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ARTICLE

Age and growth of bluespine unicornfish (Naso unicornis):
a half-century life-span for a keystone browser, with a novel
approach to bomb radiocarbon dating in the Hawaiian Islands
Allen H. Andrews, Edward E. DeMartini, Jeff A. Eble, Brett M. Taylor, Dong Chun Lou,
and Robert L. Humphreys

Abstract: Bluespine unicornfish (Naso unicornis) from Hawaii were aged to >50 years using cross-sectioned sagittal otoliths. Fish
length was a poor indicator of age because of rapid and variable early growth, exemplified by fish aged to be 4 years near
maximum length. Growth was deterministic with adult ages decoupled from body length. Otolith mass and thickness were
evaluated as proxies for age and both were encouraging; thickness explained more variance but mass was easier to measure. An
age estimation protocol was validated through ontogeny using bomb radiocarbon (14C) dating. Use of the postbomb 14C decline
period from a regional reference chronology enabled age validation of young fish — a novel approach for the Pacific Ocean. A
probabilistic procedure for assigning bomb 14C dates (CALIBomb) was used for the first time to determine fish birth years. The
age-reading protocol was generally validated, and it was possible to describe length-at-age despite difficulties in counting otolith
annuli beyond 30–40 years. Growth curves differed between the sexes, and a four-parameter generalized von Bertalanffy growth
function provided the best fit.

Résumé : Il a été établi, à la lumière de coupes d’otolites sagittaux, que les nasons à éperons bleus (Naso unicornis) d’Hawaii
atteignent plus de 50 ans d’âge. La longueur des poissons constitue un mauvais indicateur de l’âge en raison d’une croissance
rapide et variable tôt durant la vie, comme en témoignent des poissons dont l’âge a été établi à 4 ans, mais dont la longueur
s’approche de la longueur maximum. La croissance est déterministe, l’âge des adultes n’étant pas associé à la longueur du corps.
L’utilisation du poids et de l’épaisseur des otolites comme variables substitutives de l’âge a été évaluée, et les deux variables se
sont avérées prometteuses; l’épaisseur explique mieux la variance, mais le poids est plus facile à mesurer. La longueur selon l’âge
a été validée au long de l’ontogenèse par la datation au radiocarbone (14C) issu de bombes. L’utilisation de la période de baisse du
14C après les explosions tirée d’une chronologie de référence régionale a permis de valider les âges de jeunes poissons, ce qui
constitue une nouvelle approche pour l’océan Pacifique. Une procédure probabiliste d’affectation des âges au 14C issu de bombes
(CALIBomb) a été employée pour la première fois dans le but de déterminer l’année de naissance des poissons. Le protocole de
lecture de l’âge a été validé de manière générale, et il a été possible de décrire la longueur selon l’âge malgré les difficultés que
présente le dénombrement des zones de croissance d’otolites au-delà de 30–40 ans. Les courbes de croissance varient selon le
sexe, et une fonction de croissance de von Bertalanffy généralisée à quatre paramètres produit le meilleur ajustement. [Traduit
par la Rédaction]

Introduction
Bluespine unicornfish (Naso unicornis), also known as “kala” in

Hawaiian, is a large-bodied herbivore that plays a key role in
structuring the algal assemblage of nearshore benthic communi-
ties on tropical coral reefs and functions as a principal species
among browsing fishes (Bellwood et al. 2003; Hoey and Bellwood
2009; Edwards et al. 2014). It is a mostly inshore species that reg-
ularly moves into very shallow water on reefs to access fleshy
macroalgae, such as Sargassum spp. (Randall 2001). Bluespine uni-
cornfish has widespread importance economically and culturally
as an extracted resource throughout the tropical Pacific (Houk
et al. 2012), and its commercial landings in Hawaii have increased
dramatically since 2010 (Division of Aquatic Resources 2013). There is
no clear relationship between the abundance of bluespine uni-
cornfish and fishing pressure or other factors related to human

population density in Hawaii and elsewhere in the tropical central
and western Pacific Ocean (Williams et al. 2008, 2011). However, a
recent evaluation of the stock status of 19 resource species has
flagged bluespine unicornfish as one of six species most likely to
be experiencing overfishing in Hawaii (Nadon et al. 2015). The
latter study used length-based methods and provided an impor-
tant preliminary stock status for major fishery species; however,
stock assessments should be age-based to the extent that data on
size- and age-at-maturity, growth rate, and longevity are available
and suitable. Body lengths at sexual maturity have been described
for bluespine unicornfish in Hawaii (DeMartini et al. 2014) and at
Guam and Pohnpei in Micronesia (Taylor et al. 2014). While
length-at-age data exist for this species on the Great Barrier Reef
of Australia (Choat and Axe 1996) and in Micronesia (Taylor et al.
2014), with preliminary estimates of growth in Hawaii (Eble et al.
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2009), the age and growth of this species have not been validated
anywhere.

The age of some tropical reef fishes can be estimated using
visual growth zone counts in cross-sectioned otoliths (ear stones)
despite difficulties that can be encountered for fishes of aseasonal
environments at equatorial latitudes (Fowler 2009). Age valida-
tion, although it may be unnecessary for all fish populations
(Choat et al. 2009), is still needed when first describing growth or
when no validation otherwise exists for that or related species.
Validating the age of fishes with small otoliths can be complicated
or impossible because of growth-related or technological limita-
tions, but recent developments in bomb radiocarbon (14C) dating
have led to new opportunities to validate the age of tropical reef
fishes (Andrews et al. 2015).

Bomb 14C dating is an effective tool for gaining an understand-
ing of life history traits for tropical marine fishes (Kalish 1993;
Andrews et al. 2011). The approach relies on the time specificity of
the bomb-produced 14C signal — typically reported as �14C or F14C
in reference to a prenuclear standard (Stuiver and Polach 1977;
Reimer et al. 2004) — created by atmospheric testing of thermo-
nuclear devices in the 1950s and 1960s (Broecker and Peng 1982).
Correlation of 14C measurements from otolith carbonate with re-
gional hermatypic coral 14C records can provide estimates of age
that are independent of other traditional forms of age estimation
(i.e., otolith growth zone counting). A case study of Hawaiian pink
snapper (Pristipomoides filamentosus), or “opakapaka” in Hawaiian,
was its inaugural application to fishes of Hawaii (Andrews et al.
2012). While the relatively large otoliths of opakapaka are repre-
sentative of deep-water eteline snappers, many tropical reef fishes
have otoliths that are much smaller and would provide a chal-
lenge for the usual protocol used for bomb 14C dating. To use this
method, the otolith core (earliest growth) must be mechanically
extracted by either grinding the exterior to the core or micromill-
ing the core region and extracting it as powder, which usually
results in sample masses of �3–5 mg to �10–20 mg (Kalish 1993;
Andrews et al. 2012). Recent advances made in both micromilling
technology and accelerator mass spectrometry have enabled more
accurate core extraction and more precise measurement of 14C in
smaller quantities of otolith carbonate (Andrews et al. 2015). In
addition, bomb 14C dating recently progressed in an age validation
study of young and recently collected fish in the Gulf of Mexico
(Andrews et al. 2013). This novel approach used the postpeak 14C
decline period (typically more recent than �1980 in the tropical
Northern Hemisphere) and is also feasible for fish of the Hawaiian
Islands based on observations presented in this study.

The specific goals of this study were to (i) estimate the age of
bluespine unicornfish by counting growth zones visible in otolith
sections, (ii) apply bomb 14C dating to the small otoliths of this
species using the 14Chrono method (CALIBomb) in determining
probabilistic dates of formation for core samples relative to an
existing coral 14C record, (iii) utilize the full coral bomb 14C record
to provide validated estimates of age from largest to smallest
(oldest to youngest) fish, and (iv) estimate comprehensive age and
growth parameters from validated length-at-age data while explor-
ing complications introduced by sexual dimorphisms (DeMartini
et al. 2014, 2016) and considering ages predicted from otolith mor-
phometrics and validated growth zone counts. These goals aim to
thoroughly characterize bluespine unicornfish demographics in
Hawaii for potential input to a formal stock assessment.

Materials and methods

Sample selection and age estimation
A total of 597 bluespine unicornfish were considered for age

estimation, and a subset (n = 15) was used for bomb radiocarbon
age validation. Larger (LRG) fish that were older than young-of-
year (YOY) fish (n = 555) were collected in haphazard fashion by
either Eble et al. (2009) or provided by fishers and regional mar-

kets that sourced fish from off the windward (northeastern) coast
and North Shore of Oahu in the main Hawaiian Islands (Fig. 1).
These samples were complemented by an additional 42 YOY
(32 “early” YOY: 2- and 4-month-olds collected in July and Septem-
ber 2014, plus 10 “late” YOY: 11-month-olds collected in May 2015)
that were throw-netted from the leeward coast (southern shore) of
Oahu by a cooperating State of Hawaii fisheries biologist. All fish
specimens were fresh-measured using fork length (FL, ±0.1 cm)
and weighed using whole body mass (nearest gram). The sex of all
LRG fish was identified in a prior study of sex-specific length at
maturity (DeMartini et al. 2014); identical histology methods were
unsuccessful at identifying the sex of late YOY. Sagittal otoliths
were obtained by removing the brain case of fresh or frozen fish
using either a mallet and butcher knife or hand saw (LRG fish) or
scalpel (YOY), excising both otoliths under a dissecting microscope,
cleaning them of attached tissues, and then washing and rinsing
with 95% ethanol and air-drying them before storage in individu-
ally labeled vials. The dried otoliths were weighed (±0.1 mg) prior
to preparation for age-reading.

Otoliths of all LRG fish were prepared and aged using the fol-
lowing series of steps. Whole otoliths were initially mounted on
their edge to a glass microscope slide with Crystalbond and
sanded to expose the focus (transverse orientation). The sanded
otolith was then dismounted, its orientation reversed, and re-
mounted such that the sanded side was flat against the slide. The
otolith was then further sanded to produce a thin, transverse
cross-section (�200–300 �m). The cross-section was then covered
in Crystalbond to reveal annuli and (or) polished using a progres-
sion of lapping film (9.0, 3.0, and 0.3 �m grit) to expose daily
growth increments (DGI). Otolith growth zone structure was in-
terpreted and aged with a dissecting microscope and transmitted
light at an average magnification of × 20 (Fig. 2).

Initial age-readings were conducted using the otoliths of 111 LRG
fish collected from Oahu during 2009–2011 (Eble et al. 2009). This
initial set of otoliths provided the baseline for further exploration
and made the original discovery that the longevity of this species
may exceed 50 years. These specimens were supplemented with
otoliths from an additional 382 LRG fish collected during 2011–
2014 and sourced from the same region. An age-reader experi-
enced in tropical fish age estimation ultimately read all of the LRG
otoliths, with some refinement to the age-reading protocol from
age-validated otolith sections (presented later). Three indepen-
dent and nonconsecutive age-readings were made for each otolith
section, and the mean of three final reads was used in determin-
ing age and growth parameters.

DGIs were investigated for the YOY specimens. Age in DGIs beyond
the settlement check (Wilson and McCormick 1999) was estimated as
the mean of three independent and nonconsecutive age-readings. A
subset of these preparations was used to estimate mean and median
age at formation of the settlement check (planktonic larval dura-
tion, PLD). Mean presettlement age was added to postsettlement age
to estimate the total age of each specimen. Median length at settle-
ment was back-calculated by direct proportion from length and age
at capture.

The various age-reading results led to a total of 534 fish that were
used in an age and growth analysis that included length-at-age esti-
mates through ontogeny. In addition, approximately 50 otoliths
from fish with incomplete collection data were included in the eval-
uation of otolith morphometrics.

Bomb radiocarbon dating
Specimens were selected for bomb 14C dating from across the

length distribution of collected fish and spanned the estimated age
range (Table 1). Early bomb 14C investigations were based on the
initial age estimates made by Eble et al. (2009). These findings
were supplemented later with bomb 14C dating of otoliths from
fish that filled in age or length gaps (Table 1). Selection of otoliths
for the entire bomb 14C dating process was not random. Rather, it
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was more opportunistic and selective and had a focus on spanning
length-at-age through ontogeny.

To apply bomb 14C dating to the whole otoliths of bluespine
unicornfish, the dimensions and masses of several whole juvenile
otoliths, coupled with observed dimensions of a clearly visible
opaque region at the core, were used to delineate a targeted core
region within adult otolith specimens. An otolith from a 12.0 cm FL
juvenile measured 2.8 mm length (L) × 1.7 mm wide (W) × 0.5 mm
thick (Th) and weighed 2.6 mg (Kala 05). This otolith provided clear
guidance on creating a well-centered extraction design within these
dimensions to minimize the possibility of extracting more re-
cently formed material. Using a New Wave Research (ESI–NWR
Division, Fremont, California) micromilling machine, a core ex-
traction of 1.9 mm L × 1.1 mm W × 0.25 mm Th was achieved using
a 23-point line scan with a 300 �m Brasseler (Savannah, Georgia)
bur in two successive and overlapping scans at a depth of 125 �m
for each pass. Extraction mass was near 0.8 mg of CaCO3, which
was �8 �mol C and required small sample handling for 14C anal-
ysis (2–9 �mol C).

The extracted otolith samples were submitted as carbonate to
the National Ocean Sciences Accelerator Mass Spectrometry Facil-
ity (NOSAMS), Woods Hole Oceanographic Institution in Woods
Hole, Massachusetts, for small-sample 14C analysis using acceler-
ator mass spectrometry. Radiocarbon measurements were reported by
NOSAMS as the fraction modern, the measured deviation of the
14C/12C ratio from a “modern” sample. This reference is defined as
95% of the 14C concentration of the National Bureau of Standards
oxalic acid I standard (SRM 4990B) normalized to �13CVPDB (−19‰)
in 1950 AD (VPDB = Vienna Pee Dee Belemnite geological stan-
dard; Coplen 1996). Results were normalized to −25‰ for fraction-
ation correction using a reported �13C value and is reported here

as F14C (Reimer et al. 2004). Each F14C value was ultimately cor-
rected for age to the time of formation (birth year).

An existing coral 14C reference record from Kona, Hawaii Island,
was selected for bomb 14C dating of the fish otoliths because of its
proximity to the fish collections on Oahu (Fig. 1). The 14C reference
series spans the bomb 14C chronology (1950s to 1990s; Roark et al.
2006) and was accessed through 14Chrono at Centre for Climate,
the Environment, and Chronology (Queen’s University Belfast, United
Kingdom) using the CALIBomb interface (www.calib.qub.ac.uk/
CALIBomb/). The CALIBomb interface provided the opportunity to
submit measured 14C values from otoliths that were corrected for
fractionation (F14C) to be statistically analyzed in a moving-average
probability fit to the coral core F14C record, similar to the approach
reported for calibration of 14C samples using an atmospheric F14C
reference record (Reimer et al. 2004). Because a well-defined peak
(�1970 to 1980) is reached in the F14C reference record from the
Kona coral core, fish could be aged using not only the rise period
(�1955 to 1970), but also the decline period (after �1980). In each
case, a range of dates were determined by the CALIBomb analysis
routine by projecting the measured F14C values, with correspond-
ing measurement uncertainty (1 or 2 standard deviations, SD),
through time for an alignment with the F14C reference (see
Reimer et al. 2004). In addition, a smoothing function made the
averaging effects of the sample formation period (�0.5 years of
otolith growth) a factor in determining the year of formation
(Fig. 3).

Otolith proxies for age
Both whole otolith mass and thickness (measured in the mounted

otolith cross-section) were evaluated as potential proxies for age.
Thickness was measured using a calibrated eyepiece micrometer

Fig. 1. Regional map of the main Hawaiian Islands with an inset photograph of a bluespine unicornfish (Naso unicornis; photo credit: Richard
Field). Location of the coral used as a �14C reference was Kona, Hawaii Island, and fish specimens were collected off the windward coast and
North Shore of Oahu. Base bathymetric map was modified from a regional map available from the Pacific Islands Benthic Habitat Mapping
Center, School of Ocean and Earth Science and Technology, University of Hawaii at Manoa. (Scale: 1 mile = 1.609 km.)
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(one eyepiece unit = 25 �m at × 60 magnification) and a compound
microscope. Rank correlations among otolith mass, otolith thick-
ness, decimal age (based on growth zone counts), and fish body
size (length and mass) were first explored using Proc CORR in PC
SAS version 9.3 (SAS Institute, Inc. 2006, 2012). Interrelationships
among otolith metrics were next evaluated by simple linear re-
gression (Proc REG). Seemingly good fits between growth zone
ages and otolith mass and between age and otolith thickness sug-
gested that either or both otolith metrics might be used to predict
age in the absence of age data (e.g., Boehlert 1985). This possibility
was further explored using stepwise (forward selection, backward
elimination) multiple regression in Proc REG, with a probability
of F to enter and be retained set at ≤0.10, with ages regressed on
otolith mass, as well as otolith thickness, as predictor variables.
Age and both otolith metrics were log-transformed to linearize
relationships. For this series of analyses only, growth zone counts
for the 15 bomb 14C specimens were left uncorrected for validation
to restrict interpretation to growth zone counting. Finally, esti-
mates of otolith metric-adjusted ages, for comparison with empir-
ical growth zone ages, were predicted by nonlinear regression
using Proc NLIN. Preliminary model fits using full data inputs to
these and other regressions described herein were trimmed for
statistical outliers by deleting observations whose Studentized
residuals exceeded an absolute value of 3.0. Because age-frequency dis-
tributions are the currency used in age-based fisheries stock as-
sessments, the relative performance of the best otolith-adjusted

ages versus initial ages based solely on growth zone counts was
evaluated by comparing the age-frequency distributions of the
two series of age estimates by two-sample Kolmogorov–Smirnov
(K-S) test (Siegel and Castellan 1988).

Age and growth analyses
The estimated ages of all LRG fish were first approximated

based on growth zone counts for all otolith specimens with at
least one growth zone (i.e., otoliths whose cross-section contained
at least one full opaque and translucent zone). These age estimates
were expressed in decimal years with reference to a birthdate of
1 June (DeMartini et al. 2014) versus date of fish collection. The
ages of YOY specimens were estimated using DGI counts ex-
pressed in decimal years. Precision of the age estimates was eval-
uated by the mean coefficient of variation (CV; Campana 2001)
among the sets of three nonconsecutive age-readings for YOY and
LRG fish separately. Growth zone counting criteria were validated
for LRG fish using the subset of otoliths that were aged with bomb
14C dating.

Length-at-age was initially described using the standard three-
parameter von Bertalanffy growth function (VBGF):

Lt � LINF ·�1 � �e�k·(t�t0)��

where Lt is length (FL, in cm) at age t (in years), LINF is mean
asymptotic length, t0 is estimated age at zero length, and k is the
growth coefficient representing the rate at which asymptotic
length is attained.

In addition, generalized (four-parameter: Richards 1959; five-
parameter: Schnute and Richards 1990) versions of the VBGF were
also evaluated. The four-parameter formulation evaluated was

Lt � LINF ·�1 � �e�K·(1�m)·(t–t0)�(1/1�m)�

where Lt, LINF, and t0 are the same as those of the standard VBGF,
K is the growth coefficient representing the rate at which Lt is
attained in the four-parameter model, and m is a parameter fur-
ther controlling curvature (Richards 1959; see Tjorve and Tjorve
2010).

Specification of the final growth model was justified by exami-
nation of residuals (lower variation) and likelihood ratio (LR) test
comparisons of model fits (Kimura 1980). The potential necessity
of sex-specific models was also evaluated using LR tests, which
were evaluated excluding unsexable YOY fish. All growth curves
were modeled using SAS Proc NLIN.

Mean maximum body length (LMAX) was estimated by mean
length of fish in the uppermost 10% of the length distribution of
specimens. Longevity was approximated by mean maximum
age (TMAX), defined as the mean age of fish in the uppermost 10% of
the age distribution (Trip et al. 2008, 2014). These metrics were
estimated separately for each by sex because of perceived sexual
differences in growth rates (verified in Results). Mean and maxi-
mum lengths and ages of specimens were compared between the
sexes by nonparametric median tests (Siegel and Castellan 1988).

Results

Bomb radiocarbon dating
The otoliths from 15 bluespine unicornfish were analyzed for

14C in the extracted core samples and used to provide a validated
basis for age estimates (Table 1). The length of specimens used for
14C analysis ranged from a juvenile of 12.0 cm FL to a series of
adults approaching maximum size up to 55.1 cm FL. All fish were
collected in the years 2009 to 2012 with age estimates of 0.5 to
58 years and corresponding birth years of 1951 to 2008. Measured
F14C values ranged as predicted from near prebomb levels,
through to peak values that were slightly above the coral F14C

Fig. 2. Succession of otolith sections from young to old (a–c) bluespine
unicornfish (Naso unicornis) from Hawaii showing the growth pattern
used as an age-reading protocol in estimating age (a = 3 years, b = 20 years,
c = 32 years). Note the well-defined zones with complicated interweaving
that can lead to inaccurate (reader-biased) estimates. This complication
increased markedly for fish approaching 50 years of age.
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reference record, into the decline period, and ended with the F14C
reference point established by a juvenile fish (Kala 05). The fish
with greatest estimated age were both under- and overestimated
relative to the dates provided by CALIBomb, whereas ages up to
�20 years tended to be relatively accurate based on the 14C decline
period (Fig. 4). Fish with intermediate ages and corresponding
birth years near the peak period were less definitive owing to the
inherent uncertainty of dates near peak levels. Validated ages
range from near �2–5 years for fish 30–40 cm FL to 54.5 ± 3.0 years
for a fish 49.8 cm FL, with confirmation of rapid early growth to
near maximum size in <10 years.

The potential dates of formation from CALIBomb for each sam-
ple had variable levels of precision that were dependent on the
characteristics of the Kona coral F14C reference (Table 1). Highest
precision was during the F14C rise period where age was within
±1 year. Second-best precision was on the postpeak decline period
where age was resolved to within approximately ±2.5 years (range
of years provided by CALIBomb). The lowest precision was from a
few values near the F14C peak with uncertainty up to ±10 years.
Two measurements exceeded the maximum F14C value in the
Kona coral record, but the uncertainty for each measurement
overlapped the coral record. Hence, the F14C values for these sam-
ples were reduced artificially to reside within the coral peak,
while maintaining the lower limit of measurement uncertainty,
to allow a CALIBomb date determination (Table 1). This adjust-
ment functions strictly as a rough proxy for age and is not a robust
age determination because of the inherent variability in peak F14C
across the region (e.g., Andrews et al. 2016). Because the Kona F14C
coral record ended in 1992 (year of coral core extraction), a con-
tinuation of the decline trend to the known-age juvenile otolith
(Kala 05) was used to estimate birth year and age (Fig. 4). Uncer-
tainty was estimated to be ±2.5 years based on the F14C decline
variability stated above. The original age estimates from growth
zone counting were also plotted with the coral F14C record and
CALIBomb date ranges to show the extent of age-reader agree-
ment (Fig. 4). Note that estimates of age for the oldest fish near
50 years, despite refinement of the age-reading protocol from
reviewing the age-validated otolith sections, were more variable
and typically underaged.

Fig. 3. Example of CALIBomb output for F14C data from one of the otolith
samples analyzed in this study (Kala 02) of bluespine unicornfish (Naso
unicornis) from Hawaii. The F14C reference data from a coral core at
Kona, Hawaii Island (Fig. 1), shows the bomb-produced 14C signal as a
jagged distribution across time (Roark et al. 2006), with a smoothing
function input of 0.5 years (compensation for the growth period of
the otolith core extraction). Hence, the measured F14C value of
1.1191‰ ± 0.0055‰ is shown as a 1 SD and 2 SD peak on the y axis
(light and dark shaded zones, respectively) that was projected to
the F14C coral reference to obtain probable dates of formation
(2 SD = 1964.9–1966.4 or 1985.6–1991.9; seen as irregular peaks along
the x axis with corresponding 1 SD and 2 SD distributions, light
and dark shaded zones, respectively). Based on other age-related
information, the older age scenario was not considered valid, and
the most probable date range was 1985.6–1991.9 (>99% of the
young-age-scenario probability).

Table 1. Fish collection data with extracted otolith sample mass and resultant radiocarbon and age data determined from otoliths of bluespine
unicornfish (Naso unicornis).

Sample No.
(WHOI No.)

Length
(cm FL)

Collection
year

Est. age
(years)

Mass
(mg) F14C ± 2 SD �13C (‰) Birth year

F14C age
(years) Birth year period

Kala 01 (OS-104354) 51.6 2009.47 32, 35 0.8 1.1677±0.0089* −6.96 1968.8–1972.4‡ 38.8±1.8 Peak
Kala 02 (OS-104711) 50.5 2009.47 24, 24 0.8 1.1191±0.0055 NM 1985.6–1991.9 20.7±3.1 Decline
Kala 03 (OS-104709) 51.5 2009.46 20, 19 1.0 1.1102±0.0049 NM 1988.1–1992.2§ 19.3±2.0 Decline
Kala 04 (OS-107693) 32.3 2009.48 NA, 5 0.7 1.0466±0.0052* −8.26 2005.7–2009.7 1.7±2.5 Decline–interpolate
Kala 05 (OS-104713) 12.0 2009.09 NA, 0.5 0.6 1.0435±0.0067* −6.82 2008.5 0.5 Reference
Kala 06 (OS-104340) 51.6 2012.39 NA, 42 0.8 1.0289±0.0107 NM 1960.4–1962.1 51.1±0.9 Rise
Kala 07 (OS-104712) 51.8 2012.02 NA, 25 0.8 1.1105±0.0068* −4.26 1987.6–1992.2§ 22.1±2.3 Decline
Kala 08 (OS-104705) 50.0 2012.02 NA, 17 0.9 1.0981±0.0048 NM 1992.1–1996.1 18.0±2.5 Decline–interpolate
Kala 09 (OS-107687) 46.5 2011.96 NA, 9 0.8 1.0622±0.0035 NM 2001.6–2005.6 8.4±2.5 Decline–interpolate
Kala 10 (OS-107681) 41.1 2011.25 NA, 5 0.8 1.0540±0.0033 NM 2003.8–2007.8 5.5±2.5 Decline–interpolate
Kala 11 (OS-84466) 52.8 2009.47 58, 48 1.1 1.0073±0.0055† NM 1959.6–1961.1 49.1±0.7 Rise
Kala 12 (OS-84461) 49.8 2009.46 51, 48 0.9 0.9627±0.0070† NM 1952–1958 54.5±3.0 Rise
Kala 13 (OS-84467) 55.1 2009.48 38, 37 1.1 1.1475±0.0145† NM 1966.3–1987.0 32.8±10.4 Near peak
Kala 14 (OS-84462) 52.2 2009.46 35, 37 0.7 1.1618±0.0089† NM 1967.6–1977.2 37.1±4.8 Peak
Kala 15 (OS-84463) 52.0 2009.47 35, 38 0.9 1.1742±0.0075* −6.51 1970.4–1972.0‡ 38.2±0.8 Peak

Note: Estimated age is initial age-reading (Eble et al. 2009) followed by subsequent and finalized age-reading. NM, not measured: online accelerator mass
spectrometry (AMS) measurement of �13C was used for fractionation correction; no value reported. NA, not available.

*Post-AMS correction from sample-specific �13C value provided.
†Not online �13C corrected: post-AMS �13C correction from mean of measured �13C values (−6.56‰).
‡F14C ratio reduced to fall within peak maximum for the coral reference (F14C � 1.16) for CALIBomb year determination with lower 2 SD limit conserved.
§Most recent date estimated as the last value in the coral F14C reference data (1992.2).
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Otolith proxies for age
Both otolith mass and otolith thickness were strongly related to

age estimated using growth zone counts (Figs. 5a, 5b) — not unex-
pected given the strong relation between otolith mass and thick-
ness (refer to online supplementary material, Fig. S11; Table S11).
Age was more strongly related to otolith thickness than otolith
mass for females, but the opposite was true for males (Table S21).
After correction for bomb 14C validation, age was highly corre-
lated with both otolith metrics despite the low sample size
(Table S31). Unlike the otolith metrics, fish body size (length, mass)
was poorly related to age (Table S41). Preliminary regression anal-
yses relating fish size and the cross-product of otolith mass and
thickness to age were not informative, and these variables were
not subsequently considered. The age-to-otolith mass relationship
differed between males and females (Fig. 5a), but that of age-to-
otolith thickness did not (Fig. 5b; Table S51) — likely because the
three-dimensional shapes of otoliths differed between males and
females of a given body size and otolith mass. Otolith metric-
adjusted ages and initial growth zone count ages produced equiv-
alent age-frequency distributions for females (Fig. 6a) and males
(Fig. 6b; two-sample K-S tests, both p > 0.1).

Age and growth analyses
Otoliths of bluespine unicornfish were difficult to read, but

ages could be estimated with acceptable accuracy and precision
and were ultimately used for determining growth parameters.

Estimated ages spanned 1 to 58 years in the initial age-reading
(Eble et al. 2009), but were later refined by the experienced age-
reader to span 0 to 50 years overall. Because of the dampening
effect of greater age on proportionate variation, the precision of
age estimates overall was better when age was >30 years (CV =
3.7%, n = 31), relative to when age was <30 years (CV = 7.2%, n = 513;
t test with Satterthwaite’s approximation for unequal variances:
t = −6.3, P < 0.0001). The mean CV for age-readings of DGIs in early
and late YOY was 4.5% (n = 41). Ages used for the growth curve
fitting were from finalized growth zone counts for LRG fish, cou-
pled with bomb 14C validated length-at age data, plus aged YOY
using a validated form of age estimation, DGI counting. Because of
the valid ages determined from DGI counting, growth curves were
well anchored in small fish at early ages. The median lengths and
ages of the early YOY specimens collected (i) in July (n = 20) were
7.3 cm FL at 87 days and (ii) in September (n = 11) were 8.4 cm FL at
114 days, with a mean of 17 and 36 days of postsettlement, respec-
tively. Overall median length-at-settlement was 5.9 cm at a me-
dian PLD of 71 days. For the late YOY specimens collected in May
(n = 10), the median length was 11.8 cm FL at 216 days.

The best growth curve fitted to all of the finalized length-at-age
data described above was a four-parameter generalized VBGF model.
An exploration of the five-parameter Schnute and Richards (1990)
model, with extensive iterations, failed to converge on meaning-
ful growth parameter estimates. The four-parameter model, along

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2016-0019.

Fig. 4. Plot of the measured F14C values from bluespine unicornfish (Naso unicornis) otolith cores relative to the Kona coral F14C reference
(Roark et al. 2006). Shown is the alignment of the most probable dates from CALIBomb (www.calib.qub.ac.uk/CALIBomb/) from the 2 SD uncer-
tainties for the F14C values (see Fig. 3 for example). Coral reference was extended beyond 1992 (coral core collection year) as a continuation of
the F14C decline to the known-age juvenile otolith (Kala 05). The growth zone counting results are plotted to highlight early agreement (de-
cline period) and increased difficulty at ages approaching 50 years. The short F14C record from an Oahu coral is presented here to illustrate
potential variability of peak levels in the main Hawaiian Islands (Druffel 1987).
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with the standard three-parameter model (to provide readily in-
terpretable growth coefficient estimates), was applied to both
sexes-pooled and sex-specific cases (Table 2). The growth curve
was best described for each sex and both sexes pooled (LR tests;
reject H0: three-parameter VBGF = four-parameter VBGF; all two-
tailed p < 0.001) by the four-parameter VBGF.

Growth curves differed overall between males and females (LR
test; accept Ha: growth of males > females; �2 = 5.24, 1 df, one-
tailed p < 0.025; Fig. 7). Approximate values for the k parameter
(from the standard VBGF) were not disparate: 0.46·year−1 for males
versus 0.43·year−1 for females (Table 2). Early growth rate ap-
peared to be faster for males, but females on average attained a
slightly larger maximum size (LINF = 48.4 cm FL) than males (LINF =
47.8 cm). Among all aged LRG fish, the median length of males
(42.8 cm FL) was smaller than that of females (44.1 cm; median
test: 2 × 2 contingency �2 = 3.02, 0.05 > p > 0.025). LMAX for females
(53.3 ± 0.4 (standard error, SE) cm FL, n = 27) was greater than that
for males (51.9 ± 0.2 cm, n = 27; t test: t = 3.14, p < 0.01). The
respective median age of males (5.7 years) was younger than that
of females (6.3 years; median test: �2 = 8.0, p < 0.005). TMAX esti-

mates for males (33.6 ± 1.4 (SE) years, n = 26) and females (32.4 ±
1.4 years, n = 27) were indistinguishable (t test: t = 1.59, p = 0.56).

Discussion

Bomb radiocarbon dating
This study represents the first age validation for a surgeonfish

using bomb 14C dating and has shown that bluespine unicornfish
can live for half a century. These findings join many other such
demonstrations for diverse groups of fishes, with consequent im-
portance to fishery sustainability (e.g., Ewing et al. 2007; Cailliet
and Andrews 2008; Andrews et al. 2012). To date, only two other
studies have validated length-at-age relationships for acanthurids.
These were based on field mark–recaptures of oxytetracycline-labeled
fish of four species in three genera (not including Naso spp.) on
Great Barrier Reef of Australia (Choat and Axe 1996) and mark–
recaptures of similarly characterized Naso lituratus at Guam (Taylor
et al. 2014).

The utility of bomb radiocarbon dating was expanded in this
study to more recent birth years by using the decline period,

Fig. 5. Scatterplots and predicted fits of estimated age versus (a) otolith mass (mg) and (b) otolith cross-section thickness (epu, eyepiece unit)
for female and male bluespine unicornfish (Naso unicornis) from Hawaii. Best model: Y = a · Xb for both relationships. Note congruence of the
female and male curves in panel b.
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which demonstrates that younger and more recently collected
fish can be age-validated in the Hawaiian Islands. This is similar to
the work performed on speckled hind (Epinephelus drummondhayi)
in the Gulf of Mexico (Andrews et al. 2013), but use of the decline
period was more extensive in the present study. Seven fish were
aged from near 2–5 years to 20–22 years with good precision
(±2.5 years). Use of the decline rate to age fish with birth years
more recent than the Kona coral collection year was supported by
the known age otolith from a recent recruit aged at �0.5 years
(Kala 05). This monotonic decline has also been documented for
14C in dissolved inorganic carbon of the mixed surface layer of the
north Central Pacific and is consistent with the interpolated rela-
tionship presented in the present study (e.g., Druffel et al. 2008;
Andrews et al. 2016). Ages estimated for bluespine unicornfish
were within the margin of error or slightly outside when not in
full agreement. Hence, the age estimation protocol used for
bluespine unicornfish was accurate up to ages of at least 20 years
based on the close correlation with the coral F14C decline. While
the margin of age error for estimates based on the coral reference
is greater on the decline, the utility of describing successively
older specimens that fit this trend lends support to accurate age
determination of the oldest fish from 14C levels measured in oto-
lith core material. In addition, this information indicates that the
validated ages from bomb 14C dating provide valid length-at-age
information that is independent of growth zone derived age esti-
mates, as was the case for opakapaka and speckled hind (Andrews
et al. 2012, 2013).

The independence of bomb 14C dating from growth zone count-
ing becomes apparent when considering two of the three oldest
bluespine unicornfish. The 14C values measured for these fish
were the most diagnostic in terms of validated age resolution
because of the rapid F14C rise. Two of these fish were aged to 49
and 51 years with an uncertainty of less than 1 year. While this
conclusion relies on the assumptions that (i) the 14C in otolith core
material is in temporal agreement with the coral record and
(ii) the coral chronometer is a validated time series, there is evi-
dence the uncertainty would not be much greater. As stated pre-
viously from observations of the decline period otoliths, the
temporal correlation of otolith material with coral material is
supported from those age-related observations, but is limited to
the precision provided by the birth year calibrations (±2.5 years).
At present, the validity of the Kona coral record remains unre-
solved and is currently based on band counting interpretation of
the coral core. In either case, a temporal offset of more than
2–3 years is unlikely and is further supported by coral F14C records
from French Frigate Shoals and Kona, Hawaii (Druffel 1987;
Druffel et al. 2001; Andrews et al. 2016), which is far lower than the
uncertainty demonstrated for otolith age-reading of the oldest
fish.

The least diagnostic ages from bomb 14C dating were from near
prebomb levels and the peak period because of leveling of F14C
over time. The oldest fish in this study was close to prebomb
levels, but CALIBomb provided an opportunity to objectively esti-
mate the validated birth years. In previous studies, a Loess curve
fit provided a centralized distribution with random levels of vari-
ability around the weighted mean, leading to use of calculated
prediction intervals to describe the uncertainty in birth year and
consequently age. Prediction intervals were less conservative than
those using the CALIBomb approach because they included the
greatest variability while smoothing over regions of reduced vari-
ability. Hence, birth year determinations were likely to be less
precise than they could have been and near prebomb fish could
not be aged, except to a minimum age (i.e., older than the earliest
alignment of the measured F14C value). Use of a probability distri-
bution with CALIBomb was better because it took into consider-
ation the fine-scale variability of the F14C reference for a given
value, leading to well-discriminated birth years. Hence, when the
F14C value for the oldest fish was considered relative to the coral
reference, minor variations in prebomb levels created an oppor-
tunity to age this fish by finding it improbable that this fish had a
birth year prior to 1952 and that the most likely age was 54.5 ±
3.0 years.

Four fish otoliths provided 14C measurements that were the
least diagnostic because birth years were in the peak period of the
F14C coral reference. One F14C measurement crossed the widest
part of the plateau and also happened to have the lowest F14C
measurement precision (Kala 13). These circumstances led to what
could be the lowest possible birth year precision from a measured
F14C value, an age of �33 years with an uncertainty span of
20 years. Use of CALIBomb under these circumstances provided an
objective way to age this specimen when use of other more sub-
jective methods may have been quite confusing. However, this
sample was not considered further in other analyses because of its
poor temporal resolution. Three other specimens were closer to
the peak and could be constrained to a narrower level of uncer-
tainty, but measured F14C values for two specimens exceeded the
maximum F14C value in the coral reference. Because the F14C mea-
surement error encompassed the peak levels, each measurement
was artificially reduced to F14C = 1.16, while maintaining the lower
limit of measurement error, to allow a determination of birth year
from the CALIBomb analysis routine. This assumes that F14C levels
during this peak period were not variable across the region, but
one fish was apparently aged a few years younger than could be
accounted for by the calculated CALIBomb birth years. Because
the ocean circulation around the Hawaiian Islands is a mix of

Fig. 6. Plotted frequency distributions of estimated ages for
bluespine unicornfish (Naso unicornis) as determined directly from
otolith growth zone counts (solid bars) with ages predicted from a
regression relating growth zone age to both otolith mass and otolith
cross-section thickness (open bars) for (a) female (above x axis) and
(b) male (below x axis).
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sources from the North Pacific Gyre and the North Equatorial
Current, it is likely that the CALIBomb birth year range was un-
derestimated because the analysis was limited to one coral F14C
record. A short F14C coral record from Oahu provides evidence

that peak F14C levels were greater for a longer period (Druffel
1987; Fig. 4). This can be explained by the influence of equatorial
waters that were 14C-depleted owing to CO2 saturation states and
would likely result in minor variations in the F14C signal across

Table 2. Summary statistics for nonlinear regressions relating fork length (FL, cm) to age.

A. Three-parameter VBGF: Lt � LINF · �1 � �e�k·�t�t0�� �
Sex LINF SELINF k SEk t0 SEt0

R2 F Prob >F n

Female 48.0 0.4 0.43 0.02 −0.14 0.06 0.89 1121 <0.0001 279
Male 47.6 0.4 0.46 0.02 −0.11 0.05 0.90 1086 <0.0001 255
Pooled 47.8 0.3 0.44 0.02 −0.12 0.04 0.89 2213 <0.0001 534

B. Four-parameter VBGF: Lt � LINF · �1 � �e�K·�1�m�·�t�t0���1/1�m��
Sex LINF SELINF K SEK t0 SEt0

m SEm R2 F Prob >F n

Female 48.4 0.5 0.49 0.04 0.05 0.10 0.26 0.12 0.99 8033 <0.0001 279
Male 47.8 0.5 0.48 0.06 −0.02 0.14 0.14 0.19 0.99 7821 <0.0001 255
Pooled 48.1 0.3 0.49 0.06 0.02 0.08 0.20 0.11 0.99 15907 <0.0001 534

Note: Input to both models A and B included 41 young of year (YOY) (unsexable by histology, sex assigned randomly) as well as LRG fish. Models were fitted by
maximum likelihood using Proc NLIN in PC SAS version 9.3. VBGF, von Bertalanffy growth function.

Fig. 7. Modeled length-at-age curves for bluespine unicornfish (Naso unicornis) from Hawaii, with age-reader estimates and bomb 14C ages (with
99% confidence limits), using a four-parameter generalized von Bertalanffy growth function. Input includes both unsexed YOY and LRG fish of
both sexes. Data and curve for females are indicated by solid circles and solid line and those for males by open circles and dashed line. The
inset of zoomed growth curves illustrates estimated ages at median sexual maturity (AM50) for females and males with reference to the
respective body lengths at median maturity (35.5 cm FL for females, 30.1 cm FL for males; DeMartini et al. 2014).
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the main Hawaiian Islands (Broecker and Peng 1982; Andrews
et al. 2016). The additional F14C data were not incorporated in
CALIBomb at the time of analyses, but could explain the apparent
underestimation of age from otoliths whose growth zones may
have been accurately counted.

Otolith proxies for age
Less costly alternatives to direct age-reading of otoliths are in

great need for data-poor tropical fish fisheries. Compared with
temperate zone fishes, few coral reef fishes have been aged be-
cause of a lack of local funding, laboratory expertise, and equip-
ment availability (Choat et al. 2009). Similarly, few studies of reef
fishes have explored the use of otolith metrics to predict age, with
otolith mass the most frequently used (Worthington et al. 1995;
Lou et al. 2005) and other metrics evaluated to a lesser extent (e.g.,
otolith thickness; Choat and Axe 1996). In a study on gray angel-
fish (Pomacanthus arcuatus) in the Florida Keys, otolith cross-
section thickness had particularly encouraging results (Steward
et al. 2009); however, there has not been a routine application of
this relatively simple technique.

Although otolith mass is easier to measure and may be a satis-
factory proxy for age, otolith cross-section thickness explained
more variance in age for bluespine unicornfish than otolith mass,
but was more costly to obtain. The final choice of whether to age
by proxy versus direct age estimation and choosing between alter-
native proxies should be based on a rigorous cost–benefit analysis
(Francis and Campana 2004). Such was beyond the scope of the
present study, but in this case the cost savings in using otolith
mass would likely surpass the observed slight increase in predictive
power using otolith thickness. Age proxies should be routinely
considered when age-reading tropical reef fishes with the follow-
ing caveat: because otolith metric-to-age relationships often differ
with growth rate, the relationship between an otolith proxy and
age likely differs among geographic populations that differ in
growth rates or within a population whose growth rates vary over
time. Hence, the relationship between an otolith metric and age
needs to be recalibrated when studying different geographic pop-
ulations of a species or when temporal changes in growth rate are
likely for a given population (Pilling et al. 2003; Francis and
Campana 2004; Lou et al. 2005).

Age and growth analyses
The initial age-reading represents a first-look for some of the

LRG bluespine unicornfish specimens for this species and were
instrumental in recognizing the potential utility of bomb 14C dat-
ing. Development of an age-reading protocol leading from the
initial estimates by adding more specimens, coupled with refine-
ment of the age-reading protocol from age-validated otoliths, led
to a series of length-at-age estimates spanning most of the length
and age distributions. However, it is clear that distinguishing
early-growth annual growth from among accessory growth checks
that typically occur in the otoliths of reef fishes during the period
of prematurational growth is important (Fowler 2009). In this
study, the earliest growth was quantified with validated DGI
counting, which was consistent with the length-at-age for the
youngest growth zone counting. In addition, discrimination of
the fine growth zone structure late in otolith formation can also
require considerable effort. For bluespine unicornfish, the age-
reading protocol may need further investigation for larger and
older individuals. Section preparation or viewing methods may
need to be altered for the oldest sections, such as thinner versus
thicker sections and use of transmitted versus reflected lighting.
The rarity of very old fish complicates matters.

It has been stated that the best of all measures of age-reading
precision is the CV, and published studies for fishes with moder-
ate longevity (decades) and otoliths of average difficulty had an
observed overall mean CV of 7.6% (Campana 2001). Hence, the CV
of 7.0% attained for LRG fish in this study was reasonably good.

Based on the growth-zone-derived age estimates for the age-
validated otoliths of bluespine unicornfish, age-reading of the
oldest fish provided the greatest challenge for accuracy.

Bluespine unicornfish in the Hawaiian Islands grow rapidly and
are long-lived. The growth rate is initially high and then slows
shortly before, and continues subsequent to, sexual maturation,
after which there is a prolonged period of slow growth. The curve
exhibited by this species is typical for acanthurids by having a
flat-topped or “square” functional growth form (Choat and Axe
1996; Hart and Russ 1996; Craig et al. 1997; Choat and Robertson
2002; Trip et al. 2008). Large fish of both sexes, ranging in length
from 40 to 50 cm FL, exemplify this growth pattern by spanning
ages of �4 to �50 years. This age and growth relationship was well
described by a four-parameter VBGF, which effectively accommo-
dated length-at-age through ontogeny (YOY to LRG fish). While
many large and old fish whose ages were bomb 14C-validated had
positive residuals, this is not unexpected because the selection of
these specimens was not random, initially targeted fish with the
oldest age estimates, and was focused on filling length or age
discrepancies. Growth differed between females and males in typ-
ical fashion, with males exhibiting slower growth following an
earlier maturity at smaller body size (DeMartini et al. 2014) and
consequently a smaller average maximum size. The importance of
sexual variation in bluespine unicornfish depends on the specific
biological trait and its potential use in a stock assessment.

In the Hawaiian Islands, bluespine unicornfish mature at
lengths of approximately 30 and 36 cm FL for males and females,
respectively (DeMartini et al. 2014). This equates to median age-at-
maturity near 2 years for males and near 3 years for females (Fig. 7
inset). It is not unusual for surgeonfishes to differ sexually in body
size (Robertson 1985) or size at maturity (DeMartini et al. 2014), but
bluespine unicornfish, unlike most other long-lived bony fishes
(Froese and Binohlan 2000), mature at a relatively young age. This
early-maturation trait is shared with many other acanthurids
(Choat and Robertson 2002) and is similar to that of the long-lived
banded morwong (Cheilodactylus spectabilis), an unrelated but also
shallow-reef dwelling species of temperate waters, for which the
ecological importance of this trait was first questioned (Ewing
et al. 2007). Data are lacking with which to resolve this issue for
bluespine unicornfish, but it is suggested that early maturity cou-
pled with great longevity likely reflects uncertainty in reproduc-
tive success in any given year (Cailliet and Andrews 2008). Hence,
it is reasonable that species with this type of life history would
have highly episodic recruitment resulting from extremely vari-
able early mortality (Doherty et al. 2004).

Bluespine surgeonfish in the Hawaiian Archipelago are at the
far northeastern edge of their geographic distribution. Therefore,
it is not surprising that the species matures at a larger size, attains
greater maximum size, and lives longer in Hawaii than at lower
latitudes near the center of its distribution. Robertson et al.
(2005a, 2005b) and Trip et al. (2008) have described analogous
patterns for confamilial surgeonfishes (Acanthurus bahianus and
Ctenochaetus striatus) in the Atlantic Ocean and across the Pacific
and Indian oceans, respectively. The phenomenon of larger body
size is generally true for many organisms at their high latitude
extremes (Atkinson and Sibly 1997). Estimated life history mile-
stones of bluespine unicornfish in the western central Pacific em-
pirically support this contention. In Micronesia, the species
matures at �27–30 cm FL when �2–4 years old, maximum lengths
are <50 cm FL, and observed maximum ages are considerably lower
at 16 and 23 years for Guam and Pohnpei, respectively (Taylor et al.
2014). Whether such latitudinal differences include planktonic
and early postsettlement growth is unresolved for bluespine uni-
cornfish; however, the estimate of median body length at settle-
ment from the plankton onto reefs at 5.9 cm with a median PLD of
71 days from the present study partly aligns with the values re-
ported for the species at Moorea, French Polynesia (settlement at
4–5 cm after 75 days; Doherty et al. 2004).
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It is important to close this section with a caveat on estimating
mortality when a growth curve is square. It has been clearly dem-
onstrated that the decoupling of size with increasing age in fishes
with acanthurid-like growth greatly complicates, if not invali-
dates, the estimation of mortality rates for adults using standard
VBGF-based techniques (Trip et al. 2014). Adult body size is at-
tained so quickly that even a catch curve restricted to immature
ages would not be informative.

In summary, this study provides important new information
describing the demography of a functionally and economically
important surgeonfish. It represents one of the few comprehen-
sive studies of age and growth for any acanthurid and validates
length-at-age estimates through ontogeny with longevity exceed-
ing 50 years. Furthermore, this study represents the first applica-
tion of bomb 14C validation using the decline period of an age
reference chronology in the Pacific Ocean and the second such
application anywhere. This effectively paves the way for future
analogous applications to other species in the region. It also rep-
resents the first application of the CALIBomb interface for a prob-
abilistic improvement to the resolution of bomb 14C age estimates
for fishes. Lastly, it is a case study that demonstrates the potential
of otolith metrics (mass and cross-section thickness) as proxies for
age. Such relationships could be very useful for reef fishes, espe-
cially species for which age is decoupled from body length but
whose otoliths continue to accrete material at large body sizes
and old ages. The method should be more broadly evaluated and
applied if growth rates are known or can be safely assumed to be
temporally or spatially stable.
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