonied against the
true birth date for those fish (Kalish 1993). BRoth Centroberyx gffinis and Macruronouns
novaczelandiae A'*C values are plotted versus mean ages estimated by multiple readers from
the CAF and ANU (Kalish 1995, Kalish and Johnaton 1995). AMC values from Thunnus
maccoyil otoliths are plotied versus the birth date determined from & model describing
variation in A'*C levels over time in the eastern Indian Ocean (Kalish et al. 1996),
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Chapter 14 Validation and direct estimation of age and growth of
Patagonian toothfish Dissostichus eleginoides based on
otoliths

Tohn Kalish, Trent Tommnss, Tanet Pritchard, Justine Johnston and Guy Duhame]

Summary
Age estimates for Patagonian toothfish Dissostichus eleginoides based nn thin sections of

otoliths were validated based on measurements of mdiocarbon in cores isolated from whole
otoliths. A total of 994 owlitha collectad from the traw] fishery targeting toothfish in the
Augtralian Fighing Zone surrounding Macquerie Island during the 1995/96 and 1996/97 were
asad to determine length at ape and growth rates. The majonity of the fish in the sample wers
estmated to be less than 15 years old, far younger than the maximum age in excess of 40
years estimated in the radiocarbon validation smody. Von Bertalanffy growth functions
(VBGF) were fitted to the length and age data by year and sex; however, uncertainries for
parameter estimates and the relatively poor fit of the VBGF were affected by the hmited size
range of fish in the sample. Estimates of K and [eo for the different years and sexes ranged
from 0.005-0.116 {95% confidence intervals) and 1,087 to 10,405 (95% confidence
intervals), respectively. Subsamples of otolith sections prepared from toothfish collected at
Macquarie Island were read by four independent readers working st different laboratories.
There was evidence of systematic bias between some of the readers, although the small
confidence intervals for differences estimated at cach age indicated that individual readers
were congistent in their interpretation of presumed annusl increments.
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Introduction

Catches of Patagonian toothfish, Dissostichus eleginoides, in the southern oceans have
increased dramatically durtng the past decade and, with the inchusion of illagal, unregulated
and unreported fishing may exceed 70,000 tonnes in some years (CCAMLER. 1998). The
impact of current catches on toothfish stocks 15 unknown doe to the lack of information an
the biology of this species. Effective management of this species will require significant
regearch in a range of areas including age and growth, life history, migration and movements,
atock discrimination and others.

Patagrmien toothfish is a member of the family Nototheniidas, & group endemic to Antarctic
end subantarctic waters and characterised by lack of 2 ywim bladder and the presence of
glycoproteins in their blood, which act to prevent these fish from freezing in water
temperatures below (°C (Kock 1992). Collections of larval toothfish are extremely rare, but
they are believed to be pelagic and settle to demersal habitats as juveniles st a length of
approximately 10 cm (Evseenko et al. 1995). As adulfs, Patagonian toothfish are demersal
and distributed in slope waters around subantarctic 1slands and geamnounts of the Southen
Ocean and their distribution centres on the Subantarctic Convergence Zone in the area
hetween 45°S and 55°8 |atitude. Toothfish are also caught in the slope waters off Argentina
and Chile south of sbout 35°5 lantude,

Validated estimates of age and growth for Patagonien toothfish heve not been reported, but
are critical to the sustainable management of this species and urgently required in order to
determine basic hife history characteristics including longevity, growth rates, age at maturity
and mortality ratés. Ultimately, these data ere egsential to estimate the produectivity of
Patagonien toothfish and to establish sustsneble rates of fishing,

Few data are available on age and srowth of toothfish and those stoudies that are avaidlable
provide age estimates based on unvalidated methods. Yukhov (1971) end Frollana (1977)
estimated ages based on whole otoliths end Hureau and Ozouf-Costaz (1980) used scales.
Furthermore, the largest toothfish used in these studies were less than 100 am SL, although
toothfish of more than 200 em SL are captured regularly. On the basis of the interpretation of
annnli in scales Hureau end Ozouf-Costaz (1980) estimated toothfish from the Kerguelen
Platean region to be about 6 years and 18 wears of age at 30 e SL and 70 em SL,
respectively. The oldest age eatimate they produced for a toothfish was 21 years for a 85 cm
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SL individual, In eddition, Hureau and Ozouf-Costar (1980) indicated that a workshop on
age determination of Antarctic fish produced good agreement between age cstimales based
on scales and broken and burnt otoliths.

Age estimates from otolith thin sections for Patagonian toothfish from South Geargia were
reported by Cassie (1998) and compared with age estimates from scales. Thers was good
agreement between scale and otolith estimates: however, it was concluded that scales were
mare appropnate for age estimation of toothfish as they were easier to read, whereas otolith
sections were frequently totally opaque. The maximum age found in the study was 24 years
for a 223em (total length) Patagonian toothfish. Age of Antaretic toothfish, Dissostichus
mawsoni, & species closely related to Patagonian toothfish, was estimated from thin sections
af omoliths {(Burcheti et al. 1984). The apparent success of the clolith thin section method
provides sdditional support for further investigation of the method and its application to
studies of Patagonian tnothfish age and growih,

Validabon 15 a critical component of the age estimation procedure, however, there are no
reported studies of age validaton for any nototheniid or Antarctic fish apecies. Validation is
a process whereby the accuracy of an age estimation methad i3 determined and, in the first
ingtance, can be linked to confirming the temporal significance of zones that are counted
when estimating age (Kalish et al. 1995), Age validation is & difficult process, even for
temperate and tropicel species. The remoteness of the southern oceans, the biology of the
tarpeted fizsh species and the nature of the fishing and processing operations funther
complicates the validation process. Potentially, these issues make a method based on mark
and recapture a poor candidate for age validation of nototheniid fishes. Methods based on the
chemical composition of otoliths, including the radiomeme method (Campana et al. 1990,
Fenton end Short 1992) and the bomb radiocarbon chronometer (Kalish 1993, Kalish 1905a,
Kalish et al. 1996) are more suitable as they do not entanl marking and recaptunng of fish;
they simply require otolith samples.

The aim of this study is to validate ape estzmates for Patagonian toothfish based on thin
sections from otoliths, provide an indication of length at age and growth rates for the
populaton of toothfish at Macquane Island end deterrine varisbility in age estimates for
toothfish made by different laboratories.
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Maierials and Methods

Radiscarbon analysis

Patagonian toothfish otoliths were obtained from & range of sources in order 1o ensure broad
ternporal and spetial coverage. Thue to limited informaton on the separefion of tothfish stocks
it was oot known if fish sampled later in life would have moved significant distances,
potentially complicating interpretation of radiocarbon data Furthermore, toothfish Gsheries are
biased in terms of the size, and presumably spge, of fish sampled; traw] fisheries capture
smaller (younger) fish and longline fisheries capture larger {older) fish. The need to sample
fish with birth dates spanning the period from abaut 1955 to 1985 for effective use of the
bomb radiocarbon chronometer necessitated the collection of samples from a range of sources
with different collecnon dates (Takle 14.1). Samples were oblained from Macquarie Island,
Heard and Mecdonald Islands, Kerguelen [sland, Prince Edward Islands, Falkland Islands,
South Gearpa and Chile (between 46" § and Cape Hom; 1996) (Fig. 14.1). These samples
were obtained through the cooperation of oumerous individuals end agencies (sec
acknowledgments).

Otoliths were weighed dry and then prepared for radiocarbon and stable carbon isatope
analysis. [n previous studies (e.g. Kalish 1993, Kalish et al. 1996) the earliest formed regions
of individual otoliths were isolated with a fine, high speed dnll and it was possible to ‘sculpt’
from the adult otolith, an otolith that wae representative of & juvenile fish. This process was
tnitially attempted in the study of toothfish otoliths, however, it wes found that these samples
were not amenable to sculpting. Dunng attempis at sculpting toothfish otolith cores, the

' sample would fracture in &n unpredictable and irregular manner, In general, it appeered that
these samples were too brittle and could not be ground using our established methads.
Alternate methods for the isolation of toothfish atalith cores were investipated The most
suitable technigue tested was based on the use of an “ultrasomic disc cutter’. Whale otoliths,
suleus acusticus side up, were affixed to glass slides with Crystalbond. Otolith cores were
isolated in the transverse plane with digc cutters of either 1.5 mm or 3.0 mm diameter (Fig.
14.2 and 14.3). These initial cores eliminated older otnlith material deposited in the sagmtial
plane, but stil] contained material deposited throughout the life of the fish in the transverse
otolith plene, Therefore, firther sample preparation was required to eliminate older otolith
material, The brittle nature and small size of these atolith cores, between 1.0 mm and 2.5 mm
in diameter, made standard grinding methods impractical. We used a hand operated
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mechanical grinding jig for further grinding to remove excess otolith material in the tranaverse
plane. The mechanical grinding jig allows samples to be ground on standard wet/dry papers,
but makes it possible to cantrol the amount of material remeved m each grinding stage, Otolith
cores prepared with the ultrasonic dise cutter were affixed to a 25 mm diameter (10 mm thick)
steinlesy steel dise with Crystalband. The dize, with the otolith core attached, 13 inserted into
the machanical grinding jig. The jig was adjusted in 2 pm steps, thereby exposing only 2 pm
of the ololith core at any onc fime for grinding, The core was ground on both the dorsal and
ventral surfaces to engure that the final sample contamed matenal from only the earliest
formed regions of the otolith. The position of ‘landmarks’, particulerly distinct opague zones
fermed in early life, were monitored frequently. This engured that the final atalith sample
contained material deposited only during what was presumed to be the first year of the fish's
life which is spent in the surface mixed layer of the Southern Ocean. The final product was &
gingle pece of otolith eragonite (Fig, 14.3). Sample weights mnged from ahout 2.1 to 10.9
mg. The lightest samplas (< 4.0 mg) were produced with the ultrasonic dise cutter with a
diammeter of 1.5 mm; heavier samples were produced with the dise cutter with & hore of 3.0

g

Accslerator mass spectrometry was used to measure radincarhan 1n samples of otolith cores,
Otolith carbonate was converted to CO2 by reaction in vacuo with 100% phosphoric acid. An
aliquot of the CO2 was used to detarmine §'*C for each sample and the remaining CO2 was
converted to graphite for analysis of radiocarbon. Radipcarbon levels in each sample were
determined by AMS at one of three laboratories: the Center for Accelerator Mass
Spectrometry, Leawrence Livermore National Laboratories (Livermore, Califomia), the U8,
Nahonal Science Foundahon Accelerator Mass Spectrometry Facility at the University of
Arizona {Tuscon, Arizona) and the Radiocarbon Accelerator Unit, Oxford University (Oxford,
England). Detals of specific analytical procedures used can be obtained from each laboratory.
Radiocarbon walues are reported as A''C, which is the ape- and fractionation-corrected per mil
deviation from the activity of nineteenth century wood (Stuiver and Polach 1977}, Reported
errors for the radiocarbon date ars | standard deviaton. Radincarbon errors include both
counting emors and leboratory random érrors.

Age and birth date estimates for toothfish were based an interpretafion of opague and
transiucent zones in otolith thin sectiona. Standard procedures were employed for thin sechon
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preparation and these are detailed in the description of methods used for determination of age
and growth. In most cases, otolith pairs were avalable and the right otolith was used for
radiocarbon analysis with the lefi otolith retained for sectioning and age estimation. In some
cazes, only one otolith was available for analysis and the single otolith was used for both
radiocarbon measurement and sectioning. The otolith coring procedure desenbed above
resulted in an intact otolith with only the core remaved (Fig. 14.3). These ‘coreless’ otoliths
were still suitable for sectioning with standard procedures, however, it was necessary to
estimate the number of presumed annual increments removed in the coring procedure, In most
cases, this was estimated as one year based on the size of the core and comparisons of cored
sections with intact sections. Age estimates from ofolith sections were made before
radincarbon data were available to ensure independence of the data sets.

Age and growth

Otoliths samples were obtained from Macquanie Island in the 1995/96 and 1996/97 austral
summers. Fish were captured in demersal trawls by the Austral Leader from within the
Australian Fishing Zone (AFZ) surrounding Macquarie Tsland. An Australian fisheriss
observer removed left and right sagittal otoliths from fish while at sea and reconded fish
weight, length and sex. Fach otolith pair was stored in an individual envelope and a sub-
sample of the total collection was used in this study. This sub-sample was a combination of
randomly selected otoliths and systematically chosen length classes to ensure that a wide
range of lengths were uniformly sampled for suhsequent development of an age-length key.

Left and right otoliths from each fish were cleaned and individually weighed on an electronic
balance to 0.1 mg. The length, width and depth of cach otolith were measured to the nearest
0.1 mm, using vernier calipers.

Right otoliths were prepared for estimation of age. The approximate position of the core was
determined and marked on the sample in pencl. Ctoliths were placed, four per row, on a thin,
cured layer of polyester resin and then fully embedded in a layer of polyester resin. Resin
blocks were sectioned using a low speed saw with 14 cm dismeter by 500 pm thick diatnond
embedded blade. Four serial transverse sections of 600um each were taken in the region of
the otolith core. Senal secnons were affixed o glass slides and some otolith material was
removed using a lapping wheel and 240 or 400 wet and dry carinde paper. Optical denaity of
the sections was checked frequently, under a compound microscope, dunng the prinding
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process o ensure that the sections were prepared io a thickmess that was optimal for
sihsequent reading. Afier grinding wes completed, the sections were polished using 1200,
2400, 4000 wet and dry carbide paper to give a smooth finish.

Orolith Reading
Four scctions were available for reading from each otolith. The sechon chosen for age

estimation was sclected on the basis of clarity of increments and the proximity of the section
to the otolith core. [n some cases, ages were estimaied from more than one section from an
individual otolith in order to commoborate age estmates obtained from a particular section.
Annual incrementa formed n the first three to five vears are complex structures and
individual annual increments appaar to consist of multiple opagque and transhucent zones.
After three to five years, smnnal increments are typically bipartite strucfures consisting of one
opaque and one translucent zone, when viewed with a compound microscope at
magnifications of up to 400x. However, ‘splitting” of opague zones does occur in some ouler
increments and can complicate interpretation of presumed annual increments.

Several regons of each otelith section were commonly viewed to estimate the age of an
individoal, due to the fact that, in most cases, no single region provided a record of clear
annual increments throughout the life of a fish. Otolith sections were viewed at 40, 100, 200
or 400 magnificabion, although the first anoual increment was often identified under 40x
magnificaton. In most cases, 100x magmnGcation was used 10 identify subsequent opague
and transhicent zones for age estimation. The presumed first increment was distnguished as
a continuous translucent zone around the trangverse otolith section (Figs. 4, 5 and ). In
sections that incorporated the otolith core, the sulecus acnsticus usually penetrated to the adpe
of what was presumed to be the first annual increment, and this *marker’ was frequently used
as 4 guide for identification of the first increment. After identification of the first increment,
sitbsequent opaque zones were counted from the region of the otolith core towards the otalith
edge to provide an estimate of fish ape. Estimation of age based on counts of presumed
annual increments was often complicated by the presence of presumed non-annual markes or
checlks that were both regular and trregular in appearance. In order to overcome many of the
complicating factors associated with age estimation, “keys' were developed that provided
estimates of the width of particular otolith regions in relation to age. For example, the first
three to five annual increments were characterised as extremely opague and wider, relative to
ather annmial increments. The next seven to nine mcrements were slightly thinner and less
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opaque. Outer increments in the otoliths of fish with presumed sges in excess of ebout 14
years of age were relatively thin and uniformly spaced (Fig. 14.6). However, no single set of
rules applied in all cases, and, where possible, several regions from e single section, and,
ideally, counts from different sections were compared in order to provide a final age estimate
for an individual toathfish,

Scanning electron microscopy (SEM) was used to provide some verification of the position
of the first annual increment by quantification of presumed daily increments. Selected thin
sections prepared for the reading of annpal increments were finushed further hefore acid
etching by polishing wath .25 (m aluminium oxide and 0.25 Om diamond paste. Samples
were washed in distilled water in ap ultrasonic bath and then etched with 0.1 M HC) for 2
min. Etched thin sectiony were coated with gold and observed in a Cambridge Stereoscan
SEM.

One hundred otoliths weare re-read 1o establish the precision of within-reader age estimation.
Between-reader variahility was estimated initially by independent readers who read 34
toothfish otoliths collected from throughowt the distribution of Patagonian toothfish and used
in the bomb radiocerbon validaton study. Precision of age estimates was tested using the
cocfbcient of vanaton ag set out in Chang (1982) for both inter and intra-reader vanabaliry.

Inter-laboratory comparison of age estimates

Independent agencies estimated ape from a sub-gample of the otolith sechons produced from
toothfish collected at Macquane [slend. The agencies invelved included the Anstralian
National University (ANL), Central Ageing Facility (Australia) (CAF), National Instituie for
Water and Atmospheric Research (New Zealand) (NTWA) and Old Domimion University
(USA) (ODL). Direct comparisans were only made between the ANT age estimates and
those from the other lahoratories. The number of samples read by different laboratonies
varied, but was af least 100. In order to compare data and detect any systematic bias between
readers, age estimates from each parm of readers and the 95% confidence interval about the
mean age assigned by one reader for fish assigned & given age by a second reader were
plotted ageinst one another as deseobed in Cammpana et al. (1995). Linear regression lines
were fitted and tested to determine if there were significant differences from a slope of one
and an intercept of zero. Coefficients of verianece (CV), as described in Chang (1982}, were
calculated to provide a statistical evaloation of the repeatability of age estimates.
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Analysis of age and length data

Voo Bertalanffy growth functions were fitted to length at age data and significant differences
between fishing seasons and sexes tested, Data were fit separately for each sezson and sex
using the maximum likelibood procedure in the IMP statishcal package and the model

L=Lfi-ett]

where Leo is the theorstical asymptotic length, t0 ia the hypothetical age when L is zero and K
15 the growth coefficient that indicates the rate at which the length of the fish approaches Leo.

Due to the non-linear formulation of the VBGF, analysis of covanance can not be used
for comparisons of paremeter estimates. Analysis of the residual sum of squares was used to
test for significant differences in parameter estimates of the VBGF as described in Chen et al.
(1992)

RSS, - RSS,  pss — Rss,
po s, ~Dh  3x(K-1)

RSS;
DF,g, N-3xK

where RESP = residual sum of squares of the VBGF fitted by pooled growth data, RSSs=sum
of the residual sum of squares of the VBGF fitted to growth data for each individual sample, N
= total sample size, and K = number of samples in the comparison.

Two oulliers in the 1996/97 season had a large effect on the calculation of VBGF parameter
eshimates, causing urrealistic estimates of Len, However, there was no statistical reason to
exclude these fish from the data, therefore, analyses for the 1996/97 season were conducted
both with and without these two points.

Results

Age validation

Radiocarbon (reported as A''C) data from Patagonian toathfish (Table 14.1) are platted versus
birth date estimated from otolith thin sections in Figure 14.7. Stendard deviations for the
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radiocarbon date are ineluded in the graph, however, as these emmors are all below 1%, they do
not extend beyand the data points. The results indicate pre-bomb radiocarbon levels for
tonthfish of lass than -110%a, in sgreement with independent estimates of A''C in surface
seawater dissolved inorganic carbon from similar latitudes (Broscker et al. 1985, Gordon and
Harkness 1992, Berkman and Forman 1996). There is a trend of increasing radiocarbon
starting around 1960; the rate of ncrease in Southemn Ocean radiocarbon around the 1960s and
19704, as measured in toothfish otolith cores, is consistant with the known effect of
atmosphenic testing of atomic weapons. These results validate that opague and transiucent
zones visible in transverse sections of otoliths from Patagondan toothfish ere formed annually.

Radiocarbon end birth date data from toothfish otaliths collected at Kerguelen Island
demonstrate coberence in A''C from samples collected over a time perind of more than 15
years (Fig. 14.7). Otaliths were sampled from moderate-sized toothfish (standard length <128
cm) collected by French trawlers operating around EKerguelen Island in 1979, These toothfish
had estimated ages betwesn 19 and 11 years and associated birth dates ranged between 1960
and 1968, These samples yielded A'C ranging from ~77.0%s to =38.5%. (Table 14.1),
Tanthfish collacted from different locations at least 15 years later, but with similar AC
measured in their otolith core, had birth date estimates from otolith than sechons ranging from
1957 to 1969. This result provides further strength to the vahidation by demonstrating the
likely annual nature of opagoe and tranglucent zonss in thin sections of ofoliths from younger
toothfish and the coherence of these age estimates and A'*C from older individuals.

Comparison of toothfish birth date estimates from two independent readers demonatrated that
interpretation of opague and translucent zones in the otoliths wasg congistent betwesn readers.
Birth date estimates from the two readers were plotted versus A'C (Fig. 14.8) end both sets of
birth dates define the increase in radiocarbon assnciated with atomic testing, Direct
oomparison of age estimates made by Reader 1 and Reader 2 indicatad that the difference
between age cstimates was less than four years for most otoliths (Figure 14.9), however, this
was equivelent to a percentage emmor of up to 13%. Although reader bias was not evident m the
comparison of the two readers, further investigation of potential reader bias and inter-
laboratory calibration i3 werranted hefore the ape estimation method is established or used ta
provide data for stock essessment methods such as cohort analysis,

Southem Ocean radiocarbon levels are far below those meagured in temperate waters. Figure
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14.10 includes data from both subantaretic Pategoruan toothfish and temperate snapper Pagrus
auratus otoliths (Kalish 1993) and indicates the relative depletion in radiocarbon between
these regnons. Despite the differences in madiocarbon levels relative trends associated with the
input of bomb radicarbon to the ocean are similar among the ncean sectors with the exception
of the Falkland Islands data.

Age and growth
Callections from both seasons containad more females than males (283:204 for 95/96,

256:171 for 96/97) and this bigs in sex rabo was signficant (p<(.0001). In addition, female
fish in both samples were significantly longer than male fish (p< 0.0001). This resulted from
the lack of large male fish with only two males > 1100 mm for both collections. The 1996/97
season eontaned more very large and very small fish to enmure that a broad length range of
toothfish was sampled. The relationship between fish total length and fish weight was similar
for collections from 1995/1996 and 1996/1997 with both seasons combined yielding an
exponentiz] relationship of weight = 3.06 x 10-8 x total length2 B56 (Fig 11). There was a2
strong linear relationship between fish weight and otolith weight (r2=0.96, p<0.0001) and
highly significant correlations berween all otolith morphometries (weight, length, width and
depth) and both otolith section age and fish length (Figs. 12 and 13). Only relationships with
otalith weight and depth were linear, with otolith length, width and depth reaching an
asymptote as fish growth slowed.

Voo Bertalanffy growth functions (VBGF) were fitted to each season and sex separalely.
There were significant differences between fishing seasons, caused mainly by the two largest
fish from the 26/97 season (Table 14.2, Fig. 14.14). The 1996/97 season also contained many
more large fish, which yielded greater ages based on the otolith sectipns. Data from the two
largest fish were removed from the data set as they caused the parameater estimation procedure
to produce unrealistic estimates of Lao (Table 14.2). After removal of these points from the
1996/97 data, VBGF parameter estimates for both fishing seasons were similar. The values
egtimsated for t0 were adequately small (Table 14.2) for both seasons to suggest a reasonable fit
of the VBGF for smaller fish. Mean values estimated for Loo ranged from 1384 to 2999, close
the maximum size recorded for Patagonian toothfish, however, the 95% confidence intervals
were large (Table 14.2). Estimates of K were generally low and ranged from 0.022 to 0.72,
indicating tha! Patagonian toothfish are slow growing, but, agam, the 95% confidence intervels
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were large (Teble 14.2). There was hitlle evidence of an asympiote in the relationshup between
fish leagth and age; this was almost certainly due to the lack of large fish fraom bath seasons
(Fig. 14.14). Significant differences between male and female VBGF parameters for the
1596/97 season were found (F(3,492) = 14.6, P< 0.05) and are probably duc to the lack of
large meles. No significant difference between the sexes was found for the 1995/96 season
(F(3,496)= 24, P=0.1).

Precizion of age estimates

Differences between repeat readings by a single reader were normally distributed with a single
made of 1 year (Fig. 14.15). Fifty six percent of readings were within | year, and 94%, within 3
years with a single outlier of 10 years. No systemane biss with age was evident (Fig. 14.15),
Differences between repeat age estmates were slightly larger in older fish, though the
percentage error is smaller (Fig. 14.15). The coefficient of variation was calculated to be 14.5,
and was affected by several large putliers,

Between reader precision for the sample from predominantly large toothfish from a range of
locations used for the radiocarbon validation study showed po systernatic bias between two
independent readers (Table 14.1), Thirty eaght percent of readings were within 1 year of each
other and 74% were within 3 years of each other. Coefficient of vaniation was 22,5, and again
substantially affected by several utliers with large differences between the two readers. Some
of the differences may be partly attributable io the poor section quality of otaliths which had
their cores removed for radiocarbon analysis; interpretation of the inner opagque and translucent
zones was more difficult in these samples. Birth dates calculated from the otolith section age
estimates, when plotted against A''C (Fig 8) dernonstrated the magnitude of age estimation
errors for these larger fish in relation (o the radiocarbon validation.

Ages were estimated for 30 fish from each of 7 fisheries as part of a study of toothfish stock
discrimination based on otolith morphometrics and otalith chemistry (Timmiss and Kalish
submitted). Samples were from Macguarie Island, Heard and MacDeonald Islands, Kergeelen
Tslard, Prince Edward [slands, Falkland Islands. South Georgia and Chile (between 456° 8 and
Cape Homn). These fish ranged in age from 9 to 35 yeary and thin sections demanstrated
opaque and translucent zones that were similar in structure 1o those quantified in sections from
toothfish collected in the AFZ around Macquarie Island
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Inter-laboratory comparison of age estimates

The wnter-laboratory companison of age sstimates for Patagonian toothfish demonatrated that
each laboratory was identifiaing smilar structures as annuli. There wes evidence of bias
between some readers and these differences in age estimates may have resulted from different
interpretation of specific otolith regions. There was no evidence of systematic bias hetween
readers from ANU and NTWA over the range of ages (Fig. 14.16 and 14.17). The intercept of
the regression hne was not significantly different from O (intercept = -0.265), nor was the slope
of the line significently different from 1 (slope = 1.033). The cosfficient of variation for age
estimates from these two readers was 13.63. Systematic bias was evident between and ANU
and CAF with the reader from ANU providing slightly greater ages over most of the age range
(Fig. 14.16 and 14.17). Thiferences et agea 3 and 4 suggest that readers were interpreting the
first and second increments differently, although the small confidence intarvals indicated
readers were internally consistent. The regression line indicated that the intercept was not
significantly different from O {intercept = -0.287), but the slope wes significantly different
from 1 (slope = 0.898, p<0.05). The coefficient of vanaton was 21.20, howewver, this is
significantly affected by the systemabic bias (Campana et al. 1995) and a better indication of
precision can be obtained from the standard arrors plotted in Fig. 14.16,

The preatest bias ocourred between age estimates from the ANU and ODU (Fig. 14.16 and
14.17). Dhiferences in age estimates for ages 3 and 4 were opposite to that found between
ANU and CAF, Whereas CAF obtained older ages than ANU for these young fish, ODU
obtained younger ages, Mean age estimates by the ODU reader were | 10 2 years younger than
the ANT) estimates and the coefficient of variation was 28.3.

Scanning electron microacopy demonstrated the existence of otolith microstrocture, generally
interpreted as daily increments, in the Patagonian toothfish otoliths (Fig. 14.18 and 14.19).
Although the tempaoral nature of the increments was not validated, these presumed daily
increments eould be naad to provide some corroboration of the position of the first annual
increment. Counts of presumed daily increments from the otolith core to the approximate cuter
edge of the first annulus (as eaimated by the CAF) in three otoliths ranged from 134-185.
Sirnilar counts to the first annulus (as esttimated by the ANLD ranged from 265-321.
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Discnssion

Age walidation

The world's oceans are not homogenous in relation to the distribution of radiccarbon. The fact
that radincarbon varies spatislly and tempaorally through the oceans i3 the basis for the value of
this radioisotope as a tracer of ocean circulation and carbon fhox berween the ocean and
atmosphere (2. g, Broecker ef al. 1985). Although these properties are extremely important for
studies of ocean dynemics, they increase the difficulty associated with the interpretation of
radiocarbon data in fish otoliths in relation to age. For some figh species the distribution of
varions life history stages and the interpretation of otoliths in relation to fish age i3 well
understood, for example, New Zealand snapper (Pagris auraius) and Arcto-Norwegian cod
(Gadus morhua), Anslyses of radiocarbon from otoliths of these species can be used to
determine the temporal vanation of radiocarbon in particular locations (Kalish 1993), data that
are impaoriant to research on ocean and atmosphere dyneamics,

Due to the potentially broad distibubon of juvenile Patagonian toothfish and the geographic
extent of sample collections for this study across all sectors of the Southern Ocean, it was not
feasible to construct a calibration curve of radipearbon vanation. Purthenmore, it 15 elear that
there are differences in radiocarbon flux acroas sectors of the southern aceans. For example,
waters that flow to the east as the Antarctic Circumpalar Current and then move north as the
Peru Current would have signatires characterised by relatively low A'*C. The Brazil Current, a
western boundary current with relativey high A'*C, mixes with the Falkland Current,
predominated by subantarctic water, and may vield higher A'C in the Falkland Island region.
For the most part, these differences are manifestations of the atmosphene flux of radiocarbon
and vertical and horizontal transporf in the ocean.

Some Falkland Islands data diverge from the overall trend and have relatively high A'*C
compared with other toothfigh. The limited Palkland Iglands data indicate a poasible link
betwesn temperate and subantarctic radiocarbon in the region and this would be expected as
mggeated ahove. Furthermore, temporal varianion in mixing may result in signmificant
interannual variation in ocean 4'*C superimposed oo the bomb rediocarbon increase.

It was not feasible to detenmine statistically, deviations of A'°C messured in toothfish otolith
cores from an estimatad homb radiocarbon curve. In a previous study (Kalish 1995b), an age
estimation error was considered likely if a datum fell outside the 95% confidence mterval for
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the curve descrnbing the relabonship between year and A™C. For this study on Patagonian
toothfish, it was only feasible to provide a relatively crude validation of the age estimation
method, essentially that bipartite structures made up of at least one opague and one transhacent
zone are likely to be formed annually. This is due o the fact that birth dates could only be
classified as pre-bomb or past-bomb and, more generally, as occurring during the rapid
increase in oceen radiocarbon dunng the 1960s. It is difficult to translate this information into
detectable age esnmation errors, however it appears suited to recognition of age estimation
crrors on the order of 5 to 10 yecars.

Estimation of age and growth

Results presented here indicate that it is possible to determine the age of Patagonian toothfish
with accuracy and precision that 18 adequate for some forms of stock assessment. Within and
between reader variability of age estimates were relatively high, but within the range reported
in other studies (Kimura and Lyons 1991, Campana et al. 1995). High coefficients of vanation
were due to a combination of the relatively old age of toothfish and difficulty in the
interpretation of some increments, Within-reader variahility had a mode of one (Fig. 14.15)
indicating ages were higher on the second reading, though this was not significantly different
from 0. This emror was probably due to the interpretation of the first 3-5 annuli, and in
particular the first annulus. The inner region of toothfish otoliths is more opague than other
sepments, and is difficult to interpret in many sections. In general, the interpretation of the
inner annult was based on the presumnption that they contain several opague and translucent
zones. Varability in the structure of these inner increments and the subjective nature of their
mnterpretabon undoubtedly causes some level of imprecision. Unfortunately, the validation
based on the bomb mdiocarbon chronometer wes unable to resolve potential ermors of this
small magnitude in this species, particularly duoe to the lack of data on radiocarbon variability
in the southemn oceans and the nature of the broad geographic distribution of loothfish.

Further age validation research on this species is warranted to provide a better indication of the
accuracy of the age estimates determined from otolith sections. Differences in age estimates
for younger toothfish (< 5 years) among three laboratories indicated that there was a difference
in the interpretation of the earliest formed opague and translucent zones. A problem that
frequently occurs in age estimabon siudies based on otoliths 15 the inability to define the first
increment. Unfortunately, standard capture, mark and recapture studies on traw) ar longline
caught toothfish are unable to resolve this problem. A definitive validation for the first anmual
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ingrement requires marking of individoals known to be less than one year of age and these are
unlikely to be captured hased on the capture methods typically employed in the subanterenic
fisheries.

Alternatively, daily increments can be used to confirm the position of the first annual
increment. Ths study has demonstreied that presumed daily increments formed during the
larval and early juvenile periods could be discerned in otohiths collected from adult Patagonian
toothfish. Collection of 2 series of small toothfish and the quantification of daily increments
can be valuable too] in identifying earlier annul. Several studies have previously idenrified
daily increments in Antarctic fishes (e.g. Radtke et al. 1989, Ruzicka and Radike 1995}, In this
study, consistent patterns of presumed deily increments were observed in Patagonian toothfish
otoliths based on electron microacopy and these data were useful in estimating the position of
the first annuoal increment. The results from a small sample of otoliths supported the use of the
first annual increment as identified by the ANL and NTW A readers. However, the temporal
neture of the 'daily’ increments has not been validated and further mveshgation of these
structures is warranted to validate and support toothfish age estimates from otoliths.

No large systematic biases were evident between otolith readers, however, further
enllaboration 18 required to define annuli more clearly and provide more precise estimates of
toathfish age. Additional inter-laboratory comparisons, particularly on otoliths from fish that
have been marked with some form of calciphilic marker (e g. oxytetracyline hydrochloride or
strontium chlonde) are essential to provide a better indication of the accuracy of age estimates
end to ensure that interpretation is consistent among agencies. This is of aritical impartince
due to the fact that pumerous agencies are involved in management of toothfish and these
OrgANiSatons mey carry out independent studies of toothfish age and apply these data to stock
aascasments. Although mark-recapture studies are unlikely to be suitable for validation of
perhaps the first and second increments, 1t would provide validation of annuli for later
increments, Interpretation of otoliths from marked fish after several years at lberty would be

particularly important.

Otolith collections that are more representative of the toothfish populetion from a parhcular
location are needed for accurate modelling of fish growth. To determine population age and
growth, this study used two otoliths eollections obtained from toothfish captured around
Macquarie Isiand by demersal trawling. Trawls for Patagonian toothfish typically operate at
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depths of less than 1000m, not as decp as the average capture depth for toothfish fished by
longlnes (e.g Des Clers et al. 1996). As toothfish inhabit deeper depths with greater fish size
{Duhamel 1993) larger fish wers excluded from the Macquarie Jsland eollections, Based on the
kmown maximum size of toothfish collected at numercus locations, the Macquane [sland
aamples used m tha study are not representative of the Macquane [sland population; they are
representative only of the currently exploited population.

There was a sipnificant difference between both the number and length of each sex in bath
seasons Which 18 enther due to a bias in the capture method or reflective of a lack of largs
males in the population. Significant differences in length between sexes have been recorded
from Patagonian toothfish collected from the Falkland Islands and South Georgie fisheries
{Des Clers et al. 1996), They found that male fish were typically less than 1400 mm, although
one large male was 1700 mm. However, there was no significant difference in the number of
each sex in the Falkland Tslands (Des Clers et al. 1996). Therefore, the difference in lengths
observed at Macquane Island and the Falkland Islands may indicate that mele fish do not grow
as large as fernale. This conld be linked to the toothfish life history strategy, if it is such that
there is no benefit to male fish growing large. Alterpatively, male toothfish may inhabit
different habitats to females, and either escape capture or suffer incressed mortality,
preventing them from reachimg large size, Also, as the sample investigated here was stratfied
on the basis of length and not a random sample of the total catch it may not be representative
of the sex ratio of whole population.

There were significant differences between VBGE parameters for male and female toothfich
collected in the 1996/97 season, but these results were inconclusive. This was largely due to
the lack of large males, which resulted in lower egtimates of Loo and higher estimates of K for
males. Male and female toothfish appear to grow at similar rates in the first 10-15 years, after
which the lack of male fish is responsible for thig significant difference. Furthermore, this was
exagperated by the hgher number of large female fish in the 1996/97 season compared to the
1955/96 geazon. Further research is required to determine possible differences o growth rates
for male and female toothfigh.
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Conclusions

Toothfish otoliths analysed for radiocarbon yielded otolith section ages from 2 to 43 years and
agsociated hirth dates between 1940 and 1988, The regultent relationship between birth date
estimated from the otolith thin sections and A™C measured in the otolith cores showed that
A'*C was consistent with the expected variation in Southern Ocean A''C and thereby provided
& validation for the age estimates. There were gignificant differences in otolith core A'C for
the toothfigh from different localities, congistent with the broad geographic separation of the
collections and indicative of stock separation for toothfish i the southern ocaims. Based on a
sample of 994 otoliths from Macquarie Island, toothfish are slow growing with estimates of K
and Loo for the different years and sexes ranging from 0.005-0.116 (95% confidence intervals)
and 1,087 to 10,405 (95% confidence intervals), respectively. Effective modelling of toothfish
growth will requere samples that are more representabive of the populahon and should melude
fish captured by trawling and, from greater depths, by longlining. A subsample of toothfish
otolith sections read by four lahoratories demaonstrated some hias in ags estimates, but this was
corgidered small given the apparent maximum age of oothfish of around 45 years. Forther
velidation of foothfish age 13 required to confirm the nature of the first annulus and quantity
the precision of age sshmates from otolith thin sectiona.
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Table 14.1. Fish, otolith, and radiocarbon data for Patagonian toothfish Dissestichur eleginoides collected from several sites. Errors are standard
deviations.

Sample  Collection Collection  Fish Otolith Sample A"C (%) Otolith  Birth Otolith Birth

No. location date length  weight (g) weight section date section age  date
(cm) (mg) Bge (year (years) (year
(years) AD) Readerl  AD)
Reader 2
DTN 2 South 23 Aug 204 - 10.2 - 40 1940 40 1940
Georga 1980 1326473
DTH 10 South 23 Aug 126 - 0.8 -O6.32T.8 14 L St 14 1966
Georgin 1980
DTN 13 South 23 Aug 165 - 2.3 - 18 1962 18 1962
Georgia 1980 128,379
PT1 Macquaniel 27 Jan 96 187 D.6827 23 -11045.7 41 1957 40 1958
PT 15 Falkland I Apr 94 152 0,425 2.2 -11.248.7 26 1968 28 1566
FT 14 Falkland | Apr 04 158 03843 T.5 56.546.3 25 1969 28 1266
PT41 Falkland 1 Apr 94 165 {1.56 9.5 -66,419.] 20 1963 30 1964
PT 46 Falkland | Apr 04 170 0.4908 21 41481 27 1967 2 1973
DEF 1 Falkiand | 1095 - 03468 1.2 40,363 13 1962 31 1964
DEF 2 Falkland I 1995 - 0.2087 7.9 -TR.9+68 15 1980 16 1979
DEF 3 Falkland I 1995 - 450 0.6 -56.2+5.4 35 159460 AB 1957
DEF 4 Falkland I 1995 - 0.3755 9.9 -35.7+5.4 3l 1964 28 1967
DEF 5 Falkland I 1995 - 03169 9.5 -30.244.6 28 1967 37 1958
DEF 14  Falkland 1 1995 - 03012 9.5 253268 25 1964 25 1970
DEF 18  Falkland | 1995 - 03500 9.6 91.1:54 37 [958 L} 1957
DEF 26 Falkland 1 1995 e 0.2581 g8 205 B 20 1975 22 1973
DEF 34 Falkland 1 1995 - 01916 2.9 30.526.1 10 1985 ] 1987
DEF 66 South 1995 - 0.3936 78 34 1961 4 1955

Georgia 101.2+59
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HEO
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DE 35
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DER9
DE 95
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Edward 1
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Prince
Edward 1
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Edward 1
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17 Jan %0
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31 Dec 05
22 Dec 05
28 Dec 95

25 Jan 96

B4

o2

21

114

112

128

14D

136

167

172

138

146

190

217

213

174

0.1512
0.1665
0.0094
0.2255
0.1863
0.3006
0.2018
0.432
0.4822
0.5363
0.4752
0.4306
0.3331
0.6614
0.5R%6
0.5716
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7 =58.9+6.1
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5 -38.545.7
7 2
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1968
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43
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29
24
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35
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1976
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1963
1962
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1962
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1964
1867
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1969
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DESAM Chile S Jan 96 168 0.5064 9.7 55449 3] 1965 28 1968
14
DBESAM Chile 15 Feb 26 174 0.7231 2.4 -93.246.0 36 1960 39 1957

63
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Table 14.2. Estimated parameters and 95% confidence intervals of the von Bertalanffy growth function (VBGF) for Dissastichus eleginoides
collected from Macquane Island during the 1995/1996 and 1996/1997 fishing seasons. Data are presented by year and sex. The VBGF from
1996/1997 was calculwied with all fish (N=498) and less the two largest fish (N=496) due to their dramatic effect on parameter estimates for
the VBGF. Comparisons between VBGF parameters between years and between sexes within a year showed a significant difference between
males and females in 199671997 (F(3,492)=14.6, P<0.05). The VBGF parameters were not signficantly different between sexes in 1995/1996
(F(3,496)=2.4, P<0.1).

Estimate Lower Upper | Estimate Lower Upper

Cl Cl Cl
-3.53 589 -1.95 0.040 0015 0.066
300 708 09 0063 0012 0116
-251 527 0.7 0.053 (D.020 0.087

242 344 -1.59 0.025 0012 0.038
-137 <301 -0.2 0.072 0.035 0114
=214 452 -l42 0.022 0.005 0.041

-1.77 2.7 -1.03 0039  0.024 0.054
-1.37 301 -0.27 0.072 D035 0.114
-1.54 309 045 0.045% 0.022 0.070
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Figure 14.1. Antarctica and the Southern Ocean regon with the locations of Patagonian
tnothfish Dicsostichus eleginoides fisheries sampled for the validation and age and growth
study.
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Figure 14.2. Patagonian toothfish otolith affixed to a glass microacopes slide with Crystalbond
and shown after 1soletion of core region wath the ultrasonic disc cutter. The diameter of the
core 15 3.0 mm.

Figure 14.3, Patagonian toothfish otolith after removal from the glass slide. Crystalbond was
removed by dissolving in acefone. The core, isolated with the ultrasonic disc cufter, comes
free after removal of the Crystalbond and i5 now ready for further grinding with the
mechanical jig descnbed in the text. The diameter of the core is 3.0 mm.
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Figure 14.4. Transverse section of en otolith from a Patagonian toothfish estimated to be 14
verrs of age. The broad and narrow arrows indicate the first continizous translucent zone,
estimated to be the completion of the first anoual increment by the ANU and CAF,

respectivaly.

Figuare 14.5. Transverse section of an otolith from a Patagonian toothfish estimated to be 15
years of age. The broad and narmow armows indicate the first continuous translucent zone,
estimated 1o be the completion of the first annual incrermeant by the ANU and CAF,

respectively.
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Figure 14.6. Transverse section of an otolith from a Patagonian toothfish estimated to be 25
years of age. The broad and narrow ammows indicate the first confinuous translucent zone,
estimated to be the completion of the first annual inerement by the ANU and CAF,

respectively.
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Figure 14.7. A™C of Patagonian toothfish otolith cores plotted against the birth date

determined by Reader 2 (see Table 14.1). Emors plotted are | stendard deviahon, but most
are too small to be ssen due to the size of the data points.
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Figure 14.8. AYC of Patagonian toothfish otolith cores plottad against the birth datas
determined by Reader | and Reader 2 (see Table 14.1). Age has been clearly underestimated
for at least two of the Falkland Tslands toothfish by Reader 1. Emors platied are | standard
deviation, but most are too small to be seen due to the size of the data points.
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Figure 14.9, Differences (years) between age estimates determined for the validation set of
otoliths (Table 14.1) by Reader 1 and Reader 2.
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Figure 14,10. A"*C of Patagonian toothfish otalith cores plotted against the birth date
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determined by Reader 1 (see Table 14.1). A"C data from New Zealand snapper Pagrus
auratus otolith cores are plotted against the true birth dates (Kalish 1993) and demonstrate
the difference in A'*C between temperate and subantarctic waters, but also demonstrate
similer trends in A'*C due to bomb radiocarbon. Errors plotted are | standard deviation, but

maost are too small to be seen due to the size of the data points.
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Figure 14.11. Length plotied against weight for Patagonian toothfish captured at Macquarie
[sland in the austral summers of 1995/96 and [996/97, The exponential relationship between
these data is weight = 3.06 x 10-8 x total length2 856 . Otolith samples from these fish were

msed in the study of age and growth.
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Figure 14.12. Relationships between Patagonian toothfish age estimated from otolith thin
sections and atolith weight and otolith morphometrics.
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by subtracting the first age estimate from the second



VALIDATION OF PATAGONIAN TOOTHFISH AGE 198

i

-
=
T

(-]
Ll

Mean Ags (Readss 2) (years)

H-1 18 ﬂ: :“
{Readar 1] (pean)

T
s '
a1}
ia
EHI- ® -
= i
-
£
; B

~ sl i pd hei

] 5 L] 1.1 F. o -1 L]
Ages [Rrader 1] (yeams)

=
B
£ :
=
.Elﬁ ]-F
E‘m. ltF

5 b
E E
! L

: .iqh:l;ti-aur 1;:'_1.1'&5!'5]-“

Figure 14.16. Age bias graphs for pair-wise comparisons of répeat age eshmates by Reader |
{Australian National University), Reader 2 (Central Ageing Facility) (upper), Reader 3
(Nationel [nstitute for Water and Atmospheric Research) (centre) and Reader 4 (Old
Daminion University) (lower), Error bars represent the 95% confidence interval ebout the
mean age sssigned by Reader | for all fish assigned & given age by & second reader. Age
estimate comparisons were based on randomly selected samples from Macquarie [sland.
Samples were prepared by Reader 1.
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Figure 14.17. Instribubion of age differences between otolith readings based on pair-wnse
comparisons of age estimates by Reader 1 (Australian National Urnuversity), Reader 2
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Reacarch) (centre) and Reader 4 (Old Dominion University) (lower). Age estimate
comparisons wers based on randamly selected samples frerm Macquarie Island. Samples
were prepared by Reader 1.
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500 um

Figure 14.18. Scanning electron micrograph of an acid etched thin section of an otolith from
a Patagonian toothfish estimated to be 16 years of age. The arrows labelled ANU and CAF
identify the estimated position of the outer edge of the first annual increment as determined
by those two groups. Counts of presumed dsily increments were made from the otolith core
to these posinons.
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Figure 14,19, Scanning ¢lectron micrograph of an acid etched thin section of an otolith from
a Patagonian toothfish estimated to be 16 years of age. The presumed daily increments
shown here are dorsal to the ofolith core.
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Chapter 15 Use of the bomb radioearbon chronometer to validate
estimates of age for black oreo (Allocyttus niger), smooth
oreo (Pseudocyttus maculatus), spikey oreo (Neocyttus
rhomboidalis) and warty oreo (Allocytius verrucosus)

John Kalish, Justine Johnston, Sandy Morizon and Corey Green

Summary

Mm&mmh of rdiccarbon in the carliest formed segments of black, smooth, spikey and
warty oren ololiths were compared with age estimates based oo counts of presumed annual
increments in thin sections of the ‘sister’ otoliths for each fish. Measurements of radiocarbon
in the earliest formed segments of otoliths from these four oreosomatid fishes provide
varying degrees of validation for age estimates derived from atolith thin sections. A™*C data
from otolith cores of smaooth oreo plotied against otolith section birth date descnbes temporal
changes in radiocerbon that are indicative of the bomb radiocarbon increase in the 1960s and
provide evidence that atolith based age estimates for this species are the most accurate of the
four species investigated. The resulls provide conclusive evidence of minimum potential
longevities of 385, 35, 29 and 28 years for black, smooth, spikey and warty oreos,
respectively. However, there is no qualitative change to the appesrance of increments that
might suggest thet the periodicity of increment formation 13 altered for fish older than 35
years and far older apes for these species are supporied on the basis of radiocarbon analyses
in confumction with counts of presumed annual increments. Relatively low A™C in relation to
time for all four species and, in particular, for smooth oreo provides strong support that
young juvenile habitats of these orecsomatid fishes are far removed from the adult habitats.
Large negative values for A"*C from the smooth oreo otolith cores indicate that it is
extremely unhkely that the adult smooth oreos spent their juvenile lives in surface waters at
mid-latitudes. The radiocarbon levels measured in the otoliths are consistent with those
expecied for a fish iving in the surface mixed layer at about 65°5 latitude, This conclusion is
supported by the limited ecological data on smooth oreo. Radiocarbon data from black oren
otolith cores also indicates that these fish inhabit high latinedes, around 60°S latitude, as
juveniles. Both spikey and warty oreos may elso inhabit surface waters of the Southern
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Ocean based on A'*C measured in otolith cores, Further research is requirad to ensure
affective management of these commercially important, but poorly understood fish species.

Introdoction

Age eshmabon for deep-ges fishes 15 problemabe due to difhiculhes 1nvolved in the
interpretation of marks on hard parts used to age fishes, predominantly otoliths. Furthermore,
logistical problems associated with the deep-sea habitats and methods used to harvest these
specics make tagping studies and, concomitantly, the validahon of a “"preferred” ape
estimation procedure impractical, if not impossible. Despite the complications associated
with age estimation and the related validahon for commercially important deep sea fishes,
these areps of research have & high priority and require the application of novel
methodologies,

A cnitical requirement for all age estimation methods 1s that of validation (Beamish and
McFarlane 1983), where the validation process provides an estimate of the level of accurary
of the age estimation method (Franeis st al. 1992, Kaligh ot al. 1995). Validation has often
relied on the demonstration of annual cyeles in the marginal growth of structures. Such
cycles were often poorly defined and highly variable. Other mesns of validation involved
matching age cabmates to modes m length-frequency distibutions, a method that was
applied successflly to determine age of gmall juvenile orange roughy from cne to thres
years of ags (Mace et al. 1990). Both these techniques are often only applicable to younger,
fagter growing species or age classes, Validation may also be achieved by tracking the
progression of sequences of strong and weak year-classes over several years of sampling.
This method has heen apphed to young orenge roughy (Doonan unpublished data, cited in
Tracey and Horn 1999) and to other species (Morison et al. 1998a). Calaiphilic flusrochrome
dyes, such as axytetracycline hydrochloride (OTC), ereate an unaquivocal time mark on
structures such as ololitha, and since the method was first suggested (Weber 1962) has
become one of the moat commonly employed methods of validation. However, this method
15 dependent usually on a successful capture-mark-recapture study.

The development of age estimation methods for despwater fish species has proved to be a

difficult problem. Unvalidated increment counts on hardparts, have indicated that many
species are long-lived and slow-growing. However, validation of these age estimates is
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inherently difficult for deepwater fish species (Stewart ef al. 1995), Methods that rely on
recapture of tagped or marked individuals are usually not applicable because of the law
probability of capturing, tagging and releasing fish alive to their deepwater habitats. Methods
such as marginal increment analysis and interpretation of modes o length-frequency
distributions are usually only epplicable to juveniles or young adults, when growth 15 more
rapid and increments are larger. The otoliths themselves are often small and the increments in
them are frequently narrow and more difficult to interpret. The appearance of increments
may also change with age as in the otoliths of species of orec (Family Oreosomatidae), for
which there is a major habitat shift from a juvenile pelagic phase to & demersal adult phase
(George et al. 1998),

Using scanning electron mucroscopy, Davies ef al. (1988) examined the otolith worastructure
of black oreo (Allocytius niger) and smooth oreo (Preudocytius maculatus) nsing whole
otoliths, very thinly sectioned (20 pm) otoliths, and acetate peels and identified a close
similarity in otolith structure between the two species. They were unable to develop a
techmique for age determination citing complex crystal morphology that obscured the
sequences of increments. More recently, estimates of age and growth for black and smaooth
oreo from New Zealand, made using presumed annual increments in otolith sections, have
suggested that both species are also long-lived and slow-growing (Annala 1992), Similar
results were obtained from thin sections (approximately 300 pm) of sagitial otoliths of these
two species collected from southermn Australis (Smith and Stewart 1994) ag well as for warty
ored (Alloeyttus verrucosus) and spikey oren (Neseypttus rhomboidalis) (Smith and Stewart
1894). Smooth oreo otoliths have been reported to be easier to read than black areo otoliths
{Doonan et al. 1995), although Smith and Stewart (1994) reported similar estimates of
precision for these four oreosomatid species. Despite the lack of ngorous validation for all of
these species, ege esimation has relied on the use of counts of presumed annual increments
in otolith thin sechons.

The spplication of radiometnic age estimation techniques, based on radicisolopic
disequilibria (e.g. 210Pb/226R.a activity ratios) (Bennett et al. 1982, Campana 19%0)
provided & new method for validating ages for relatively old species. The method has been
applied to orange roughy (Fenton et al. 1991) end warty oreo {Allocytfus verrucosus)
(Stewart et al. 1995) and has shown consistency in age estimates with those from increment
counts on oioliths. Errors assaciated with radiometric age esimation, however, ére relatively
large. Furthermore, sample sizes required for analysis of low-level radioisotopes by [1-
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spectrometry are large and often require samples from several figh for an individual analysis.
Far example, analyses of warty oreo otoliths required the pooling of a larpe number of
samples (Stewert £t al. 1995), This makes it difficult to apply radiometric age estimation data
to validation of the ‘routine’ age estmation procedure for oreosomand fishes that hes been
based on interpretation of presumed annual inerements in otohith thin sections.

Some aspects of the radiometric method of age validation have been challenged (West and
Gauldie 1994) on the basis of a failure to test or mect easential assumptions. According to
West and Gauldie (1994) the radiometric method did not address adequately: (1) the potential
logs of a 226Ra daughter product, gaseous 222Rn, from the atolith; {2) the potential for
changes in the rate of uptake of 210Pb over the life of the fish, and (3) the critical
dependence of the method on the otolith mass growth-in-time model. They concluded that
these points disqualified the 2] 0Ph:226Ra disequilibrium techmque as a meens of validatng
teleost ages. Radiometric methods that do not employ cores also have a senous potential for
circularity when otolith growth is being estirnated using the method of direct age estimation
that is being validated (Kimura and Kastelle 1995) However, radiometric astimates of the
ages of black, smooth and spiky oreo have been completed successfully (Fenton 1996},
These analyses confrrmed the longevity of thess species and produced age estimates that
were Similar to those obtained from increment counts in sectioned otoliths. These radiometric
analyses were independent of the increment counts, as the method of data analysis required
nio modelling of the otolith mass growth rate.

It has afso been shown that substantial chenges in the rate of uptake of 210Pb only shghthy
reduce the maximum ages eshmated (Campana et al. 1990; Smith et al. 1995), and that & loss
of 222Rn would increase the maximum age (Stewart et al. 1995). Similarly, Francis (1995)
maodelled the effects of the form of otolith growth model adopted, and the assumplion of
constant relative upteke of 210Pb and 226Ra on the resulting estimated maximum ages for
orange roughy, He estimated a lower bound on the maximum age of orange moughy (using
the reported veriability in activity rabiog) as 84 years. Nevertheless, 45 a result of thege
concerns there are still some uncertainties ahout the maximum age of orange roughy, in
particular and desp-sea spacies in general,

WValidation of methods used for fish age estimation can also be achieved by two different
techniques that are hesed on the measurement of radiocerbon in fish otoliths. These methods
are the “bomb radiocarbon chronometer' and ‘radiocarbon dabing’ (Kahsgh 1993; Ealish
1995b). Application of these methods to studies of fish otoliths is dependent on application
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of a techmque knowmn 45 accelerator mass spectrometry (AMS), a techmgue that allows
precise measurements of radiocarbon to be made on relatively small samples (<1 mg of
carhom). The ahility to measure low levels of radiccarbon with high precision and in small
samples 13 essential for the success of both methods of validation.

The bomb radiocarhon chronometer can be used to estimate the age of individual fish and the
technique i3 well uited to estimafing the age of long-lived fish such as black, smooth, spikey
and warty oreos. The bomb radiocarbon chranometer relies on measuremnents of radioearbon
in selected portions of fish otoliths and relates these data to radiccarbon levels found in the
environment. Under "normal” crcumstances these measurements wiould not appesr to be
usefal due to the relative constancy of envirommental radiocarbon levels; however, human
activities have altered the levels of radiccarban in the environment bath rapidly and
drastically. The most dramatic change in radiocarbon levels was due to the atmospheric
testing of nuclear weapons between 1958 and 1963 (Kalish 1995b). These atmosphenc tests
released large quantities of radiocarbon into the atmosphere and ultimately increased
atmospheric levels of radiocarbon by over 100%. This increase was so rapid and great that
the entry of this material into the ocean effectively marked (in a manner analogows to
merking with OTC) all fish living in the surface mixed layer of the ocean during the 19603
and 1970s. This radiocarbon mark 13 useful beceuse we have a precise knowledge of the time
when the mark would have become incorporated into & fish or, more specifically, the fish's
otoliths. In addition, the age of an individual figh can be broadly classified as either pre-bomb
or post-bomb, where the earliest formed regions of otoliths from pre-bamb fish have A'*C
valuas that are typically below -50%., a value that is representative of the surface scean prior
to significant atomic testing at temperate latitudes (Broecker et al. 1985, Kalish 1995b). This
is a practical validation technique for despwater species where the juvenile stage occours in
the surface mixed layer (FKalish 1995b) where it is exposed to the elevated levels of ''C. The
method would not be applicable to deepwater species without early life history stages that
inhahited the surface mixed layer of the ocean for at least six months (dependent on the size
of the otolith). The bomb radiocarbon chronometer has been applied successfully to several
teleost species that inhabit & range of depths 1o the south west Pacific Ocean (Kalish 1993,
Kalish 1995a; Kalish et al. 1996; Kalish et al. 1997) and also to species in the northemn
hemisphere (Campana 1997; Campana and Jones 1998). These stodies have demonsirated
that the bomb radiocarbon method is a relatively inexpensive and rapid technigue for age
validation.



VALIDATION OF AGE FOR FOUR OREOSOMATID FISHES 207

The relationship between time and A'*C is straightforward in relation to fish living all or, at
least the early stages (e.g. first 6 months) of their lives in the surface mixed layer of the
ocesn. Black, emaath, spikey and warly oreo have hife histories that are poorly undemstood.
However, imited collections of the juvenile life history stages indicate that these species live
in the surface mixed layer of the ocean for, in some cases, several years before migrating to
deeper habitats as adults (James et al. 1988, George et al. 1998), Interpretation of prequmed
annual increments in otolith thin sections from smooth oreo guggested that these species live
in the surface mixad layer for about three to six years (Georpe &t al. 1998) and similar
changes in increment structure are evident in the other oreo species. Due to the fact that thege
species are likely to deposit adequate quentities of otohith matenal for radiocerbon analysis
while iving in the surface mixed layer of the ocean, the bomb radiocarbon chronometer
provides a means of validating the otolith thin seetion method of age estimation for black,
smnooth, spikey and warty oreo.

Materials and methods

Otoliths were weighed dry and then prepared for radiocarhon and stable carbon isotope
analysis, The earliest formed segments of individual stoliths were isolated with & fine, high
speed drill. This was achieved by “sculpting” from the larger otolith, 2n otolith that was
representative of a smoath oreo or black oreo otolith of about 4 years of age (Figure 15.1).
During the sculphng process the positon of "landmarks” such as the otolith core and zones
associated with the presumed first four annual increments were monitored frequently, Ths
ensured that the sculpted otolith contained material only deposited during the early pelagic
phase of the fish's life which i3 spent in the surfacs mixed layer of the oeean. The final
product was a single piece of otohth aragenite (Fig. 15.1). Sample weights ranged from about
4.0 mg to 4.8 mg from smooth oreas, 5.0 mg to 6.6 mg from black oreos;, 2.4 mg to 4.4 mg
for warty oreo and 1.8 mg to 4.2 mg for spikey oreos.

In the early 19904 the smallest sample of carbon that state-of-the-art accelerator mass spectrometry
lahoratories were able to routinely analyse with high precision (< 10% error) for radiccarbon was
spproximately 1.0 mg. Otoliths are mostly aragonite, a mineral of calcium carbonate (Ca COY) that
i 12% carbon by weight. Therefore, an otolith sample weighing 10 mg was close to the size limit
for a high precision analysig; thig 13 the approximate size of many of the samples enalysed during
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this FRDC project. In recent years various acceleralor mass spectrometry laboratories have worked
ta reduce the minimum size of the sample of carbon required for a high precision analysiz. Several
laboratories already invalved with this FRDC funded research program on age validation based on
the bomb radipcarbon chronometer were willing to analyse very small samples of otolith amgonite.
These laboratories included the Radiocarbon Accelerator Unit, Research Laboratory for Archaelogy
and the History of Art, Oxford University (OxA), the Center for Accelerator Mass Spectrometry,
Lawrence Livermore National Laboratory, University of California (CAMS LLNL) and the U.S.
National Science Foundation Accelemtor Mass Spectrometry Facility, University of Arizona (AA).
These laboratones analysed selected smal] samples (< 5 mg of aragomite) for this research on
radiocarhon in otoliths of oreosomatid fishes. The majoeity of the radiocarbon analyses for this
study were carned out by the Australian Nuclear Sciences and Technology Organisation, Lucas
Heights, Mew South Wales,

Established procedures were followed for the preparation of graphite targets from caleiom
carbonate. Afier pre-preparation, otolith cerbonate was converted to CO2 by reaction in vacuo with
100% phosphoric acid. An aliquot of the CO2 was used to determine §'°C for some samples and the
remaimng CO2 was converted to graphite for analysis of radiocarbon. For those samples thal were
not analysed for E”E, a value of =100 %o wan estimated on the basig of sarlier measurements of
stable carbon 1sotopes in decpwater telensts, including oreos. Radiocarbon values are reporied as
ﬂ“l:; which is the age- and fractionation-corrected per mil deviation from the activity of nineteenth
century wood (Sthiver and Polach 1977). Reported emors for the radiocarbon data are 1 atandard
deviation. Radiocarbon errors include both counting errors and laboratory random errors.

Details of rnethods used to estimate age for black, smooth, spikey and warty oreos on the basis of
thin sections can be found in Smith and Stewart (1994), Doonan et al. (1963}, Stewart et al. (1995)
and Morizen ef al, (1590),

Results

Smooth oreo

A™C data from smooth oreo otolith cores from fish collected in the Pacific Ocean off New
Zealand and Tasmania (Tahle 15.1) ere plotted against otolith section birth date in Figure
15.2. These data define & curve with the basic characteristics of a pre-bomb and post-bomb
radiocarbon curve and show the increase in A'*C during the 1960s and 1970s.
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Pre-homb radiocarhon ranged from -111.9%e to -127.2%e for smooth oreo with estimated
birth dates during the years berwesn 1917 and 1956. Radiocarbon increased o -108.5%e in
the core of a amooth oreo otolith with an ololith section birth date of 1962 and reached -
62.0%. for an individual with an estimated birth date of 1964, After 1964 A'*C remained
elevated significantly above pre-1962 levels and varied between -36.2%. and -77.3%e. The
highest A''C measured was =36.2 %a. from & fish with en estimated birth date of 1978, Two
samples (sample nos. SMOS(/9) and SMO1(/10)) had high A'“C relative to the birth dates
estimated from the otolith thin sections and fell above the general trend defining the increnge
in bomb derived radiocarbon during the 19603. Unlike the measurements from Pagrus
auratus, A'*C did not reach an asymptote in the smoath aren samples analysed with the
oldest smooth oreo having an estimated birth date of 1978. There was no evidence of a
significant difference in the relationship between A''C and age estimated from otolith thin
sections for the samples from Tasmanisn and New Zealand fish (Figure 15.2).

The difference in A'*C berween FPagris awrarus and smooth oreo was relatively constant
acroas all years with A'*C abaut 60%. lower in the smooth oreo otolith cores.

Black oreo

AMC data from black areo otolith cores plotted againat otolith section birth dates (Table 15.2)
show a general increase in A"C after 1960 consistent with the effects of atmaspheric testing
of atomic weapons (Figure 15.3), However, several samples (Sample nos. BOE1§, BOE2G
and BOE13) had relatively low otolith A'*C, characteristic of the pre-bomb period prior to
ahout 1960, despite the post-homb birth dates estimated from otolith thin sections for thess
sarnples (Figure 153, Table 15.2). AM'C ranged between -93 3%. and -14.4%. in the cores of
otoliths from black oreos with presumed birth dates berween 1950 and 1978, Between 1950
and 1966 A'C was less than -50%, and increased to -25.9%a in 1968, In 1970 there was a
large decrease in A''C to -89.3%s and in 1972 AMC returned to the previously slevated levels.
In most years, black oreo A™C was higher for a particular year than A''C measured in the

smanth oreo otoliths.

Warty oreo
A™C data from warty oreo otolith cores from fish collected in the Pacific Ocean off
Tasmanie (Table 15.3) are plotted againgt otolith section birth dete in Figure 15.4. The aldest
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fish had & birth date of 1873 (age of 115 vears) and a A'*C of —89.1%e, the lowest for any of
the warty oreo ofolith cores. Eight fish had hirth dates, estimated from otolith thin sections,
between 1956 and 1960, but a relatively wide range of A'C of from -75.8%a to 38.3%s..
Warty aren with otolith based birth dates estimated to be more recent than 1960 had A'°C
consistently well shove pre-homb levels,

Spikey oreo
A"C data from spikey oreo otolith cores plotted against atolith section birth dates {Table

15.4) show a general increase in 4'*'C efter 1960 consistent with the effects of smospheric
testing of atomic weapons (Figure 15.4). Two spikey oren otolith cores, from fish with
estimated birth dates prior to 1900 had A™C of =72.5%s and -75%s and a third fish with & pre-
bomb birth date of 1958 had a A"C of -64%.. Samples with birth dates later than 1958 had
clearly elevated A'"C measured in otolith cores relative to pre-bomb velues. Post bomb A'C
ranged between - 10 to 36%s for samples from fish with estimated birth dates of 1969 and
19835, respectively. Despite the clear differentiation between fish with estimated pre-bomb
end pogt-homb birth dates, there was no clear pattern among the post-bomb results.

Discussion

The results provide validations of varying degraes for the smooth, black, spikey and warty
oren ape estimates derived from otelith thin sections. This interpretation i3 based an the fact
that most samples with birth dates prior to 1960 had significantly lower A''C than those
measured in samples with birth dates estimated to be after 1960, Thia pattern is particularly
evident tor the smooth and spikey oreos. For the most part, black and warty oreo samples
demonstrate similar patterns with separate groupings of pre- and post-bomb fish, however,
several samples deviate from this general pattern (Figures 15.3 and 15.4). The A*'C
measurernents from black oreo samples that did not fit the expected pattemn are congistent
with the conclusion that the ages were underestimated (up to about B years for BOE13) from
the thin sections. There is no evidence to suggest that any of the black areo atolith thin
acction ages were over estimated. The potential errors in age estimation hased on the warty
orea sections appear to be less extreme; however, it is not possible to determine the precise
extent of the errors. In the case of the warmy oreo analyses, there is evidence that seversl ages
may have been over estimated.
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Five of the oreo sarmples used for these analyses had estnmated birth dates prior to 1930 and &
total of 17 samples had age estimates that were indicative of a birth date priar to 1960,
around the tme befors it would be possible to detect bomb radiocarbon in the surface waters
of the Southern Ocean or temperate South Pasific (Figure 15.5). Research on radiocarbon in
the Southern Hemisphere demonsirated that it would be unlikely to detect bomb radiocarbon
before 1961 south of 50°S latitude in most ccean regions (Bien ot al, 1965; Broecker et al.
1985), but bomb radiocerbon would be detectabla about 1958 at lower latitudes to the north
of the Subromcal Comvergence Zone, On this basis, it becomes impassible to distinguish
among fish with a birth date prior to about 1960; however, this would be dependent on the
species and the associated habitat of the sarly juvenile stapes, This birth date equates to ages
older than 37 years of age with the 1997 collectinn date of the majority of smooth and black
oren samples and 28 or 29 years of age for the warty and spikey oreos, respectively, with
collection dates of 1988 and 1989, . In the most generally sense, the fact that the vast
majarity of areo samples with otolith based birth dates prior to 1960 had low A™C, consistent
with their estimated birth dates demonstrates the minimum longevities for these species and
indicates that these longer hived individnals can be identified from counts of opague and
tranalucent zones in otolith thin sections. Apart from the narrowing of increments after the
first 3-6 years, the pattern of opague and translucent zones, which was counted to estimate
ages for these samples, 15 the same on fish estimated to be 20 years old and 990 years old.
There is no qualitative change to the appearance of increments that right suggest that the
periodicity of increment formaton alters for fish older than, say, 30 years.

Age validation of otolith thin saction method was most effective for smooth oreo (Figure
15.2). The resulis provide clear evidence of a gherp increase in radiocarbon after 1960 and,
for the most part, show an increase in A'*C at a stahle rate between 1962 and 1978, Only two
points deviate from this trend, suggesting that ages of these two fish may have been
overestimated. In addition, the four smooth oreo with birth dates dunng the 1950z show a
constant decline in A**C during this perind, conaistent with a Susss effect of about -2, 5%
during this period. The decrease in atmospheric and ocean radiocarbon levels, attnbutable to
the burning of radiocarbon free foasil foels, berween about 1850 and the present is called the
Suess effect (Se) (Kalish 1995b). A value of -2.5%. is consistent with estimates of Se from
other ocean regions and estimated from analyses of radiocarbon in corals (Druffe! and Suess
1583), but it is considerably ogher than the only other estimate made at high latitudes.
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Kalish et al {(2001) foumd evidence for a minor Suess effect of only 0.2%. per year herween
1919 and 1950 for enother fish species at high latimades, the Arcto-Norwegian cod,

The inability to discern clearly detail of the rapid increase in radiocarbon during the 1960
for black, apikey and warty oreo suggests that the accuracy of the age estimates for these
gpecies from otolith thin sactions is relatvely low. For black oreo, samples were selected
with estimated birth dates at intervals of two years in order to take adventage of the bamb
increase period from 1962 to about 1970, the period with the finest level of temporal
resolution. Despite this selection of semples, the black oreo data did not produce a curve
characteristic of the rapid increase in 4'*C during the 1960s. This conclusion, however,
assumes that & series of ‘cores’ (i.e. first four years of atolith growth) from oreo otoliths with
precisely kmown ages would provide an accurate record of radiscarbon variation in an
‘homogeneous® ocean of the Southern Hemiaphere. Due to the complex early life histary of
areo apecies, this last aasumption may not be easily resolved, as is discussed below.

The world"a oceans are not homogenous in relatiom to the distribution of radiocarbon.
Radincarban in the ocean varies spatially and temporally and this is the hasis for the value of
this radioisotope as a tracer of ocean circulation and carban flux between the ocean and
atmosphere. Although these properties are extremely important for studies of ocean
dynamics, they increase the difficulty associated with the intorpretstion of radiocarbon data
in fish otoliths in relation to age. For some fish species the distribution of various life history
stages and the interpretation of otoliths in relation to fish age is well understood, for sxample,
MNew Zealand snapper (Pagrus aurane) and Arcto-Norwegian cod (Gadus morhua),
Analyses of radiocarbon from otoliths of these species can be used fo determine the tempaoral
variation of radiocarbon in parbicular locations (Kalish 1993; Kaligh et al. 2001), data that are
mmportant to rescarch on ocesn and atmosphere dynamics.

The distribution of the pelagic juvenile stegea of smooth, black, spikey and warty oreo is
pootly known, however, data that are available sugpest that these early life history stages
inhabit a broad region of the Southermn Ocean and the hagh temperate letitndes of the Pacific,
Atlantic and Indian Oceans. Although distributional information 15 limited, occurmence of
these fish across a vast ares would expose them to & wide range of water masses with A™*C
that varies spatially and temporally. Subsequent recruitment to the adult populations, for
examnple, within the EEZs of Australia and New Zealend, may derive from across the range
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of the pelagnc juveniles and increase the difficulty of reconstructing a smooth *homb
radiocarbon curve’, even from fish of known age,

Due to the potentially broad distribution of aren juveniles across all sectors of the Southen
Occan, it was not feasible to construct & general calibration curve of radiocarbon variation
that would be zpplicable to each of these species. Therefore, it was not feasible to determine
statistically, deviations of A'*C measured in oreo otolith cores from an estimated bomb
radicarbon curve. In & previous study on Centroberyx affinis (Kalish 1995a), an age
estimation error was considered likely if a point fell outside the 95% confidence intervals for
the curve describing the relationship between year and AYC. For this study on oreos, it was
only feasible to provide a crude validation of the age estimation method. For black, spikey
and warty oreo the birth dates could only be classified as pre-bomb or post-bomb and, with
limited reliability, as ocomming dunng the rapid increass in ocean radiocarbon during the
1960s. . It is difficult to translate this information into detectable age estimation errors,
however, it appears suited to recognition of age estimation errors of 10 years or more. The
data for smooth orec are far more convineing in reconstructing a bomb radiocarbon curve,
however, no time series of radiocarbon is available for the region tentatively identified as the
jovenile habitat of smooth oreo and, again it 15 difficult to determine the magnitude of ape
estimation &mors.

Interpretation of radiocarbon data from the oren otoliths, in conjunction with available data
on the spectes’ life histories and the temporal and spatial vanation of radiocarbon in the
southern hemisphere, can provide information that is critical to an understanding of the
dynamics of orec fisheries. Although there are few data on the habitats of the juvenile life
history stages of smooth, black, spikey and warty oreo and age estimates hased on otolith
thin sections provide reasoneble, but impracise age estimates, these data gre essential to
development of a firm understanding of the obhserved variation in otolith radiocarbon.

Adult smooth ores are most abundant at latitudes between 35°S and 52°S (James et al. 1988)
and have only recently been found in high latitudes of the northern hemisphere (Post and
Jonsson 1996). In New Zealand about 18,000 t of smooth oreo are trawled each year from
depths of around 200 to 1200 m and & far smaller ameount in Australian waters. The species 13
also a significant bycatch in traw] fisheries that target orange roughy (Hoplostethus atlanticus)
on the high seas, Despite the abundance of smooth oreo adults (135 mm SL), the juveniles are
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extremely rare and appear to have a distribution that 13 quite different from that of the adulis.
The majonty of juvenile smooth orens (32 specimens) (<135 mm SL) have been collected
between 60°8 and 6878 latitude 10 association with krill or in the storaachs of fin whales (Abe
1857, Svetlov 1978; Abe and Suzula 1981). Three other juveniles have been collectad: two at
about 44°S latitude near New Zealand and one at about 4875 latitude near Patagonia Adults
are adapted fo deepwater habitats whereas the juveniles display charactenstics thet would be
expected of fish living in surface waters due to their silver colouration with an irregular pattern
af bhush blotches and small eyes. From the results of the few juvenile eallections and their
physical appearance, it has been assumed that these fish occur in surface waters.

Relatively large negative values for 4''G from all smooth oren samples (Table 15.1) indicate
that the sioooth orens, collectad as adults in deep water off New Zealand, spent their juvenile
lives in surface waters at highlatitudes. Comparison with data on A'*C measured in seawater
DIC (Figures 15.6, 15.7, 15.8 and 15.9) provides suppart for two hypotheses: 1) adult smoath
orens collected 1n New Zealand waters use waters south of 60°S latitude as a juvenile nursery
ground and; 2) juvenile smooth orens collected at mid-latitudes have strayed from the normal
nursery ground or ere at the northemn edge of their range. If the smooth oreos with post-bomb
birth dates had been in about the top 200 m of the water column at mid-latitndes (~35°3 to
45°8) as juveniles, a A''C value of ahout 100%s (Broecker et al. 1985; Kalish 1993) would
have been expected (Figures 15.6, 15.7 and 15.8). This is demonstrated through comparison
of areo otolith data with pre-bamb radiocarbon data collected from the surface ccecans,
largely berween 1958 and 1960 and post-bomb surface acesn data from GEOSECS
expeditions (1971-1974).

For the older smoath oreos, with a presumed pre-bomb hatching date before 1960 AME
values are significantly lower than any pre-bomb values in low and med latitude (<45°5)
surface waters (Pigures 15.6, 15.7, and 15.8). On this basis, it must be concluded that the
juvenile smoaoth areos either live well below the surface mixed layer or they occur at high
latitudes in the Southern Ocean. Vertical profiles of A™*C from the temperate South Pacific
and the Pacific settor of the Southern Ocean are availeble from the GEDSECS expedition in
1974 (Dstlund and Stuiver 1980). This date corresponds with the estimated birth dates for
some of the younger smoath and black oreos analysed in this study. The A'C for the smooth
oreo with a hirth date of 1974 was -71.7+4.4 % and this value is plotted with the A'*C
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vertical profiles from the Southen Ocean (Figure 15.9). The smooth oreo datumn correspands
with & depth of about 1000m at 45°8 and 53°8, with a depth of about 500m at 57°8 to 58°8,
and with surface waters at 69°S latitde (Figure 15.9). Three factors make a despwater
distribution below about 250m for smooth oreos unlikely: 1) the disnmptive color pattern and
small eye indicative of a figh living in surface waters; 2) the occurence of the copepod
Neocalanius tonsus in the stomachs of the two smooth oreo juveniles caught in New Zealand
waters; and 3) the fact that the majonty of juvenile smooth oreos were collected in shallow
trawls for kil 1o the Southem Ocean. Furthermore, the radiocarbon levela measnred in the
otoliths are consistent with those expected for a fish living in the surface mixed layer at about
65°S latitude, in agreement with the capture location for 32 of 35 collections of juvenile
smooth aren.

Interpretation of the radiocarbon data from black oreo otolith cores, in a similar manner to
the smooth oreo data indicates that these fish are also likely to reside at very high lantodes ag
juveniles. Reference to data presented in Figures 15.6, 15.7 and 15.8 supports the hypothesis
that the pelagic juvenile stages of this species occur 1o the region of 50°8 to 60°5 latitude.

All spikey and warty oreo with post-bomb birth dates after 1960 had A™*C results that were
greater than those measured in both amonth and black ores (Figure 15.5). Furthermare, for
those samples that were clearly from fish with pre-homb birth dafes, the spikey and warty
oren also had A'*C higher than in the smoath and black oreo otolith cores. Two, presamably
young spikey oreo with estimated ages of four years (1985 birth date) had & mean AMC of
34:42.8%o, far below A''C of 94%. measured in Pagrus awatus with a birth date of 1972
(Ealish 1993). Thus suggests that juvenile spikey oreo spend there first few years of life at
latitudes south of about 45°S or at deptha helow the surface mixed layer, The morphology of
juvenile spikey oreo was deseribed fromn the gingle known specimen (James 1988), The
specimen had a relatively large eye and darker calouration with some lerpe blotches,
potentially indicating a deepwater habitat. Unlike amooth and black oreos, it 15 plausible that
this species inhabits depths below the surface mixed layer duning its early life history
althowsh & more southerly habitat cannot be ruled out. Unfortunately, the extreme ranity of
juveniles of this species makes it impossible to draw any definitive conchision.
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Juvenile warty oreo, like other ereosomatid juveniles, are extremely rare and James (1988)
described the one specimen known. The relatively amall eye and silver colouration with some
blotches suggest & relatively shallow habitat, but, again, the lack of samples makes it difficult
to draw any definitive conclusion. Of the four oreo species investigats, warty oreo provided
the highest A''C measured in an oreo otolith core, 61£8.2%o. Nevertheless, this value is well
below that measured in Pagrus auratuy from temperate latimdes (Kalish 1983).

Conclusion

Measurements of radiocarbon in the earliest formed segments of black, smooth, spikey and
warty oreo atoliths were compared with age estimates based on counts of presumed annual
increments in thin sections of the ‘sister’ otoliths for each fish. Measurements of radiocarbon
in the earliest torrned segments of ofoliths from these four orensomatid fishes provide
varying degrees of validation for age estimates derived from otolith thin sections. A''C data
from otolith cores of smooth oreo plotied egainst otolith section birth date deseribes temporal
changes in radiocarbon that are indicative of the bomb radiocarbon increase in the 19605 and
provide evidence that otolith besed age estimates for this species are the moat aecurate of the
four species investigated. The results provide conclusive evidence of mimmum potential
longevities of 35, 35, 29 and 28 years for black, smooth, spikey and warty oreos,
respectively. However, there is no qualitative change to the appearance of increments that
rnight suggest that the periodicity of increment formation is altered for fish older than 35
years and far older ages for these species are supported on the basis of radiocarbon analyses
in conjunction with counts of presumed annual increments, Relatvely low A in relation to
time for all four specied and, n particular, for smooth oreo provides strong support that
young juvenile habitats of these oreosomatd fishes are far removed from the adult habitats,
Large negative values for A''C from the smooth oreo otolith cores indicate that it is
extremely unlikely that the adult smooth oreos speat their juvenile lives in surface waters at
mid-latitudes. The radiocarbom levels measured 1o the otoliths are consstent with those
expected for 2 fish living 1o the surface mixed layer at about 85°S latitude, This conelusion is
supporied by the limited ecological data on smooth oren. Radiocarbon data from black oreo
otolith cores also indicates that these fish inhabit high latitudes, around 60°S latitude, as
juveniles. Both spikey and warty orecs may also inhabit surface waters of the Southern
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Ocean heased on A''C messured in otolith cores. Further research is required to ensure
sffective management of these commercially important, but poorly understood fish species.
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Table 15.1. Fish, otolith, and radiocarbon data for Smooth Oreo (Pseudocyrtus maculatus) collected from off Tasmania and New Zealand.
‘Internal’ laboratory mumbers indicate that a sample had unacceptably large errors during radiocarbon analysis and the result of those
measurements should be treated with caution. These sample results bave not been given “official laborstory accession numbers,

Sample Laboratory end Collecion Collecton  Fish  Sex Otolith  Sample  ATC (%) AH'U CAF Birth-

No. laboratory date location  length weight weight age year
accession (cm)SL &  (me Eet) - rwesy
number N
SMOC 17 Oxford 2193 Tasmenia 385 M 0.023] 36 -BOL6 24 1965
OxAT576
SMO 26 O ford S293 Tasmania 37 M 0DDIT2 z.3 -] 249 27 1966
D ATSTT
SMO 62 Oxford S93 Tasmania 49 F 0.042 1.8 -118£10 6% 1924
OxABR242
SMO 1B Omford 18/10092 NZ 49.1 F 00293 2.2 -111+9 85 1917
OxARZ43
SMOD 4 ANSTO 187997 NEZ 4] F D.OIT? 4.6 -36.2+4.5 20 1678
OZED99
SMO ANETO /987 NZ i6 F 00168 4.8 -B3.7+4.1 21 1976
B{/10Y OZE100
SMO 20 ANSTO 23397 NZ 45 F  0.0198 4.6 -71. 744 4 25 1974
OZE101]
SMO 3 ANSTO 2¥ 397 NZ 43 F 00225 44 -77.3+4 28 1970
OZE102
SMO ANSTO 233597 NZ 42 F 0.0216 4 -75.2+3.8 30 1968
5(/9) OZEID3
aMD ANSTO 23/3/97 NE 44 F 0.0252 4.6 =47 44 3 31 1966
8(/%) OZE104
SMO ANSTO 159797 NZ 42 M 0.0248 48 -62+4.2 34 1964
1{/10} OZE105
SMO 1B ANSTOD 23/1/97 NZ 40 F 0.022] 41 -108.5+3.7 36 1962

DLE106
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MO 19 ANETOD 231397 NZ 41 F 00403 4.7 -127.244.1 42 1956
OZE107

SMO ANSTO 23/1/97 Nz 43 M 00335 46 1223437 44 1954
5(/7) OZE108

SMO ANSTO 23/1/97 NZ 43 F 00308 45  -1202433 47 1952
10(/7) OZE109

SMO ANSTO 23/3/97 NZ 53 F 00408 47  -111.9433 48 1950

10§79} DZE110
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Table 15.2. Fish, otolith, and radiocarbon data for black oreo (4llocyttus niger) collected off New Zealand.

225

Sample  Laboratory  Collection  Collection  Fish  Sex  Otolith  Sample  6°C  A'C  A'C  CAF  Buih-
no. and location date Length weight (g) weight () (%) ErroT Age VEdT
laboratory {em)SL {mg) (=)  (years)
BCCEES10T N,
BOE 25 ANSTO NZ 28/1/98 34 m 0.0357 6.5 0313 5 48 1950
OZEORT
BOE 27 ANSTO NZ 28/1/98 7 m 0.046 58 -155 -75.0 4.6 44 1954
OZEDRR
BOE 40 ANSTD NZ 24/1/97 3z m 0.0316 6.3 -2.78 -72.9 4.1 40 1958
OZEDSY
BOE 38/7 ANSTOD NZ 23/1/97 7 f 0.03 5 -B0LK 4 iR 1960
OZBOS0
BOE 33 ANSTO NZ 23N/97 i7 f 00325 6.5 -4.43 -53.4 [ 16 1562
DZEDS1 -
BOE 16 ANSTO N 24/1/97 12 m 0.0254 [ -3.54 -753 39 314 1964
OZE092
BOE 29 ANSTO NZ 28/1/98 17 0.0264 ] -3.56 -T79.0 4.5 32 1966
OZED93
BOE 10 ANSTO [ 24097 36 f 0.0302 58 -25.9 6.6 30 1968
OZED4
BOE 13 ANSTO NZ 291097 12 f 0.0212 6.6 -3.38 -88.0 3.5 28 1970
DEEDOIS
BOE 15 ANSTOD NZ 28N/97 26 f 0.0278 56 -35.6 4.7 26 1972
OZEDR6
BOE 3 ANSTO NZ 24/1/97 10 f 0.0209 5.7 -14.4 4.5 22 1976
OZEDST
BOE 14 ANSTO NZ 251197 31 f 0.0214 6.2 -2.90 -17.8 6.2 20 1978

OZLED98
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Table 15.3. Fish, otolith, and mdiccarbon data for warty oreo (Allecyttus verrucosus) collected from off Tasmania

Sample Labomatory and Collecion Collection Fish aex  Dtohth Sample A™C (%) Ape Barth-
No. laboratory location date length weight weight (vears)  year
aCcession {cm) SL (£) (mg)
number
wod] AALGTOE Tasmama  5/12/B8 28.B M 00742 44 E1x72 115 1873
wied§ CAMS46TRS Tagrnania 5/12/BB 28 M 0.0194 4 54,3271 2 1956
wo76 AATGARDT Tasmania S LER 218 F 00246 4.1 93=78H 3z 1956
wohd AATGR0D Tasmania 5/12/B8 26.2 M 0.0244 4 -5.0+7.8 0 1958
wol5d CAMS46TR0 Tasmania SM2/8B 293 M 0.0239 4 -75.8+7.3 29 1259
wo3B CAMS46785  Tasmania S/1M88 256 M 0.0254 3.6 -13.7=78 28 1960
woS2 CAMS46787  Tasmania 5/12/88 21.5 M 0.0251 34 47582 28 1960
w59 AAT6T90 Tasmania 5/12/88 24.6 M 0.0168 3.1 38.3+B.6 28 1960
woT3 CAMS46789 Tasmania 5/12/88 212 F 0.024% 39 -40 8+6 .3 2B 1960
w4 CAMS46TER Tasmania 51288 214 M 0.021 4.2 -17.616.5 26 1962
wol75 CAMS46791] Tasmania 5/12/88 2719 M 0.0229 24 11.6=20 26 1962
wiolT73 AATGED2 Tasmania 5/12/88 254 M 0.0218 3.7 6182 23 1965
wolBS AA LGB0 Tasmania 5/12/8R 24 M 0.0189 4.1 12,879 18 1970
wo23s  CAMS46792  Tasmanis S/ LBE 169 | 0.0126 4.2 1568 8 14 1974
w23 AA16S04 Tasmama 5/12/EB 16.2 F 0.00B1 3.2 30487 10 1978
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Table 15.4. Fish, otolith, and radiocarbon data for spikey oreo (Neocymus rhomboidalis) collected from off Tasmanda,

Sample Luboratory  Collection  Collection Fish Sex  Otolth Sample ATC (%) Ape Birth-
Neo. and leboratory  location date length weight (g)  weight (yews)  year
ACCESTIon (cm)SL (mg)
mumber
spo3B AA16805  Tesmania 22189 348 M 0.067 4.1 -T2.5¢74 10D 1859
spodd Orx ford Tasmania 2289 15.2 M 0.0636 2.8 -75£0.0 90 1859
spofl O ford Toasmania 2ILED 29.9 M 0.0262 4.2 54210 32 1958
spoSHi66 AAL6BD6  Tasmania 2289 2540258 FF  0.0185/ 2.2+1.5 31.0=8.0 20720 1969
0.0152
Ipa56 O fiord Tasmania 272189 26.8 F 0.0157 2.5 -10£10 20 1969
gpodl Crxford Tasmania 2/2/89 242 M 0.0131 34 12+10 19 1970
spol B Crcford Tasmania 212189 194 M 0.0123 34 S£10 17 1972
spol4l/154 AA16B07 Tasmuania 2/2/89 10399 1 %u{ﬂgﬁlr 1.6+2.1 36.048.1 ] 1985
spo] 44 Dxford Tasmania 212189 10,7 I 0.0018 1.8 32415 4 1985
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Figure 15.1a. Sculpted (left) and whole (right) smooth oreo (Preudocyrfuy maculates)
otoliths viewed with trensmitted light on a dark field. The sculpted otolith (sample na. 1{/10))
weighed 4.8 mg and contained the first four years of otolith growth. It was sculpted from a
whole amooth oreo otolith with a weight of 24.8 mg and an estimated age of 14 years. The
sculpted otolith 15 2.4 mm in henght and 1.8 mm wide,

Figure 15.1b. Seulpted (right) and whole (Jeft) black oreo (A llocyttus niger) otoliths viewed
with transmirted light on a dark field. The sculpted otolith (sample nn. 33) weighed 6.5 mg
and contained the first four years of otolith growth. It was sculpted from a whole black oreo
otolith with a weight of 312.5 mg and an estimated age of 36 years. The sculpted atolith is 3.2
mm in height and 2.7 mm wide.
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Figure 15.1c. Sculpted hlack oren (Allacyttus niger) otolith viewed wnth transmitted light on & dark
field. Sample no. 33, as in Fig. 15.1b, bet at a higher magnification. . The sculpted otolith (sample
po. 33) weighed 6.5 mg and contained the first four years of otolith growth. The four opague zones
are marked. It was soulpted from 8 whole black oreo otolith with a weight of 32.5 mg and an
estimated age of 36 years, The sculpted otolith was 3.2 mum in height and 2.7 mm wide.
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Figure 13.2. AM( data from smooth oreo (Preudocyitus maculatus) otolith cores plotted
against otolith birth dates estimated from counts of presumed annual increments in otolith
thin sections. P. maculatus samples from the ocean off New Zealand and off Tasmania are
distinguiched in the graph. Three samples with very large errors (see Tahle 15.1), but plotted
in the graph shonld be treated with camtion. These samples were not alloeated official
lahoratary accession numbers and are indicative only. A''C data from New Zealand Pagrus
auratus (Kalish 1993) provide calibrations of A'*C versus year for the south western Pacific
Ocean. A"'C values are based on otolith material deposited over a time period equivalent to
about the first four years of life. Emors are £ sd
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Figure 15.3, A"'C data from black areo (4locyus niger) and smooth oreo (Pseudocyrnis
marculatus) otolith cores plotted against otolith birth dates estimated from counts of presumed
annual increments in otolith thin sections. A''C date from New Zealand Pagrus auratus
(Kalish 1993) provide calibrations of A''C versus year for the south western Pacific Ocean.
A" values are besed on otolith material deposited over a time period equivalent to abowt the
first four yvears of life, Errors are £1 sd.
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Figure 15.4. A"C data from spikey areo (Meocytius rhomboidalis) and warty areo (Alocytius
verrucosus) cores plotied against otolith h'l.l'ﬂ'.l. dates estimated from counts of presumed
annual increments in otolith thin sections. A'*C data from New Zealand Pagrus auranis
(Kalish 1993) provide calibrations of A'*C versus year for the south western Pacific Ocean,
A"C values are besed on otolith material deposited over a time period equivalent to about the
first four years of life. Errors are 2] gd.
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Figure 15.3. A™C data from black oreo (Allocyttus niger), smooth orec (Psendocyrtus
maculaiug), spikey oreo (Neocyitus rhomboidalis) and warty oreo (Allocydtus verrucosus)
cores plotted against otolith birth dates estmated from counts of presumed annmal increments
in otolith thin sections, A''C date from New Zealand Pagrus auratus (Kalish 1993) provide
calibrations of A'*C versus year for the south western Pacific Ocean. A™C valuss are based
on otolith material deposited over a time period equivalent to about the first four years of life.
‘Errors are 1 sd
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Figure 15.6. Latitudingl variation of A"C measured in seawater dissolved inorganic carbon
(DIC) from surface waters of the Atlentic Ocean prior to significant inputs of radiocarbon to
surface waters (pre-bomb =pnor to 1960) and after extensive bomb inpuis (post-bomb=after
1960). A'*C data from otolith cores of Pseudoayttus maculamuy and Allocytius niger with birth
daies eqtimated as pre-1962 or post-1962 on the basig of atnlith thin sections are plonad at
latimdes of §2.5°8 and S0°S, respectively.
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Pacific Ocean Surface Radiocarbon
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Figure 15.7. Latitudinal variation of A''C measured in seawater dissolved inorganic carbon
(DIC) from surface waters of the Pacific Ocean prior to significant inputs of radiocarbon to
surface waters (pre-bomb =prior to 1960) and after extensive bomb inputs (post-bomb=after
1960). A™C data from otolith cores of Pseudocyfius maculatus and Allocyttus niger with birth
dates estimated as pre-1962 or post-1962 on the basis of otolith fhon sections are plotted at
latitedes of 62.5°8 and 50°S, respectively.
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Figure 15.8. Latitudinal variation of A'*C measured in ssawater dissolved inorganic carban
(DIC) from surface weters of the Indian Ocean prior to significant inputs of radiocarbon to
surface waters {pre-bomb =prior to 1960) and after extensive bomb imputs (post-bomb=after
1960). AMC data from otolith cores of Preudocyttus maculatus and Allocytius niger with birth
dates estimated as pre-1942 ar post-1962 on the basis of otalith thin seetiong are plotted at
latitudes of 62.5°8 and 50°S, respectively,
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Southern Ocean (Pacific Sector) Radiocarbon (1974)
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Figure 15.9. Vertical profiles of A*'C measured in seawater dissolved inorganic carbon (DIC)
from the Pacific sector of the Southern Ocean, Data were collected during the GEQOSECS
expedition in 1974 (Ostlund and Stuiver, 1980). A"C data from the otolith core of a smooth
oren (Preudocytius maculaius) with a birth date of 1974 (-71.7%.) and mean AMC for two
atalith cores from black oreos (4llocyttus niger) with birth dates of 1972 and 1976 (-25.0%)

are plotted.
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Chapter 16 Validation of Orange Hnughy (Hoplostethus atlanticus)
Age by High Precision Radiocarbon Dating

John Kalish

Summary

This research demonstrates that it is feasible to estimate the age of arange roughy on the
basis of radiocarbon dating of otolith carbon. Radiocarbon age decreased from the atolith
core to the otolith edge and mdiocarbon decay was detected in individual orange roughy
otoliths, Radiocarbon dating of individual erange roughy otoliths is feasible. Measurements
of A™C made at the otolith edge are not significantly different from A''C measured in
seawater dissolved inorganic carbon at arange roughy depths near the fime of sample
collection. High precasion radiocarbon dating of orange roughy otoliths suggests that thess
fish are long-lived with maximumn ages of 100 years or more T'wo otoliths that were free of
any analyheal or contepnination problems yelded age estimates of 165 + 118 years and 192 +
Of years. Age sstimales from increment counts for these fish were 138 years and 154 years,
respectively. Reservoir corrected ages ranged from 22 to 1680 years. However, reservoir
comrected age estimates are difficult to interpret due to varisbility in the radiocarbon reservoir
in different orange roughy habitats. The age eshmaies are consistent with estimates based on
increment counts in thin gachons and with estimates of age from radiometne techmgues in
that they suppaort the hypothesis that orenge roughy are very long-lived. Samples collected
fram orange roughy living at depths of about 1000 m and as long ago as 1985 can be
conteminated by bomb radiocarbon and this makes it extremely difficult to detarmine the
ghsolute age of individual fish. It iz unhikely that it will be posaible to overcome this problem
as orange roughy wene not collected with any regulanty poor to the eardy 1980s.

Introduction '

Validation of methods used for fish age estimation can he achieved by two different
techniques that are based om the measurement of radiocarbon in fish otoliths, These
methods are the "bomb radiocarbon chronometer” and "radiocarbon dating™ (Kalish
1995). Application of these methods to smdies of fish otoliths requires that measurements
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be carried out using & technique known as accelerator mass spectrometry (AMS), a
technique that allows precise measurements of radiocarbon to be made on relatively small
samples (<10 mg of calcium carbonate). The ability to measure low levels of radiocarbon
with high precision and in small samples is essential for the success of both methods of
validation.

Research on snepper Pagrus auratus) (Kalish 1993}, redfish Centroberyx affinis (Kalish
1995), southern bluefin tuna Thunnus maceoyii (Kalish et al. 1996) and blue grenadier
Macruronus noveezealandiae (Kalish et al. 1997) has demonstrated that the bamb
radiocarhon method 15 & relatively inexpensive and rapid technique for age validation.
The bomb radiocarbon chronomeler relies on measurements of radiocarbon in selected
portians of fish otoliths and relates these data to radiocarbon levels found in the
environment Under "normal" circumstances these measurements would not appear to be
usefiul due to the reletive constancy of environmental radiocarbon levels; however,
human activities have aliered the [evels of radiocarbon in the environment both rapidly
and drastically. The most dramatic change in radiocarhan levels was due to the
atmospheric testing of auclear weapons between 1958 and 1963. These atmospheric tests
released large guantities of radiocarbon into the atmosphere and ultimately increased
atmmospheric levels of radiocarbon by over 100%. This increase was so rapid and great
that the entry of this material into (he ocean effectvely marked (in 2 manner analogous to
merking with oxytetracyline hydrochloride) all fish living in the vpper 500 m of the
gcean. This radiocarbon mark is useful becanse we have a precise imowledge of the time
when the mark would have become incorporated into a fish and, more mpaortantly, the
fish's atoliths,

Properties of the movement and distnibution of bomb-produced radiocarbon in the nceans
make the bomb radiocarbon chronometer unsuitahle far investigations of age in fish
species, such as orange roughy, that live at depths greater than about 500 m (excephons
are those deep-sea species such as smooth oreo and black oreo with juvenile stages thet
live at shallower depths). This is duc to the slow penetration of inorganic carbon into the
deep ocean. Despite this problem, radiocarbon stll has great potential for estimating the
age of orange roughy. For orange roughy, the method of choice would be the technique
known ag radiocarbon dating. Radiocarbon dating is the standard techmigue used to
determine the age of ohjects of interest to archasologists and anthropologists and 15 most
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wsefil for material that is that 1 leas than 30,000 years old. Radiocarbon dating is based
on the known rate of decay of radiocarbon, which has a half-life of 5730 years. In most
fish species this decay would not be detectable due to the relatively long half-life relative
to the “typical” age of a figh, and the precision of radiocarbon methods for small samples
{e.g. small portions of otoliths). However, there is some evidence that fish species such
as orange roughy are extremely long-lived and, therefore, may be amenable to
radiocarbon dating techniques, particularly with the high levels or precision that are
attainable with AMS. The first consideration is to achieve the highest precision practical.
For AMS, this is typically between 0.4% and 0.6% for small samples, or equivalent to
about 35 to 50 years. In recent years, analytical precision has improved significantly and
some facilities have developed the ability to routinely achieve precision of about 0.3% or
ghout 24 years. This level of preasion should be effective to determine the age of orange
roughy if this species exhibits the longevity that has been reported previously (Mace et al.
1990, Fenton et al. 1991, Smith et al. 199?7). Furthermore, age estimates of orange
roughy based on radiocarbon dating would be independent of other age sstimation
procedures. This report descnibes a study to determine the age of orange roughy on the
basis of high precigsion radiocarbon dating.

Materials and methods

Orange roughy otoliths were obtained from otolith archives maintained a1 NTWA (Di Tracey,
personal communication). Orange roughy otoliths are weighed routinely and this provided an
opportunity 1o obtain heavy ataliths that would have come from presumebly old fish. The
relationship between otolith weight and fish age 15 well established (Boehlert 1985) and data
are available that indicate this relatronship also applies to orange roughy otoliths (Franeis and
Smith 1995). Otoliths weighing in excess of 0.5 g were selected from fish collected in the
"survey box" on the North Chatham Rise (between 175"W 1o 178°W longitude and 42°10/S
to 44°8 latitude) (Table 16.1). [n a study of orange roughy age determination on the basis of
210Pb/226Ra in otoliths (Fenton £t al. 1991} the heaviest individual otolith weighed 0.43 g
and the mean otolith weight of the pooled sample containing the heaviest otoliths was 037 g
(sample LH74% in Fenton et al. 1991). Examination of otalith weights indicates thel 0.6 g is
near the upper limit of otolith weights collected on the North Chatham Rise. In addition, two
otoliths removed from orange roughy ceptured dunng the 1585 fshery off Sandy Cape,
Tasmania were included due to their very large size.
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A second eniterion, date of collection, was also considered critical in the sample selection
process. The otolith pairs were selected from fish collected between 1985 and 1992 (Table
16.1) with a view to identifying and avoiding bomb radiocarbon contamination in the most
recently deposited aragonute in the samples. In the first instance, 1t was hoped that samples
collected early in the fshery would be free of bomb radiocsrbon, whereas samples collected
at the later date (1992) might pravide evidence for bomb cootamination, In addibon, the two
Tasmanian orange roughy otoliths included the earliest sarnples available that were above the
mimimum weight and also included the heaviest otolith. Two of the samples, ORHI and
ORH 10 were analysed as part of an pilot study of radiocarbon dating of orange roughy and
wis funded by the New Zealand Fishing Industry Board (Kahsh 1994),

Otolith calerum carbonate for radiocarbon analyses was removed from each otolith by drilling
with fine dental-type dnll bits, Otolith calcium carbonate wes obtained from 5 distinct regions
of each otelith: 1) a region, including the otolith core, that encompassed no more than the
presumed first 4 years of otolith growth designated here as "Position 1" or “‘core”; 2) & region
mid-way between the otolith core and the "fransition zone”, a structure that is assumead to
result from physiological changes associated with the onset of maturity and spawning and
eatimated to ocour &t about 30-34 years of age (Kalish unpublished data; Francias et al. 1993;
(Smith et al. 1998); Francis and Homn 1997}, and designated here as "Pomtion 2" or “Juvenile
1"; 3) a region encompassing the ransition zone designated here as “Position 3" ar “Juvenile
2": 4) a region just distal of the medial face of the otalith designated here as “Position 4™ or
“Adulr 1", and; 5) the cuter medial face of the otolith representing the most recently deposited
calcium carbonate and designated here as "Position 5" or "Edge”. An orange roughy otolith
with Positions 1, 2 and 3 indicated is shown in Fig. 16.1 and a section with Positions 1-5
indicated ia shown in Fig 16.2. .

Samples are designated as ORHx/1, ORHx/2, ORHx/3, ORHx/4 and ORHx/S where the fingl
mumber relates to the position sampled. A layer of otolith calaum carbonate about 100 pm
thick was removed from the lateral (distal) surface of the atolith before material was sampled
from Posidons 1, 2 and 3 to eliminate the then layer of older calcium carhonate that covers the
lateral surface of otoliths from presumably older orange roughy. After grinding, otalith
powder was placed in individual plastic centrifuge tubes. Each sample was sorted at 40X
magmification and under clean room conditions to remove any impurities (e.g. dust, fibres,
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etc.) that rmoght have hecome incorporated during the sampling process.

Further sampls preparation and analysis was completed at the National Ocean Sciences
Accelerator Mass Spectrometry facility (NOSAMS) at the Woods Hole Oceanographic
Tnstitute, Massachusetts and at the United States National Science Foundation- Arizona
Accelerator Mass Spectrometry Facility at the University of Arzona in Tucson, Arizona.
Preparation of graphite targets was accomplished using the method established by Slota et al_
(1987} and details of the operation of AMS facilities can be found in Linick et al. {1989). For
the analyses completed at Anzona (Samples ORH1 and ORH10), three graphite tarpets were
produced from each sample and multiple carbon isotope measurements were made on each
target. A weighted average was calenlated to produce the final estimates of radiocarbon
lavels. Single targets were produced by the NOSAMS laboratory end multiple measurements
were carmied out on each sample. R eported errors for radiocarbon data and age estimates are
one standard deviation and include both counting errors and laboratory random errors.

Resulis

The resulis of the 29 high precision analyses of radiocarbon in samples from orange roughy
otoliths are presented in Table 16,1, A total of 32 samples was prepared and of these samples
three encountered problems during the target preparation process and were not suitable for
further radiccarbon analysis. Another sample, ORH4/1 was contaminated by a "hot” sample
digested in the same reaction vessel on 8 previous occasion. The otolith mdiocarbon data are
reported in three ways to simplify companison with other radiocarbon data. Radiocarbon data
may be expressed in several forms with the convention selected bemg dependent on the
sample type. Radiocarbon measurements made on oceanographic samples (e.g. carbon
extracted from seawater or animal tissues) are typically expressed as A''C (%), whereas
measurernents made for the purposes of radiocarbon dating are reported as conventional
radiocarbon ages (vears). In each case, the results are calculated on the basis of procedures
outhned in Stuiver and Polach (1977).

The results, in relation to possible ages of the orange roughy samples, are most readily
interpreted as radiocarbon age. The radiocarbon age data are presented in two forms a
conventional radiocarbon age and a reserveir —corrected age (Table 16.1). The conventional
radiocarbon age presents the age of the sample in relation to known age standards {the
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standards are based on 1890 AD tree-ring carbon in equilibrium with 1890 AD atmospheric
CO2) with the level of radiocarbon in 1890 AD atmospheric CO2 acting as the reservoir {or
source) of rachocarbon. Using this eonvention, analysis of radiocarbon in sgmples from
arange roughy ololiths yielded conventional radiocarbon ages that range from a maximum of
96085 years o 3 minimum 24040 years (Fig. 16.3). These conventional radiocarbon ages
arc & funchon of the age of the carbon reservoir, essentially the ege of the carbon present in
seawater dissolved inorganic carbon (DIC) when it is incorporated into the ofolith and the
age of the fish The conventional radiocarbon ages can shill be used 1o estimate the age of the
arange roughy samples simply by looking at the differences in conventional radiocarbon age
beitween samples and this was determined 1o be the most appropriate method to consider
these data.

The ald ages that result, before differencing, are an effect of the reservoir of carhon
ultimately incorporated into orange roughy otoliths. The reservoir of carbon in the deep sea,
and at the depths where orange roughy occur, is very old due to the dynamics of ocean
circulation (Bien ef al. 19635; Broecker 1 al. 1985, Kalish 1995b). Dnssalved inorganic
carbon is incorporated into water masses while at the ocean's surface and when in contact
with the atmosphere. Proceases that result in the movement of water masses to the deep sea
are relatively slow and several hundred to several thousand vears may pass before these
water masses are transported to the depths beyond the surface mixed layer. During the time
over which transport takes plage, the radincarbon incorporated at the ocean's surface decays.
Data presented in this study support earher resgarch that indicates a conventional radiocarben
age of mare than 500 years for seawater at depths of about 1000 m in the temperate Southern
Hemisphere oceans.

An estimate of the age of the radiocarbon reservair, essentially the specific radiocarbon
content of the reservoir in the habitat from which the orange roughy were sampled, can be
obtained from several sources and some of these data are presented in Table 16.3. These data
suggest that the A'*C of the reservoir could range from about 50 to -120%.. A mean value
for the reservoir was estimated based only on semples collected in 1974 and from arange
raughy depths that are typically trawled. The mean 4''C at depths between 800 m and 1300
m in 1974 was -QP.S:I:I%lﬁquiﬂ.’lml to an age of 800165 years (n=5) (Table 16.3).The
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large error associated with this estimate is due to the rapid change in A'*C with depth and for
this reason, it is considered extremely difficult 1o estimate a single reservoir value for all
orange roughy sampled. On this basiz, the preferred method to estmate the reservoir value
waa based on the measurements of A'*C: made at Position {or Position 4) from the
individual otoliths as this would take into account potentiel differances in habitat selected by
individual orange ronghy.

Radiocarbon measured between Posttion | to Positon 5 in each otolith shows the same
genexal pattem wath the oldest diocarbon ages measured at Position 1 and the youngest
ages measurad at Positon 5 (Table | 6.1). Measurements of radiocarbon 4t Positions 1 end 3
are clugtered relative 1o meaqurements in the adult regions of the otolith in Positions 4 and 5;
the basis for these relative distnibutions is eritical to interpretation of thege radiocarbon data.
Samplea from otoliths taken at Position 5 yielded radiocarbon measurements that are
representative of the ime when the fish were collected between 1985 and 1992, more than 20
years after the influence of bomb mdiocarbon was detected in the surface ocean, Based on an
earlier pilot study it was expected that bomb radiccarbon would not be evident in samples
collected at orange roughy depths prior to about 1994, If i3 clear, however, that many of the
samples from both Posibons 4 and 5 were influenced by bomb radiocarbon as evidenced by
the very young age of the majonity of these samples (Table 14.1).

Ocean crenlation and the relatively slow mixing processes associated with the movement of
surface witler masses to the decper ocean indicate that bamb radiocarbon would not be
detectable in these deeper waters unt:l many years afier they were manifest in surface waters.
This is discussed in detal in the literature that deals with the use of radiocarhon as a tracer
for studies of ocean circulation {e.g Broecker and Peng 1982, Broecker et al. 1985; Kalish
1925}, Measurements of radiocarbon in scawater dissolved mnorganic carhon (DIC) from the
temperate South Pacific, in the region of the Chatham Rise, and at depths where orange
roughy are likely to occur (Table 16.3) demonstrate the possible variation in radisearbon in
these hahitats. The data from Osthuind and Stuiver (1980) are based on radiocarbon
meagurements made m 1974 and these data are congidersd representative of pre-bomb
conditions despite the fact the measurements were made more than a decade after bomhb
radiocarbon was detected in the surface ocean. This is due to slow ocesn mixing and the
conchusion that bomb radiocarbon had yet to penetrate into these regons of the deep sea by
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1974. Also, the data from 1974 show a clear trend of decressing A'*C with increasing depth
(Table 16.3). A'*C is about -80%a around 800 m depth and decreases to less than -110%s
below 1100 m. Radiscarbon data from the regpon of the Chatham Rise, collected by Sparks et
al. (1992) show & similar relationship between A''C and depth (Table 16.3), hawever, there is
one measurement made at 800m in November 1987 of -41%. that shows clear evidence for
the presence of bomb radiocarbon 1o deeper waters, There 1s no further evidence in these
seawater DIC messurements for the presence of hamb radiocarbon at orange roughy depths
(>R00 m) prior to 1987,

Owver the last 500 years, prior to atomic weapons testing, A'C in the afmosphere was
relatively constant at sround the 0%s. Over the same period, A'*C in the ocean was also
constant at shout 45%s. The difference is due to the balance between the input of *CO2 o
the ocean, the production of radiocarbon n the atmosphere, and the transport of radiocarbon
to the deeper ocean. In additon to exchange with the atmosphere, the surface mixed layer of
the ocean is constantly losing radiocarbon, in the form of dissolved inorganic carbon, to other
carbon pools through several physical and biological processes. However, A™C in these
desper waters is still significantly lower than at the surface at similar locations. The
complexity of A™C distribution in the ocean is clearly demonstrated by recent measurements
made as part of the World Ocean Circulation Experiment {e.g. NOSAMS 1995)

Several measurements of A'C at Positions 4 and 5 provide clear evidence for contamination
by homb radiocarbon. Although it is not possible to provide a definitive time for the earliest
input of bomb radiocarbon to orange roughy depths, it 15 feasible 1o provide a threshold of
A"™C ahove which bomb inputs are clearly present. On the basis of data from Table 16.3 and
aimilar measurements throughout the world's oceans, it is concluded that a A™C of -B0%s or
a radiocarhon age of 600 years represents a reasonable threshold. This value for A'C was
selected on the basis of measurements of A''C and tritium in seawater in the South Pacific
Ocean at ocange roughy depths and temperate latitudes (Table 16.3). A A'*C measurement of
-81.4%0 was made on & sample of seawater collected at 803 m depth in the temperate South
Pacific and no totium, 4 definitive tracer of bomb products, was detected in this sample
(Distlund and Stuiver 1980). Despite the selection of this estimate, it can only be considered a
crude estimate for all the arange roughy analysed in this stody. Values of A''C sbove this
Tevel (and radiocarbon ages of less than 600 years) would be mdicative of the presence of
bomb derived radiocarbon tn the sample. On the basis of this erilerion, 3 samples from
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Position 4, and § samples from Position 5 were contaminated Several samples (ORHLO/S,
ORH31/5, ORH66/5) present conclusive evidence for contamination with A™C of about | 0%
up to 45%..

The sampling strategy for this project was desipned to take into account possible effects of
bomb contamination, but wes not completely successful in this endeavour. This was ta be
achieved through the sampling of the most recently formed otolith material from the medial
surfece of the otolith (Position 5) and the adjacent, but older otolith matenal from Position 4.
Since samples were not available that would bave no ehance of bomb contamination (i.e.
collected before 1960), it was determined prudent to analyse the material at Pesition 5 with
possible bomb contamination and, s a precautionary measure, analyse material from
Position 4, However, it appears that some samples from Position 4 (ORH7/4, ORH31/4,
ORHG6/4) were also affecied by bomb radiocarbon. Based on counts of presumed annual
increments, it is estimated that a mawimom of [0 years would have separated the most
recently deposited calcium carbonate at Position 5 from the most recently deposited matenal

at Position 4.

In addition 1o demonstrating the effects of bomb contamination, the contamunated samples
provide evidence for significant regional variation in A'“C . The samples with the earliest
eollection dates of 1985 show the highest values for A'e, indicating the greatest level of
contamination. From these measurements, it cen be concluded that detectable levels of bomb
radiocarbon bad reached orange roughy habitats off western Tasmania prior to reaching
similar habitats in the Chatham Rise region. It was enticipated that these samples would be
the least likely to be contammated due to the early collechon date, however, this was proven
to be an incorrect assumpton. These samples vielded the oldest fish age estimates of 890
years and 670 years for ORH31 and ORHG6, respectively, The similanty of these estimates 13
likely to be associated with the common collection location off western Tasmanis and the
similar date of collection. This also reinforces the effectiveness of radiocerbon data as 2
tracer of water masses, & peint that is critical to the interpretation of the otolith data from
smooth and black oreos. The fact that these two samples from Tasmanian waters yielded
similar A'C st Positions | and 5 suggests that they were likely to have experienced similar
ocexnographic regimes over the course of thesr lives and that they were of nimilar sge.

Due to the differences in nceanography and concomitantly, A'*C experienced during the life
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of the individual fish nsed in this study, it i5 most appropriate to view the results on a fish by
figh baais. Although reservoir corrected ages are presented in Tables 16.1 and 16.2, these
estimates are considered problematic due to the variable depth distribution of orange roughy
and the lack of pre-bomb radiocarbon data at orange roughy depths from the region of the
Chatham Rise. Comments on the results from each otolith are presented below and these
relate directly to data presented in Table 16.1.

ORHT

The sarmple from Position 1 failed, therefore, it was only possible to estimate the difTerence
between ORH1/3 and ORHI1/S of 192+06 years. This age wonld represent a minimum
estimate for this sample due to the failure of the analysis of ORH1/1. Bomb radiocarhon
eontamination was not evident in sample ORH1/5 with & A"C of -83.6%. The reservoir
comected age for the otolith core weas 93 years. The ofoliths section age wes 154 years and
overlaps with the minimum age estimate for radiocarhon dating of this otolith,

ORH4

The sample from Position 1 failed, however, A"*C was measured successfully from Position
1. For the majority of samples thess two measurements were not statistically significantly
different. The difference between ORH4/3 and ORH4/5 was 3454176 yeary, however, the
Position 5 sample was beyond the threshold for bomb contemination with 4 value of -55%..
The difference between ORHA4/3 and ORH4/4 was 65172 years and represents an estimate of
the mumber of years between the formation of the transition zone (aroumd first spawning) and
the perind estimated to be about 10 to 20 years before death (the estimated time covered by
sample ORH4/5). With a A"°C of -87%s, sample ORH4/4 was unlikely to be contaminated by
bomb carbon. The reservoir comrectsd age for the otolith core could not be estimatad due to
contamination of the core sample, ORH4 had an otolith section age of 128 years.

ORHT

The difference between ORH7/1 and ORHT7/3 was 5+211 years and between ORH7/1 and
ORH7/4 the difference was 325+166 years. The sample from Position 5 fmled and homb
radiocarbon was present in ORH7/4 based an a AMC of -70%.. Therefore, the estimated age
of 325 years for this fish is invalid due to bomb contemination in both ORH7/4 and
ORH7/5from the adult region of the otolith, The reservoir corrected age for the ofolith core
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was 50 years. The otolith section age for this sample was 120 years,

(?RHE

Samples from all five positions were measured from sample ORHE. There was no significant
difference among ORHAS, ORHE/2 and ORHAA with differences of -35+68 years and -
45262 years. The differences between ORHE/], from the core, and ORHE/4 and ORHE/S
were 7077 yeers and 165118 years, regpectively, The reservoir carrected age for the
otolith core was 25 years. ORHE yielded an otolith section age of 138 years.

ORHID

The sample from Position 5, with a A'C of -43%,, shows clear evidence of bomb
contamination and, without a sample from Poagition 4 if i3 not possible to make an sshmate of
age for this fish on the basia of radiocarbon decay. The difference hetween samples ORH1O/1
and ORH10/3 was 43+48 yearg and represents an estimate for the time penod between the
first few years of life and first spawning. The reservoir comected age for the atalith core was
22 years, The otolith section age for ORHI0 waa 156 vears,

ORH13

The age difference betwesn the samples from Position 1 and Posittion 3 was 505 5years, very
sirnilar to that estimated for ORH10. The difference between Pogition | and Position 4 was
105+94years. The sample from the otolith edpe was contaminated by bomb carbon based on
8 A"C of -64%s. The reservoir corrected age for the otolith core was 60 years. The otolith
section age for ORH1S was 118 years.

ORH31
This was, by far, the beaviest otolith at almost | g, and would be expected to yield the oldest
age. Homb radincarhon contaminetion of the samples from both Positions 4 and 5, with A'*C
of -57%0 and -35%., respectively, made an age estimate impossible, The reservoir comrected
age for the otolith core was 130 years. ORH31 had an otolith section age of 180 years.

ORH&E
Problems with bomb conterination, similar to those for ORH3 1, were evident in thig gample
and an age estimate was not possible. ORHE&6/4 and ORHE6/S yielded A'“C of -62%a and -
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41 %a, respechively Nevertheless, the radiocarbon ages from both Pogition 1 and Position 5 in
ORH31 and ORHA6 clustered and suggests that these fsh were exposed to similar ambient
radiocarbon levels or, at least, levels distinct from those in the region of the Chatham Rise.
The reservoir corrected age for the otolith core was 160 years. ORHGA66 was estimated to be
the oldest fish based on an otolith section age of 185 years.

Two arange roughy otoliths, ORH1 and ORHE were not contaminated with bomb
radiocarbon at any of the postions sampled. Unfortunately, the sample from Position 1 from
ORH1 was lost and there was no measurement of radiocarbon in the core. However, as
samples from Positions |, 2 and 3 mdicate from all otoliths, there is litle difference between
measurements of A''C at these positions and ORH1/3 can be used to provide an estimate of
the minimum A''C {maximum age) for this sample. On this hasis ORH1 produced s
minimum age cstimate of 192296 years and radiocarbon dating of ORHS produced an age
estinate of 16521 18 years. These age estimates sugpgest langewvinies on the order of 100 years
for orange roughy.

Two additional samples, ORH4 and ORH1 5 were contaminated with bamb radiocarbon at
Pogidon 5, but were not contaminated al Position 4. For sample ORHA4, there was the
additional loss of ORH4/] due to contamination from an earlier sampled that was processed
in the same reaction vessel, however, ag for ORH1, ORH4/3 can be used to provide an
estimate of the minimum A''C (maximum age) for this sample. Therefore, 2 minimum age
can be estimated for ORH4 and ORH1S from the difference between the radiocarbon age at
Position 3 and Position 4 and Posifion | and 4, respectively. The resultant minimien age
estimates are 65172 years for ORH4 and 105394 vears for ORHI1S.

ORH 31 and ORHE6 had the two oldest conventional radiocarbon ages (most negative A'*C
)y measured &t Position 1 of any of the otoliths at 930 years and 960 years, respectively, and
this suggests the oldest ages for these fish based on radiocarbon decay. Also, these fish
displayed the youngest ages (highest A''C ) at Position 5, consistent with relatively rapid
exchange of carbon between the surface ocean and the deepacs habiiat where these fish were
collected. If these fish remained in & similar location throughout their lives, then a low ac
(an old conventional radiocarbon ege) might be expected in early life.
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Otalith weight versus otolith A™C

The validity of the radiocarbon-based age estimates for the orenge roughy samples can be
investigated further by consideration of the relatonship between otolith weight and the
radiocarbop age eshmated fom the core sample at Postbon 1. Ololith weight is considered a
suitable, although imprecise, proxy for orange roughy age (Francis and Tracey 1994; Francis
and Smith 1995). In addition, the measurement of radiocarbon ape at Position 1 should
provide an indication of the relative age of individual fish if it is assumed that radiocarbon
levels were similar for each fish when this core otolith material was deposited. [f this was the
case, than any differences in radincarbon age measured among the samples would be the
result of radiocarbon decay over the life of the fish. There was a significant relationship
between otolith weight and the conventional radiocarbon ages messured at Position 1 that
suggests that the radiocarbon data may be related to the brological age of each fish. However,
some congideration must be given to the possible influence of regional sceanography and the
effects on A'*C in samples from different regions, Notebly, the orange roughy from Sandy
Cape, Tasmania were segregated 1n relation (o the other samples baged on radiocarbon
meagurements at Positions | and 5. This could be atiributable to the fact that these were
eatimated to be the oldest of the samples, based on otolith section age estimates, the influence
of regiongl oceanography on rediocerbon distnbution, or & combinahon of these factors.

Discuszion

Radiocarbon dates from selected regons of orange roughy otoliths provide further support
for the hypothesia that these fish are [ong-hived with maximum ages in exceas of 1040 years;
however, these estrmates must be considered in light of the sigmficant uncertainties
associated with the radiocarbon reservoir at arange roughy depths. Consistent trends in A™C
from the otolith core to the otolith edge provide evidence for the detection of signi ficant
levels of radiocarbon decay. The greatest amount of decay (longesl time period) is evident
between the fransibion zone samples (Position 3) and the adult samples (Position 4 and 5),
cansistent with the highly compressed appearance of presumed anneal inérements between
these regions. However, many of the adult samples were contaminated with bomb
radiocarbon and this makes it difficult to determine radiocarbon ages with a high degree of
certarnty, as discussed in more detai] below. Rejection of samples presumed to be
contaminated with bomb radiocarbon shll suggests the greatest decay between the transition
zone and adult samples. The extent of radiocarbon decay between samples from the first few



VALIDATION OF ORANGE ROUGHY AGE 251

years of hfe (Poaihions 1) and what is presumed to be the ‘mid-juvenile’ period (Position 2)
and the late juvenile period at the trangitiom zone (Position 3) was far less. This is consigtent
with interpretation of presumed snnual increments in orange roughy otoliths and the
differences in the width of these increments across the otolith,

The major problem in estimating radiocarbon dates from orange roughy otoliths appears to
be linked to the difficnlty mn obtaining samples that do not santain bornb radiocarbon. The
only way to ensure the samples do not contain bomb radiocarbon is to obtain samples
collected prior to 1960. This requirement would be excessive given the deepssa hahitat of
oranges roughy and the fact that a fishery for this species did not exist at that tme. Our
understanding of radiocarbon in the deep sea (e.g. Ostlund and Stuiver 1980; Kalish 1905b)
indicates that it is likely that fish collected prior to 1975 would satisfy the same requirement;
however, the complex nature of ocean &irculation would result in some uncertainty even with
samples collectzd up to that date. The only definitive meens of determining the presence of
bomb products (e.g. radiocarbon)) is to use a tracer that does not occur naturally, but resulig
from atomic testing, Tritiem satisfies this requirement and several studies (e.g. Broecker et
al. 1985) have investigated tritium as an ocean tracer. Studies of tritium in the ocean show no
evidence that this tracer penetrated to depths of 1000 m by 1980 and this wonld indicate that
homb radiocarbon had also feiled to reach these depths. Data on fritium are not widely
available and 1t would be difficult io extend these findings to other habits in later years (e.g.
the Chatham Rise in 1988). Alternatively, & solution fo the positive identification of bomb
radiccarhon at the otolith adge would be the measurement of tritiom in the same samples.
Unfortunataly, with corrently available technology, it is not feasible to measure low levels of
tritium in such small sarmples.

Due to the uncertainty in identification of homb radiocarbon, it was necessary to estimate »
threshold for A"C (-80%.) below which samples were considersd to be uncontaminated by
bomb radiocarbon. This value for A'*C was selected on the basia of measurements of A™C
and tritum in seawater in the South Pacific Ocean at orange roughy depths and temperate
latitudes (Table 16.2 and 16.3). A A"'C measurement of —81.4%, was made on # sample of
seawater collected at 803 m depth i the témperate South Pacific and ao tritium was detected
in this sample (Ostlund and Stuiver 1980). Despite the selection of this estimate, it can only
be considered a crude estimate for all the orange roughy analysed in this stody. If the -B0%.
threshold is accepted then some orange roughy collected as recently as 1988 may be free of
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bomb radiocarbon contemination at the otolith edge, but this cannot be established with
certainty
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Table 16.1. Fish, otolith, and radiocarbon data for Orange roughy (Hoplostethus atlanticus ) eollecied from the Southern Ocean.

Sample No.  Collection location Collection  Fish  Sex Otlith Sample  A™C (%) A7C Age  Age
date length weight  weight Emor Error
(cm)SL (8] (mg)
ORH17Z  42'10S 175°-178' W 1987 45.1 F D71 21.6 -105.2 3.0 893 25
ORH 1/3 North Chatham Rise 15.1 43,6 3.0 701 23
ORH4/1 42108 175%-178' W 135 2331378 364  >mod 0
ORH 42 Niorth Chatham Rise 1987 302 F 066 141  -94.48769 6.24 750 55
ORH 413 124 -B7.08945 3.07 685 25
ORH4A/4 324 -55.00658 3.0 405 35
DORH7/1 B.0 -106.7272 6.0 B6D 55
ORH7/2 42054 8 175033 2W 1988 35,1 M 0.6366 143 -106.5349 3.43 855 30
ORHT/A 192 -70.00999 3.72 535 30
DRHT/4 14.0
ORH&/ 12.3 -102.83 5.10 R25 45
DRHA/2 42052 S 176000 W 1988 38.8 F  (.5361 17.5 -108.58 4.36 B8O 40
ORH B/3 6.8 -107.73 4.42 BT0 40
ORHE/4 13.6 -95.17 4.57 755 40
ORHB/S 20.6 =B .47 431 Go0 A0
ORHI 427108 175°-178" W 15.6 973 3.0 822 26
ORH 1042 North Chatham Rise 1992 414 F 06 18.4 924 3.0 779 27
ORH 103 12.2 -43.2 3.0 355 vy S
ORHIS/ 427108 175°-178° W 101 -106.7386 3.12 R60) 30
ORH15/2 North Chatham Rise 1992 8.6 F 062 109  -101.1571 3.53 B10 30
ORH15/3 11.6 -95.00 £.00 755 55
ORH15/4 120 -64.54761 3.13 490 25
DER31/1 B.7 -114.64 6,35 o030 55
ORR31/2 Cascade Plateau 1985 5018 M 09250 146  -113.9367 B.82 925 80

DORR31/73 124 -57.56 4.60 430 40
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ORR 31/4 154 -35.12 aTi 240 40
ORR 66/1 10.4 -117.95 2.15 960 ES
ORR66/2 Cascade Plateau 1985 473 | 06749 107 -100.5538 401 B80S 35
ORRAG 10.6 -68.11102 3.26 520 30
ORR66/4 11.2 4137 640 290 55
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Table 16.2, Dats nsed to sstimate mean réservorr ages for deawater at orange mughy depths.

Sample Region  Mean radiocarbon Mean Nurnber of Mean
position sampled agetl s.d. (years) di fference samples difference
. “ celculabon (years)
Positon 1  Core E76 - 6 -
Position 2 Juvenile 1 880 Pos.1-Pos.2 1 -4
Poaitton 3 Juvenile 2 836 Pos. 1-Pos.3 § 40
Positon 4 Adultl 813 Pos.1-Pos.4 fi 263
Position 5 Edge 449 Pas.] -Pos.5 7 427

Table 16.3. Measurements of radincarbon in seawater dissolved inorganic carbon from
samples colleeted near the orange roughy fishing grounds of the Chatham Rise,

Date Latitude Longitude  Depth (m) A™C (%) Source

Mar 1974 44° 56'S 166°39E  RO3 -81.4 Ostlund and Stuiver 1980
Mar 1974 44° $6'S 166° 39 1002 929 Ostlund and Stuiver 1980
Mar 1974 44° 56'S 166° 39E 1252 -126.6 Ostlund and Stuiver 1980
Mar 1974 44° 56'S 166®39B 1503 -153.1 Ostlund and Stuiver 1980
Mar 1974 38°22'8 170% 4R R98 -85.6 Ostlund and Stuiver 1980
Mar 1974 38°22'§ 170° 4F 1097 -111.0 Ostlund and Stuiver 1980
Mar 1974 38°22'S 170° 4E 1348 -143.4 Osthund and Staiver 1980
Nov 1987 42.0°8 179°E 04 411484  Sparks et al. 1992

Nov 1587 42.0°§ 17%°E 1000 984473 Sparksetal 1992

Nov 1987 45.0°8 179°F. 800 11204532 Sparks et al. 1992

Nov 1987 45.0°8 179°8 OO0 82754  Sparks et al 1992

July 1989 42.7°8 177.5°E S0 93 8484  Sparks et al 1592

July 1989 44.5°% 177.5°E 1268 -04 54127  Sparks et al. 1992

July 1989 45°% 177.5"E 750 -74.2410.1  Sparks et al. 1992

July 1989 45.5°8 177.5°E 800 92,7400  Sparks et al, 1992
July 1980 45.5°8 177.5°E 1500 -153.548.7  Sparks ctal. 1992
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Figure 16.1. Approximate locations for the 1sclabon of samples representative of Positions 1,
2 and 3 used for rediocarbon analysis of orange roughy otoliths, View ia of the distal surface
of an orange roughy otolith. Position 1 encompassed no more than the prezsumed first 4 years
of otolith prowth. Posiion 2 (Juvenile 1) is a region nud-way between the otolith core and the
"trangition zone”. Posbon 3 (Juvenile 2) is a region encompassing the transition zone. Further
details are provided 1o the Methods,

_;Fnsﬂ:im X

Position 1-..._1. !

Posibion 4
\r“/.
¥~ Position 5 =

Figure 16.2. Positions of radiocarbon samples in & transverse thin section of an arange roughy
atolith (ORH15) prepared after removal of the radiocarbon samples from the whaole otolith
Position ] is from the core region and the presumed first four years of growth. Pasition 2 {not
removed from this sample) midway between the core region and the transition zone has been
added to the figure. Position 3 is from the region of the transition zone. Position 4 (s adjacent
{distal) to the medial surface of the otolith and is removed after the sample from Position 5 is
isolated. Position 5 15 1solated from the medial surface of the otolith.
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Figure 16.3. Conventional radiocarbon ages determined from samples of orange roughy
otoliths. Each radiocarbon age was measured on a sample isolated from a specified location
{(Posibons 1 to 5) on each otolith. The positions are defined in the Materials and Methods and
detmls of the atoliths from each fish are pregenied in Table 5. Errors are one standard
deviabon.
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Chapter 17 Use of the bomb radincarbon chronometer to validate
ages of four lutjanid species estimated from thin sections
of otoliths

John Kalizh, Mike Cappo and Stepben Mewman

Summary

[Lutjerids are imporant recreational and commercial fish species in tropical Australia
Contrasnng resulis from biological studies have produced uncertainty in regard ta the
longevity and associated demographic parameters of these species and hence the patential for
development 1o Australia’s northern demersal fisheries. The use of the bomb radiocarbon
chronometer in this study provided an independent and supplementary source of validation of
the method of age estimation based an thin sections of otoliths of the four economically most
important Lutjanus species from the central Great Barmer Reef Messurement of radiocarbon
in the cores of sclected lutjanid otoliths supported longevities of at least 20 — 32 years
estimated for these spécies in recent atudies. Odolith A varied from imitially anticipated
values based on a time series of A'*C derived from Great Barrier Reef corals with many
results vielding A'C considerably higher than that measured in corals. The variation in A''C
could be explained by existing knowledge of the early life history and ontogenstic habitat
ghifis of the species. Juveniles less than one year of age are found, to varying degrees, in
coastal habitats that are influenced by freshwater runoff. Shallow freshwater habitats, notably
lotic environments, display A'“C levels that are squivalent to atmospheric levels and,
therefore, hugher than that measured in merine envirooments, Varying degrees of mixing in
nearshore habitats explrins the A'*C series yielded from the otolith cores from the different
Iutjanid spacies. Variahility in A'*C series both within and among species is attributable, in
part, to marked variation in freshwater mnoff provailing duning the first year of life of each
specimen examinad and differences in the habitats of individual fish. In addition to providing
a validation of the thin section method of age estimation, the radiocarbon data collected from
the atoliths provides insight into habitat selection by a range of hutjanid species.
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Introduction

Large lutjanids form the basis of important recreational and commercial fisheries throughout
tropical northern Australia and the Indo-Pacific (Williams and Russ, 1994). In narthern
Australia, exploitation of the “red snapper” complex, comprising Lugiones malabaricws, L
erythropterus, and L. vebae, has increased in trawl, trap and line fisheries. Potential annual
yield of red snappers from northern Australia has been estimated at 10,500 tonnes (Elliott
19946, Kailola et al. 1993, Ramm and McLoughlin 1995), based partly on growth and
mortality parameters inferred from counts of increments visible on whaole otoliths
(McPherson and Squire, 1992; Milton et al. 1999). In addition, there is growing sportfishing
interest in the spotted scale sea perch L. fohnii, and a commercial line fishery has developed
in parts of its range (Mamott and Cappo, 2000).

A radiometric enalysis of otoliths to validate age estimates from whele otoliths was applied
by Milton et al. {1595) to estimate longevities <10 years for the “red snappers” Lugjanus
arythropterus, L. malabaricus and [ sebae in the Gulf of Carpentaria (lattude <14 08 ). The
results of ihas study supported previous estimates of age from whole otolith readings by
McPherson and Squire (1992). More recent studies using sectioned otoliths have produced
eshrnates of longevity of at least 20 years for L. malabaricus, 22 years for L. sebae and 32
years for L erythropterus (Mewman et al. 2000), and at leest 28 years for L. johnii (Marriott
and Cappo 2000) from the central Great Barrier Reef region (lat 18—20 °8). Direct
validation of the temporal nature of the opagque and translucent zones in sectioned otoliths
was demonstreted for these species by Cappo et al. (2000) and Marriott and Cappo (2000)
besed on oxytetracycline hydrochloride (OTC) marking, The differences in reported
longevity baged these two age estimation methods have produced uncertainty about the
nature of potential development of northern Australian fisheries, and raised important
questions regarding intraspecific, labtudinal variation in otolith interpretation and
demographic parameters.

There is a clear need for further validation of age estimates from both regions, but there are
several difficulties inherent in the mosl common, direct method using mark-release-recapture
methods coupled with the injection of calciphilic fluorochromes to mark otoliths. Firstly, the
majority of mark-release-recaphure studies do not provide an indication of the ahsalute age of
individual fish. These studies can only confirm the temporal nature of otolith zones used to
cstimate age, however, this doss not necessarily provide a validation of all zones in the
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otolith (Kahsh 1995). Secondly, large numbers of fish must be tegged and there is little
control over the size, age and sex of fish released or recaptured. Thirdly, low recovery rales
of fish at liberty for periods of more than 2-3 years are a feature of such tagging programs
(Cempana end Jones 1998). In addition, there may be tagging artefacts and sample sizes are
usually small, A median of only 21 fish was reported by Francis et al. (1992) from 14 carlier
OTC mark-recapiore studies. Finally, the most comman analyses of percentage agreement
between the “observed" mumber and position of annual inerements distal to flusrochrome
marks with an “expected” pumber of annual increments exclude fish recovered at liberty for
leas than one year and do not allow exploration of the sources of error evident in the most
extengive studies (see MacLellan and Fargo 1995, McFarlane and Beamish, 1995).

Use of the bomb radiocarbon chronometer in age validarion studies offers several advantages
including the ability to estimate, by independent means, the abanlute age of individusl fish,
Furthermore, the method can be used to estimate the ages of larger and presumably older
individuals, an outcome that i3 virtually mmpossible with traditionel mark-recapture based
msthods. The benefits of the bomb radioearbon method have been discussed extensively
(Kalish 1993, Kalish 1995a, Kalish et al. 1996a, Campana 2001}, and it 13 considered to be
the most advanced and accurate method of fish age validation that i3 presently available

(Campana 1999).

The purpose of this study is to provide en independent and supplementary source of
validation of the otolith section based method of age estimaton for the four most
commercially imporiant Lutjanus species from the central Great Barrier Reef. These resulis
will be of value in further evaluation of age estimation of these species elsewhere in their
Indo-Pacfic range

Materials and methods

Study area and species

(noliths were obtained from catches made by recreational anglers along the cosst and
amongst the reefs of the central Great Barrier Reef (GBR) (18.20—19.40 South) and from
research trawls in Cleveland Bay and the Arafura Sea (10033.59° 8, 134 0 31.02" E) (Figure
17.1, Tahle 1). Specimens for radiocarbon analyies were selected to represent maostly the
presurmed oldest fish in the populations fished in the central GBR, with two young
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individuals for contrast and to provide data that could be linked with current radiocarbon
levels meanred on the GRE.

Adult L. erythropierus, L. malabaricus and L. rebae occur offshore (MePherson and Squire,
1992} and were collected below the 22 m isobath amongst extinet reef edges and carbonate
sedimentz. All life history stages of L. johnil, and the juveniles of the three “red snappers”,
nectr inshore tn varying extent in shallow, turbid bays that are lined with discontinuous
mangrove forests (Newman and Williams, 1996). These bays contain terrigenons sediments
and are suhject to major, episodic inputs of freshwater from the Burdekin, Herbert and
Haughton Ravers and from smaller coastal streams (Figure 17. 1). There 13 strong vanability
in this runoff at anoual and decadal scales, linked to the passage of tropical cyclones and the
strength and duration of the summer monsoon caused by El Nifio-Southern Osallation
(ENSO) climate variability (Lough, 1998).

Holith Preparation

For each whole fish or filleted carcass, the length to caudal fork (LCF) wes measured where
possible and both sagiftac (hereafier referred to as the otoliths) were removed, weighed and
measured. One otohith from each bsh was selected at random &nd embedded in soft epoxy
resin. After cuning of the resin, three transverse sections were cut with & low speed saw and
diamond wafering blade in the vicinity of the otolith primordium, The sections were 0,25 -
.50 mm in thickness, depending on width of the otolith, and were lightly polished oo wet
carbarondum paper {1000 grade) and lapping film (9 and 3 pm) and mounted on microscope
glides. Ages were estimated by the first and second snthors by counting opagque zones on the
sections under magnifications from 7.5X to 25.2X with a stereo-dissecting microscope using
tranamitted white light, or under reflected light against & dark background (Mewman et al.,
1996). Birth years far both readings were estimated by subtracting the age from the yesr of
eollection for each fish.

The secomd otolith was prepared for radiocarbon analysis and the methods utilised were
gimilar to those deacribed elsewhere (e.g. Kalish 1995, Kalish ot al. 19962, Kalish at al.
1956h, Kalish et al, 2001}, Otolith aragonite deposited during a period presumed to be less
than the first 6 months of life was isolated from one sagitta from each fish. The earliest
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formed poartion of individual otaliths was isolated with a fine, high-speed dnill. This was
achieved by “sculpting” from the larger otolith, an ofolith that wes representative of the
particular 1 utjanus spp. otolith at an age of about & moaths. The final product was a single
piece of atolith aragonite. Semple weights ranged from about 5 1o 17 mg (Table 1). Otolith
carbonate was converted to CO2 by reaction in vacuo with 100% phosphoric acid. An aliquot
of the CO2 was used to determine 8''C for each sample and the remaining CO2 was
graphitised for enalysis of radiocarbon. Radiocarbon levels in each sample were determined
by accelerator masy spectrometry (AMS) at the National Ocean Sciences Accelerator Mass
Spectromeiry Facility (NOSAMS) of the Woods Hole Oceanographic Insotution (WHOT)
and at Antares Mass Spectrometry Group of the Australian Nuclear Sciences and Technology
Organisation (ANSTO). Radiocarbon values are reparted a3 A''C | which is the age- and
fractionation-corrected per mil deviation from the activity of nineteenth century waod
(Smiver and Polach 1577). Age correcnons are based on the mean estimate of age
determined from reading of otolith sections. Reported emrors are 1 standerd deviation for both
radiocarbon data and age cstimates based om the reading of otolith sections. Radiocarhon
errors include both counting errors end laboratory random errors.

Results

The data from the otolith section based estimates of age for the four lutjamd species arc
plotted against the radincarhon dats obtained from the otolith cores and with a time series of
radiocarbon derived from a hermatypic coral sampled on the GBR (Druffel and Griffin 1993)
{Figure 17.2). The radiocarbon data frorn Abraharm Reef on the central GBR. are used as a
calibranon between surface ocean radiocarbon levels measured in tropical latitudes 1o the
southern hemisphere and time &nd ere belisved to represent the true vanation 1n radiocarbon
in the mopical southwestern Pacific Ocean. The otolith samples analysed spanned a wide
range of estimated birth dates based on the interpretation of the otolith thin sections with the
oldest fish, a specimen of L. erpthropterus, estimated to be 32 years and with a birth date of
1959,

For the most part, the data for otolith based age versus otolith radiocarbon deviates broadly
from the coral-based curve defining radiocarbon varianon on the central GBR, although the
mejority of data points from L. malabaricus fall relatively close to radiocarbon curve based
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on the hermatypic coral. Inspection of the age estimate and radiocarbon data for each species
indicates some paftermn among species. For example, data from L. enpthiropterus and L. johnii
tend to be higher in radiocarbon than L, sebae and I, malabaricus during a particular year.

Freshwater in shallow and particularly flowing water bodies i3 in constant exchanpe with the
ammosphere and there is little or no opportunity for strabification of radiccarbon due o
relatively rapid mixing (Kalish 1595), Therefore, atmospheric radiocarbon levels can serve as
a proxy for radiocarbon in freshwater. A time series of atmospheric measurements of
radiocarbon from Wellingion, New Zealand, the longest atmosphernic radiocarbon record in
the southern hemisphere (Manning and Melhuish [994, Hua et al. 1999), can be used to
estimate radiocarbon levels in mid-latitude freshwater environments as early as the 1950s.
Figure 17.3 shows the Wellington atmosphenc data plotted with the radiocarbon time seres
fraom Abraiham Reef In addition, these two time series have heen msed to model radincarbon
levels in waters of two intérmediate salinities (17.5%s and 24%:) that would result from
mixing hetween freshwater aquilibrated with the atmosphere in respect to radiocarbon and
seawater. These estimated salinines would be representative of coastal waters with
substantial freshwater inputs.

A plot that combines the radiocarbon time series from waters of different salinities wath the
otolith age and radiocarbon data shows that many of the time series of radiocarbon measured
in otolith cores are consistent with mixed water masses of reduced salimity (Figure 17.4), The
L johnii and L. erythropterus otolith data are closest to rediocarbon levels indicative of
mixed waters with the otolith data straddling the 24%. radiocarbon fime senes, The otolith
data from L sebae and L. malabaricus fall close to the Abraham Reef time series or between
those data and the 24%. radiocarbon Hme senies.

DMscussion

The results suppori both the use of secioned otoliths to accurately estimate lufjanid ages, and
longevities of &t Jeast 22 vears for L. sebae, 20 years for L. malabaricus, 32 years for L,
erythropterus and 28 years for L. johnii as proposed by Newman et al. (2000). In contrast to
these results, Milton et al. (1995) coneluded from disequilibria in 210Fh: 226Ra ratios of
pooled otoliths that longevities < 10 years from whole otolith readings (sensu McPherson and
Squire, 1992) were more accurate than section counts. The disequilibna method had
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previously helped confirm far greater longevities estimated for long-lived, deep-water
Hoplostethics atlanticus (Fenlon et al. 1991) and Sebastes (Campana et al. 1950). However,
Campana and Jones (1998) noted that radiometric dating was too imprecise for detailed or
individuel age determinations and West and Gauldie (1995) also conchaded that the methad
was inadequate to validate fish ages, Of particalar conceémn to West and Gauldie (1995) were
a lack of imowledge of how much Pb 210 is allogenic (coming from outside the otolith) and
how much 18 authigenic (produced from decay of Ra 226 within the otolith), inappropriate
sz of a single model for otalith growth in time, and especially emanation of Rn 222 from
otoliths during the decay series of Ra 226 to Pb 210 and contamination. We consider that the
use of the technique for three species of red snapper from the Gulf of Carpentaria may be
prone to greater errors than when used to estimate ages of despwater fish, due to the failore
of key assumptions. In particular, tropical coastal habitats such as the Gulf of Carpentaria are
charactensed by stesp envimmnmental gradients of temperature and salimity. For the most part,
this is linked to massive episodic inpants of freshwater and dissolved inorganic matenial
characteriatic of the shallow Gulf environment. Forthermore, as discussed below, these
lutjanid species inhabit coastal habitats characterised by mixing with freshwater.
Alternatively, thers may be real latitudinal differences in the demography of these species
thet may be resolved by further validation using the bomb redincarbon method, OTC
marking or other independent techniques for age estimation,

Life histories and exposure to fresfrwater

The radiocarbon measurements obfained from the otoliths of the four lutjanid species are best
explained by & separation amongst species in their degree of exposure to freshwater in the
first six months of life, This proposal is strengly supported by our inderstanding, albet
limited, of lutjanid ecology in the region (Newman and Williams, 1996). In the GBR,
Luifanus erythropterus, L. malabaricus and L. sebae have cross-shelf differences in patterns
of distnbution and size (MePherson and Squire, 1992, MePherson et al., 1992) that indicate
ontogenctic shifts in habitat.

Juvenile Lugianus johnii are found only in brackish mangrove-lined esmaries and the largest
individuals are caught in deeper waters at nearby headlands and rocky outcrops tn 10-24
metres. The species does not extend offshore into the coral reef matnix of the central Great
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Barrier Reef and has not been sighted there in depths greater than 31 metres (Williams and
Rusg, 1994; Newman and Williams, 1096, Malcolm et al., 1999).

Tuvenile L. malabaricus and L erythropterus >=2.5 cm TL have been commonly reported in
Upstart, Cleveland and Halifex Bays, especially around sparse seagrass beds (Williams and
Russ 1994, Newman and Williams 1996). Bycatch of juveniles in penacid trawls were
restricted to depths <15 m at stations closest to shore in a survey of the central GBR by Janes
and Derbyshire (1988). Only these sites had high silt and clay fractions of terrigenous origins
(Williams and Russ 1554). However, the overlep of L. malabaricus and L. erythropterus
inshore is not precisely known because the smaller juverules are so similar in form and habat
that they are not readhily separated on the basis of morphological features. For example,
allozyme and mitochondrial DNA analyms by Elhott (1296) found that only 32 % of putahive
L. malabaricus juveniles proved to be that species from samples identified by four different
leboratories. The remainder were juvenile L. erythropierus. Therefore, 1t is possible that L.
malabaricus occurs slightly further offshore than L. erpthropterus in the first six months of
life. The radiocarbon data from the otoliths of these two species support this hypothesis as L.
malabaricus otoliths tended to have lower levels of radiccarbon dunng a particular presumed
time period, indicative of residence in mare saline waters, than the otoliths of L

erythropterus.

Juvenile L. sebae have & mich wider depth range than the ather three species (Figure 17.5)
end were found over both terrigenons and carbonate sediments in the range 15-62 m by Jones
and Derbyshire (1988). They can be caught on the same inter-reaf grounds as mature adults,
and there is some evidence that they may be less common than L. malabaricus and L
erythropferus in turbid waters of 5-13 m (Williams and Russ 1994), It would be expected that
the radiocarbon levels measuréd in the otoliths of I, sebae would reflect more the
composition of full-strength seawater, The radiocarbon data from the cores of L, sehae
otoliths suggest a range of habitats, but with a clear tendency for full-strength seawater

envITOrmEnts.

Moast of the freshwater diacharge to the central GBR. occurs in a few short floods in the
sustral summer between December and March. Flood plumes enter the GBR lagoon (mostly
hetwean 170 — 230 5) end typically flow northwards. The Burdekin River 1s dominant with
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mean annual flow of 9.272 x 106 megalitres, in the range 0.54 x 106 - 50.927 x 106
megalitres and with a Coefficient of Variation of 116.7% (Wolansld, 1594).

Three-dimensional modelling of the Burdekin River plume bas shown wind-driven
irajectories and patchiness in the far salinity field enhanced by discharges from the Haughton
and Herbert Rivers and neighbouning streams and by tidal interachons with headlends (King
et al. 2001). The residence imes of dilute patches inside headlands are in the order of a few
weeks, In the 1981 Bordekin River flood peak, the entire Upgtart Bay wag filled with
freshwater and a plume of brackish water (<18 ppt) stretched 100 km northward along the
oconat. At this time the surface salinitics over the 15-20 m isobaths in Bowling Gresn,
Cleveland and Halifax Bays were 15—30 ppt (King et al. 2001), and significant seawater
dilution at the seabed in these deptha has been measured by Wolanskd (1994).

The settlement inghore of juvenile hojanida would coincide wath flaode in December -
March. McPherson et al. (1992) reporied spawning in spring and summer months, for seven
months for L sebae, five months for L. malabaricus and eight months for L. eryihropierus
and without any apparent lunar cyele in reproduction, Spawning peaks were svident in
MNovember-January for L.sebae and L. malabaricus and October-November for L,
erythropierus. Evidence of spawning was found in depths of 20-70 m for L erpthropeerus
and [. malabaricus and 20-160 m for L. sebge. Unpublished studies of gonadosomatic
indices of L. johnii in the central GBR show a sharp peak m January for fish collected at 3-15
m aroumd rocky headlands such as Cape Cleveland.

Thers are several difficulties associated with the interpretation of radiocarbon data from the
otoliths of these coastal lutjamd species. Firstly, the otolith cores isolated from each sample
were representative of, at most, the first six months of the fish's life and, as a result, would
have the potential to inteprate information from a wide range of habitats (e.g. salinines).
Individual fish may be exposed to varying salinities due to active movement between habitats
(e.g. onshore to offshore} or through pasaive exposure to different water masses associated
with the encroachment of, for example, freshwater plumes on the fish habitat.

The major nvers of north Queensland are characterizged by high intra- and interannual
variahility in discharge and this can have a drarnatic effect on the salinity of coastal waters in
the region and the habital of the individual specimens considered in this study. For example,
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three of the five L. malabaricus enalysed for radiocarbon had birth years estimated (by both
readers) from otolith thin sections that coincided with very dry vears when the comhbined
discharge of the major rivers (Table 2) waa extremely low. Under these conditions, the
otoliths would be expected to tncarporate less radiocarbon than in those years when
freshwwater discharpe wes higher. Ultimately, the factors that impact on the radiocarbon
content of lufjanid otoliths are extremely complex and & fully satisfactory explanation for the
patterns observed is unlikely without the availability of additional data. Purther insight into
the nature of lujanid habitat would be & valuable adjunct to this study and of particular
significance to research on recruitment of these species. Useful data on these issues is likely
to be obtained from further detailed smudiea of the chemical camposition of lutjanid otaliths
using ultra-trace techmiques such as [CP-MS.

Conclusions

Measurement of the radiocarbon in the cores of selected hotjanid otoliths provides a
validation for the thin sechion methad of age estimation for these four species. The date also
demonstrate that at |east three of the four lutjanid species investigated inhabit coastal waters
during early life and, notably, habitats characterised by mixing with fresbwater, This finding
supports the current limited understanding of the early life history of these hutjanid species.
In addition, the significant freshwater input to the juvenile hotjarud habitat would have a
dramatic impact on the trace element chemistry of the otolitha; this effect 15 demonstrated by
the high A'*C measured in otolith cores. This same factor will result in violation of a critical
assumption of the radiometne method of age validation and result in extreme variations in
the incorporation of isotopes such as 226Ra and 21 0P which have very different
distributions in fresh and marine waters,
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Tabie 17.1. Fish, otolith, and radiocarbon data for four lutjanid species collecied on the central Great Bamer Reef, Australia.

Sample Laboratory Species Collection  Collection Caudal- Otolith Sample A'°C(%s) Otolith Birth Otwlith Birth
No. accession location date fork weight weight section date  section date
no. length (g} (mg) age (year age {vear
(cm) (years) A.D.) (years) AD)
Reader Reader
1 1
L.e 183 ANETO L.erythropterus  Robbery Mowv 1990 &§22 1.0436 139 127.3x11.54 25 1965 25 . 1965
0ZC627 Shoals
L. 187 ANSTO  Lervthropterus Robbery  Nov 1990 590 1.0684 14 119.147.4 26 1964 28 1962
OZC628 Shoals
Le ANSTO  L.erythropterus Old Reef 1994 582 1.0189 14 2375464 23 1971 24 1970
1719 OZC629
L.e AMNETO L.erythropterus  Old Reef 1904 541 04905 139 149 6459 g 1990 5 1989
1720 OZC630
L.e ANSTO  Lerythropterus Old Reef  Sept 1993 602 0.9556 14 1784462 24 1969 24 1969
1730 OZC631
Le ANSTO  L.erythropterus Spoon Reef Jan 1995 573 1.0164 167  256.548.1 27 1968 31 1964
1773 OZC632
L.e ANETO L.erythroplerus Kelso June 1993 574 D.90BE 14.7 220.6+14. 19 1974 23 1970
1780  OZCH33 Shoals
Le ANSTD L.erythropterus  Kelap June 1993 570 0.833 13. 203.3+£11.5 13 1980 13 1980
1793 QZC634 Shoals
Le ANSTO L.erythropierus  Kelso June 1983 575 1.0334 99 116.3£13.5 25 1968 27 1966
1818 OZC63S Shoals
Le ANSTO  Lerythropterus Old Reef  Sept 1991 600 13971 5.3 -19.5+14.5 32 1959 34 1957
1829  OQZC6E36
Lm  RRL L.melabaricos Old Reef  Oct 1991 705 22662 145  124.7+1001 20 1971 19 1972
1852  NZA7001
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L.m
147
L.m
167
Lm
160
L.m
650
L 128

L.s133

L.z
1899
Ls
1910
Lj
2009
L.
2066
Ly
2100
L;18

Lj
2705

*Dtolith had part of the rostrum missing giving incomplete otolith weight.

ANSTO
OZCe3IT
RRL
NEZATOO2
ANSTO
OZC638
ANSTO
OZCH39
ANSTO
OZC540
ANSTO
OZC641
ANSTO
OZCH42
ANSTO
QZCH43
ANSTO
OZC644
ANSTO
OZCH45
ANSTO
0ZCo46
RRL
NZARD14
RRL
NZARDLS

L.malebaricus
L.melabaricus
L.malsbancus
L.malsbaricus
L.sebae
L.sebae
L.schae
L.sebac
L. joharia
L.johni
L.johnii
L johmii

L johnii

Townsville
offshore
Townsville

Robbery
Shoals

Cleveland
Bay
Pith Reef

Pith Reef
Old Reef

Old Reef

Cleveland
Cape
Cleveland

Feb 1990
Feb 1990
Now 1990
Mar 1991
Nov 1990
Nov 1990
1994

Aug 1991

28 Mer
1995
20c
1992
29 Jan
1995
28 Nov
1989
25 May
1995

635
635
630
76

680
615
668
470
815
536
800
990

810

1.969
1.3322
1.019¢
0.0142
2.53
2.29
1.67
0.88
1.59
1.5187
3.303
5.8433

3.7316

108

12.8

11.4

3.1

9.8

10,1

1.6

112

126

6.5

54

13.2

14.8

168.5+14.8
1533123
15549.8
128.2+11.8
111.5¢13.9
133.3£179
197.8+17.2
169.2+13.4
179.8+10.1
235.6£19.0
244.647.4
152.329.6

238.7x11.1

18

10

22

15

15

15

16

24

25

28

1972
1960
1945
1990
1968
1975
1979
1985
1580
1976
1971
1964

1967

21

26

15

18

16

13

1965
1982
1983
1990
1964
1975
1976
1984
1979
1979

1970
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Tahle 17.2. Daviation in flow during back-calculated birth years from average discharge of
the Burdekin and Herbert Rivers combined (1958-1995).

Sampleno.  Species Reader 1 Flow deviation Reader 2 Flow deviation
Birth year (megalitres) Birth vear (megalitrea)
Le1719 L.erythropterus 1971 -414324 1970 4961907
L.e 1720 L.erythropterus 1990 195748 1989 2195927
L.e 1730 L.erythropterus 1965 93069358 1969 -5306958
Le 1773 L.erythropterus 1968 6983127 1964 5111149
Le 1780 L.erythropterus 1974 49786851 1970 -4861907
Le 1793 L.eaythropterus 1980 -4807768 1980 -AROTTER
Le 1818 Leythropterus 1968 6983127 1964 -BROA205
Le 1829 L.eythropterus 1959 -1569053 1857
L.e183 L.erythropterus 1965 -6039229 1965 -6039229
I.e187 L.erythropterna 1964 -6111149 1962 -7544364
Lm 147 L.malsharicus 1972 10622815 1565 -9306958
L.m 160 Lmalsharicus 1985 -8132337 1583 -1035209
L.m 167 L.malsbaricus 1980 4807768 1082 -T795064

Lm 1852 L.malsbaricus 1971 -414324 1572 10622815
Lm 650 Lmalsbancus 1990 195748 1590 195748
Ls 128 L.sehae 1968 6983127 1964 -611]149
Ls133 L.sebae 1975 3422009 1975 3422999

L.s1899  L.sehae 1979 10780873 1976 2253609

Ls1910  L.sshae 1985  -R132337 1984  -40S187R
Ljl8 L. johnii 1964  -6111149

Lj2009  Ljohnii 1980 4807768 1979 10780873

Lj2109  Ljchnii 1971 414324 1970  -4961907

Lj2705 L johnii 1967 4671664
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Pigure 17,1, Sites in the ceatral Great Barrier Reef region from which lufjanid 6ish samples
were collected,
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Figure 17.2. Plot of otolith thin section birth date versus otolith core radiocarbon for 4
lutjanid species. Abraham Reef coral data (Drutfel and Gniffin 1993) are provided as
calibration for vanations in radiocarbon over time on the central Great Barmer Reef.
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Figure 17.3. Mixing model of radiocarbon vanation over time, Measurements of radiocarbon
in atroospheric CO2 at Wellington, New Zealand (Mannmg and Melhuish 1994) and
radiocarbon in scawater dissolved inorganic carbon, based an a coral proxy, are used to
maodel predicted radiocarbon levels in coastal waters of 1 7.5 %o and 24.0 % in the region of
the central Great Barrier Reef.
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Figure 17.4. Plot of otolith thin section birth date versus otolith core radiocarbon and
measured and modelled environmental radiocarbon for seswater and coastal waters of 17 5%e
and 24.0%s salinity
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Figure 17.5. Relationships between depth and size of exploited “reds™ in the central GBR
region between latitudes 18,560 and =19.147 from trawl, trap and handline collections by
WNewman et al. (2000) and Cappo et al, (2000). Regression lines forced through the onigin are
shown wath sample sizes,
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Chapter 18 Use of bomb radiocarbon to validate the age estimation
method for Epinephelus octofasciatus, Ecelis carbunculus
and Lethrinus nebulosus from Western Auvstralia

John Kahsh, Stephen Newman and Justne Johnston

Summary

Measurement of radiocarbon in the cores of otoliths from Epinephelus actofaveiatus, Etalis
carbunculus and Lethrimu nebulosus, all commercially harvested in the Indign Ocesn off
northern Westen Australia provided a validation of the age estimation method for these
speciea, Validation of the age estimation method for the two deepwater species, E.
octafasciatus, E. carfamewlus, would be impractical by other methods frequently used for age
validation. Although the otoliths were from three different genern, there was an overall
similarity in the relationship berween age estimated from the otolith thin sections and A'C.
Some of the inter-annual varishility in A™C may be the result of intra- and inter-anmual
changes in the ransport of North Pacific water vin the [ndonesian throughflow.

Introduction

The ruby snapper, Etelis carbunculus Cuvier, known also as red dog snapper and ehu is
widely distribuied throughout the tropical Indo-Pacific Ocean region from the Hawaiian
Islands to East Africa from southern Japan south to Australia (Allen 1983}, Along Western
Australie, E. carbunculus is found as far south as the Abrolhos Islands (25°8) and has been
landed in limited cormmercial quantities from the Ningaloo Reef area (23°30°S) northwards
(Newman unpublished data). They inhabit hard bottom areas and areas of vertical relief such
as pinnacles and areas of large epibenthos from depths of 90 to at least 440 m and are
concentrated in depths from 200 o 300 m (Allen 1985, Brozard and Grandpern 1585,
Newman unpublished data), The exploitation of deep slope species such as Frelis
carbunculus is still in the developmental stage along the north-west coast of Westem
Australia, Maost of the northern fisheries view the deep slope region as the next frontier for
fishery development with only small catches landed to date from State based fishers of up to
about 50 L
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The eightbar grouper, Epinephelus octofasciatus Griffin, known elso as grey-banded cod or
bared cod 1% distnbuted wadely throughout the Indo-West Pacific region from South Africa
to Japan, Australia and New Zealand (Heemstra and Randall 1993). In much of the literature
on Indo-Pacific fishes this species has been misidentified as Epinephelus septemfasciatus
{e.g. Dalzell et al. 1996) as discussed in Heemstra and Raendsll (1993). Epinephelus
septemfascigtus 15 beheved to occur only in the ocean around China, Japan end Korea
Epinephelus oclofasclatus s a deep-water species imporiant In numerous fisheries
throughout the tropical Indo-Pacific region. It is alsa found along the Western Australian
coastling from 35°8-12°5 where it 15 caught in commercial fisheries. They inhabit rocky reef
areas from depths of 150 to at least 400 m (Heemstra and Randall 1993, Newman
unpublished data). This spécies 18 landed as part of the deep slope demersal fish catch and
has recently been targeted by recreational anglers fishing deep offshore reefs.

Validation of age estimation methods for deepwater species such s E carbuncufus and E
octajasciatus 18 extremely diffieult due to the dismbuton and biology ef these species.
Capture-mark-recapture studies that include marking with subatances that leave a detectable
mark on calcified tgsues (ep oxytetracyelme hydrochloride or strontium chloride) are
unpractical since in most cases these species are brought to the surface with ruptured swim
bladders and popped or bulging eyes. Furthermare, it is difficult to abtain adequate {monthly)
samples for marginal increment analysis due to the seasonality of the fishery, Due to the
difficult of employing standard methods of age validation and the presumed longevity of
these species, they are excellent candidates for age validation based on the bomb radiocarbon
chronometer,

In contrast to the above two species, the spangled emperor, Lethrinus nebulasus (Forsskal)
known also as nor-west snapper 15 4 relatively shallow water reef species that 15 widespread
throughout the Indo-West Pacific region (Carpenter and Allen 1989). It inhabits nearshore
and offshore reefs and lapoons wsually in depths less than 50 metres but can occur in depths
af up to 100 m {Carpenter and Allen 1989, Newman and Willhams 1996). This species is a
very important commercial and recreationsa] fish species throughout its range Lethrinus
nepulosus ia a key commercial species in Western Australia wath snnual landings in 1999-
2000 of more than 110 ¢ (Penn 2001). In addition, Lethrinus nebulosus was the third most
abundant fish species landed by recreational fishers in the Gascoyne region of mid Western
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Austrelis (Sumner et al. in press). Similarly, in a recent recreational fish study of the Pilbara
region of North-Western Australia, Lethrinus nebulosus was again the thind mast commen
demersal fish spedes landed by recrestional fishers (Williamson, pers. comm. ).

The importance of these species to commercial and/or recreational fishenes indicates a need
for the development of stock assessments. Validated and accurate methods of age estimation
are essential o redoce uncertainty in the stock agsessment and ensure effective management.
As demonstrated in earlier resesrch, the bamb radipcarben chronometer represents & cost-
effective and efficient meana of age validation. In addition, for the two desp-water species
considered in this study it 1s likely to be the only reliahle method.

Materials and methods

Por each whole fish or filleted carcass, the length to cands] fork (LCF) was measured where
poasible and hoth sagittae (hereafter referred 1o as the otoliths) were removed, weighed and
measured. Ome otolith from each fish was selected at random and embe2dded in soft epoxy
resin. After curing of the resin, three transverse sections were cut with a low speed saw and
diarnond wafering blade in the vicinity of the otelith primordium. The sectinns wers 0,25 -
0.50 mm in thickness, depending on width of the otolith, and were lightly palished on wet
carbonumdurn paper (1000 grade) and lapping film (9 end 3 pm) and mounted on microscope
slides, Ages were estimated by the first and second authors by counting opague zones on the
sections under magnifications from 7.5X to 25.2X with a stereo-dissecting microscope using
transmoitted whate light, or under reflected light against a dark background (Mewman et al.,
1994). Birth years for both readings were estimated by subtracting the age from the year of
collection for each fish

The second otolith was prepared for radiocarbon analysis and the methads utilised were
similar to those described elsewhere (e.g Kalish 1985; Kalish et al. | 996a; Kahsh et al
1996h; Kaligh et al. 2001). Otolith aragonite depasitad during a period presgumed to be less
than the first 6 months of life was isolated from one sagitta from each fish. The earliest
formed portion of individual otoliths was isolated with a fine, high-speed drifl. This was
achieved by “sculpting” from the lerger otolith, an otolith that was representative of the
otolith from that species at an age of abont 6 months, The final product was a single piece of
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otolith aragonite. Sample weghts ranged from ebout 8.6 to 15.5 mg (Table 1, 2 and 3).
Otolith carbonate was converted to COZ2 by reaction in vacuo with 100% phosphone acid. An
aliguot of the CO2 was used to determine &C for each sample and the remaining CO2 was
graphitised for enalysis of radiocarbon. Radiocarban levels in each sample were determined
by acceleralor mass spectrometry (AMS) at the National Ocean Sciences Accelerator Mass
Spectrometry Facility (NOSAMS) of the Woods Hole Oceanographic Institution (WHOT)
{(Woods Hole, USA), at Antares Mass Spectrometry Group of the Ausiralian Nuclear
Sciences and Technology Organisation (ANSTO) (Lucas Heights, NSW) or at the Rafter
Radiocarbon Laboratory, Institute of Geological and Nuclear Sciences (Wellington, New
Zealand). Radiocarbon valuss are reported as A'*C, which is the age- and fractionation-
corrected per mil deviation from the activity of nineteenth century wood (Stuiver and Polach
1977). Age corrections are based on the mean estimate of age determined from reading of
otolith sections. Reporied ermrors are 1 standard deviation for bath radiocerban data and age
estimates besed on the reading of otolith sections. Radiocarbon errors include both counting
errors and laboratory random errors.

Resulis

Radiocarbon data from otolith cores were graphed against otolith section based hirth date
estimates for Epinephelus octofasciatus, Etelis carbunculus and Lethrinus nebulosus (Figare
18.1) and the data sre presented in Tables 18.1, 18.2 and 18.3. The combined dara clearly
defined a curve that shows the increass 1o bomb radiocarbon during the 1960z and 19705 and
the subsequent gredual decrease in radiocarbon in the surface ocean as bomb-denved
radiocarbon 15 sequestered W othér pools. A model of radiocarbon variation denved for the
castern Indian Ocean (Kalish et al. 1996} and a calibrabon determined for the South Pacific
(Kalish 1993) are plotied with theze data (Figure 18.2) to provide an indication of the
accuracy of the age estimates for Epinephelus sp., Etelis sp. and Lethrinus sp. determined
from otolith sections. The otalith data are in relatively good agreement with the calibrations
and suggest that the majority of the age estimatés from otolith thin sections are accurate.
However, in & few mstances there is evidence that there may be sigmficant errors in some of
the age estimates.
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Radiocarbon data from otolith cores were graphed against otolith section based birth date
estimates from multiple otolith readers for Epinephelus sp. and Efelis sp. in Figures 18.3 and
18.4, respectively, The Epinephelus sp. age estimates from both lshoretories show an
merease in rediocarbon doring the 1960s-1970s, but there is considerable variation in the
repeat age readings from the WA reader and with the age estimates from AN Thrae
Epinephelus sp. otolith cores had AMC levels of 1ess than ~6%a, levels that are clearly
indicative of a pre-bomb (pre-1960) birth date. However, there were large differences 1n the
otolith section based age estrmates from the two laboretories for these three fish, The ANU
reader astimated these fish to be 40, 42 and 46 years of age and with birth dates prior to
1960, while the WA reader’s estimates suggeated younger ages with birth dates of 1960 or
latter, except for one age estimate of 41 (birth date 1956). Besed on the information on the
appearence of homb-derived radiocarbon in the Indian end Pacific Oceans, these three fish
were certainly spawned prior to 1960 and the WA age estimates are likely to be
underestimates by at least five years,

A compérison of the Epinephelus sp. otolith cores with of A'%C in excess of 100%s with the
calibration data suggests that some of the ages for these fish were overestimated. For
example, the ANU resder estimated an age of 36 years (birth date 1961) for an Epinephelus
£p. with an otolith core AMC of 116.2%.. This otolith-based age egtimate is likely to
overéstimate this fish’s trme age by as much as 10 yvears.

Otolith-based age esimates for Eralis sp, fram both laboratories were in better agreement
than the age estimates for Epinephelus sp. Forthermore, the ages correspomded more closely
to the calibration and mode] data for radiscarbon variation in the sastern [ndian Ocean and
South Pacific Ocean.

A''C measured in otolith cares of Lethrinus sp. was compared with otolith readings from one
reader only and, therefore, it 13 not fessible to consider potantial differences in age estimates
among readers at this time (Figure 18.2). Two Lethrinus sp. samples had very high ate,
almost 180%a, compared with the results from the other two species and there is s3ome
indication that the young nuveniles of this species may inhabit different environments from
juvenile Epinepheluy sp. end Etelis 5p.
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Discussion

Several factors linked to the physical environment may impact upon the 4" measured in
the otolith cores of these three species from northern Western Australia and could make it
relatively difficull to detect some age estimation errors. As for the Lutjanus spp. from the
central Great Barmer Reef (Chapter 17), there 15 large seasonal and interannual vanation in
freshwater river inputs to areas that may mclude the habitat of juvenile Fpinephelus £p.,
Etelis sp. and Lethninus sp. However, based on the radiocarbon data from otalith cores
analysed, only Lethrirus sp. displays A''C that may be suggestive of some freshwater

influence.

Rapidly growing massive hermatypic corals can provide matenal that is suitable for the
determination of intra-annual variation in A™C and these data can be used to determine
variability in ocean crenlation. Analysis of small samples of known sge from large colonies
of Porires spp. corals have been used to determine inftra- and inter-annual variations in ocean
circulation in the southwestern Pacific Ocean (Druffel and Griffin 1993) and in the
northeastern Indian Ocean (Moore et al, 1997).

Radiocarbon data from an Indonesian coral sampled off Langka: Island, Indonesia shawed
large intra- and inter-annual variation in A'*C with & seasonal range of from 15 to 60%.
(Moore et 2. 1997). The vanability is linked to changes in ocean transport via the Indopesian
throughflow, which transports water from, predominantly, the North Pacific to the Indian
Ocean (Lukae et al. 1996, Godfrey 1996). Transport through the throughflaw can be highly
variable between the Bl Niflo-Southern Oscillation (ENSO) cool phase and the ENSO warm
phase. For example, transport via the throughflow was esomated oo the basis of
hydrographic data between Bali and Port Hedland and showed westward transport of [8+7
Sv during the August 1989 cool phase and eastward transpart 2.64% Sv duning the Pebroary
1992 warm phase (Fieux et al. 1994§). Bray et al. (1996) and Meyers (1995) estimated that,
during warm phases, transport via the throughflow decreases by about 5 Sv. Data from the
stady by Moore et al. (1997) are plotted with data from atolith cores analysed in this stady
(Figure 18.5) and demonstrate that a large percentage of the variation in otolith A'*C could be
due 10 scasonal changes in transpaort of North Pacific water via the Indonesian throughflow,

The large size of otoliths from some genern, such as Epinephelus, Elelis, Lethrinus and
Lutjanus, can make validation of an age estimaton method based on the bomb radiocarbon
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chronometer more difficult. For genera with relatively small otoliths (e.g. Centroberyx,
Pséudocyttus, Thunnus) 1selaton of the otohith core often results in préparation of a sample
that i3 presumed to contain otolith material deposited during the first year of life or more. As
a result, radiocarbon analysia of those samples would averapge potentially larpe seasonel
variations in A'*C and these measurements can be readily compared with measurements of
annual variation derived from corals, otoliths or other proxies for radiocarbon in seawater
dissolved inorganic carbon.

Intra-annual variability in seawater AC becomes even more problematic for species that
combine large otoliths with an extended spawning scason. For example, the spawning sesson
for Lutjanus erythropterus hes been estimated to extend over eight months of the year
(MecPhexson et al. 1992). Therefore, it would be possible for otolith matenial deposited in the
first six months to be representative of non-overlapping penods of the year. Given the large
scope for seasonal variahion in ocsan AMC over a relatively small area (e.g. 15-60%. based on
the coral from Langkai Island), this factor must be taken into account.

The most effective way to overcome the potential problem associated with high intra-annual
vanabiliry may be to optimise the size of the otolith sample analyzed for radiocarbon. In most
cases, this would require that the radiocarbon analysis is camed out on a sample that contains
otolith material deposited during the first year of life, rather than say the first six months.
This step would only be necessary for those fish species that spend their early juvenile life in
regions likely to be characterised be high intra-annual variahility. For some fish species with
very large otoliths this may create additional complicahions. Many accelerator mass
spectrometry (AMS) facilifies are set-up to operete on an optimum or maxirmum sample size.
Therefore, if an otolith core containing meterial deposited durmg the first year af life
weighed 40 mg it may be too large for AMS analysis, This is not nsceasarily a problem as in
most situations, the entire sampled is disselved in acid and the CO2 evolved from the sample
will be well-mixed and sub-sampling should provide carbon representative of the entire
sample. Altematively, the large otolith core conld be cut in half and the unused portion of the
sample retained for other analyses or as “insurence’. On occasion samples are destroyed or
contaminated during preparation; the second half of the otolith could be used as a back-up in
such a situahon.
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Canclusion

Measurement of radiocarbon in the cores of otoliths from three species commercially
Measurement of radiocarben 1n the cores of otohiths from Epinephelus octofasciatus, Erelis
carbunculus and Lethrinus nebulosus, all commereially harvested in the Indian Ocean off
northern Western Australia provided a validation of the age estimation method for these
species. Validation of the age estimation method for the two deepwater species, E
ociofasciaius, E. carbunculus, would be impractical by other methods frequently used for age
validation. Although the otoliths were from three different geners, there was an overall
similarity in the relationship between age estimared from the otolith thin sections and A''C.
Some of the inter-anmual variability in A'*C may be the reault of intrs- and inter-arnual
changes in the ransport of North Pacific water via the [ndonesian throughflow.
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Tablel8.1. Fish, otolith, and radiocarbon data for Epinephilus ocrofasciatus caught by line fishing at a depth of approximately 255 metres.

Sample Laboratory Capture  Reef Capture Fish  Otolith Sample A™C Otolith Birth Otolith Birth Otolith Birth
0. analysis location name date length weight weight (%) age date age date  age date
number (mm) (g} {(mg) (years) (year) (years) (year) (years) (year)
SL WALl WA WA2Z WA2 ANUI ANLUI
|
§283 NOSAMS 22°428'S Ningaloo Nov 040 12256 11.8 1443249 26 1971 26 1971 26 1971
08-15612 113°26.8'E Reef 1697
WA
52906 NOSAMS 22°42.8°S Ningaloo Nov 688  0.8743 12 1162446 28 1969 18 1979 36 1961
08-15613  113°26.8'E Reef 1997
WA
S2386 NOSAMS 14°02.5'S  Scott Nov 1220 23716 104  -60.7=47 36 1961 37 1960 42 1955
05-15614  121°45.5°E Reef 1997
WA
S2389 NOSAMS 147°02.5'S  Scott Mov 1240 3.0405 115 674446 37 1960 41 1956 46 1951
05-15615  121°455'E Reef 1997
WA
82346 NOSAMS 22°428'S Ningaloo Nov 695 11128 123 1376287 24 1973 25 1972 31 1966
08-15616 113°26.8'E Reef 1997
WA
§269 NOSAMS 722°4278'S Ningaloo Nov 877 09181 105 1457247 19 1978 17 1980 17 1980
085-15617 113°26.8°E Reef 1997
WA
82365 NOSAMS 22°42.8'S Ningaloo Nov 516 03312 28 §79+52 9 1988 8 19890 15 1982
05-15618 113°26,8°E Reef 1597

WA
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Table 18.2. Fish, otolith, and radiocarbon data for Etelis carbunculur caught by line fishing at a depth of approximately 255 metres.

Sample Laboratory Capture Reef Captare Fish  Otolith Sample A'*C  Otolith Birth Otolith Birth Otolith Birth
no. analysis  location name date length weight weight (%)  age date  age date  ape Date
number (mm) (g) (mg) (years) (year) (years) (year) (years) (year)
SL WAl WAl WAZ WAZ ANUI ANUIL
S400 NOSAMS 22°428' Ningaloo Nov 268 0034 128 83244 § 1992 3 1904 g 1989
08-15602 S Reef 1997 1
113726, WA
B'E
8567 NOSAMS 22°42.8° Ningsloo Nov 310  0.045 133 79241 9 1988 6 1991 9 1988
08-15603 S Reef 1997
113°26. WA
B'E
2485 NOSAMS  22°42 8" Ningaloo Nov 512 01586 11 1073+ 14 1083 17 1980 1o 1978
05-15604 S Reef 1997 a4
113926, WA
B'E
5444 NOSAMS 22°42.8" Ningaloo Nov 712 02402 133 1242+ 2] 1976 20 1977 33 1964
08-15605 8 Reef 1997 4.5
1132246, WA
8'F
S477 NOEAMS 22042 8 'Ningalan Mow G631 0.165 &.6 120.544 18 1979 17 1980 1B 1979
05-15606 S Reef 1997 6
113226, WA

8'E



VALIDATION OF AGE FOR THREE TROPICAL INDIAN OCEAN SPECIES 294

53388

8431

5435

5449

NOSAMS
08-15607

NOSAME
O5-15608

NOSAMS
035-15609

NOSAMS
0S-15610

NOSAMS
038-15611

22°42.8' Ningaloo Mov

3

Reef

113%26. WA

B'E

22242 8* Ningaloo

s

Reef

113°26. WA

8'E

22°42 B' Ningaloo

s

Reef

11326, WA

8'E

22°42.8" Ningaloo

5

Reef

113°26. WA

2'E

22°42 8" Ningaloo

s

Reef

113°26. WA

2'H

1997

Mow
1997

Mav
1997

Mov
1997

Mo
1997

BE4

BHG

932

BBG

807

0.3291

0.4502

0.3601

0.3154

0.2711

12.8

11.5

13.1

13.9

12.2

B4.7+4 24
3

21.2%4

75.1+£5 38

106.7+ 28
4.7

120.7+ 29
4.5

1973

1964

1959

1969

1968

30

14

30

27

26

1967

1963

1967

1970

1971

27

33

28

24

1970

1964

1969

1973

1972



VALIDATION OF AGE FOR THREE TROPICAL INDIAN DCEAN SPECIES 295

Table 18.3. Fish, ctolith and radiocarbon dala for Lethrinus nebulosus |

| Sample | Laboratory | Capture | Collection | Length | Fish | Sex | Otolith | Sample Sample [ A™C | A™C | Otolith [ Birth |
No, analysis | location date FL | wt wt(g) | wtl wt2 | (%) | (%Mo) | section | date
no. (mm) | (B {mg) (mg) error | age | (year)

_ (years)

N1 RRL Abrothos | 18.9.91 520 2498 | M 0.6558 1.4 0.4 B4 26 1965
NZABKS | WA

N2 RRL Abrolhos | 7.7.01 553 JI3E|F 06015 15.6 198 B 27| 1954
NZABOIO | WA - n

N3 REL Abrolhos | 15.5.91 5223221 | F 0.5857 14 -10.3 B2 26 1965
NZARO1] | WA

N4 ANSTO Abrolhos | 26.1.91 S03 | 2360 | F 0.624 0.5 g0 1473 7.14 26 1965
0ZCE47 | WA

E] ANSTD | Abrolhosz | 22.6.90 585 | nd|F 0.7004 9 15.3 48| 819 27| 1963
OZC648 | WA

N9 ANSTOD Abrolhos | 7.10.90 505 | 2080 | F 0.4065 9.3 155 175.6 | 1537 15 1975
OZC640 | WA

N10 ANSTOD Abrolhos | 21.6.90 517| nd|M | 0.4373 & 138 1789 | 16.27 15| 1975
DZC650 | WA

N13 RRL Broome | 5.12.00 SIE| nd|M | 0.4303 13.9 17| 053 10| 1580
NZABDIZ |WA L

Ni4 ANSTD Abrolbos | 7.10.90 500 2464 | F 0.2517 7.1 147 1561 | 9497 5| 1985
DZC651 | WA

N16 RRL Exmouth | 2.10.90 207 | 481 |Im | D.1197 15.2 35| 95 7| 1988
NZASO0I3 | WA | m
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Figure 18.1. Plot of atalith thin section birth date versus otolith core radiocarbon for three
species from the Indian Ocean off northern Western Australia
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Figure 18.2. Plot of otolith thin section birth dates, estimated by a single reader, versus
atolith core radincarben for three fish species from the Indian Ocean off northern Western
Australia. A mode] of variation in radiccarbon over time for the eastern [ndign Ocesn (Kalish
et al. 1996} and & radiocarbon calibration for the south western Pacific Ocean (Kalish 1993}
are provided to estimate radiocarbon variation in the region of the eastem Indian Ocean,
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Figure 1B.3. Plot of otolith thin section birth dates, estimated by three independent readers,
versus otolith core radiocarbon for Epinepheles octofaseiatus from the Indian Ocean off
northemn Wesiem Australia. A model of variation in radiocarbon over time for the eastern
Indian Ocean (Kalish et al. 1996) and a radiocarbon calibration for the south western Pacific
Qecean (Kalish 1993) are providad to estimats radiocarbon variation in the region of the
eastern [ndian Ocean.
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Figure 18.4. Plot of ofalith thin section birth dates, estimated by three independent readers,
versus otolith cors radiocarbon for Efelis carbunculus from the Indian Ocean off northern
Western Australia. A model of variation in radiocarbon over time for the easter Indian
Ocean (Kalish et al. 1996) and a radiscarbon calibration for the south westem Pacific Ocean
(Kalish 1993) are provided to estimate radiocarbon variation in the region of the eastern
Indian Ocean.
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Figure 18.5. Plot of otolith thin section birth dates, estirnated by a single reader, versus
otolith core radiocarbon for three fish species from the Indian Ocean off northern Western
Australia. Radincarbon data from a hermatypic coral sampled at Langkai Island in the
Malcassar Strart (Moore et al. 1557) are plotied 1o indicate the intra- and intér-annual
variation in A'*C in the regions influenced by the Indopesian throughflow. A mode] of
varation in rediocarbon over fime for the eastern Indian Ocean (Kalish et al. 1996) and a
radiocarbon calibration for the south western Pacific Ocean (Kalish 1993) are provided to
estimate radincarbon variation in the region of the eastern Indian Ocean.
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Chapter 19 Pilot study on the application of the bomb radiocarbon
chronometer to validation of age estimation methods for
sharptooth johfish (Pristipemoides typusy and goldbanded
johfish (Pristipomaides multidens) from northern
Australia

John Kalish

Summary

A pilot study was undertaken to determine the feasibility of validating age estimates based on
otolith sections for sharptooth jobfish (Pristipomoides typues) and goldbanded jobfish
(Pristipomoides multidens) based on the bomb radiocarbon chronomteter. Analysis of
radiocarbon in otolith cores from & small number of samplés of these two species was unable
to provide a validation of the age estimation method. Relatively low A''C suggested
influance of the South Egquatonal Current on the habitatz of juvenile jabfish or gignificant
over estimates of fish age based on otolith sections. Complex oceanography in the region of
the Arafura Sea and the potential mfluence of both the Indonesian Throughflow and the
South Equatorial Corrent may make it difficult to validate age for these, and perhaps other,
species from the Arafurs Sea off the Northern Territory. A'C is likely to vary seasomally and
inter-anmually in the region, based on the relative influence of these two water sources,
Purther research on the oceancgraphy of the region and the early life history of these jobfish
speciés (e, spawning seagon, juvenile habitats) would be requirad to resolve these issues.

Introducton

The sharptooth jobfish (Pristipomeides fypus) and goldbanded jobfish (Pristipomosides
milfidens) are decpwater smapper species that are caught in line, trawl and trap fisheries
throughout tropical Indo-Pacific waters (Kailola et al. 1993). In Anstralia they are commanly
called sharptoothed snapper and gold band snapper, Goldbanded jebfish are recorded frem
depths of about 40-200 m and sharptooth jobfish from about 40-100 m depth (Allen 1985).

Previouna studies on the age end growth of sharptooth and goldbanded jobfish indicated that
these species are relatively short lived with maximum ages of 11 and 14 years, respectively
(Bdwards 1985). More recent interpretation of otalith thin sections from large individuals of
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both species suggests that maximum longevity may be about twice these estimates (Julie
Lloyd, Northem Temtory Department of Pnimery Induostry and Fisheries).

The potentially slow growth of these species, combined with their schooling habits and the

. discrete nature of stocks sugpests that sustainable yields from thede résources may be a
relatively low proportion of stock biomass. Recent research on the goldbanded jobfish
suggests that this species forms multiple discrete stocks within Australian waters (Newman et
al. 2000). These characteristics highlight the need for accurate and validated estimates of age
for these species.

This pilot study analysed cores of otoliths from selected, presumably old, sharptocth and
goldbanded jobfish in an attempt to determine the guitability of the bomb radiscarban
chronometer for validation of the age estimation method used for these species.

Materials and methods

Goldbanded jobfish and sharptooth jobfish otoliths were supplied by the Northern Territory
Department of Primary Industry and Fisheries, The fish were collected in the Arafura Sea off
the Northern Temitory and were selected to include a range of ages as well as one individual
that was among the oldest sampled from the fishery. Age estimates were determined from
otolith thin sections viewed with a stereo microscope and vsing transmitted light

Sample preparation procedures were similar to those described for earlier bomb radiocarbon
validation research (e.g. 1995). Otolith aragonite deposited during a period presumed to be
less than the first year of life was isclated from one sagitta from each fish. This was
sceomplished by cutting and grinding the otolith with a hand-held high speed drill to remove
meterial deposited after what was presumed to be the first anoual increment. Further grinding
of the remaming portion of the otolith was used to “sculpt” the matenal into a structure wath
the shape and dimensions of the earhiest formed portions of a jobfigh sagitta. Sagittae from
very small jobfish and zanes visible on the otohth being sculpted were used as a guide.
rtoliths of these two jobfish species, as well as other species in the Lutjanidae, are relatively
large (Table 1) and, therefore, sculphng is a relatively simple process. A total of § otoliths
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were aculpted successfully including three poldbanded jobfish and five sharptoath jobfish.
Sample weights for otoliths after sculpting ranged from 12.8 mg to 16.4 mg.

Otolith carbonate was converted to CO2 by reaction in vacuo with 100% phosphoric acid and
the resultant CO2 was converted to graphite in the presence of catalyst The graphatised
samples were analysed for radiocarbon. Radiocarbon was determined in each sample by
accelerator mass spectromelry (AMS) at the Rafter Radiocarbon Laboratory, Insttute of
Geological and Nuclear Sciences (New Zealand). Radiocarbon values are reported as A''C,
which is the age- and fractionaton-corrected deviation (parts per thousand) from the sctivity
of nineteenth century wood. Age cormections are based on the mean estimate of age
determined from reading of otolith sechions. Reported errors are | standard devistion for both
radiocarbon date and age estimates based on the reading of otolith sections. Radiocarbon
errars include both counting errors and laboratory random errors. 5"°C was not analysed in
these gamples but was estimated as -3.00%. on the basis of results abtained from stable
i1sotope analyses of other tropical lufjanids from Australian waters,

Results and discustion

Radincarhon measurements (Table 19.1) are plotied versus otolith based age estimates for
both jobfish species in Fig. 19.1. A™C results from the two species fall within a relatively
narrow range of 75.2 % + 10.6 to 100.0 % = 9.6. No trend 13 evident; furthermare, the
results provide little, if any, indication that the relationship between age estimated from the
otolith thin sectons and the cores analysed for radiocarbon defines any segment of the
increage in bomb-derived radiocarbon during the 19605 and 1570s.

The results are plotted with similar dats from two tropical reef species from Western
Australia (Epinephelus octofasciatus and Etelis carbunculus) (this report Chapter 18) and the
calibration for the south western Pacific Ocean (Kalish 1993). It would be expected that
radiocarbon data from these atoliths, collected in the Arafors Sea, would be similar to the
data from the otoliths collected from the tropical Western Australia species, however, this is
not the case, In fact, the data are more similer to the south western Pacitic calibration. The
relatively low A"C meesured in the otolith cores suggests that otolith section based ages for
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these fish are over estimates or that limited understanding of oceanography in the region and
the earty life history these species makes accurate interpretation of the data problematic.

The relatively low values for A'*C from the jobfish samples are difficult to explain with the
limited data available. The Arafura Sea is a region characterised by complex patterns of
ocean circulation and the water mass where these fish spent the firat six months of life may
be relatively difficult to define precisely. In particular, areulation of tropical North Pacific
waters through the Indomesian Throughflow is highly vanable, although these waters are
likely to influsnce A''C in the Arafurs Sea region off the Northern Territory to a significant,
albeit venable, extent (Fig. 19.2). Moore et al. (1997) determined seasonal and inter-annual
variahility of A''C in the southern Makassar Strait based on analysis of corals from Langlai
off the south western tip of Sulewesi and found that the season varishility of A'C ranged
from 135 to 60%.. Seasonal variahility in A'*C was highly correlated with 0180 {a proxy for
temperature) and in most years A'*C peaked during the summer months and declined during
the autumn and early winter to a minimum in the late winter. Therefore, the nme of spawning
and, concomnitantly, the seasons during which the earliest formed otolith material is deposited
in these jobfish species would have a dramatic effect on A'°C measured in the otolith cores.
For example, if spawning took place in spring, the earliest otolith growth would take place
during the spring and summer months, resulting in relatively high A''C for that particular
year, Conversely, spawming o the autumn would result in early otolith growth during the
mutiumn and winter and relatively low A'*C for that year, Ripe goldbanded jobfish are present
on the North West Shelf of Western Anstralia from October to Februery (Failolz et al. 1993)
end this would suggest that A''C measured in the ofoliths weuld be relatively high for a given
year. However, the A" *C data from the jobfish species is relatively low compared with sirnilar
meagurements, based on corals, made at these latitndes in the Indian Ocean (e.g. Moore et al.

1997,

The low A"C measured in the jobfish otolith cores could result from a greater influence of
the South Equatorial Current on the juvenile habitate of these species off northern Australia
Annual mean A'“C from the Indonesian corals at Langikai (Moore et al. 1997} are 50 to 60%.
higher that in corals from habitats influenced by the South Equatorial Carrent (Druffe] 1987).
Therefore, more definitive identification of the habitats of juvenile goldbanded and
sharptooth jobfish off the Northern Temtory may help to resolve some of this uncertainy.
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Due to the inability to determine the nature of the water masses influencing the juvenile
jobfizh habitats, it is not possible to provide a solid basis for the observed vanation in jobfish
otolith A'*C relative to the ages estimated from otolith thin sections. Further research is
required to resolve the problems associated with age validation for this species.
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Table 19.1. Fish, otolith, and mdiocarbon data for sharp toothed jobfish (Pristipomoides fypus) and gold banded jobfish (Pristipomoides

multidens) from northern Australia

Sample Species

no.

NT.PM] Pristipomoides
multidens

NT.PM3 Pristipomoides
mial tidens

NT.PM4 Pristipomoides
multidens

NT.PT1 Pristivomoides

Lypus
NT.PT2 Pristipomoides

Eyps
NT.PT3 Pristipomoides

Eypres
NT.PT4 Pristipomoides

typtes
NT.PTS Pristipomoides

Pyl Ty

Analysis
number

REL
NZATYTR
RRL
NZAT283
RRL
NZATI84
RRL
NZATRT4
RRL
NZATYTS
REL
NZATIT3
RRL
NZAT9T6
REL
NZATYTT

Collection Collection Length Otolith  Sample AMC (%)
(mm) LCF weight

location
Arafura Sea
Arpfora Sea
Arnfura Sea
Arafura Ses
Arafura Sea
Arafura Sea
Arafura Sea

Arafura Sea

date

26/3/93

5/2/95
20/3/95
1/11/89
1/11/89
111/90

TILSS

15/3/95

643
580
610
578
526
16
482

472

&)
0.7925

0.6341
0.702
0.946

0.9115

0.5521

0.5891

D.4555

weight
(mg)

14.7  96.549.6

15 B5.649.1
16.4 21+8.9
135 10096
144 B0.4+94
128 9894113
143 79.8+10.1

14.9 75.2£10.6

Age
(years)

23
15
12
22
20
16
15

Birth
date

{year)
1970
1980
1983
1967
19659
1974
1980

1984
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Figure 19.1. Plot of otolith thin section birth date esimates versus otolith core radiocarbon
for two jobfish species (Pristipomoides spp.) from the Arafurs Sea off the Northern Territory
and two deepwater tropical species (Epinephelus sp. and Erelir 5p.) collected off the
Kimberly coast of Western Australia, A'*C data from New Zealand Pagrus awratus (Kalish
1993) provides a calibration of AMC versus year for the south western Pacific Ocean. Alc
values are based on otolith material deposited over & time period equivalent to about the first
six months of life. Errors are +1 ad.
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Figure 19.2. Diagram showing the movement of water from the Pasific Ocean io the Indian
Ocean via the Indonesian Throughflow. The diagram highlights resulis that indicate that
water masses transported vid the Indonesian Throughflow are derived predominantly from
the tropical North Pacific Ocean. The relative influence of the Indonesian Throughflow and
the South Fquatorial Current (SEC) on the Arafira Sea off the Northemn Temitory has not
been investigated, Figure from: Lamont-Doherty Earth Observatory,
http:/fwww.ldeo.columbia eduw'physocean/proj AM html).
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Chapter 20 Use of the bomb radiocarbon chronometer to validate
two age estimation methods for jack mackerel
{ Trachurus declivis)

John Kalish, Justine Johnston, Jeramny Lyle, Kyne Krusic-Golub and Sandy Morison

Summary

This study demonstrates that the otolith *break and bum® and thin section methods of age
estimation provide reasonably accurate estimates of age for Australian and New Lealand jack
mackerel, Jack mackere] can live to ages in excess of 20 years, however, New Zealand jack
mackerel may be longer-lived than fish canght off south eastern Australia. Although this study
demonstrates the effectiveness of the methods, farther research may be warranted to provide a
more detailed understanding of the accuracy of age estimation methods used for jack mackerel.

Introduction

Jack mackerel {Trachurus declivic) 13 a small pelagic species broadly distributed across the
waters off southern Australia and New Zealand. The species forms large schools and is the target
species for & purse sene fishery that operates primanly off the casten coast of Tasmamia. The
Tasmargan fighery developed rapidly from an annual catch of 6,000 t in 1984-85 to a peak of
almost 42,000 t in 1986-87. Subsequent catches have been lower, ranging between 8,000 and
32,000 t. The majority of the catch is used to produce fishmeal for use by aquaculture enterpriges
in Tasmania (Tilzey et al. 2000).

Scientific assessment of jack mackerel is necessary to engure effective management of this
commercially important species end accurate estirnates of age and prowth sre essential for
effective assessments. The age and growth of jack mackerel has been studied previously (eg.
Hom 1953), howewver, there has been no detanled study of this species in Anstralian waters.
Furthermore, age validation of the age estimation method used by Australian researchers for this
species has not been achieved, although o limited ape validation, based on marginal increment
analysis, has been completed for New Zealand jack mackerel (Hom 1993).
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Validation of age estimation methods for severel species of marine fish based on the homhb
radiocarbon chronometer has demonstrated the effectivensas of this method for age validation,
Although the method is typically most appropriate for moderately long-lived or leng lived
specics, the method was considered to be switable for jack mackerel due to the availability of
archived otoliths in both Australia and New Zealand,

The purpose of this study was to validate two methods, “break and bumn’ and ‘thin section’, of age
estimation for jack meckere! based on the bomb radiocarbon chronometer. The research was
coordinated with u-mlher atndy of jack mackerel age and growth underway at leboratories in
Tasmania and Victora (Lyle et al. 2000).

Materials and methods

(Holiths were obtained from two sources to increase the likelihood that samples would encompass
the time period from about 1960 to 1990 and include the period of rapid increase in radiccarbon.
Initial estimates of age for jack mackerel caught off Australian suggested that these fish were
relatively young with mamimum ages of about 12 years. Samples were available from Australian
jack mackere] caught as early as [ 385, however, even these earlier collections would not provida
samples with presumed birth dates during the period of the most rapid increase in homb derived
radiocarbon. Otoliths from presumably older jack mackerel were sourced from New Zealand were
maximum ages in excess of 20 years had been satimated (Horn 1993). Furthermore, Mew Zealand
samples were available from fish caught in the carly 1980s. Peter Hom (NZ NTWA) prowided &
series of jack mackerel otoliths from large and presumably old fish collected in New Zealand
walers. The remaining samples used in this study were from jack mackerel collected off the east
coast of Tasmania and supplied by TAFI. Although the otolith samples were sourced from
different regions, previous research on radiocarbon in otoliths from New Zealand snapper (Pagurs
auretus} and redfish (Centroberyx qffinis) from off the south castern coast of Australia has
demonstrated that the time series of A'*C are very gimilar for the two regions (Kaligh 1995),

Sample preparation procedures were similar to those described in Kalish (1995} for redfish
(Centroberyx affinis). Otolith aragonite deposited during a period presumed to be less than the
first year of life was isolated from one sagitta from each fish. This was accomplished by cutting
and grinding the otolith with a hand-held high speed drill to remove material deposited after what
wag presumed to be the first ennual increment. Further gninding of the remaining portion of the
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otolith was used to "sculpt" the material into a structure with the shape and dimensions of the
earliest formed portions of a jack mackere] sagitta. Sagittae from very small jack mackerel and
zones visible on the otolith being sculpled were used as a puide. Sample weights ranged from
ahout 3.1 to §.5 mg (Table 20.1). Otolith carbonate was converted to CO2 by reachon in vacuo
with 100% phosphoric acid  An aliquot of the CO2 was used to determine §'°C for each sample
and the remaining CO2 was converied (o graphite. The graphatised samples were analysed for
radiocarbon. Radiocarbon levels in each sample were determined by aceelerstor mass
spectrometry {AMS) af the Center for Accelerator Mass Spectrometry (CAMS) Lawrence
Livermore National Laboratory (LLNL) in Livermore, California. Radiocarbon values are
reported as A'*C, which is the age- and fractionation-corrected deviation (parts per thousand)
from the activity of nineteenth cenfury wood. Age carrections are based on the mean estimate of
ape determined from reading of ofolith sections. Reported errors are | standard deviation for both
radiocarbon data and age estimates based on the reading of otolith sections. Radiocarbon errors
include both counting emrors and |aboratory random errors.

Different age estimation methods were used by the Australian and New Zealand leboratonies
involved in reading the fish otolith samples. The New Zealand laboratory (NTWA) used the
“break and bum' methad (Hom 1993) and the Australian laboratonies (ANU, MAFRI, TAFI)
estimated jack mackerel age based om the ‘thin section' method. Companizons of these two
otolith-basad methods of age estimation for jack mackere] indicated that there are unlikely to be
significant differences between these two methods when employed by an individual labaratory.

Results and discussion

Radiocarbon measurements (Tahle 20.1) are plotted versug otolith based age estimates for the
longer-lived jack mackerel collected from New Zealand and shorter-lived individuals from the
ocean off Tasmania in Fig. 20.1. The curve defined by the jack mackerel samples defines the
increase in bornb-derived radiocarbon during the 1960s and 1970s and 13 consistent with similar
data from Pagrus guraies and Cenfroberyx affinis. The results show that, with the exception of
two New Zealand fish that were probably incomectly aged, the estimated ages were consistent
with the birth dates estimated by measurement of radiocarbon from the cores of the same otoliths.
The results provide support for the conclosion that jsck mackere] can live to ages in excess of 20
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years and that ages estimated from counts of opaque and tranglicent zones in thin sections or
‘break and bum' preparations are reliable methods to estimate age.

The combined data sets indicate good agresment between estimates of age derived from
measurements of radiocarbon in the otolith cores and ages estimated fom otolith marements.
However, the data that cover the period of the most rapid rise in radiocarbon, when the method is
most accurste for age estimation, were only from jack mackerel caught off New Zealand. The age
of these fish was estimated by the “break and burn' method and not thin sections. All the
Australisn samples were from younger fish and had estimated birth dates during the 19703 and
1980s. Unfortunately, the bomb radiccarbon chronometer has relatively little ability to provide
accurate age estimates during this period. Despite this problem, the fact that the lowest AC for a
jack mackere]l canght off Australia was 87 4% provided clear evidence that these Australian
samples were from relatively young fish and were very unlikely to have birth dates earlier than
1970. Therefare, it is important to resolve the issue of potential differences between the different
methods of sample preparabion used by the Australian and New Zealand laboratories.

The issue of potential differences between the ‘break and burn'® and thin section methods of age
eshmation was investigated by the researchers from New Zealand and the CAF (Lyle ét al. 2000,
CAF unpublished data). The study was hased on preparing the left and right otoliths from the
same fish, with the New Zealand laboratory preparing one atolith with the “hreak and burn®
method and the CAF prepanng the other otolith with the thin section method. Both methods
resulted in similer estimates of maximuom age, although there were some relatively large
discrepancies among estimates of age, Lyle et al (2000) suggested that thns was due largely to the
relative inexperience of one of the readers and concluded that New Zealand and Australian otolith
readers were using similar structures to estimate the age of jack mackerel. Therefore, Lyle et al
(2000) eoncluded that the age differences of the samples used for validation based on the bomb
radincarbon chronometer are real and not an artefaet of the sample preparation process. This
conclusion 15 also supported by the relationship between otolith radiocarbon and birth date
estimates produced from this validation study.
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Table 20.1. Fish, otolith, and radiocarbon data for Australion and New Zealand jack mackere] (Trachurus declivis ),

Sample Laboratory and Collection Collectio  Fish Otolith  Semple &7C A"C(%) Otwlith  Birth date
No. laboratory location n dete length weight  weight section  (yearA.D.)
ACCES510N Dumber {mm) (&) (mg) age (years)

IMKNZ  CAMS46772 New Zealand  10/02/81 454 0.0663 3.1 -42 -185£7.7 22 1959

16

IMENZ 4 CAMS46T73 New Zealand 08/02/81 453 0.0821 53 4.0 444264 23 1958

IMENZ  CAMSE46774 New Zealand 10v02/81 447 0.0955 43 4.0 - 16 1965

18 46.2418.
T

IMKNZ CAMBS46775 New Zealand 10/02781 452 0.0985 47 37 -38.5x66 18 1963

19

IMENZ 2 CAMS46776 New Zealand 08/02/8] 425 0.0673 39 -54 699479 10 1871

JIMKNZ 5 CAMSA6TTT New Zealand O0B/M02/E] 424 0.0824 52 42 442469 14 196&7

JME 30 CAMS46TTE Tasmania 14/07/86 157 0.0085 B.5 -4.5 BT4458 1 1985

MK 861 CAMS46TTY Tasmania 10v12/95 359 0.0580 4.6 -1.9 116346, 10 1985
5

JME 558 CAMS467ED Tasmania 12112195 351 0.0535 4.6 4.3 10697, 12 1983
5

ME. 517 CAMS46TR] Tasmania 11712795 338 0.0545 5.1 7.1 110.1%B. g 1987
B

TMK 594 CAMSA46TR2 Tasmania 1 B/06/BS 341 00604 3.7 =55 107.1«16 11 1974
T

JME 531 CAMBS467E3 Tasmania 24/05/85 a4 0.0526 6.1 4.9 121.846. 7 1978
7
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Figure 20.1. A™C of Trachuru declivis otolith eores plotted against birth dates estimated from
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Chapter 21 Validation of age and growith in silver trevally
(Pseudocaranx dentex) from Australian and New Zealand
waters

John Kalish and Michael Johnston

Summary

Estimates of silver trevally Preudocarany dentex age off southeast Australis were determined
from transverse sections of 207 otoliths. Age estimates were repeatable and there was & high
level of agreement between otolith readers. Silver trevally are relatively slow growing with
no detectahle difference in growth rate between males and females. Von Bertalanfiy growth
parameters for both sexes combinad are K=0.145, Leo=50.7 and t0-1.823. Growth rates are
slower for silver trevally in Australia when compared with Wew Zealand trevally. Romb
radiocarbon validation of the age estimation procedure based on thin sections of silver
trevally otoliths determined that this method of age estimation is accurate. The high level of
agreement between radiocarbon data from silver trevally and redfish (Centroberyx affinis)
otaliths provides a more precase characterisafion of radiocarbon levels off sastern Australia
during the period 1975 to 1990 and increases the value of the homb radiacerbon chronometer
for ege validation of younger fish with birth dates after peak radiocarbon levels, The standard
length at 50% maturity was 20.9 em for male and 20.3 em for female trevally, considerably
smaller than New Zealand trevally.

Introduction

This report summarises results from & study to validate ape and growth in silver trevally
Pseudocarany dentex. Other components of the silver trevally study considerad length at
first maturity and populabon genetics, but thess data are not considered in thas report.

Seoveral sections of this report make reference to the work of JTames (1984) on trevally Caranx

georgianus, & synonym of P. dentex,

Materials and methods
Silver trevally fromm NSW waters were obtained from two sources. Random samples were
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obtained from commercial catches taken from the Ulladulla region (n=43) in mid-July, late
Oetoher and early November, 1994, The majority of samples (n=164) were collected in
October and November, 1994 by the NSW Fisheries Research Institate vessel RY Kapala as
part of their traw] research program. Samples obtained from the RV Kapala were collected
from the waters off Neweastle, Wreck Bay, Ulladulla, Tathra and Gréen Cape. Samples were
frozen af sea.

Otoliths were extracted from fish and stored dry in envelopes before further processing.
Otoliths were weighed and the length, width and thickness measured. Estimates of age were
made from transverse sections of sagittas and typically involved emumerating opaque zones
along cne or both sides of the sulcus acusticus. Additional information on individoal zones
was obtained from both the dorsal and ventral regions of the trangverse section. An opague
zone wis considered completed and counted only if translucent material was present an both
gides. All sections were read by thres independent mﬂm Two of the readers were
‘experienced’ readers (Readers A and B) and ane was relatively "unexpedenced’ (Reader C),

The relationships between standard length, total length or weight, and age were madelled by
applying the von Bertalanffy growth function (VBGF) using maximum likelibood procedures
in JMP, version 2 (SAS Institete 1989), Because of the nonlinear formulation of the VBGF,
& general linear model could not be used for an analysis of coveriance. Instsad, parameter
estimaies of the VBGF were compared using an analysis of the residual sum of squarss
{ARSS) (Chen et al. 1992).

RSS, - RSS,  Rss - RSs,

S’ NS I
oDl | (XD
R.SE: 5
DFp N=-3xK

where RESP=residual sum of saquares of the VBGF fitted by pooled growth data, RS5s=sum
of the residual sum of squares of the VBGF fitted to growth data for each individual sample,
N=total sample size, and K-number of samples in the comparisen. To test if there was 4
difference between samples, the caleulated F value was then compared with the critical F,
with the degrees of freedom of the numerator and denominstor equal to 3(K-1) and N-3K,

respectively
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Age estmates were validated based on the bomb radiocarbon chronometer. Details of the
method can be found elsewhere (Kalish 1993, 1995a, 1905h; Kahish et al. 1996) and are not
considered here. Otaliths from 4 silver trevally were selected for measurement of bomb
rediocarbon. These fich had ages of 5, 10, 15 and 20 years based on the quantification of
opaque and transtucent zones in thin sections and were selected because they covered most of
the age range of fish in this study and could encompass both the ascending and descending
limbs of the bomb radiocarbon curve. This would increase the likelthood of an interpretable
result with a minimum of radiocarbon measurements,

Age and growth

Opaque and tranglucent Zones in trangverse sections of otoliths were similar in appearance to
those observed in New Zealand silver trevally by JTames (1984). JTames (1984) provided
evidence that opaque zones were deposited anrmally in P. dentex by several methods
including margnal increment analysis, quantification of the number of opague zones in
conaccutive cohorts separated by length-frequency apalysis, and quantification of the number
of opaque zones from a dominant cohort over successive years, These methods are not
completely satisfactory for validation of an age estimation procedure and we vahidated our
age estimates an the basis of the bomb radiocarbon chronometer.

Four otoliths were selected for the radincarbon validation and details of these samples appear
in Table 21.1. Silver trevally atoliths are relatively small, but due o our past success with
radincarbon analyses with sample weights less then 3 mg (eg FRDC funded research on
radiocarbon in kang dory and several oreo species) we felt that sansfactory resnlts could be
acheived. Previons data obtained from radiocarbon measurements in both anapper and
redfish suggeated that the data from the silver trevally should span the ascending and
descending linb and incorporate peak levels of radiocarbon characteristic of the late 1970z or
early 19808 off southeastern Australia
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Table 21.1. Details of fish and otoliths used for adiocarben analyses.

Sample Date Standard Otolith Sample ATC (%) Otolith Otolith

no. caught length (cm) weight (mg) weight (mg) section  section
age (yr}  barth
date
3 267754 325 12.6 23 B.0£9.0 5 1989
B3 200104 509 27 2.5 110.149.1 10 1984
a3 201094 495 6.9 3.0 101 589 20 1974
104 2010/94 450 28.8 13 115.8+0.4 15 1979

The radiocarbon data from silver trevally are plotred with similar data from New Zealand
snapper (Kalish 1993) and southeast Aungtralian redfish (Kalish 19935) and provide good
evidence that the otolith section age estimates are accurate for silver revally (Fig. 21.1). The
gilver trevally data describe the peak region of the bomb radiocarbon curve and are in
extremely good agreement with the data from snapper and redfish,

The successful validation of silver trevally based on bomb radiocarbon serves to charactenze,
more precisely, the bomb rahocarbon curve off southesst Australia. The dafa from trevally,
redfish and snapper atoliths show that peak radiocarbon was not reached off southeastern
Australia until the early 1980s. These data wall help to increase the rehability of subsequent
validations for relabively young fish of southeastern Australia. For many shorter-lived
species, such as silver trevally, it is difficult to obtin otoliths from individuals with
presumed birth dates during the 1960s. Samples from this time period are preferred for
radiocarhon validations due to the high rate of change during this penod and the possibility
for higher temporal resolubion, Nevertheless, precise characterisation of the bomb
radiocarbon corve during later ime periods makes it feagible to employ the method with
preater confidence for younger marine animals.

Figures 21.2 and 21.3 show the relationship between otclith length, width, thickness and
weight versus fish stendard length or estimated age. Otolith growth in all dimensions ig
highly correlated to Gsh length and estimated age, Otolith weight appears to be the best
proxy for estimated age.
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The difference between age estimates wis calculated for each pair of readers (Table 21.2).
Readers A and B assigned individua! fish to the same age class in over 70% of all cases and
were within one year in about 93% of cases. The strong agreement between readers A and B
indicates that the assigned ages can be replicated (Fig. 21.4a).

Teble 21.2. The precision and replicability of the assigned ape class of 207 otaliths from
Pseudncaranx dentex determined by three independent readers.

Percentage agreement
Readers Exact +] year +2 yeary >%3 years
AB 7.5 232 4.8 0.5
AC 50.0 31.5 9.2 9.3
B:.C 43,1 34.1 12.7 10.1

The index of average percent error per age designation (Beamish and Fournier 1981) was
calculated to be 0.46% (n=207) between readers A and B. The very low error was attributed
to the clarity of the opaque and transhucent zones in the otolith sections and the similar
interpretgtion of these zones by the readers. No systematic bias was detccted in the age
esiimates between readers A and B (Fig. 21.4¢); however, reader C over-estimated the age of
small fish and underestimated the age of larger fish relative to readers A and B (Fig. 21.4h).

Ape estirnates of 207 trevally (106 female, B0 male, 18 immature, and 10 unknown} made by
reader A were used 1n all subsequent analyses. Parameters of the VBGF for both length and
weight sgainst age are given io Table 21.3 end the VBGFE are plotted in Fig. 21.5a and 21.5b.
Comparisong of the VRGF parameters for female and male trevally showed no significant
differences for growth in length (F(3,180)=0.82, P>0.05), or growth in weight
{F(3,180)=2.14, P=0.05). Therefore, all individuals were included in further analyses.
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Table 21.3. Estimated parameters of the von Bertalanfty growth function for growth in length
and growth in weight of Pseudocaranx denfex. Standard errors are given in parentheses.

Estimated parameters of the von Bertalanffy growth function
K 10 Leo{em) S  Leo (em) FL.  Woo (kg)

Growth in length (.145(0.016) -1.823 (031} 50.7(1.73) 54.2(2.1) -
{Australia

Growth in weight 0.177 (0.017) -1.636(037) — - 2.24 (0.13)
(Australia)

Growth in length  0.341 (0.014) -1.121{0.12) - 40.5(0.18) -

(New Zealand)

Age end length data for P, dentex collected off the west coast of New Zealand in 1973 were
supplied by MAF Wellington. The VBGF does not appear to fit these data well (see James
1984), as fish length does not eppear to reach an asympiote, The VBOF parameters for the
NZ fish collected in 1973 are presented in Table 21.3.

Compansons between Australian and New Zeslend trevally reveal differences m growth
between these populations for the years sampled. Age and growth of P. dentex from NZ was
characterised by James (1984). The NZ analysis was calculated in terms of fork length, not
standard length as in fhas study of southeast Apstralian trevally. Thus, Australian data were
reanalysed using fork length to facilitate comparison with the NZ data. Quantitative
comparisons were made between Australian samples and NZ samples from 1973 and there
was a significant difference in growth charactenstics (F(3,506)=144.3, P<0.05).

Trevally have been aged to 47 years iIn NZ (James 1984), more than twice the age of the
oldest fish in this study. This may reflect insufficient sampling of larger fish in the present
study, rather than differences in longevity between the two populations of trevally.

The VBGF for trevally from the West Coast (1973) and East Coast (1972, 1973, 1974) of the
Waorth Island of NZ are corapared with Australian data (this study) in Fig. 21.6. New Zealand
trevally show relatively rapid growth for sbout the first 5 years, to fork lengths of 35-40 cm
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and growth nears an asymptote before 10 years of age and at & fork lenpgth of about 40-45 em.
Southesast Austrabian trevally displayed slower growth and attamed a significantly laroer
asymoptotic length than any of the four NZ samples.

Australien and New Zealand trevally exhibited markedly different size and age at sexual
maturity. N7, trevally did oot mature until 35 cm FL end 4 years (James 1984), whereas, for
southeast Anatralisn trevally, the standard length at 50% maturity was 20,9 cm for males and
20.3 am for females (Table 21.4) or an age of about 2 years.

Table 21.4. Parameter egtimates for the logistic model of proportion matore at standard
length (e and length at 50% mature for Prendocaranx dentex.

Parmmeter estimates
Sex a b SL50% (cm)
Male 12.69 -(.61 205
Female 16.81 0,83 20,3

Silver trevally are extremely fecund with the relative fecundity exceeding 3 million ova per
kg of body weight (Fig. 21.7a) and absolute fecunditiea in excess of 10 million for fish of
sbout 45 ¢cm SL (Fig. 21.7b).
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Figure 21.1. A"C of silver trevally otolith cares plotted against the birth date estimated from
atolith thin sections. A™C from Pﬂ;qru: auratus otolith cores are plotted against the
true birth date (Kalish 1993) and A"'C fram Centroberyx affinis (Kalish 1995) are
plotted against birth dates determined from reading otolith sections,
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otolth width (OW) (B) (OW = 1,4924 x e0.0151785L; r2 = 0.73) against fish
standard length {SL) (n=207) for Preudocaranx dentex sampled in southeast
Austrahian waters between Newcastle and Green Cape.
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Figure 21.2. (continued). Plots of otolith thickness (OT) (C) (OT = 0.0182645L + 0.08555;
r2 = 0.83), and otolith weight (OW) (D) (OW = 1.9834 x &D.0575225L; r2 =0.91)
against fish standard length (n=207) for Preudocaranx dentex sampled in southeast
Australian waters between Newcastle and Green Cape.
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width (OW) (B) (OW = 1.7794 x AGE(.1933, 12 = 0.66) againsl estimated age
(AGE) (n=207) for Preudocarant dentex sampled in southeast Australian waters
betweesn Newcastle and Green Cape,
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Figure 21.3, (continued). Plats of otolith thickness (OT) (C) (OT = 0.35969 x AGEQ.I6628;
2 = {).86), otolith weight (OW) (D) (OW = 1. 7T66AGE + 1.2043; r2 = 0.E9) against
estimated age (AGE) (n=207) for Pseudocarane dentex sampled in southeast
Australian waters between Newcastle snd Gresn Cape.
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Figure 21 4. Comparison of the eatimated age assigned to otolith transverse sections from

Preudocaranx dentex (n=207) by three independent readers. Plot {a) compares

between readers A and B with the 1:1 line, (b) plots readers A and C with the 1:1 line.

Plot (c) shows no systematic bies in the estimated ege for readers A and B,
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Figure 21.6. Companson of the von Bertalenffy growth fimctinns used to model growth in
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coast of New Zealand (1971) are the same as in Figure 6.
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(n=14) sampled in southeast Australian waters between Newcastle and Green Cape.
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Chapter 22 Use of the bomb radiocarbon chronometer to validate
age estimation methods for banded morwong
(Cheilodactylus spectabilis) and jackass morwong
(Nemadactylus macropterus) from south eastern Auostralia

John Kahsh, Justine Johnston and Jeremy Lyle

Summary

High precision anslyses of rediocarbon in small samples of otoliths from two morwong
species provide good evidence to support the copclusion that age estimates baged on
guantification of presumed annual increments in otolith thin sections are accurate. This
conclusion 13 well supported for banded morwong despite the small number of samples
analysed and less so for jackass morwong. Further analyses are warranted to determine the
accuracy of the routine age estimation method for these species, but emphasis should be
placed on research that considers jackass morwong.

Intreduction

Banded morwong (Cheilodactylus spectabilis) and jackass morwong (tarakihi in New
Zerland) (Memadactylus macropierus) are commercially important species with presumably
long life spana. Both species are subject to commercial and recreational fisheries employing a
range of fishing gears. The South Eas Fishery for jackass morwong is managed an the basis
of Individual Transferable Quotas, howsver, the species is also taken in state fishenies and
recreational fisheries. In recent years, total catches of jackass morwong from the area of the
South East Fishery have been estimated at around 1000 t {Smith and Wayte 2001). Banded
morwong is caught as part of state fisheries with the majority of catch from Tasmanian
walers. The fishery i3 regulated throogh hmited entry, minimurm and matmom size limits
and a closed season wath catches from Tasmaman waters at ahboul B0 L

Several studies have investipated the age and growth of tarakihi in New Zealand (Tong and
Vooren 1972, Vooren 1977) and these studies reparted ages of up to 50 years. Smith (1982)
reported maximum ages for male and female jackass morwong of 11 and 16 years,
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respectively on the basis of opaque and tranghicent zones in whole otoliths. These whale
otolith ages were validated on the basis of marginal increment analysis (Smith 1982), Ages
estmated from the whole otolith method were used for stock assessments for this species
until 1994 when the Central Ageing Facility (MAFRT) determined that in Australia, thig
species lived longer than previcusly reporied afier examining thin sections of otoliths (Smith
and Robertson 1994), Recent studies of sectioned jackass morwong otoliths have extended
the maximum known age for this species to about 30 years (Monson 1386), more in line with
estimates from New Zealand for the species, However, these new Australian age estimates
have not been validated despite the need for thia research.

Recent research on banded morwong estimatad maximum apes on the basis of otolith thin
sectiond of 86 end 81 years for {emales and males, respectively (Murphy and Lyle 1999),
These age estimates were validated by a capmire-mark-recapture experiment where fish were
tagpred and injected with the calaphilic flusrochrome, oxtetracycling hydrochloride. This
technigue is extremely valusble for validated the nature of annual increments in typically
younger fish, however, it 13 usually impractical for validabing ages of presumably very lang-
lived species such as banded morwong. The presumed longevity of banded morwong and the
concomitant poatential for over-exploitation warrants further investigation of age validation
for this species.

The very small size of sagittal otoliths from fish of the Family Cheilodactylidas (morwongs)
mikes preparation and analysis of samples extremely difficult. This research on banded
morwong and jackass morwong completed high precision analyses on samples that contained
as liftle as 0.23 mg af carbon, In the early 19905 the smallest sarople of carbon that state-of-
the-art accelerator mass specrometry lahoratories were able to routinely analyse with high
precision (< 10% error) for radiocarbon was approximately 1.0 mg. Otoliths are mostly
aragonite, a mineral of caleipm carbonate (Ca CO3) that is 12% carbon by weight. Therefore,
an otnlith sample weighing 10 mg was close to the size limit for a high precision analysis;
this is the approximate size of many of the samples analysed duriog this FRDC project. In
recent years vanious accelerator mass spectrometry laboratories have worked to reduce the
minumum size of the sample of carbon required for 2 high precision analysis. Several
laboratories already involved with this FRDC funded resedarch program on age validation
based on the bomb radioearbon chronometer were willing to analyse very small samples of
otolith aragonite. These lahoratories included the Radiocarbon Accelerator Unit, Research
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Leboratory for Archaslogy and the History of Art, Oxford University, the Center for
Accelerator Mass Spectrometry, Lawrence Livermare National Laboratory, University of
Califorrua and the LS. Netional Saence Foundation Accelerator Mass Spectrometry
Facility, University of Arizona

The objective of this study was to validate age estimates for two presumably lang-lived
morwong species. The research offers challenges due to the difficulties associatad with the
preparation and analygis of the samples. Success in these analyses on small samples has the
potential to increase significantly the range of species that can he studied with radiocarbon

Materials and methods

Banded morwong otoliths were supplied by the Department of Primary Industry, Water and
Environment (DPTWE, Tasmenia), Fish were collected off the east coast of Tasmanda in the
region of the Tasman Peninisula. Jackass morwong otoliths were supplied by the Marine and
Fisherica Resources Institute (MAFRI, Victoria) with the fish collected through the
Integrated Scientific Monitoring Program (ISMP) in the ncean off Eden, NSW (Table 22.1}).
Age estimates were determined from otolith thin sechons viewed with a stereo microscope
and using transmitted light illunination. '

Sample preparation procedures were similar to those described in Kalish (1995) for redfich
(Centroberyz affinis}. Otolith aragonite deposited during & period presumed to be less than
the first year of life was 15olated from one sagitta from each fish, This was accomplished by
cutting and grinding the otolith with a hand-held high speed dnll to remove material
deposited after what was presumed to be the firgt anrnmal increment. Further grinding of the
remaining portion af the otolith was used to "sculpt” the material into & siructure with the
shape and dimensions of the earhicst formed portions of a banded or jackass morwong sagitta,
Sagittas from very small morwong and zones vigible on the otolith being sculpted were used
as a punde. A total of 15 otohths were scalpted succesafully including 7 banded morwong and
£ jackass morwong otoliths, Sample weights for otaliths that were sculpted successfully
ranged from 1.4 mg to 4.2 mg for banded morwong and from 2.5 mg to 3,7 mg for jackass
maorwong. However, many of the analyses of the small samples were not successful due to
unsuceessful preparation of the graphite target, contamingtion or poor precision. Only the
seven analyses that were successful are recorded in Table 22.1.
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Otolith carbonate was converted to CO2 by reaction in vacue with 100% phosphoric asid.
An aliquot of the CO2 was used to determine §"'C for each sample and the remaimng C02
was converted to graphite. The graphatised samples were analysed for radincarban.
Radiocarbon was delermined in esch sample by accelerator mass spectrometry (AMS) at the
Center for Accelerator Mass Spectrometry (CAMS) Lawrence Liverrmore National
Laboratory (LLNL), University of California or at the Radiocarbon Accelerator Unit (OxA),
Ressarch Laboratory for Archasology and the History of Art, Oxford University.
Radiocarbon values are reported as .i"{:, which 13 the age- and fractionstion-corrected
deviation (parts per thousand) from the activity of nineteenth century wood. Age corrections
are based on the mean estimate of age determined from reading of etolith sections. Reported
errory are | standard deviation for both radiocarbon data and age estimates hased on the
reading of otolith sections. Radiocarbon erroms include both counting errors and laboratory
random errors.

Results and discussion

Radiocarbon measurements {Table 22.1) are plotted versus otolith based age esthmates for
hoth morwong species in Figure 22.1. Although few camples were analysad, the curve
defined by the data from the morwong otolitha defines the increase in bomb-denved
radiocarbon during the 19603 and 1970s and 15 consistent with similar data from Pagrus
aeratus (south western Pacific Ocean calibration) (Kalish 1993) and Centroberye: affinis
(Kalish 1995). The sample with the oldest estimated age, & banded morwong of 54 years had
a A™C of —66. 7%, clearly indicative of pre-bomb (<1955) birth date, Two banded morwong
of 37 and 32 years of ege (sample nos. BM40 and BM48) with A''C of —45.8% and -30.0%.,
respectively, provide good evidence that the banded morweng otolith ages are accurate and
record the earliest increase in bomb produced radiocarbon in the late 1950s and early 19603,
Four samples had age estimates based on presumed annual increments that indicated birth
dates near the peak in bormb radiocarbon and measurements of A™C are consistent with these
age estimates.

Results from the jackass morwong are more difficult to interpret in isolabion. The results sre
clearly consistent with the bomb radiocarbon nime series defined for the south western
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Pacific Ocean, however, the samples that were analysed successfully fall within the segment
of the curve with the lowest temporal resolution. Therefore, for these samples, it is only
poasible to conclude that the age estimates based on otolith thin sections are not dramatically
mmder estimated (e g. by more than 5 years), Unfortunately, several of the older jackass
morwong samples were not analysed successfully, due to inadequate carbon for graphite
target preparation, sample contamination or unacceptably low precision. Further analyses are
warranted as the ability to analyse these small samples has been demonstrated and is likely to
be successful with recently developed improvements in techniques of tarpet preparation.
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Table 22.1. Fish, otolith, and radiocarbon data for banded morwong (Cheidlodactylus spectabilis) and jackass morwong (Nemadactyl
macrapterus) from south castern Australia,

Sample no. Species Laboratory and Collection Collechon Fish lenglh  Otalith Sample AC (%o) Otolith  Birth date
laboratory location date (mrn) weight weight section age  (vear
acquisibion no. () (mg) (vears) A
BMI1 Cheilodactylus  LLNL Tasmania 1994 nd 0.0284 23 -66.6+7.7 54 1540
spectabilis CAMS37836
BM4& Cheilodactylus L1LNL Tasmania 1994 nd  0.0249 2.1 -458+8.0 37 1857
spectabilis CAMS3T7837
BMA4D Chetlodactylus  OxAEII0 Tasmania 1954 nd (.0278 42  -30=9.0 32 1962
spectabilis
BMS0 Cheilodactylus  OxAE240 Tasmanie 1994 nd  0.0151 1.9 B44ED 16 1978
speciabilis
M16 Nemadactylus  LLNL MNew South  20-Mar-92 300 0.0233 3B 92786 b 1986
macropiers CAMS3IT7E34 Wales
TMEB Nemadactylws  LLNL New South  20-Mar-92 337 D.0483 27 9B.1=R7 20 1972
macroptenus CAMB37E33 Wales
™72 Nemadactylus  LLNL New South  20-Mar-52 342 0035 25 922487 14 1978
macroplers CAME3ITBI5 Wales
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Figure 22.1. A"*C of Cheilodactylus spectabilis) and jackass morwong (Nemadactylus
macropterus) otolith cores plotied against birth dates estimated from otalith thin ssctions,
A'C data from New Zealand Pagrus auratus (Kalish 1993) and Australian Centrobenyx
affinis (Kalish 1995) provide calibrations of A™*C versus year for the south western Pacific
Ocean. A"C values are based on otolith material deposited over a time period equivalent to
gbout the first year of life. Errors are =1 zd.
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Chapter 23 Determination of swordfish (Xiphias gladius) age based
on analysis of radiocarbon in vertebral carbonate and
collagen

John Kalish and Edward Debartini

Summary

The ability to use measurements of radiocarbon in swordfish vertebrae to determine fish age
appears 10 be limited due te the likelihood that swordfish vertebrae undergo significant
reworking during development and growth. This result is very different from measurements
of radiocarbon in the vertebras of sehool shark which provided evidence thal veriebral
collagen 18 not reworked to any great extent, 1f at all (Chapter 10). The different results for
swordfish and achool shark sugpest dramatic differences in the metabolism of bone in these
distantly related fish species. There is a significant increase in the density of swordfish
vertebrae during prowth and this provides clear evidence that the vertebrae are going through
a process of reworking during growth. As a result it seems likely that the vertebrae of
swordfish violate a key assurnption required for the successful application of the bomb
radiocarbon chronometer, apecifically that the material (carbonate or collagen) deposited o
early life i3 not subject to resorption or reworldng. The difference between 51C from
carbonate and collagen in swordfizsh vertehrae clearly identifies a dominant metabolic source
for carbon destined for collagen and &n inorganic source for carbon with collagen more
depleted in the heavier stable carbon isotope, ’C, than the carbonate fraction.

Introduction
The success of mineralised tssucs for the estimaton of fish age 13 dependent on the

assumption that resorption of the tissue does not occur during the life of the fish. Amaong the
mineralized tissues in fishes, otoliths are most likely to be fulfil this assumption due o the
fact that these calcium carbonate structures are acellular, Development of otoliths is through
accretion of successive mineralised layers invested with varying amounts of organic matrix;
the organic matrix playing an essentigl role in the ultimate micmo- and macrostructure of the
otolith. No mechanisms are in place that facilitate the resorption of calcium from otoliths
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and they are unlikely to serve as sinks of caleivm doring the life of & fish,

OCther mineralised tasues, including fin rays, cleithra, and vertebrae have been employed for
the estimation of figh age and in many cases these methods have been validated, thereby
confirming a satisfactory level of accuracy is achievahle. Nevertheless, the application of
bone to studies of age and growth may be problematic due to the potentiel for resorphan,
where resaorption refers to aither osteoclagia involving the breakdown of the bone surface by
osteoclasts or osteolysis where osteocytes are responsible for resorption.

There are few data on the ability of telecsts to resorb and/or remode] bone, however, meny
teleosts have been shown to possess acellular bone doe to the lack of osteocytes or
ofteoclasts in the mineralised tissue. There is limited ressarch in this area; howewver, this
topic has relevance to the development of aquaculture indugtries and the maintenance of
adequate mutrition to captive fish.

Bone regsorption i 4 crifical issue in asgescing the suitability of age estimates for swordfish,
the majonty of which are determined on the basis of zones discernible 1n anal fin rays (refs).
Other stisdies have attempted 10 estimats apes of adult swordfish baged on structure in
vertebrae (refs) and otoliths (refs); however these methods have proven largely unsoecessful.
Zones in both otoliths and vertebrac from swordfish are poorly defined and difficult to
guantify. In addition, otoliths of all billfish are extremely small relative to otoliths of other
fish species and swordfish otaliths are no different. Estimates of daily age have been
successfully achieved in young swordfish hased on daly increments m otoliths (e.g.
Hawaitan study). Age estimates from these young fish indicate very rapid prowth during
early life, but the oldest age estimates based on this method were 777 days.

Fnitial assessment, through microscopic examination. of the second anal fin mays of sword fish
supports the notion that resorption occurs in thig mineralised tissue. The altemating opagque
and translucent pattern of the anal ray appears to result from the density of vascular canals.
Opaque zones contain a larger proportion of terminal vascular canals, suggesting that the rate
of anal ray growth had been reduced at this tme thereby decreasing the nead for the vascular
canals to distribute bone constituents to the ray periphery. It may be less costly, m an
energetic sense, to terminate some centers of bane growth during slow growth periods and
re-establish the sites of osteogenesis when growth rates increase.
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The region of the swordfish anal fin ray characterised by opaque and translucent zones hag
secondary structure that differs dramatically from the ray eore. The ray core appears to
contain & far greater density of Tlaversian canals than later-formed regions of the ray and,
more importantly, the arientation of thase canals provides good evidence for bone resorption
due to the nature of overlap of some of these canals. Furthermore, there is clear evidence of
ray resorption based on simple observation of the ray macrostructure. The two lateral
segments of the ray are clearly separated by a large vascularised lumen. In the second anal
ey of large swardfish (>200 cm FFL) this lumen is large enough to contain the ray of a
swordfish about 100 cm EFL. Clearly, resorption must occur in this region. The proximity
of thia region of resorption to the denser Haversian hone increases the likelihood that bone
remodelling has occurred. Here, bone remodelling refers to the reshaping of bone associatad
with the physiclogical and mechanical demands of growth and later life.

Bone resorption is only one stage of the remodelling proceas; bone re-deposition must also
occur. Bone remodelling is often associated with discrele zones of resorption and the opeque
zones of the rays may, in fact, be manifestations of this process. Nevertheless, the quantity
of resorption and remoadelling may be insignificant as far a5 eshmaton of age is concerned
and the microstrueture of the anal fin ray suggests that this may be the case. Resolution of
this issue would require histological analysis of ray tisgue dunng different growth periods
(&.g. winter va, summer growth).

Although the potential resorption and remodelling of the ray may not introduce significant
errors into the standard age estimabon process, it could he problematic for the mterpretation
of natural or human-induced chemical marks. Radipcsrbon in mineralised tissue is included
in bath organic (collagenous and non-collagenous components) and inorganic (carhonate
fluorapatite, also kmown by the mineralogical name francolite) fractions with the far greatest
proportion bound in an organic form. Although a particular region of the ray may appear
intact, this does not provide evidence in relation to potential temadelling of the tigsue.
Collagen and carbonate fractions in & particular region may have heen deposited recently and
the likelthood of this oceurrence is increased for ray tissue that shows evidence of
remodelling,

Initial ohservations of thin sections of swordfish vertebrae do not display evidence of
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resorbtion or remodslling, but vertebrac may be a site of secondsry mineralisation. This is
baged on the possibility of increased density of the innermost region of vertebrae in large
swordfish (>200 cm EFL), when compared with vertebral density from a small individuals
(<100 em EFL). The high density components of the vertebrae are the inorganic constituents
which are predominated by hydroxyapatite ( Cal WPO4)S{OH)2). The lower density
components of the vertebras are comprised largely of the organic compound collagen.

Materials and methods

Vertebrae were selected from archived samples collected on research crufses in 1992 (Crnse
TC-92-03) and 1993 (Cruise TC-93-03) of the Honolulu Labaratary, 11.S. National Merine
Fisheries Service.

Selected regions of vertebrae from larger swordfish were isalated by dnlling and srinding
with & dental-type drill. One region incorporated vertebral materisl representative of the first
yeer of life and these saraples are reforred to as "ioner”, whereas a second sample from cach
large vertebra was cut from the outer penphery or growing odge of the vertébra. Thess
gamplea are referred to as "outer”. The vertebra from the small swordfish waa cleaned of

extraneous tissae and blood by grinding.

Aflter isolation of the selected portion of the vertebra, samples were subject to pre-treatment
to isolate the relevant chermical frachion of the bone (Table 23.1) at the Rafler Radiocarhon
Laboratary, Institute of Geological and Nuclear Sciences (New Zedland). Samplea were
analysed for radiocarbon by accelerator mass spectrometry at the Rafter Radiocarbon

Tshoratory and are reported as A'C (%),

Density of swordfish vertebras was eztimated from samples collected on crmises of the RV
Townsend Cromwell (11,8, National Marine Fisheriea Service, Honolulu). The sample
included 24 female fish ranging in length from B1-219 em EFL. Semples were cleaned of all
tissze and had been air doed over seversl years, Analysis of the density of veriebrae from
different size swordfish was tested as was the assumption that there is no sipnificant
difference in the density among vertebrae within individual swordfish compared with
veristion among swordfish. The volume of the vertebrae was determined by measuring the
waler displaced by a vertebra placed within & gradusted cylinder. Weight of vertebrae was
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determined for dry vertebrae weighed in air. Measurement errors were <1% for dry weights
(measured to 0.01 g) and 9% each for volume displacements (meagured to the 0.1 ml) and
dengity esthimates,

A model Giting vertebral density versus eye-to-fork length (EFL, cm) was determined by
non-linear regression. The regression was weighted by the number of replicate measurements
taken for the specimens. Twenty four samples were used in the regression including 1, 21
and 2 samples of the 23rd, 24th and 25th vertebrae, respectively. A balanced, fixed-factor
ANOVA was usad to determine if there was significant vanation 1n density among vertehrae
within fish compered to among fish,

Results
Radincarbhon and stehle carbon isotope data from selected regions of swordfish vertebrae and

from different chemical fractions are presented in Table 23.2. The average &'C values were
-4,21 (+1.45) and —15.7 (+0.92) for the carbonate and collagen fractions of the vertebrae,
respectively. Vertehral ''C values were significantly different hetween eollagen and
carbonate fractions (t-test, p<0.0001) with the collagen fractions displaying far preates
depletion in the heavier stable carbon isatope.

A'C ranged from 20.8%s to 123,8%. with highest A"*C measured in collagen from the
smallest and presumably youngest swordfish (sample no, 94). There was no evidence for
systernatic varistion in A'*C between the collagen and carbonate samples nor between inner
and outer samples (Fig. 23.1). Mesn A''C was 67.3424.0%s and 94.1£15.1%s for vertebral

carbonate and collagen, respectively,

The A''C data from the swardfish vertebrae are plotted with A'“C data from North Pecific
coruls from Oahu and French Frigate Shoals (Druffel 1987) and from seawater dissolved
inarganic carban (DIC) collected during WOCE (Warld Ocean Circalation Experiment)
cruises in the Pacific during the early 1560z (Key et al. 1996) (Fig. 23.2). The minimum and
maximum values for surface water A''C from between 10°N and 35N latitude along the
135°W section (P17) are plottad in Fig. 23.2 and these data comcide with the majonity of
measurements made in the inner and outer segments of the swaordfish vertebrae,
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Birth date estimates for individual swordfish were determined directly from the vertebral
radiocarbon data A similar procedure was used in age validation for schoaol shark (Chapter
10) with only minor differences. Rather than use a mode]l derived from the Oghu and French
Frigate Shoals coral data to calculate swordfigh birth dates, estmates were made graphically
(Figa. 23.3 and 23.4). As in the previous otolith and vertebrae studies, enly A™C measured in
the earliest formed poroons of the caleified tissues was used to estimate birth dates. Fipure
23.3 shows estimated birth dates of around 19635 based on collagen from the three larger
gwordfish (Sample nos. 446, 58 and 108) and associated ages of around 30 years. Similar birth
dates and ages are derived from an analogous interpretation of the carhonate data from the
inner seament of the vertebrae from the large swordfish (Fig. 23.4).

There was a significant relationship between vertebra density and fish length (EFL) where:
Vertebral density = 0.021 8EFLY™™: £2 = 0,632; n = 24) (Figure 23.5). Analysis of variance
demonstrated that vertebra density varied insignificantly emong the 23rd, 24th and 25th
vertehrae within fish, but varied strongly ameng fish spanning the range of hody sizes
examined (Table 23.3),

Discussion

The interaction of factors that result in the radiccarbon levels measurad in different fractions
of individual swordfish vertebrae is likely to be complex. Significant differences in A''C
meanmed in swordfish vertebras may resuit from the following factors: 1) habitat latitode
and longitede; 2) depth 'of oceurrence; 3) fish age; 4) diet; and, 5) chemical fraction analysed.

Knowledge of swordfish binlogy is relatively limited and it is parficularly difficult o develop
& clear understanding of individual presumed stocks of swordfish due to the cosmepolitan
distribution of the speces. It 18 known thet dunng their first year of life swordfish in the
North Pacific Ocean are likely to be found at middle to higher latitudes; therefore, it was
considered sintahle to compare the radincarbon data from the vertebrae with radiocarbon
time series derived from North Pacific corals.

Data arc availahle that make it possible to infer the depth of nccwrrence of swordfish duning
their first year of life. Very small swordfish (<30 cm TL) have been identified in the stomach
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contents of dolphinfish (Coryphasna hippurus). Dolphinfish are surface daytime feeders;
therefore, this provides evidence that very voung swordfish are present in surface waters
during the day. Small swardfish (<100 cm EFL) are commonly caught by longliners
targeting larger swordfish with surface sets made during the night and recovered in the early
moming, This provides further evidenice for small swordfish inhabiting surface waters.
However, there is no information on the daytime habitat of small swordfish (hetween 30 cm
TL and 100 cm EFL) and these fish may move to greater depths at this time. Acoustic
telemetry atudies of large swordfish clearly show swordfish moving to depths of greater than
600 m during the daytime (Carey and Robison 1981, Carey 1990). If this was the cage with
smaller swordfish, it would have a large effect on the radiocarbon content of their vertebrae
since the radincarbon content of water masses below the surface mixed layer (~200 m in the
Naorth Pacific) are considerably lower than those af the surface, Despite the limited
information aveilable on swordfish, the high levels of radiocarbon measured in the vertebras
make it extremely unlikely that young swordfish spend large amounts of ime in waters
below the surface mixed layer.

AMC af 123.8+5 4%, measured in the veriebra from the 76.5 em EFL swardfish collected in
1992 i3 indicative of radiscarbon levels in the upper 200 m i the North Pacific and is
mdicative of radiocarbon in seawater dizssolved inorganic carban (DIC). A"™C data collected
during the WOCE section along 135°W (p17) (EKeys et al. 1996) demonstrate that this value
is clearly at, if not above, the maximum A'*C measured in the North Pacific in the early
1990s.

A™*C measured in both collagen and carbonate fractinng from the onter regions of adult
vertebrae collected in 1992 and 1993 do not provide a clear indication of the water mass
tnhabited by these large fish. It is not at all surprising that a distinct habitat is not evident and
thia is associsted with the fact that there is almost no difference in A'*C measured in surface
waters of the Naorth Pacific between the equator and ehout 40°N latimde. However, the data
fram the single juvenile swordfish provide some indicahion that the habrtats frequented by
these life history stages are different. As stated shove, the outer collagen datum from the
juvenile swordfish is indicative of very high A'*C relative to ambient surface water levels.
The lower A''C measured in the outer m'll..u.gcn from the large swordfish may be the result of
mixing due (o vertebral deposition in both shallow end deeper waters in conjunction with the



VALIDATION OF BRCADBILL SWORDFISH AGE 347

extensive vertical migration of this species. However, identifying the factors that could
influence radiocarbon in the vertebrae of sdult swordfish 13 complex and unlikely i
resolvable without detailed data regarding the vertical and horizontal movements and diet of
swordfish, data that are becoming available through archival and acoustical tagging studies.

Interpretatinn of these dats 15 made even more complex by the lack of a relationship between
the collagen and carbonate fractions of the vertebrae. This point is highlighted by the
significant difference between both §°C and A'*C for collagen and carbonate from the same
segments of cach vertebra, The difference between 5C from carbonate and collagen is not
surprising and clearly identifies a dominant metabolic source for carbon destined for collagen
and an inorganic source for carbon that will ultimately go mto the depositon of vertehral
carbonate. Collagen fractions of vertebrae were more depléted in the hesvier stable carbon
isotope, 1'C, than the carbonate (presumably francolite) fractions of vertebrae, Mean 5'°C for
carhonate and collagen fractions of vertebrae was —4.261.2%, and -15.521.0%,, respectively.
The §"'C for carbonate is within the range that might be expected for carbonate from otoliths,
whereas §'C for collagen is similar to what would be expected in muscle tissue. This
indicates that different proportions of carbon from multiple sources are involved in the
production of the inorganic and organic factions of the vertebrae with organic fractions
dertving the bulk of carbon from metabolic sources. Furthermore, studies of atoliths have
demonstrated that, at a daily level, calcium carbonate nich zones are deposited at different
tirnes from organic-rich zones. Similar process may be involved in the deposition of material
in swordfish vertebrae and could play a role in the different A™C measured in collagen and
carbonate,

This study was initisted on the basis that interpretation of A'*C data from the inner poartion of
the vertebrae of large swordfish would provide an independent estimate of swordfish age.
The data from the larger fish can be interpreted in relation to birth date; however, the regults
must be treated with caution for several reasons. Birth dates of around 1965 (ages of
approximately 30 years) were estimated for two very large swordfish. A third moderately
large fish was selected for analysis in order to determine if higher A'C could be measured in
veriebrae from a presumably younger fish with & presumed birth date closer to the peak in
bomb radiocarbon. Unforfunately, A" measured in the vertebra this fsh was very gimalear to
that measured in the two larger swordfish &nd also yielded an estimated birth date of around
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1965, This age does not seem plausible on the basis of the limited information that is
currently available on swordfish age and growth.

During the preparation of vertebrae for rediocarbon analysis it became apparent that the
compodition of vertebrae differed among fish wath the smaller fish seeming to have less
dense vertebrae. This was tésted on a sample of 24 female fish and clearly demonstrated that
as fernale swordfish grow larger their veriebras become denser, From a functional point of
view there are two plausible interpretations of this phenomena. Firstly, as small juveniles
swordfish appear to be surface dwellers and do not display the characteristies indicative of &
deep diving. In larger juvenilés and adults, however, there are dramatic changes in
morphology and physiology (Palko et al. 198], Carey 1982, Pepperell 2000) that indicate a
change to the deep diving habits that have been well described through acoustic telemetry
research (Carey and Robison 1981, Carey 1990). During this transition the swim bladder of
swordfish 13 reduced to the point that it no longer functions as & gas-filled organ; such a
structure would be a hindrance to the rapid vertical movements characteristic of this species.
In fact, diving abality would be accenfuated in a negatively buoyant fish, a characteristic of
tunas as well as swordfish. Therefore, the increased density of the vertebrae may contribute
tn the overall increase in density a3 swordfish ape and alter their feeding strategy.

A second explanation for the change in density of vertebrae may be related more directly to
swimming, Significant increases in bone densrty are hikely to accur through the deposition of
additional bone mineral, hydroxyapatite, in place of the less dense collagen. Enhanced
mingralidation leads to increased atiffneas of the vertehrae (Currey 1984), an important
property for large pelagic fish capable of high-speed swinmming

Changes in the density of the vertebrac are critical o the interpretation of the A''C data
ohtained from the vertehrae, The change in density provides clear evidence that the vertebra
is going through a process of reworking or remodelling during growth. As a result. the
eollagen and carbonate isolated from the inner segments of the vertebrae may have been
deposited more recently due to reworlang processes. The degree to which this reworking is
asanciated with collagen or carbonate is difficult to determme, but it is possible that both
materials are involved. As a result it seems likely that the vertebrae of swordfish violate a
key assumption required for the successful application of the bemb radincarbon chroncmeter,
specifically that the material (carbonate or collagen) deposited in early life is not subject to
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resorption or reworlang. This is different to the well-eatablished finding that otoliths are not
resothed or reworked afler depogition, a key attribute that makes themn invaluable to research
an the biology of fishes.

The ebility to use measurements of radiocarbon in swordfish vertchrae to determine fish age
appears to be limited due to the likelihood thet swordfish vertebrae undergo significant
reworking during development and growth, This result is very different from measurements
of radiocarbon in the vertebrae of school shark which provided evidence that vertehral
collagen 15 not reworked to any great extent, if at all (Chapter 10). Several school shark
vertebrae yielded pre-homb or early post-bomb velues of A™C, indicating that these
vertebrae retained collagen deposited several decades prior to death. The different regults for
awordfish and school shark suggest dramatic differences in the metaboliam of bone in these
distantly related fish species.
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Tahle 23,1, Sample pre-treatment methods to isolate inorganic and organic frachions of
swordfish vertebrae prior to target preparation for accelerator mass spectrometry of

radiacarbon.
Sample  Sample Sample pre-treatment
Na. type

46ifcol;  inner vert;
460/col; collagen
Shifeol;
SRofeal;
| 08odcol
d46ifcar;  inner vert;
46io/car; carbonate
1 08/ car;

381/car;

5Bo/car

1081/col inner vert;
collagen

10Bi/car inmer vart;
carbonate

S4/col whole vert;
collagen

Chiselled and ground  Organic weshes hexane-isopropanal-acetone
1 h sach at mom temperature. Demineralised with 0,50 HCI for | h.
Vacuum dried. HIPO4 evolution of CO2.

Chiselled and ground. Organic washes hexane-isopropanol-acetons
| b each at room temperature. Vacuum dried. HAPO4 evolution of
Co2.

Chiselled and ground. Ground to fine powder. Dermineraligsed in
0.5M HC] for 1 h at mom temperature. Vacuum doed. HIPOM4
evolution of CO2,

Chiselled and ground Ground to fine powder. HIPO4 evolution of
cO2.

Graund to fine powder, Demimeralised in 0,.5M HC for 1 h at roam
temperature, Vacum dred. H3PO4 evolution of COL
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Table 23.2. Xiphias gladius fish, vertebra and radiocerbon data for specimens collected from the Hawaiian lslends longline fishery.

Sample Datcof Length  Woght Sex | Sample  Veriebrs Pre- Bample ATC (%) &°C
no. capture  (EFL, cm) (kg) locatton  weight (g)  treatment  fraction (%e,PDR)
sample
weight (g}

461/enl 1 Apr 93 210 220 F inner vert 58.2 4.4 collagen 912291 -15.7
dfi/car inner vert carbonate 67.040.8 -3.5
46o/col outer verl 1.3 collagen  BOD.Bx9.0 -16.4
d6ofcar outer vert carbonate 84 3492 -5.5
1081/cal 30 Apr 92 219 LED " inner vert 54.0 2.5 collagen 104 3202 -16.1
108i/car inmer vert 1.6 carbonate  87.0+9.0 3.0
108a/col outer vert collagen  §5.7+9.0 -15.3
1080/car outer vert carbonate 68,7489 4.9
$8ifcol 20 Apr 92 171 a2 inner vert 198 14 collagen  B4.140.5 -16.7
S8ifcar inner vert carbonate 54.4+0.§ -2.0
SBo/col outer vert 09 collagen BB 0402 -15.8
SHo/car outer vert carbonate 208489 -6.1
04 /eol 28 Apr 92 T76.5 5.7 wholevert 1.6(Zvert) 1.5(2vert) collapen 1238494 -13.9
O4/car whole veri carbonate  BB.B49.5 -4.5
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Table 23,3, Results of a balanced, fixed-factor ANOVA, with vertebrae nested within fish to
determine if there were significant differences in vertebra density within swordfish compared
to amang swordfish.

Source df 380 MS0 F-value Pr>F
Model B 1.3251 (0.1656 5.7 0.001
Error 18 0.5171 0.2887
Total 26 1.8422
Sonrce df ANOVA S8 MBSO F-value Pr=F
Verichra 6 0.2352 0.0392 1.36 0.28
within fish
Figh 2 1.0859 (.5445 18.97 0.0001
140
120 }
100
£ ;
2 .
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20 {-

Inrl'uar ElLl‘rtE[ Lanmr uultar
collagen collagen carbonale  carbonate

Vertebral region

Figure 23.1. A"*C measured in different regions and from different constituents of vertchrac
from four swordfish, Details of the four swordfish are in Table 23.2,
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Figure 23.2. A"'C measured in different regions and from different constituents of vertebras
from four swordfish. The data are platted with historical ime series of radiocarbon variation
in the tropical North Pacific Ocean determined from hermatypic corals collected at Oahu and
French Frigate Shoals (Druffel 1987). The minimum and maxmmum values for surface water
A'*C from between 105N and 35°N latitude along the 135°W section (P17) of WOCE (World
Ocean Circulatton Expeniment) are shown as a measure of more recent A0, These data
were collected duning the carly 1990s and are plotted here with at 1592.5.
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Figure 23.3, Same dats as plotted in Figure 23.2, but with arrows to estimate graphically
possible interpretation of the swordfish collagen A™C data in relation to hirth date. The
arrowheads estimate the possible time of deposition (birth date) for collagen from the inner
s=gment of the swordfish veriebra
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Figure 23.4, Same data as plotted in Figure 23.2, but with amrows to estimate graphically
possible interpretation of the swordfish carbonate A'*C data in relation to birth date, The
ammowheads estimate the possible time of deposition (birth date)) for carbonate from the inner
segment of the swordfish veriebre

bt e b
o - ke
TR BRI I |

e
o
1.

=
e

Vertebral density (g/cm)
o
g_,_.-._q | R

100 120 140 180 180 200 220
Fish length (EFL, cm)

Figure 23 5, Relationship betwesn swordfish length (eye-to-fork [ength) versus vertebra
density (Veriebra density = 0.0218EFL" ™, 12 = 0.632; n= 24). All fish in the sample were
females.
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Chapter 24 Use of the bomb radiocarbon chronometer to validate
age estimation methods for Bight redfish (Centroberyx
gerrardi) from the Great Australian Bight

John Kalish

Summary

Measurements of radiocarbon in the cores of otoliths from presumably old Bight redfish
confirm that thia species lives to a mavimum age of at least 35 years. Samplea analysed were
not suitable for 4 more detatled analysis of the aceuracy of the otolith section mefhod of age
estimation. However, the appearance of opaque and translucent zones in thin sections of
Bight redfish otoliths are very similar to those seen in redfish (Centroberyx affinis) otoliths,
Therefore, it is extremely likely that aceuracy similar to that for reading C. affinis will also
be achieved for Bight redfish.

Introduetion

The Great Australian Bight Traw] Fishery (GABTF) extends from Kangaros [sland off South
Ausiralis (138008" E), to Cape Lecuwin in Western Ausfralia (115008" E), encompassing an
area of about 812 000 km2.. The fishery can be divided into a continental shelf fishery in
depths of 200 m or less, and & slope fishery in depths between 200 m and 1000 m. Most
shelf-waters trawling ocours in a namow depth rapge— 1 20-160 m—with deepwater flathead
(Neoplatycephalus conatus) and Bight redfish (Centrobervx gervardi) being the main target

species (Tilzey In press).

The 1999 Bight redfish catch of 412 t was the highest since logbooks began in 1988 and
landings remained comparatively kigh (317 t) in 2000. Mean annual catch rates rose to

47 kg/hr in 1999 and 46 kp/hr in 2000, continuing an improvement since 1995, Most redfish
are usually taken as a bycatch of targeting deepwater flathead, but the increased lendings
from 1998 cnwards suggest a shift towards targeting kmown redfish grounds. As noted above,
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most fishing effort accarred in the central zone where redfish are most abundant (Tilzey In
press).

Bight redfish are belisved to be & long lived species with longevitics in excess of 50 years.
They exhibit high variability in age among fish of similar size, such that commercial caiches
congist of fish 9 years to more than 60 years old. Age determination 13 by sectioned otoliths
(Tilzey In press) and this method of age estimation requires validation for this species in
order to reduce uncerteinty in the stock asscsaments,

Materials and methods

Bight redfish otoliths were supplied by the Marine and Freshwater Besources Institute
(MAFRI, Victonia), Age estimates were determined gt the Central Ageing Facility (MAFRI)
from otolith thin sections viewed with a stereo microscope and using transmitied light
lumination.

Sample preparation procedures were similer to thoss described in Kahsh (13935) for redfish
{Centroberyx affinis) and other spacies analysed as part of this research. A total of five
samples were analysed successfully for radincarhon. Graphite target preparabion and sample
analysia was carried out at the Rafter Radiocarbon Laboratory, Instituted of Geological and
Nuclear Sciences (Wellington, New Zealand). Radiocarbon values are reported as A''C,
which is the age- and fractionation-corrected deviation (parts per thousand) from the actvity
of ninetesnth century wood. Age cormections are hased on the mean estimate of age
determined from reading of atolith sections. Reported emmors are | standard deviation for both
radiocarbon data and age estimates based on the reading of otolith sections. Radiocarbon
errors include both counting errors and labarstory random errors,

Results and Discussion

Five samples were analysed for radiocarben and the results are presented in Table 24,1,
Presumed sample ages wers between 32 and 36 years with asaociated birth dates between
1962 and 1958. All radiocarbon results were indicative of pre-bomb radiacarbon levels with

the highest A'*C -52.8% (Table 24.1)
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Radiocarbon data from the region of the Great Australian Bight (GAB) are extremely limited,
however, extensive data reported from this research for the oceans off the east and west
coasts of Australia sugpests that the time series of radiocarbon in the northern GARB is
unlikely to be very different. On this basis, bomb radiocarbon is unlikely to be detected in the
surface ocean of the region prior to about 1960, Therefore, these data provide conclusive
evidence that Bight redfish have longevities of at least 35 years.

The narrow range of presumed ages selected for analysis does not make it possible to provide
4 more definitive indication of the accuracy of the age estimation procedure used for Right
redfish. However, the appearance of opague and translucent zones in thin sections of Bight
redfish otoliths are very similar to those seen in redfish (Centroberyx affinis) otoliths and it is
extremely likely that accuracy similar to that for reading C. affinis (Kalish 1995) will also be
achieved for Bight redfish.
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_Table 24.1. Fish, otolith, and radiocarbon data for Bight redfish Cenfroberyx gerrardi.
Semple No.  Laboratory and Collection Collection  Otolith Sample A"C (%a) Otolith  Birth date
laboratory location date weight (2)  weight (mg) section age  [year)
accession nurmber (years)
2 RRLNZAT985  (ireat Austrelian  31/1/94 123 147 _58.6+70 12 1962
Right
10 RRL NZAT986  Great Australian  8/3/94 1233 14.2 -65.047.6 33 1961
Bight
0 RRL NZA Great Australian B/3/94 1.108 17.2 -52.8+70 34 1960
Bight
47 REL NZA Great Australion £/3/94 1.296 15.4 -55.6:48.1 6 1958
Bight
46 REL NZA Crreat Australian B/3/94 1.194 16.8 -67.5+7 8 is 1959

Bight
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Chapter 25 Conclusions

This study provides conclusive support for comments made in a recent review of age
determination and age validabon methods which meluded the statement that: 'Bomb denived
radiocarhon from nocleer testing provides one of the best validation approaches available for
long-lived fishes' (Carmpana 2001} The methnd was first described in 1993 (Kalish 1993)
and research by Kalish {1993) and Kalish et al. (19964, 1996b) demonsirated that the method
was applicable to a range of species. However, other researchers have been relatively slow to
embrace the bomb radiscarbon chronometer with further apphications of the method by
Cempana (1997), Campana and Jones (1998) snd Baker and Wilson (2001). In each of these
instences, it was concluded that the method was extremely well suited 1o age validation of
long-lived and moderetely long-lived fish species. Published applications of the method will
increase drameafically in the near future due o several projects underway in North America
and Europe that apply measurements of radiocarbon to studies of age validation.

The results of this intensive smdy of radiocarbon in caleafied nsspes demonstrate the broad
application of the method and haghlight the value of measurements of radiocarban to
investigations of fish bislogy and ecology. Details of the potential applications are
indentified in the individual species summenes that follow. Furthermore, research presented
here demonstrates the feasibility of applying radiocarbon dating to studies of extremely long-
lived fish species (e.g. Hoplostethus atlanticus).

The project measured radiocarbon in 28 commercially imporiant fish species with the
prmary objective to validate the preferved age estimation method for each species. The
majority of measurements were made on otolith carbomate although vertebral collagen was
analysed in two species (3chool shark and swordfish) and vertebral carbonate in one species
{swordfish). The results of the analyses are summarised in Table 24.1 and in the text below.

Southemn bluefin runa (Thunme maccopli)
The growing otoliths of fish incorporate rediocerhon in concentrations thet are equivalent to

that found in ambient seawater dissolved inorganic carbon. Therefore, pulses of
anthropogenic radincarbon produced by the atmosphenic detonation of nuclesr weapons can
altimately be detected 1n otoliths. This smdy estimates the age of large southern bluefin tuna
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Thunnus maccoyii using an age cshmation procedure based on the determination of levels of
bomb-derived radiocarbon in otoliths, Radiocarbon date from selected regions of southemn
bluefin muna otoliths indicate that this species may reach ages in excess of 30 years,
Furthermore, individuals that approach the asymptotic length are likely to be 20 years of age
or older, The data agree generally with accepted models of southern bluefin growth, but
show thal these fish live longer than was believed previously, Companisons between otolith
section and bomb radiocarbon age estimates indicate that reading otalith sections 15 ap
effective method to estimate the age of larger southern bluefin. The presence of & significant
number of individuals greater than 20 years of age 1n the southern bluefin population may
alter estimates of natural mortality rates currently used n Virtual Population Analysis models
for stock assesament of this species,

Redfish (Centroberyx affinis)

Validation of methods used to estimate fish age is a critical element of the fish stock
agsezsment process. Despite the importance of validation, few procedures are available that
sprovide unbiased estimates of tue fish age and those methods that are available are seldom
wsed. The majorty of thess methods are unlikely to provide an indication of the true age of
individual fish, data that are best guited to the validabon process. Accelerator mass
spectrometry analyses of radiocarbon in selected regions of Centroberyx affinis otoliths, were
used to validate the age estimation method for this species. Radiocarbon data from the
otoliths of Centroberyx affinis with presumed birthdates between 1955 and 1985 describad
the mmcrease in ocgan radiocarbon attributable to the atmospheric detonation of nuclear
weapons in the 1950s and 1960s. The results confirm the longevity of Centroberyx affinis
and demonstrate the effectiveness of the bomb radiccarbon chronometer for the validation of
age estimation methods.

Blue grenadier { Macruronws novaszelandiae)

Accelerator mass spectrometry was used to meagure radiocarbon in the sarliest formed
portions of selected blue grenadier Macruronus rovaezelandiae otoliths to provide a
validation of fish age estimates based on the gqouantification of opague and translucent zones
in otolith thin sections. A'*C data from blue grenadier otoliths were compared with previous
estimates of A™C in seawater dissolved inorganic carbon at similar latinutes, longirudes, and
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depths to link variation in otolith A'*C to ime. Minimum otolith A™C was -76.9+7, 7%,
indicative of pre-bomb radiocarbon levels below the surfaced mixed layer af latitudes where
juvenile blue grenadier are found. When plotted versus fish age estimated from otolith
sections, the majority of the A'*C data combined to define a curve indicative of the increase
in bomb radiocarbon in temperate oceans of the Southern Hemisphere and indicates that age
eshmation procedures based on otolith thin sections are satisfactory for blue grenadier age.
If otolith section age estimates were comrect, peak otolith AMC of 106.8:+7 9%, occurred
duning the late 19604, earlier than expected. This may be a manifegtation of an increase in
mixed-layer depth associated with increased frequency of zonal westerly winds at this time.

School shark (Galearhinus galeus)

Radipcarbon measured in school shark vertehrae provides strong evidence that age estimates
determined from counts of presumed annual increments in stained vertebrae are gross
underestimates of the true fish age, This result is reinforced by a comperison between the two
independent estimates of fish age and vertebra weight. Vertebral growth 15 likely to be
dramafically reduced or cease altogether when fish reach asymptotic length; &s & result, shark
vericbrac may not be well suited to estimation of age for larger and older individuals.
Measurements of pre-bomb levels of radiocarbon in the earlicst formed segments of school
shark vertebrae provides evidence that elasmobranch vertebral tissue may be subject ta
limitad reworking and, thercfore, would be suntable for studies of temporal changes in
vericbral composition as proxiés for physiological and eovironmental chanpes expenienced
during the life of the shark.

Pink ling (Genyppterus blacodes)

Measurements of naturel end bomb-produced radiocarbon in the otoliths of pink ling
(Gemypterus blacodes) indicate that estimates of age based on otolith sections are accurate.
The relationships between otolith section based age estimates and radicoarbon in otolith
cores, and the radiocarbon calibration curve based on Pagrus auratis (Kalish 1993) was
excellent and indicates that otolith based estimates are likely to very scourate. Furthenmore,
there was good agreement between otolith readers both within and ameng labarataries for
those samples analysed for radiocarbon. This result suppaorts the application of the age and
growth model for ling presented in Smith and Tilzey (1995). The number of radiocarbon
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analyses, however, was inadequate to confirm the existence of & difference 1o growth rate
between males and females,

King dory {Cyftur traverst)

Measurements of nataral end bomb-produced radiocarbon in the otoliths of king dory (Cyus
traverst) indicare that estimates of age based on otolith sections are accurate, In addition,
radiocarbon data from king dory otolith cores suggest that this species is likely to occur
between about £5°S and 50°8 latitude during the first year of life. King dory otoliths are
relatively small and this study involved refinement of methods for the preparation of otolith
calcium carbonate for radiocarbon analysis. The range of prepared otolith sample weights
was 3.8 10 5.7 mg (mean=4. 5+0.52 mg). Graphite targets prepared for radiocarbon analysis
from these otolith samples contained less than 0.5 mg of carbon. This represents a
sipnificant advance in the use of the bomb radiocarbon chronometer for the determination of
fish age and demonstrates the suitability of the method for species with amall otaliths,
Furthermore, improvements in sample preparstion and the analysis of small samples will
reduce the likelithood of contamination as discussed in the study of southern bluefin tuna age.

Blug-eve trevalla (Hyperoglyphe antarctica)

Increased catches of blus-eye trevalla (Hyperoglyphe antarctica) associsted with targeted
and non-targeted trawling have highlighted the urgent need to determine the stamus of blue-
eye stocks in southeast Australia. [t is not possible to estimate yields from these stocks unfil
further informetion is obtained. Age estimation and the requisite age validation are & key
elemeént of the stock aszessment process; however, a validated method of age eshmation does
not exist for trevalla. Although some research has heen camed out on age estimation of
trevalla there has been concern reparding the aceuracy of ages assigned to this species.
Measurements of natural and bomb-produced radiocarbon in the otoliths of blue-eye trevalla
indicate that there are significant errors when trevalla ape 13 estimated by reading otolith
sections, Furthermore, there are significant daifferences in age estimates made by different
otolith readers from different laboratories. 1t 15 necessary to carry out further research on age
cstimation procedures for blue-eye trevalla and to establish otolith reading protocols for the
species, Oiven the difficulty inherent in reading hlue-eye otoliths 1t will be important to
engure that there is agreement among laboratones involved in age estimation. This can be
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achieved through inter-laboratory calibration exercisea. Purther measurements of
radiocarbon in trevalla otoliths are planned.

Patagonian toothfish (Dissostichus elegineider)

Age estimates for Patagonian toothfish Dissostichus eleginoides based on thin sections of
otoliths were validated based oo measurements of radiocarbon in cores isolated from whole
otoliths, A total of 994 otoliths collected from the trawl fishery targeting toothfish in the
Australian Fishing Zone surrounding Macquarie Island during the 1995/96 and 1996/97 were
used to determine length at age and growth rates. The majority of the fish in the sample were
estimated to be less than 15 years old, far younger than the maximum age in excess of 40
years estinated in the radipearbon validation study. Von Bertalanffy growth functions
(VBGF) wers fitted to the length and ape data by year and sex; however, uncertainties for
parameter estimates and the relabvely poor fit of the VBGF were affected by the limited size
range of fish in the sample. Estimates of K and Leo for the different years and sexes ranged
from 0.005-0.116 (95% confidence interyala) and 1,087 to 10,405 (95% confidence
intervals), respectively. Subsamples of otolith sections prepared from toothfish collectad at
Macquarie Island were read by four independent readers working at different laboratories.
There wes evidence of systematic bias between some of the readers, although the small
confidence intervals for differences estimated at each age indicated that individual readers
were consistent in their interpretation of presumed annual increments,

Black, smooth, spikey and warty oreos (Creosomatidac)

Measurements of radiocarbon in the earliest formed sepments of black, smooth, spikey and
warty oreo otoliths were compared with age estimates based on counts of presumed annnal
increments in thin sections of the ‘sister® otoliths for each fGzh. Measurements of radiocarbon
in the earliest formed segments of otoliths from these four oreosornatid hishes provide
varying degrees of velidation for age estimates derived from otolith thin sections. A'°C data
frem otolith cores of smooth oren plotted against otolith section birth date describes temporal
changes in radiocarbon that are indicative of the bomb radiocarbon increase in the 1960s and
provide evidence that otalith based ape estimates for this species are the most accurate of the
four species investigated. The results provide conclusive evidence of minimum potential
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longevities of 35, 35, 29 and 28 years for black, smooth, spikey and warty oreos,
respectively. However, there 18 no qualitative change to the appearance of increments that
might sugpest that the penodicity of increment formation is altered for fish elder than 35
years and far older ages for these species are supported on the basis of radiocarbon enalyses
in conjunction with counts of presumed annual increments. Relatively low A"C in relation to
trme for all four species and, in particular, for smooth areo provides strong support that
young juvenile habitarg of thege orecsormatid fishes are {ar removed from the adult habitats,
Large negative values for A'*C from the smooth areo otolith cores indicate that it is
extremely unlikely that the adult smooth creos spent their juvenile lives in surface waters at
mid-latitudes. The radiocarbon levels measured in the otoliths are consistent with those
expected for a fish living in the surface mixed layer at about 65°S latitude, This conclusion is
supporied by the limited ecological data on smoath oreo, Radiocarbon data from black aren
otolith cores also indicates that these fish inhebit high latitudes, around 60°8 latitude, ag
juveniles. Both spikey and warty orens may also inhabit surface waters of the Southem
Ocean based on A'*C measured in otolith cores. Further research is required to ensure
effective management of these commercially important, but poorly understood fish species.

Orange roughy (Hoplostethus atlanticur)

This research demonatrates that it is feasible to estimate the age of orange roughy on the
basis of radiocarbon dating of otolith carbon. Radiocarbon age decreased from the otalith
core to the otolith edge apd radiocarbon decay was detected in individual orange roughy
otoliths, Radiocarbon dating of individual orange roughy otoliths 13 feasible. Measurements
of A''C made at the otolith edge are not significantly different from A'*C measured in
seawater dissolved inorganic carbon at orange roughy depths near the time of sample
collection. High precision radiocarbon dating of orange roughy otoliths suggests that these
fish are long-lived with maxirmum ages of 100 years or more Two otoliths that were free of
any analytical or contamination problems yielded age estimates of 165+ 118 years and 1592 £
Of years, Age estimates from increment counts for these fish were 138 years and 154 years,
respectively. Reservoir corrected apes ranged from 21 to 160 years. However, reservoir
eorrecied age estimates are difficult to interpret due to vanahility in the radiocarbon reservoir
in different orange roughy habitats. The age estimates are consistent wath estimates based on
increment counts in thin sections and with estimates of age from radiometric techniques in
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that they support the hypethesis that orange roughy are very long-lived. Samples collected
from orange roughy Living at depths of about 1000 m and a3 long ago as 1985 can be
eontaminated by bamb radiocarbon and this makes it extremely difficult to determine the
shaolute age of individua! fish. [t is unlikely that it will be possible to overcome this problem
as orange roughy were not collected with any regularity prior to the early 1984s.

Red snappers and jobfish (Lutjanus spp.)

Lutjanids are important recreational and commercaal fish species in tropical Australia
Contrasting results from biological studies have produced uncertainty in regerd 10 the
longevity and associated demographic parameters of these species and hence the potential for
developrent in Australia's northern demersal fisheries. The use of the bomb radiocarbon
chronometer in this study provided an independent and supplementery source of validation of
the method of age estimation based on thin sections of otoliths of the four econamically most
important Lutjanoa species from the central Great Barrier Reaf. Meagurement of radincarban
in the cores of selected lutjamid otoliths supported longevities of at least 20 — 32 years
estimated for thess species in recent studies. Otolith A'*C varied from initially anticipated
values based on a time series of A'C derived from Great Barrier Reef corals with many
results yielding A'*C considerably higher than that measured in corals. The variation in A'C
could be explained by existing knowledge of the early life history and ontogenetic habitat
shifts of the species. Juveniles less than one year of age are found, to varying degrees, in
coastal habitats that are influenced by freshwater unoff. Shallow freshovater habitats, notably
lotic environments, display A'*C levels that are equivalent to stmospheric levels and,
therefore, higher than that measured in merine environments. Varying degrees of mixing n
nearshore habitats explains the A'*C series yielded from the otolith cores from the different
lutjanid species. Variability in A" seriea both within and among species i3 attributahle, in
part, to marked vanaton m freshwater nmoff prevailing durmg the first year of life of sach
specimen examined and differences in the hebitats of individual fish. In addition to providing
a validation of the thin section method of age sstimation, the radiocarbon data callected from
the otoliths provides insight into habitat selection by a range of lutjanid species.

Jobfish (Pristipomoides spp.)
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A pilot study was undertaken to determine the feasibility of validating age estimates based on
otolith sections for sharptooth jobfish (Pristipemoides typus) and goldbanded jobfish
(Pristipomoides multidens) based on the bomb radiocarbon chronomteter, Analysis of
radincarbon it otolith cores from & small number of samples of these two species was unable
to provide a validation of the age estimation methad. Relatively low A'*C suggested
influence of the South Equatorial Current on the habitats of juvenile jobfish or significant
over estimates of fish age based on otolith sections. Complex oceanography in the region of
the Arafura Sea and the potential influence of both the Indonesian Throughflow and the
South Eguatorial Current may make it difficult to validate age for these, and perhaps other,
species from the Arafura Sea off the Northern Termtory. A'*C is likely to vary seasonally and
inter-annually in the region, based oo the relative influence of these two waler sources.
Further research on the oceanography of the region and the early life history of these jobfish
species (&g spawning season, juvenile habitats) would be requirad to resolve these issues.

Jack mackerel (Trachwrus declivis)

This study demonstrates that the otolith *break and burn® and thin section methods of age
eatimation provide reasonahly accurate estimates of age for Australian and New Zealand jack
mackerel. Jack mackerel can live to ages in excess of 20 years, however, New Zealand jack
mackerel may be longer-lived than fish caught off south eastern Australia Although this
study demonstrates the effectiveness of the methods, further research may be warranted o
provide & more detailed understanding of the accurecy of age estimation methods used for
jack mackerel.

Silver trevally { Preudocararnx dentex)

Estimates of silver trevally Psewudocarans dentex age off southeast Australia were determined
from trangverse sections of 207 otoliths. Age estimates were repeatable and there was a high
level of agreement between otolith readers. Silver trevally are relatively slow growing with
no detectable difference in growth rate between males and females. Von Bertalanffy growth
parameters for both sexes combined are K=0.145, Loo—=50.7 and t0=-1.823. Growth rates are
slower for silver trevelly in Australia when compared with New Zealand trevally. Bomb
radiccarbon validation of the age estimation procedure based on thin sections of silver
trevally otoliths determined that this method of age estimation is accurate. The high level of
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agreement hetween radiocarbon data from silver trevally and redfish (Centroberyx affinis)
otolithe provides & more precise characterisation of radiocarbon levels off eastern Australia
during the period 1975 to 1990 and increases the value of the bomb radiocarbon chronometer
for age validation of younger fish with birth dates after peak radiocarbon levels. The standard
length at 50% maturity was 209 cam for male and 20.3 om for female trevally, considerahly
amaller than Mew Zealand trevally.

Banded morwong and jackass morwong (Chelodactyladac)

High precision analyses of radiocarbon in small samples of otoliths from two morwong
species provide good evidence to support the conclugion that age estimates based on
gquantification of presumed annual increments in otolith thin sections are accurate. This
conclusion 15 well supported for bended morwong despite the small mumber of samples
analysed and less so for jackass morwong Further analyses are warranted to determine the
accuracy of the routine age estimation method for these species, but emphasis should be
placed on research that considers jackass morwong.

Broadhill swardfish (X¥iphias gladiug)

The ability to use measurements of radiocarbon in swordfish vertebras to determine fish age
appears to be Iimited due to the likelihood that swordfish vertehrae underpn significant
reworking during development and growth. This result is very different from measurements
of radiocarbon in the vertebrae of schoel shark which provided evidence that vertebral
collagen 13 not reworked to any great extent, if at all {Chapter 10). The different results for
swordfish and school shark suppgest dramatic differences 10 the metabalism of bone in these
distantly related fish species. There is a ignificant increase in the density of swordfigh
vertebrae during growth and this provides clear evidence that the vertebrae are going through
a process of reworkong dunng growth. As a result it seems likely thet the vertebrae of
swordfish violate a key assumption required for the successful application of the bomb
radiocarbon chronometer, specifically that the material (carbonate or eollagsn) deposited in
carly life is not subject to resorption or rewarking, The difference between §''C from
carbonate and collagen in swordfish vertehrae clearly identifies 8 dominant metabolic source
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for carbon destined for collagen and an inorganic source for carbon with collagen more
depleted in the heavier stahle carbon isotope, "€, than the carbonate fraction.

Bight redfish (Censraberyx gerrardi)

Measurements of radiocarbon in the cores of otoliths from presumably old Bight redfish
confirm that this speciea lives to p maximum age of at least 35 years, Samples analysed were
not suitable for a more detailed analysis of the accuracy of the otolith section method of age
estimation. However, the appearance of opague and translucent zones in thin sactions of
Bight redfish otoliths are very similar to those seen in redfish ( Centroberyr affinis) atoliths,
Therefore, it is extremely likely that accuracy similar to thet for reading C. affinis will also
be achieved for Bight redfish.
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| Scientific name Common Validation Comments Collaborators
name #latns
Galeorhinus school shark | Not validated | Analysis of veriebml collagen provided conclusive ANU, MAFEI
paleus evidence that ape estimates based on counts of annuli
in vertebrae greatly underestimated true fish ape.
Macruronus “blue Validated Thin section method of age estimation validated. A"C | ANU, MAFRI |
novaezelandiae grenadier data provide evidence that juvenile habital is below the
surface mixed layer.
Crenyprerus pink ling Validated Thin section method of age estimation validated. ANU, MAFRI
blacodes
Hoplostethus orange Longevity Radiocarbon dating method vsed, rather than bomb ANU, MAFR],
aflanticus roughy supported radiocarbon chronometer. Results support estimates of | NZ N[WA, NZ
extreme longevity (=100 years). A''C data show MOF, NZ FIB
evidence of early penstration of radiocarbon to
decpwater habitats.
Centroberyx affinis | rodfish Vahdated Thin sechion method of age esttmation validated. ANLU, MAFRI
Centroberyx Bipht redfish = Longevity Inadequate semples analysed for detailed validation, ANU, MAFRI
gerrardi supported but maximum ages in excess of 35 yemrs validated.
Cyttus traversi king dory Validated | Thin section method of age estimation validated. ANU, MAFRT |
| Allocyitus miger | black oreo | Vahdated | Thin section method of age estimation validated. ANU, MAFRI,
Extreme longevity of species demonstrated. Further NEZ NIWA, NZ
research to determine accuracy of age estimation MOF,
method is warranted. A 'C date provide evidence of
juvenile habitat in surface waters of the Southem
Ocean &nd south of adult habitat.
Allocyrtus warty oreo Validated Thin section method of age estimation validated. ANU, MAFRI
VErTHCOFIS Extreme longevity of species demonstrated. Further
research to determine accuracy of age eshmation
method 15 warranted.




estimation method is warmanted, A''C data provide
strong evidence of estuarine juvenile habital with
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Neocytius spikey oreo Validated Thin sechion method of age estimation validated. ANU, MAFRI |
rhomboidalis Extreme longevity of species demonstrated. Further
research o determine acouracy of age estmation
method is warranted,
Preuodocyitus smooth oree | Validated Thin section method of age estimation validated. ANU, MAFRI,
macidats Extreme longevity of species demonstrated. Further NZ NTWA, NZ
research to determine accuracy of age estimation MOF,
method is warranted. A''C dats provide strong
evidence of juvenile habitat in surface waters of the
Southern Ocean (latitudes >60°8) and south of adult
habitat.
Epinepheiuy eight barred | Valicated Thin section method of age eshmation validated. ANU, WA
octofasciansy rockcod Further research to determine accuracy of age Fishenies
estimation method is wartanted,
Pseudocaranx silver trevally | Validated | Thin section method of age estimation validated. ANLU, NEW
dentex Further research to determine accuracy of age Fisheries
estimation method is warranted.
Trachurus declrvis | jack mackerel | Validated ‘Break and burn' and thin section method of age ANL,
estimation validated. Purther research to determine Tasmanian
sccuracy of age estimation method is warranted. DPTWE
Eteliz carbwncwlus | tuby smapper | Validated Thin section racthod of age estimation vahdated. ANL WA
Further research to determine accuracy of age Fisheries
estimation method is warranted.
Lutjanus crimaon Validuted Thin section method of age estimation validated. ANU, AIMS
erythropterus seaperch Further research to determine sccuracy of age
estimation method is warmanted. A™C data provide
strong evidence of eshuarine juvenile habitat with
significant freshwater infloence.
Lutjanus johnii fingermark Validated Thin section method of age esttmation validated. ANLU, ATMS
seaperch Further research to determmine accuracy of age
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significanl freshwater influence.

Luganus
malabaricus

Ludjanuy sebae

saddietal
seaperch

Vabdated

Thon section method of age estimaton validated.
Further research o determine accuracy of age
estimation method is warranted. A'°C data provide
strong evidence of estuarine juvenile habitat with
significant freshwater influsnce.

Validated

Thin secticn method of age estimation vahidated.
Farther research to determine accuracy of age
estimation method is warranted. A''C data provide
strong evidence of estuarine juvenile habitat with
significant freshwater influence.

Pristipomopides
multidens

goldband
jobfish

Not vahdated

ANU, AIMS

ANU, AIMS

Provisional vahidation indicated thin section age
eshimates are not grossly over-estimated. Species
unlikely to be long-lived (<25 years). [nadequate
semples analysed for validaton. Purther rescarch to
determine accuracy of age estimation method is
warranied

Pristipomaldes
Typus

sharptooth
jobhish

: Lethrimes
nebulosus

spang]ed
emperor

Not validated

Validated

Cheilodactylus
spectabilis

[ Nemadactyius

macropleris

Validated |

ANU, NT
Fisheries

" Provisional validation indicated thin section age
estimates are not prossly over-estimated. Species
unlikely to be long-lived (<25 years). Inadequate
samples analysed for validation. Further research to
determine accuracy of age estimation method 15
warmanted.

ANU,NT
Fisheries

| Thin section method of age estmation validated.
Further research to determine accuracy of age
eatimation method is warranted.

Thin secticn method of ape estimation validated.
Further research to determine accuracy of age
estimation method 15 warmanted. Longevity (ages >0
years) confirmed.

ANU, WA
Fisheries

ANU, MAFRI

Validated

Provigional validation of thin section method of age

_q!timatim. Inadequate samples analysed for
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validation. |
Dissostichus Patagonian Validated Thin section methed of age estmabion validated. ANU, AAD,
eleginoides toothfish Further research to determine sccuracy of age ANU, AFMA,
estimation method is warranted. A™C data provide Augtral
unigue results relevant 1o research on carbon flux in Fisheries, BAS,
the Southern Ccean. MAFRI,
MNational
_ ’ Museum Pang
Thunnus maccoyii | southem Than section method of age estmation validated. ANU, CSIRO
bluefin tuna
Xiphias gladius swordfish Not validated | Analysis of vertebral collagen and carbonate provide | ANU, US
provisional evidence for moderate longevity NMFS
(<20years). Inadequate sarples analysed for strong
conclusions. Strong evidence for reworkang of
verichral tissues duning development. Further research
required. Differentinl sources of carbon for vertebral
collapen and carbonate determined from 513C and
AMC data,
Hyperoglyphe blue-eye Not validated | Evidence of systemahc underestimation of age based | ANU, MAFRI
anfarciica trevalla on ofolith thin sections. Maximum ages significantly
underestimated. A'*C data suggest a habitat below the
surface mixed layer or to the south of adult habatat for
fish less than 1 year of age. Further research on age
estimation and life history required.
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Chapter 26 Benefits

The outeomes of this rescarch are of direct benefit to 2 number of State/Termitory and
Commonwealth fishenies. The species analysed in this research were from the Southem
Tuna Fishery (1 species; Commonwealth}, Fastera Tuna and Billfish Fishery and Sauthern
and Western Tuna and Billfish Fighery (1 species) South East Fishery (12 species;
Commonwealth), Southern Shark Fishery (1 species; Commonwealth), Heard and
McDonald Islands Fishery and Macquarie Island Fishery (1 species; Commonwealth), Jack
Mackerel Fishery (1 species, Commonwealth), Great Australian Bight Fishery (1 species;
Commonwesalth), Morthem Temitory fishenes (2 species), Queensland State fisheries (4
species); Tasmanian State fisheries (1 species)Western Australia State fisheries (3 species),
The benefita to this diverse array of fisheries are derived from reduction in the uncertainties
easnciated with stock asseasments for the relevant species. In the majority of cages
investigated the research program on radiocarbon in calcified tismes has provided
conchusive validation of age cstimation methods that are eritical for the collection of age
data from most fisheries. In several instances the research has provided clear evidence of
shortcomings with current age estimation procedures and highlighted the need for
refinernent of these methods or identfication of more appropriate approaches. Ultimately,
theze results will ensure more effective management of these fishenes.

In addition to these benefits, the research has provided new insight into the biology and
ecology of many of the fish species under investigation. Information on life history,
migration and movemnent and physiclagy have been gained from this regearch and these
findings will serve to develop further avenues for research on these commercially important

species.

Finally, this research will be of gignificant benefit to regearch on global change and
prediction. Ocean radincarbon data is an excellent indicator of ocean cireulation with the
radiocarbon ‘imjected’ into the atmosphere from testing of atomic weapons acting as a tracer
of both atmosphenic and ocean circulation. The rate of deep ocean mixing is slow with
deepwaters showing casily detecied radioactive decay. The augmentation of surface ocean
radiocarhon by atmospheric inputs from atomic weapoms testing has accentusted the
difference between surface ocean and deep ocean radiocarbon. This increased contrast
allows for clearer delineation of the details of global ocean vennlation. A significant
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impadiment to the application of this featore is the difficulty and expense associated with
collection of time series of radiocarbon from & range of locations in the world's oceans. The
radiocarbon data collected from this study will be provided to the Carbon Dioxide
Information Analysis Center (CDIAC), a repositary for carbon flux related data masntained
by Oak Ridge National Laboratory (LS. Department of Energy) and part of the Global
Change and Data Information System (GCIDIS). Thig will make the deta readily available to
other researchers involved in the development of models of ocsan circulation and general
carcnlation models (GCMs).
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Chapter 27 Further Developments

The results of this research have been reported to the relevant agencies and individuals
mvolved with the broad range of species investigated. Interaction with those individuals
nteresied in firther application of the technique in Australia and overseas is oagoing. In
addition, studies are underway to use radiocarbon data from knmown age fish to further our
understending of radiocarbon flux in the ocean and atmosphere, One study of this type was
completed recently (Kalish et al. 2001) and this research will further our understanding of
carbon flux and ocean circulation in Arctic seas. A large smdy entitled “Bomb-Dated Growth
Dynamics of Arctic Fishes' based on findings from this research has recently received
support from the U.S. National Science Foundation and will incresse our knowledge of polar
environments. Several other projects, using the méthods desenbed and developed further
here, are underway in North America and Furape.

The analysia of radiocarbon in fish otoliths provides further evidence of the value of these
structures fo & range of investigahons of fish bology, ecology and environmental studies.
These and other applications have provided further impetus for studies of otohiths to the
extent that these struciures are now uséd in research on Gsheries, oceanogrephy, global
change, palasoclimate, archasolopy and palacontology (e.g- Fossom et al. 2000).
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