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Introduction

Age validation

Age validation techniques for fishes range widely in efficacy and precision (Campana
2001). Techniques that rely on establishing a temporal context to early growth by
measuring changes in otolith growth zones or fish length require an extrapolation of the
early growth findings to larger and older fish for which growth increment or length mode
resolution has been lost (e.g. Mace et al. 1990; Mees and Rousseau 1997). In addition, daily
increment and marginal increment analyses (MIA) and length frequency analysis are
graphical and subjective; the techniques cannot test the accuracy of age data directly
because they do not generate an independent measure of age. Alternatively, known age
fish of captive rearing can be compared with ages estimated independently by otolith
readers or the marking and recapturing of older fish can be conducted. Both methods
generate known measures of time (a period that is usually only a portion of the lifespan)
and allow the use of probability-based statistical techniques to test and measure accuracy;
however, marking, tagging, and laboratory conditions can modify growth and survival,
generating error with respect to the population. Moreover, both techniques are logistically
complex for large fishes, often do not cover early life, and involve long delays in the
acquisition of late-life data (e.g. shark tag data from 1962-1993; Kohler et al. 1998). Hence,
methods to measure age of the largest and oldest fish directly are of great importance.
Advances in the use of radiochemical proxies for age have provided opportunities for
independent age determination of fishes, and lead-radium dating is currently the most

applicable for deep-sea fishes.

Lead-radium dating

Lead-radium dating is a geochronological technique that has been used to date recent
geological formations, such as accretionary carbonates (e.g. Condominesa and Rihs 2006).
Use of this system as a chronometer relies on the decay of the relatively long-lived
radioisotope radium-226 (??¢Ra), a naturally occurring product of the uranium-238 (238U)
decay series (Figure 1), to the relatively short-lived granddaughter product lead-210
(219Pb). Because the half-life of radium-226 is much greater (~1600 years) than lead-210

(22.26 years) the disequilibrium of the lead-radium system can function as a natural



chronometer as lead-210 builds into equilibrium with radium-226. Once radium-226 is
incorporated and isolated by some kind of structure (e.g. the crystalline lattice of a fish
otolith), it is the ingrowth of lead-210 activity relative to radium-226 activity that provides
a measure of time. In an ideal system there would be no exogenous source of lead-210 and
the lead-radium ratio would increase purely from ingrowth. This ingrowth would
exponentially approach a ratio of one, at which time the rate of lead-210 decay would be
equal to the rate of lead-210 ingrowth from radium-226 (Figure 2). In this line of research,
it is the radioactivity (often expressed simply as "activity") of each isotope that is measured
in decays per minute (dpm) per unit mass (g), expressed as dpm-gl. This dynamic
equilibrium is called secular equilibrium and is achieved to within 1% in a period of 156

years or seven lead-210 half-lives.

For fish, lead-radium dating depends on the incorporation of radium-226 from the aquatic
environment, where it is naturally sequestered into the otolith carbonate matrix. Radium-
226 subsequently decays to lead-210 over time at a well-defined rate and is conserved with
time (Andrews et al. 2009). The otolith lead-radium system can be used to provide a
radiometric estimate of age based on the disequilibrium within the first year or few years
of growth (i.e., within the otolith core). This tool is unique because any processes other
than the passage of time do not regulate it. Given a measured lead-radium activity ratio
from otolith core material, an age can be estimated within the margin of uncertainty from
the measured quantities (Smith et al. 1991, Panfili et al. 2002). This kind of information
can serve as a form of age validation for other age estimation methods (e.g. growth zone

counting), but it can also provide age estimates where no other information is available.

The feasibility of lead-radium dating otolith material depends heavily on the levels of
radium-226 uptake and the mass of the otolith core. For a successful application to work
on small quantities of otolith material radium-226 levels need to be either relatively high,
or otolith material of sufficient sample mass must be available (typically pooled otolith
cores). Measured levels of radium-226 from otoliths of marine fishes can vary by
approximately two orders of magnitude (~0.01 to 1.0 dpm-g1; see Andrews 2009 for a
chapter dedicated to radium-226 in otoliths). The range of applicability can be



demonstrated with two age and growth papers: bocaccio rockfish (Sebastes paucispinis;
Andrews et al. 2005) and Atlantic tarpon (Megalops atlanticus; Andrews et al. 2001). The
bocaccio rockfish study exemplified the limits of detection and applicability by providing
only rough estimates of age; the levels for radium-226 (consequently lead-210) were too
low to provide a reasonable margin of error associated with the calculated activities and
radiometric age. Conversely, the Atlantic tarpon study exemplified use of low sample mass
for meaningful lead-radium dating because radium-226 levels were some of the highest
reported from otoliths; as a result of this and a large otolith core, ages were estimated for

individual tarpon using lead-radium dating.

Study Objectives

The focus of this project was to apply lead-radium dating to a series of cored otolith groups
based on fish size, with otolith weight as a secondary consideration for the largest fish. The
objective of the application is to provide: 1) independent estimates of age for these groups
of fish; 2) length-at-age data for the sample series; and 3) a basic comparison of
radiometric age with estimates of age from growth zone counting. Ultimately, these data

may be used to address any age estimate bias issues associated with growth zone counting.

Materials and Methods

Lead-radium dating feasibility

Developing an effective sample design is reliant upon estimating the limitations of lead-
radium dating with application to blue roughy otoliths. The most important considerations
were: 1) individual and collective sample mass availability for adult otolith cores; 2) the
potential radium-226 activity for otoliths from the region; and 3) the total sample age
(estimated age plus time since capture). Because little was known in terms of early growth
and age, a core size and mass was selected based on the requirement for approximately 1
gram of material. Core age was not known and juvenile samples were not available for
comparison. An initial assessment of lead-radium levels necessarily relied on assumptions
of otolith radium-226 levels. Initial sample masses were chosen to provide a good
indication of lead-210 and radium-226 activity given a best guess at the lowest case

scenario. Radium-226 activity in otolith material is typically 0.03 to 0.05 dpm-g! (Andrews



2009). Based on this estimate, a minimum of 1 gram of core material was targeted for each

group to collect sufficient activity.

The composition of the otolith groups was determined based on the availability of otoliths
from fish of similar sizes (Table 1). Dimensions and the mass of small otoliths were used to
derive an extraction of otolith core material from adult fish otoliths. The dimensions and
weights of three small whole otoliths were used to derive a coring shape and weight of 7.0
mmLx4.5mmWx1.4mmT and 0.07 g as a target for coring the adult otoliths. The shape
was an oblong hexagonal in length and a tapering thickness to the edges. Referencing a
whole otolith and examination of microscopic structure with a dissecting microscope
provided a basis for coring consistency. Growth zones and the nuclear region visible within
the otolith in hand were used to verify the concentric structure of each core to the first few

years of growth.

Six otolith groups were targeted for the study. Because sample availability was good, two
fish length groups were replicated with a randomized split of the respective size group.
This approach was applied to the smallest and medium sized fish groups. Because of the
potential for loss of age resolution with an approach to asymptotic length, otolith length
was used to separate the largest fish into groups (assuming otolith weight is a better proxy

for age near maximum fish length).

Radiochemical protocol

A detailed protocol describing sample preparation, chromatographic separation of radium-
226 from barium and calcium, and analysis of radium-226 using mass spectrometry has
been described elsewhere (Andrews et al. 1999b). These procedures have not changed for
this study, except for two aspects of the analysis: 1) radium recovery was improved by
shifting the collection interval on the final chromatography column to begin at 200 pL (as
opposed to 250 pL); and 2) purified radium samples were analyzed using an improved ICP-
MS (Inductively Coupled Plasma Mass Spectrometry) technique. Other than these details,
only an overview of the radium-226 procedures is given here together with details on the

determination of lead-210 activity. Because the levels of radium-226 and lead-210



typically found in otoliths are extremely low (femtograms (10-1> g) for radium-226 and
attograms (10-18 g) for lead-210) and the great potential for contamination from various
sources, trace-metal clean procedures and equipment were used throughout sample
preparation, separation, and analysis. All acids used were ultra-pure, double distilled (GFS

Chemicals®) and dilutions were made using Millipore® filtered Milli-Q water (18 MQ cm-
1)_

Dried and weighed samples were dissolved in TFE beakers on hot plates at 90°C by adding
8N HNO3 in 1-2 mL aliquots. Several alternations between 8N HNO3 and 6N HCI, with an
aqua regia transition, resulted in complete sample dissolution. The dried sample, after
dissolution, formed a yellowish precipitate. To reduce remaining organics (otolin), aqua
regia transitions were continued until sample color became nearly white when dry. To put
the residue into the chloride form required for the lead-210 activity determination
procedure, the samples were redissolved in 1 mL 6N HCl and taken to dryness five times at
90-120°C. A whitish residue indicated that sufficient amounts of the organics had been
removed. Lead-210 activity was determined from these samples prior to ICP-MS analysis

for radium-226.

In order to determine lead-210 activity in the otolith samples, the a-decay (alpha-decay) of
polonium-210 (21°Po) was used as a daughter proxy for lead-210. To ensure that activity of
polonium-210 was due solely to ingrowth from lead-210, the time elapsed from fish
capture to polonium-210 determination was greater than 2 years, with the exception of the
adult age group; because the adult age group consisted of otolith cores, the 2 year waiting
period was not necessary. Samples prepared for polonium-210 analysis were spiked with
polonium-208, a yield tracer. The amount of polonium-208 added was estimated based on
observed radium-226 levels present in other species of deepwater fishes (Andrews 2009).
This amount was adjusted to approximately 5 times the expected polonium-210 activity in
the otolith sample to reduce error in the lead-210 activity determination. The spiked
samples were redissolved in approximately 50 mL of 0.5N HCI on a hot plate at 90°C

covered with a watch glass. The sample polonium-210 and polonium-208-tracer were



extracted proportionally through an auto-deposition process for 4 hours using a silver
planchet. The activities of these isotopes were determined using a-spectrometry on the
plated samples. Additional procedural and system details are described elsewhere
(Andrews et al. 1999a). The solution remaining after polonium plating was dried and saved

for radium-226 analyses.

In order to prepare the samples for radium-226 activity determination each sample was
spiked with radium-228, a yield tracer, and an ion-exchange separation technique was used
to separate radium from calcium and barium (Andrews et al. 1999b). The purified samples
were processed using ICP-MS and the measured ratios of radium-226:radium-228 were

used to calculate radium-226 activity in the samples.

Lead-radium dating
Age was estimated from the measured lead-210 and radium-226 activities (Equation 1).
Because the activities were measured using the same sample, the calculation was

independent of sample mass. Radiometric age is calculated using the following equation,

AZIO
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tage= —— 226 Eqg.1
g P (Eq. 1)

where tage was the radiometric age at the time of analysis, A210 was the lead-210 activity at
time of analysis, A226 was the radium-226 activity measured using ICP-MS, and A was the
decay constant for lead-210 (Smith et al. 1991). Adult samples cored to the dimensions of a
younger fish, however, must also incorporate a compensation for the core age gradient
(Smith et al. 1991). A radiometric age range, based on the potential core age and the
analytical uncertainty, was calculated for each sample by using error propagation through
the final age determinations (2 SE). Calculated error included the standard sources of error
(i.e., pipetting, spike and calibration uncertainties, etc.), a-counting statistics for lead-210

(Wang et al. 1975), and the ICP-MS analysis routine.



For a tangible representation of how radiometric age can vary based on the unknown
otolith core age, a series of three core scenarios were explored. Rough estimates of age for
the fish length at the given core-size ranged from approximately 5 to 15 years were based
on: 1) an hypothetical k-value of 0.02 to 0.04 using Lo = 575 mm TL and to = 0 (5 to 10
years); and 2) age estimate from growth zone counting (near 15 years). These hypothetical
age estimates provide an approximate correction for the lead-radium gradient and
ultimately it is the full range that was considered for the analyses and plots. Proper
alignment of the measured ratios with the ingrowth curves was used to estimate age with a
precision based on the propagated error and analytical uncertainty of numerous factors in
the radiochemical processing (e.g. radioisotope tracer, weighing, instrument error, etc.)

using the delta method (Wang et al. 1975).

Estimated age from growth zone counting by two readers (performed previously at the
National Museum of Marine Biology and Aquarium, Taiwan) were compared qualitatively
in von Bertalanffy plots with the radiometric age data. These figures provided a first
determination of possible age estimate bias, on average through ontogeny. Rough
estimates of age bias were made by the offset in the fitted von Bertalanffy growth function
of each age reader relative to a hypothetical VBGF fitted by eye to the lead-radium length-

at-age data.

Results and Discussion

Six blue roughy groups were successfully analyzed for lead-radium dating. These groups of
otoliths were successfully cored to the dimensions and weight of the target otolith from
smaller fish (Table 1). Coring was consistent within and among groups and ranged on
average from 0.0655 to 0.0724 g each. Replicated groups BR 1-2 and BR 3-4 contained the
same number of otoliths and resultant sample mass was similar between replicates at
approximately 1.2 g each. Each otolith core group exceeded the target collective weight of
more than 1 g except for the largest fish groups that were smaller at approximately 0.75 g
each due to reduced sample availability at the greatest lengths. The largest fish were split
to address otolith weight differences within similar fish lengths (mean otolith weight BR 5

=1.076 vs. BR 6 = 1.427 for fish near maximum observed length).



Measurements of lead-210 and radium-226 activity were successful for all six otolith
groups and lead-radium ratios were calculated for the determination of radiometric age
(Table 2). Lead-210 activity increased as expected from smaller to larger fish, given an
assumed increase in age with increasing fish length and otolith weight. This notion also
relies on a consistent uptake of radium-226 among fish across all samples. Consistent
measures of radium-226 were observed (0.0189 = 0.0012, 1 SD), but levels were
considerably lower than anticipated. This factor led to reduced precision in radium-226
measurements and as a result the error for radium-226 activity was greater than usual (8.6
to 29%, 2 SE). Because of the consistency of radium-226 activity among the otolith groups
and the increase in lead-210 activity with increasing fish length and otolith weight, the

corresponding lead-radium ratios also increased as anticipated.

Radiometric age was calculated from the measured lead-radium ratios relative to a range of
core-age compensation scenarios (Table 3). Estimated core age of 5 years provided the
lowest radiometric age scenario through the fish length and otolith weight sample series.
Radiometric age ranged from near 20 years for fish with length near 360 mm TL to
approximately 70 years for the largest fish with the heaviest otoliths. This scenario shifted
toward greater ages was the core-age compensation increased to 10-year and 15-year
scenarios. In general, the shift was approximately 5 to 7 years older with the hypothetical
inclusion of more years of otolith growth. A series of sample-specific ingrowth plots
provided a visualization of the potential radiometric age distributions of the blue roughy
groups (Figure 3a-f). Total sample age, which included time between capture and analysis
(0.6 to 1.0 years), was plotted relative to the measured lead-radium ratios across the 5 to
15-year core extractions. The high margin of uncertainty in the measured lead-radium
ratios decreased the confidence in these trends because of overlapping age estimate error;
however, the similarity of randomly sampled replicates indicated the calculated error was
a liberal representation of actual age estimate error. In summary, the potential age range
for the radiometric age estimates was considered as the extremes of the uncertainty for the
lowest and highest age estimates, with the 10-year core compensation value used as the

plotted value in figures that illustrate length-at-age patterns.



Radiometric length-at-age was plotted with a roughly fitted von Bertalanffy growth
function. Parameters chosen arbitrarily and by eye for a good curve fit to the radiometric
ages were fixed to a L» equal to the maximum observed length of 575 mm TL and a to = 0.0.
K-values were chosen arbitrarily until the best-fit-by-eye was achieved (Figure 6a). This
curve was generated to provide a basic guideline for the trend observed with radiometric
age and fish length and should not be considered an accurate model. A comparison of the
findings from growth zone counting by two age readers (Reader 1 and 2) with the provided
VBGFs (6b and c), and an overall comparison of age estimates from both readers with
radiometric age estimates (6d), provided a reference for a basic age estimate bias
determination. In general, an observed offset of age estimation for the smallest fish
indicated age might have been overestimated by approximately 10 to 15 years for both age
readers. At greater fish lengths, overestimated age continued and appears to increase to
several decades between 350 and 450 mm TL, with an apparent shift toward better
agreement with fish greater than 450 mm TL. This assessment is dubious for the largest
fish because of an approach to asymptotic length of the hypothetical growth function;
however, there is more support for an overestimate of age for the smallest fish based on
the misalignment. If this offset in age were a consistent criterion through to the largest
fish, an adjustment in early growth interpretation would lead to better agreement for the

largest fish as well.

Radiometric age estimates relative to mean whole otolith weight for the otolith groups
provided an expected trend of increasing age with increasing otolith weight. The greatest
estimate of approximately 70 years was considerably greater than the lower otolith weight
group from similar sized fish (BR 5 vs. BR6). This provides an indication that this species
approaches maximum size in about 30-40 years and then grows older with small changes
to length, possibly to a 70-year longevity. The caveat in this observation is the uncertainty

associated with the radiometric age estimates for both of the largest fish groups.
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Table 1. Summary of characteristics for blue roughy otolith samples processed in this

study. Age composition was not known and either fish length or otolith weight was used to

create otolith groups. BR 1-2 and BR 3-4 were randomly sorted into to fish length replicate

groups. Otolith weight differed greatly for the largest fish and as a result BR 5-6 were

groups with similar length but different mean otolith weights. Collective sample mass and

mean otolith core weight was provided as important group composition details.

Sample Size group Mean Otolith  Whole otolith  Sample Mean core
(mm TL) capture number weight weight (g) weight (g)

BR1 351-3692 17 Dec 2008 18 0.262-0.461 1.1794 0.0655
(361) (0.396)

BR 2 352-3662 22 Dec2008 18 0.315-0.470 1.2270 0.0682
(359) (0.382)

BR 3 395-4192  8]Jan 2009 18 0.440-0.844 1.2288 0.0683
(404) (0.584)

BR 4 395-4202 18 Mar 2009 18 0.356-0.786 1.2418 0.0690
(407) (0.574)

BR5 470-530> 15Dec2008 11 0.973-1.195>  0.7421 0.0675
(495) (1.076)

BR 6 495-540> 30 Oct 2008 10 1.236-1.787  0.7242 0.0724
(513) (1.427)

a. Randomly selected for mix of otoliths for size groups BR 1-2 and BR 3-4.

b. Otoliths grouped based on otolith weight.
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Table 2. Radiometric results for blue roughy otolith groups. Listed are the measured lead-
210:radium-226 activities (dpm-g-1, disintegrations per minute) for the samples (* 2 SE).
Calculated activity ratios and their corresponding margin of error were used to calculate

sample age and uncertainty (Table 3).

Sample  Size group  21%Pb (dpm-g1) 226Ra (dpm-g™1) 210pPh:226Ra 2 SE
(mm TL) * % error! * % error! activity ratio

BR1 351-3692 0.00817 £5.2 0.0177 + 14 0.461 0.069
(361)

BR 2 352-3662 0.00810 +5.2 0.0187 + 16 0.434 0.073
(359)

BR 3 395-4192 0.0118 + 4.1 0.0189 £ 8.6 0.622 0.059
(404)

BR 4 395-4202 0.0117 £ 4.5 0.0212+15 0.552 0.085
(407)

BR5 470-530P 0.0131+5.5 0.0191 + 20 0.687 0.140
(495)

BR 6 495-540b 0.0159 + 4.7 0.0179 £ 29 0.888 0.258
(513)

1 Calculation based on propagation of 2 SE using the delta method (Knoll 1989) and the ICPMS analysis routine (+ 2 SE).
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Table 3. Blue roughy length groups and radiometric age for several potential coring
scenarios. Radiometric age was calculated from the measured lead-210:radium-226
activity ratios and corrected for time since mean capture date (0.6 to 1.0 years). Each
scenario was based on approximations for otolith core age (5, 10, and 15 years). Ingrowth
age was provided as the unattainable minimum age for an instantaneous core formation
(radiometric age cannot be less than this value from the measured lead-radium ratio).
Radiometric age range was based on the analytical uncertainty and error propagation (2
SE). The extremes of these scenarios were used to plot ingrowth curve regions that

function as the ultimate limits of the age determinations (Figures 5a-f). Potential age takes

into consideration the full range of all core-age compensation scenarios.

Sample  Size group 5yrcoreage 10 yr core 15 yr core age Potential age
(mmTL) (2 SE) age (2 SE) (2 SE)

BR1 351-3692 21.5 24.1 26.8 17.7-31.2
(361) (17.7-25.9) (20.3-28.5) (22.9-31.2)

BR 2 352-3662  20.0 22.6 25.2 16.1-29.7
(359) (16.1-24.5) (18.7-27.1) (21.3-29.7)

BR 3 395-4192  33.0 35.6 38.3 28.3-43.8
(404) (28.3-38.5) (30.9-41.1) (33.6-43.8)

BR 4 395-4202  27.7 30.3 33.0 22.1-39.7
(407) (22.1-34.5) (24.7-37.1) (27.4-39.7)

BR 5 470-530° 39.0 41.6 44.3 27.1-63.5
(495) (27.1-58.2) (29.7-60.8) (32.4-63.5)

BR 6 495-540> 719 74.5 77.2 33.4-und.
(513) (33.4-und.) (36.0-und.) (38.7-und.)

a. Time since collection plus half the estimated average fish age for each sample.

b. Time between collection and analysis.

und. = undefined in terms of radiometric age because the calculated upper limit of the measured lead-radium ration

exceeded 1.0.
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Figure captions

Figure 1. Diagram of the uranium-238 decay series with the half-life for individual isotopes given in
each cell. Of interest to lead-radium dating is the isolation of radium-226 from the environment and
its subsequent decay to lead-210. Note that the half-lives of the intermediate isotopes are far less
than the half-life of lead-210, hence the decay of radium-226 over the period of interest for fishes
(decades) can be simplified to a direct decay to lead-210 and a disequilibrium relative to time (see

Figure 2).

Figure 2. The relationship used for lead-radium dating begins with the ingrowth of lead-210 activity
at time zero from radium-226. Over a period of up to approximately 120 years the activity ratio of
lead-210 to radium-226 approaches secular equilibrium or a ratio of one. It is the measured
disequilibria of lead-210 and radium-226 activities that provide a measure of time or age in the case

of fishes.

Figure 3a-f. Total sample age for blue roughy groups BR 1-6 from the measured lead-radium ratio
(horizontal bar with dot-ends) with calculated ratio error (upper and lower bars; 2 SE) and three
ingrowth curve scenarios (5, 10, and 15 year core compensated ingrowth model). Specific core
compensated age estimates and the full age range potential for BR 1-6 were provided in Table 3.
Plotted for reference, as constraints on radiometric age, are the direct ingrowth and the constant
mass-growth ingrowth models. The direct ingrowth model provides a reference for the unattainable
minimum radiometric age for a hypothetical instantaneous core formation (radiometric age cannot
be less than this value from the measured lead-radium ratio, aside from accounting for measurement
error). The constant mass-growth model provides a reference for a whole otolith study that makes
the assumption of lead-radium ration dilution at a constant rate through ontogeny (the other extreme
of the direct ingrowth model). The range of core compensation models is an approximation of

potential core age from age estimation scenarios.

Figure 4a-d. Radiometric length-at-age plotted with a roughly fitted von Bertalanffy growth function
(VBGF). Parameters of curve fitting were fixed to a Lo equal to the maximum observed length of 575
mm TL and a to = 0.0. K-values were chosen arbitrarily until the best-fit-by-eye was achieved. This
curve was generated to provide a basic guideline for the trend observed with radiometric age and fish
length and should not be considered an accurate model. A comparison of the findings from growth
zone counting by two age readers (Reader 1 and 2) with the provided VBGFs (6b, c), and an overall
comparison of age estimates from both readers with radiometric age estimates (6d), were also

plotted to provide a reference for a basic age estimate bias determination.
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Figure 5. Plot of radiometric age estimates relative to mean whole otolith weight for each otolith group.
Horizontal error bars are radiometric age uncertainty based on propagated error (2 SE). Vertical error bars
represent the range of whole otolith weights for each otolith group. This information is provided as simply an

observed trend.
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