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Abstract Cardinal snapper Pristipomoides mac-
rophthalmus is a commercially important, but com-
monly misidentified, deepwater species in artisanal
and semi-industrial fisheries throughout the Carib-
bean Sea. As with many tropical deepwater fishes, lit-
tle is known about the biology or ecology of the spe-
cies. Bomb radiocarbon ('*C) dating was applied to
cardinal snapper sagittal otoliths collected from the
waters of Belize and Honduras during 2015-2019 to
investigate the lifespan of the species from thin-sec-
tioned otoliths with an evaluation of otolith mass as a
proxy for age. Ages estimated from 28 thin-sectioned
otoliths ranged from 7 to 68 years for fish that covered

1. E. Baremore (D<)
MarAlliance, Roatan, Islas de la Bahia, Honduras
e-mail: ivy @maralliance.org

I. E. Baremore - M. J. Witt
Faculty of Health and Life Sciences, University of Exeter,
Exeter EX4 4PS, UK

A. H. Andrews
Pacific Community (SPC), Oceanic Fisheries Programme,
FAME, 98848 Noumea, New Caledonia

S.J. B. Gulak
Sea Leucas LLC, Seacrest, FL,, USA

R. T. Graham
MarAlliance, Ciudad del Saber, Panama City, Panama

V. R. Shervette

Fish/Fisheries Conservation Lab, University of South
Carolina Aiken, Aiken, SC, USA

Published online: 13 January 2025

+ Simon J. B. Gulak
+ Virginia R. Shervette

the range lengths and otolith masses available. Radio-
carbon values were measured for each cardinal snap-
per otolith core, and two fish (one each from Belize
and Honduras) had 'C signatures consistent with
pre-bomb values, effectively validating a lifespan of
at least 60 years. A curvilinear relationship between
otolith mass and estimated age was robust (r*=0.95)
and is likely to produce age estimates with similar
margins of error to traditional, more labor-intensive
methods, such as counting increments from thin-sec-
tioned otoliths. The otolith mass-to-age relationship is
a well-supported method that provides a simple, low-
cost approach that can be used by fishers, managers,
and other stakeholders to assess the age composition
of the cardinal snapper stock in the western Carib-
bean Sea for present and long-term monitoring.

Keywords Belize - Honduras - Longevity -
Small scale fisheries - Deepwater - Benthic - Bomb
radiocarbon

Introduction

Snappers (Lutjanidae) of the genus Pristipomoides
are generally understudied throughout their ranges,
likely due to their relatively deep distributions in
tropical and subtropical waters. Many of the Prist-
ipomoides species are commercially and culturally
important, especially in Pacific deepwater fisheries,
due to their pink to red coloration, and delicate, white
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meat that is well-suited for raw and cooked meals
(Newman et al. 2016). Like other Eteline snappers,
many Pristipomoides snappers are relatively long-
lived, although there is wide variation in growth char-
acteristics among species with lifespan estimates cov-
ering 14 to 40 + years (Anderson et al. 2009; Andrews
et al. 2012; Andrews and Scofield 2021; Schemmel
et al. 2021).

Two Pristipomoides species from tropical waters
of the western Atlantic Ocean are commonly targeted
by commercial fishing efforts: cardinal snapper P.
macrophlathmus and wenchman P. aquilonaris. Simi-
larities in appearance and overlap in horizontal and
vertical distributions between the two species have
led to confusion in the identification of cardinal snap-
per and wenchman (Baremore et al. 2023). Current
species descriptions indicate that both species inhabit
waters in the Caribbean Sea at depths ranging from
100 to 650 m and attain similar maximum sizes (car-
dinal snapper=50 cm TL, wenchman=56 cm TL;
Anderson 1966; Robertson and Van Tassell 2023).
Wenchman was reported to have a broader spatial dis-
tribution across the continental shelf and throughout
the Caribbean Sea, while cardinal snapper was noted
as absent from the Mesoamerican region in the west-
ern Caribbean (Anderson et al. 2015; Robertson and
Van Tassell 2023). A recent investigation of deepwa-
ter fisheries in waters of Belize and Honduras indi-
cated that cardinal snapper was a common component
of the deepwater fish assemblages surveyed in the
region and that wenchman was smaller and caught
at shallower depths than cardinal snapper (Baremore
et al. 2021, 2023). Cardinal snapper is captured in
some Caribbean deepwater fisheries (Brownell 1972;
Luckhurst et al. 2003; Baremore et al. 2021, 2023),
but it has likely been misidentified and reported as
wenchman or southern red snapper (Lutjanus pur-
pureus) in other regions (Rosario et al. 2006; Quinn
2007; Grant 2019). This is a problem that needs to be
addressed if snapper fisheries in this region are to be
properly assessed for life-history characteristics and
in long-term age-structured population demographics
monitoring.

Deepwater fishes tend to exhibit a combination of
life-history characteristics that make them inherently
vulnerable to overexploitation, such as slow growth,
late maturity, and typically greater lifespan (Koslow
2000; Norse et al. 2012; Newman et al. 2016;
Andrews et al. 2020). Traditional age-estimation
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techniques using growth zone enumeration in thin-
sectioned otoliths can be difficult for tropical and
deepwater species due to several factors that affect
otolith microstructure, such as differing seasonal
variations in temperature, food availability, and water
quality (Morales-Nin and Panfili 2005; Widdrington
et al. 2024). Validation of age-estimation methods is
necessary for accurate age analyses and yet it is rarely
performed for species of low economic value, or
those that occur in tropical low- and middle-income
countries, or both. Caution should be exercised when
life-history parameters, like growth rates, longevity,
and natural mortality, are inferred from the same or
similar species from regions with different fishing and
mortality rates (Babcock et al. 2013; Stevens et al.
2019). Over and under estimation of age can lead
to a misunderstanding of the biology and ecology
of a species, and as a result, inappropriate manage-
ment strategies can be implemented, with negative
fishery impacts (Reeves 2003). While reliable prox-
ies for age estimation using otolith morphometrics or
mass have been assessed for deepwater species (Cook
et al. 2009; Williams et al. 2015; Sanchez et al. 2019;
Andrews et al. 2020; Andrews and Scofield 2021), the
approaches have not been widely adopted.

Bomb radiocarbon ('*C) dating is a well-estab-
lished method for validating estimates of age for
fishes throughout the world and across a variety
of marine habitats (Campana 1997; Andrews et al.
2011b; Passerotti et al. 2014; Horn et al. 2019). It
is especially useful for long-lived teleost fishes for
which traditional mark-recapture techniques are dif-
ficult or impossible, and in tropical species that may
be difficult to age using otolith sections (Cailliet and
Andrews 2008; Cook et al. 2009; Andrews et al. 2012,
2013, 2020; Andrews and Scofield 2021; Shervette
et al. 2021; Overly and Shervette 2023). The method
relies on a time-specific signal of '*C that was created
by atmospheric thermonuclear testing in the 1950s
and 1960s. This signal diffused into the marine envi-
ronment and was sequestered by calcified structures
of marine organisms, thereby creating synchronous
reference chronologies in corals, bivalves, and fishes
worldwide that are useful in age validation studies
(Druffel 1980; Campana 1997). Age validation for
teleost fishes can be accomplished by analyzing this
14C signature in the core of an otolith, representing
the hatch year of the fish, in comparison to a region-
ally appropriate '“C reference chronology.
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The objectives of this study were to determine the
age and growth characteristics of cardinal snapper
using otoliths by (1) estimating the age from growth
zone or annuli enumeration in thin-sectioned otoliths;
(2) testing the validity of estimated age and lifespan
with bomb '“C dating; (3) establishing a basis for
the low-cost method of using otolith mass as a proxy
for cardinal snapper age in the study region; and (4)
establishing the identification protocol for the species.

Methods
Sample selection

Cardinal snapper specimens (n=388) were collected
in Belize and Honduras from 2015 to 2022 using
fishery-independent vertical longlines (Baremore
et al. 2023; Fig. 1). All fish specimens were weighed

(0.1 kg wet weight) and measured for standard
(SL), fork (FL), and total lengths (TL,+0.1 cm). Sag-
ittal otolith pairs were extracted, cleaned, cataloged,
and stored dry until processing. All whole otoliths
were photographed, weighed (+0.0001 g), and meas-
ured for height, width, and thickness (£0.1 mm).
Because of the strong decoupling of length from age
exhibited by numerous tropical snappers, a sampling
design using otolith mass was developed to select a
likely series of the youngest to oldest fish (least to
most massive otoliths) (n=28; Table 1). One otolith
from each pair was selected for sectioning and the
other was conserved for bomb C analysis.

Species identification
Due to known problems with identification of car-

dinal snapper and wenchman, several methods
were applied to ensure that all samples in this study
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Fig. 1 Sampling locations for cardinal snapper used in age estimation and bomb '“C dating from Belize and Honduras (collection
years 2015-2022; Baremore et al. 2023). The ocean map layer was made with the ESRI Ocean plugin in QGIS
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Table 1 Fish and radiocarbon data for the cardinal snapper
(Pristipomoides macrophthalmus) specimens and the otoliths
used in this study to align with a regional bomb '“C reference
chronology. Measured radiocarbon values are listed as fraction
modern (F'“C) with the corresponding date-corrected A'*C
values. Diagnostic (Diag) A'*C values for the bomb '*C rise

and post-peak decline with the alignment dates were used to
assess age estimate accuracy. Data are sorted in descending
order by otolith mass. Locations are LRA =Lighthouse Reef
Atoll, Belize; TUR =Turneffe Atoll, Belize, NBZ=North-
ern Belize Barrier Reef, SBZ =Southern Belize Barrier Reef;
GUA = Guanaja, Honduras

Labno Location Collection Sex FL(cm) TL(cm) Age Hatch Mean otolithmass F14C A14C Diag
S1.7-1 GUA 10-Oct-2019 M 46.5 54.0 68 1951  1.7475 0.9400 60.2 Pre-B
S1.5-1 LRA 20-May-2015 M 44.0 50.5 64 1951 1.5300 0.9497 514 Pre-B
S1.3-1 LRA 5-May-2016 M 43.5 504 49 1967 1.3185 1.1125 110.2 Rise
S1.2-1 LRA 15-May-2017 M 41.2 47.8 49 1968  1.2725 1.0835 799 Rise
S1.2-2 LRA 20-May-2015 M 46.0 54.5 48 1967 1.2570 1.0982 95.2 Rise
S1.2-3  GUA 10-Oct-2019 M 47.0 54.3 47 1972 1.2145 1.1138 110.8 Rise
S1.2-4 LRA 15-May-2017 M 41.9 49.5 45 1972 1.2045 1.1216 1193 Rise
S1.1-2 LRA 18-May-2017 M 44.1 50.3 44 1973 1.1565 1.1144 111.1 Rise
S1.0-1 LRA 15-May-2017 F 41.2 47.6 37 1980  1.0920 1.1229 1184 Peak
S1.0-2 LRA 15-May-2017 F 41.2 47.3 37 1980 1.0080 1.1043  99.6 Peak
S0.9-1 LRA 15-May-2017 M 42.0 47.0 35 1982  0.9910 1.1148 109.8 Peak
S0.9-2 LRA 15-May-2017 F 45.2 52.0 37 1980 0.9580 1.1048 100.6  Peak
S0.9-3 LRA 15-May-2017 F 40.5 46.8 40 1977  0.9520 1.1271 123.4 Peak
S0.9-4 LRA 15-May-2017 F 43.5 50.5 34 1983  0.9255 1.1166 112.1 Peak
S0.8-1 LRA 15-May-2017 M 41.0 46.9 27 1990  0.8930 1.1048 99.4 Decline
S0.8-2 LRA 15-May-2017 M 44.0 50.4 32 1985 0.8820 1.1003 95.3 Decline
S0.8-3 LRA 15-May-2017 F 43.0 494 28 1989  0.8700 1.1013  95.7 Decline
S0.7-1 LRA 15-May-2017 M 44.0 50.5 25 1992 0.7990 1.0932 87.3 Decline
S0.7-2 LRA 15-May-2017 F 393 454 18 1999  0.7940 1.0823 754 Decline
S0.7-3 LRA 15-May-2017 F 41.4 48.4 26 1991  0.7520 1.1051 994 Decline
S0.74 LRA 15-May-2017 M 39.1 44.7 16 2001  0.7370 1.0809 74.1 Decline
S0.7-5 LRA 15-May-2017 F 40.8 46.8 18 1999  0.7045 1.0841 77.4 Decline
S0.6-1 LRA 15-May-2017 M 40.0 46.3 18 1999  0.6285 1.0895 82.5 Decline
S0.5-1 LRA 15-May-2017 F 41.0 46.9 25 1992 0.5925 1.0928 85.7 Decline
S0.5-2 LRA 18-May-2017 M 38.7 45.0 18 1999  0.5040 1.0800 72.7 Decline
S04-1 TUR 20-Mar-2017 F 37.0 42.0 11 2006  0.4505 1.0785 712 Decline
S0.4-2 SBZ 19-Oct-2017 M 32.5 37.6 10 2007  0.4320 1.0706  63.0 Decline
S0.3-1 NBZ 13-Dec-2017 F 30.8 359 7 2010  0.3220 1.0501 42.1 Decline

were P. macrophthalmus (cardinal snapper). Lateral
line scale counts were made for captured Pristipo-
moides individuals or from photographs when pos-
sible. Those with scale counts>54 were identified
as cardinal snapper (Anderson 1966; Robertson and
Van Tassell 2023; Fig. 2). Relationships among oto-
lith morphometrics, including length, width, depth,
and weight, were examined for outliers, as were the
horizontal plane shape and extent of otolith curvature
as otolith morphometrics are different between the
two species.

@ Springer

Otolith processing and bomb radiocarbon dating

Sagittal otoliths selected for sectioning and refine-
ment of the age-reading protocol were embedded in
resin and cut into three transverse sections (0.5 mm
thick) with a low-speed saw using diamond-edged
blades. Sections were mounted to slides using a clear
mounting medium and viewed under a stereomicro-
scope at 20-60 X magnification. Digital images were
taken of the otolith sections for each fish and were
evaluated for growth zone structure.
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Fig. 2 Mature female cardinal snapper (42.3 cm FL) with 54-55 lateral line scales, pink-colored pectoral fin base, and golden eye.

Photo by Samuel RD Owen

The second sagittal otolith of each pair was pre-
pared for core material extraction by embedding it
whole in resin. Each was cut with a low-speed saw
with a diamond-edged blade to obtain a thick sec-
tions (3 mm) containing the otolith core and was
mounted to a microscope slide. The mounted sections
were thinned to ~1 mm thick to the point where the
core could be milled as a well-centered extraction
(Fig. 3). The carbonate sample was extracted directly

Core extraction

Fig.3 Thick-cut cardinal snapper otolith with the core
extracted using the micromill for.!*C analysis with AMS. The
extraction was in the form of powder that was collected from
the surface of the slide (inset image left) after removal with
a 0.5-mm carbide cutting bur (Brasseler, USA). Scale can be
observed from the core extraction path of 2.5 mm (end-to-
end) in the nuclear region of the cored otolith section. Note the
clearly specific removal of otolith core material from the origi-
nal section (inset image lower right)

from the section using a New Wave micromilling
machine (Elemental Scientific Lasers, Bozeman, MT,
USA) with a 0.5 mm carbide bur (Brasseler, Savan-
nah, GA, USA). The extraction scan path length was
2.5 mm (end-to-end) at a depth of 0.15 mm in three
consecutive passes for a total sample mass of approxi-
mately 0.5 to 1.0 mg (Fig. 3). Otolith core material
for each sample was transferred to pre-cleaned vials
for 1*C analysis.

Radiocarbon measurements — accelerator mass
spectrometry

The extracted otolith samples were analyzed by gas-
accelerator mass spectrometry (AMS) for carbon iso-
topes using the Mini Carbon Dating System (MICA-
DAS; (Synal et al. 2007) in the Laboratory of Ion Beam
Physics at ETH Ziirich, Switzerland (Wacker et al.
2013). Samples were processed in septum-sealed vials
(Labco, Exetainer 4.5 mL vials) purged with helium.
Sample CO, was subsequently generated with 80%
phosphoric acid. Fossil and modern reference materi-
als TAEA-C1) (Rozanski 1991) and an in-house coral
standard (CSTD, nominal F*C value 0.9447 +0.0002,
G. Dos Santos, pers. comm.) were analyzed in paral-
lel with the otolith samples. Data evaluation was per-
formed with the “Beautiful AMS Tool of Switzerland”
software (BATS), an analysis routine that functions as
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a reliable data reduction tool (Wacker et al. 2013). All
4C results were reported as fraction modern (F“0),
which corresponds to the fractionation-corrected sam-
ple activity (Reimer et al. 2004).

Reference '“C time series

Coral and otolith '*C records from the Gulf of Mexico
and Caribbean Sea were assembled to illustrate the
consistency of the bomb-produced *C time series
across this large area and to provide a baseline for
comparison of the measured '*C values from the car-
dinal snapper samples, consisting of records from
validated coral cores (Druffel 1980, 1996; Kilbourne
et al. 2007; Wagner et al. 2009; Moyer and Grottoli
2011; Toggweiler et al. 2019; Paterne et al. 2023),
known-age juvenile fish otoliths (Baker and Wilson
2001; Cook et al. 2009; Andrews et al. 2013, 2020;
Shervette et al. 2021), and edge material extracted
from older fish otoliths with known collection dates
(Shervette et al. 2021). Each of the '*C reference sam-
ples as a time series covered some or all of the bomb
14C signal within the mixed surface layer (<100 m
depth). The combined '*C reference time series was
fitted with a Loess curve (2 parameter, 0.3 spline
interpolation) to show the central tendency and to
provide a basis for the alignment of otolith core '4C
values. Two additional records were fitted with the
same Loess curve to illustrate slight regional differ-
ences and the potential influence of different water
sources: (1) Glover’s Reef Atoll, Belize (Druffel
1980); and (2) coral reefs off Venezuela (Wagner
et al. 2009; Fig. 1). The Belize record was the clos-
est coral record to the study area and represented
a more timely 'C response record for the '*C rise
period, depicting waters with greater residence time
in the mixed layer; however, this chronology does
not extend into the post-peak decline period due to
its early collection date (Druffel 1980). The reference
time series from Venezuela is a slightly '“C-deficient
record that represents the expected influence of mixed
equatorial waters via the North Equatorial and North
Brazil currents (Toggweiler et al. 2019).

Age estimation

Ages were estimated by counting growth zones of the
thin-sectioned otoliths, with opaque zones counted
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using an area along the ventral growth axis and the
ventral side of the otolith sulcus (Fig. 4). Initial esti-
mates were made independently by three age readers
(two experienced and one novice) with a consensus
age determination from a consultation among the
three readers. When age estimates differed among
readers for the initial reads, final ages were determined
by consensus of three readers viewing the otolith
images concurrently. Age estimates from otolith sec-
tions were used to compute the estimated hatch year of
the fish based on the year of sample collection. Hatch
year from the otolith core '*C for each specimen was
overlaid on the reference time series described above.

To refine the age-reading protocol, minor offsets
on the post-peak decline were used to adjust ages that
were more difficult to derive without consultation of
well-defined otolith. Otoliths that were offset in time
were slightly over- or underestimated for age based on
the side that the data point fell out relative to the decline
relationship. Otoliths that were well-defined were used
as a visual reference (Rosetta Stone otoliths) to adjust
the counting scenario for the over- or underaged fish.
Age estimate precision among readers was determined
prior to and after the age reading protocol was refined
using average percent error (APE) and coefficient of var-
iation (CV) (Beamish and Fournier 1981; Chang 1982);
however, a consistent age reading protocol was difficult
to derive due to the growth zone structure in the earli-
est part of the otolith section. Hence, it was deemed that
otolith mass may be the most consistent indicator of age.

The otolith mass-to-age relationship was investi-
gated with linear and non-linear regressions and the
final model was chosen based on the highest correlation
coefficient (%) and an examination of the residuals. To
further investigate the otolith mass-to-age relationship,
age estimates were determined for the remaining set of
cardinal snapper otoliths (n=360) by applying the final
mass-to-age regression model (derived from the bomb
14C validated otoliths) to the measured mean otolith
mass of the sagittal pair. Length-at-age estimates were
plotted, and a three-parameter von Bertalanffy growth
function (VBGF) (von Bertalanffy 1938) was fitted to
the predicted and validated ages (n=388):

L =L, (1-e*0),

where L was the asymptotic length (FL), k was the
growth coefficient, and ¢, was the x-intercept of the
curve.
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Fig. 4 Photograph of a sagittal otolith transverse section from
a cardinal snapper Pristipomoides macrophthalmus aged to
68 years with fairly well-defined growth zone structure that
was validated with bomb '“C dating (sample number S1.7-1).
Note that counting early is wider and more encompassing
of smaller increments based on counting and alignment of
smaller and younger individuals. This section is an example
of a Rosetta Stone otolith that was used in the refinement of

Results

Two fish specimens initially identified visually as car-
dinal snapper were determined to be wenchman and
removed from further analyses. One wenchman was
identified based on its small size at maturity (female,
15.0 cm FL) and subsequent lateral line scale count of
52. The second was identified from otolith morpho-
metrics (small otolith mass in relation to body size)
and subsequent lateral line scale count of <54 from
a photo.

Otoliths from the selected 28 cardinal snapper
(30.8 —47.0 cm FL, 0.32 — 1.75 g mean otolith mass)
were used in initial assessments of age from the thin-
sectioned otoliths, in combination with extraction of
otolith core material for bomb '“C dating (Table 1).
Of the fish selected for the analyses, 26 were col-
lected in Belize (n=23 from Lighthouse Reef Atoll,
n=2 from the Belize Barrier Reef, and n=1 from

otolith age reading when considering minor misalignments of
measured “C values from the collective bomb #C reference
chronology. Hence, the final age reading protocol is based
on validated age estimates, similar to the approach used for
its congener, P. zonatus of the Hawaiian Islands and Guam
(Andrews and Scofield 2021; Schemmel et al. 2021), but mass
was ultimately deemed most reliable in terms of age estimation

Turneffe Atoll) and two in Guanaja, Bay Islands,
Honduras (Table 1; Fig. 1). Depth of capture ranged
from 212 to 363 m.

Radiocarbon values were successfully obtained for
otolith cores from all 28 cardinal snapper age vali-
dation samples. Pre-bomb '“C values from two oto-
liths (n=1 from Belize, n=1 from Honduras) were
consistent with the range of pre-bomb levels from
the *C reference time series based on the estimated
hatch years (Table 1; Fig. 5). These two samples were
males between 44.0 and 46.5 cm FL and had the two
heaviest otoliths (> 1.5 g) of all cardinal snapper sam-
ples processed in the current study. Individuals with
lower sagittal otolith masses had hatch year estimates
and '“C values that occurred within the upper rise and
peak periods, and through the recent decline period,
of the combined '*C reference chronology (Fig. 5).
The youngest fish (estimated age of 7 years) had the
lowest otolith mass and the oldest fish (estimated age

@ Springer
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Fig. 5 All known coral and otolith '*C records for the Gulf
of Mexico and Caribbean Sea with Loess curve (2 param-
eter, 0.3 spline interpolation; Andrews et al. 2013; Shervette
et al. 2021). The hatch years for cardinal snapper were cal-
culated from the consensus ages for the measured '“C values
from otolith cores, which were determined in concert with
Rosetta Stone reference otolith sections and the alignment to
the regional reference chronologies. Included are fits to coral
records from Glover’s Reef off Belize (Druffel 1980) and from
reefs off Venezuela (Wagner 2009) to illustrate minor differ-
ences that are associated with the oceanography of the Carib-
bean Sea

of 68 years) had the greatest otolith mass (Table 1).
Among reader precision was 5.7% (APE) and 7.7%
(CV).

An analysis of the relationship between otolith
mass and age revealed a strong correlation that was
supported by the alignment of '*C values with the
reference chronologies. A power function provided
the best fit for the otolith mass-to-age relationship
(*=0.947; Fig. 6). Although a linear relationship
had a similar fit to the data (¥>=0.946), it provided
underestimates for the youngest fish with otolith
mass < 0.2 g. The highest residual error was found for
fish between 15 and 30 years of age (n=10).

Application of the mean otolith mass-to-age pre-
dictive regression to the full dataset of cardinal snap-
per (n=360) generated estimated ages ranging from
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3 to 44 years (18.5 — 46.2 cm FL; 0.146 — 1.189 g
mean otolith mass). Estimated ages provided a plau-
sible length-at-age curve, as no negative ages were
estimated for the smallest fish with the lightest oto-
liths (Fig. 7). The VBGF parameters estimated from
the calculated and validated ages (n=388) were
also reasonable based on the size-at-age distribution
(L,=445cmFL, k=0.11, 1= —-2.5).

Discussion

Bomb “C dating successfully validated the lifespan
of the deepwater cardinal snapper in the western Car-
ibbean Sea to at least 60 years. Several tropical deep-
water snappers in the Pacific Ocean have confirmed
lifespans of more than 30 — 40 years using bomb *C
dating (Andrews et al. 2011a, 2012, 2020; Nichols
2019; Andrews and Scofield 2021), but to date, the
ages of relatively few lutjanid species have been vali-
dated (Piddocke et al. 2015). The lifespan of cardinal
snapper is among the highest reported for snappers
in the western Atlantic Ocean and stands in contrast
to other regional species as a fish that attains a maxi-
mum size of ~48 cm FL (55 cm TL). In comparison,
queen snapper E. oculatus and northern red snap-
per L. campechanus can reach respective lifespans
of 45 and 60 years (Andrews et al. 2019; Overly and
Shervette 2023), but their maximum reported sizes
are twice the length at~100 cm FL in the western
Atlantic Ocean (Anderson Jr. 2001; Robertson and
Van Tassell 2023).

Early overcounting of growth zones can lead
to overestimated age for cardinal snapper, a com-
mon problem in the age reading of otoliths, as high-
lighted by a case study on gindai P. zonatus otoliths
from Hawaiian waters (Andrews and Scofield 2021).
Another study of P. zonatus in Guam utilized the vali-
dated age reading protocol by referring to the origi-
nal otolith sections to derive similar growth charac-
teristics (Schemmel et al. 2021). Lacking validation,
studies on the age and growth of cardinal snapper
would likely suffer the same fate as initially described
for P. zonatus, in which growth was estimated to
be much slower and the lifespan at least a decade
greater, before the age reading protocol was refined
using bomb !“C dating. These studies underscore the
importance of validating age and growth estimates,
as well as the long-held recommendation that all age
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Fig. 6 Logarithmic regres- 80
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classes must be validated for age and growth studies
(Campana 2001).

Misidentification of cardinal snapper and wench-
man is problematic for managers throughout the ranges
of the species. It is likely that wenchman mature at a
much smaller size (~13 cm FL) than cardinal snapper
(~25-30 cm FL) and reach a slightly smaller maximum
length (44 cm vs. 48 cm FL, respectively). Individual
variation in coloration of the body and caudal fins has
been observed in cardinal snapper; therefore, color
should not be a primary tool for species identification.

Fig. 7 Fork length (FL)

Mean otolith mass (g)

Although wenchman mature at a smaller size, the
appearance becomes more similar to cardinal snapper
when greater than 30 cm FL. Lateral line scale count
appears to be the most reliable method of distinguish-
ing the two species, as the number does not overlap
(wenchman: 49 — 52 vs. cardinal: 54 — 57; Anderson
1966; Robertson and Van Tassell 2023), although it is
somewhat of a burdensome technique for fisheries prac-
titioners to use in the field and on every fish collected.
Larger, older fish can be especially important for
sustaining fish populations due to numerous factors,
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including reduction in lifetime productivity, loss
of genetic diversity, and loss of rebound potential
from overfishing (Beamish et al. 2006; Cailliet and
Andrews 2008). There is also evidence that BOFFs
(Big Old Fecund Females) can not only contribute
exponentially more eggs than the younger females,
but also produce larvae that have higher survival
rates (Birkeland and Dayton 2005; Longhurst 2006;
Hixon et al. 2014). Size-selective fishing can also
cause evolutionary changes in the life-history traits
of exploited populations, potentially leading to fish-
ery collapse (Pukk et al. 2013). Differing exploitation
rates of deepwater fishes appear to have truncated the
size structure and depth-distribution of snappers in
Honduras relative to Belize: cardinal snapper from
the more heavily exploited Honduran waters were, on
average, nearly 7 cm smaller than their counterparts
in Belize where fishing effort is lower (Baremore
et al. 2023). Given the potential longevity of cardinal
snapper, removal of the largest and oldest fish could
undermine its spawning potential in the region if the
younger fish are indeed less productive than the older
fish (Beamish et al. 2006).

Traditional methods used to estimate the age of
fishes are typically labor intensive, require technical
expertise, and are ultimately costly or unattainable in
some regions. As a result, fishery managers and sci-
entists in low- and middle-income countries rarely
undertake species-specific age and growth studies
due to lack of funding, climate-controlled laboratory
space and specialized equipment, and other long-term
capacities such as retaining trained personnel (Pita
et al. 2019). The use of otolith mass as a proxy for
fish age has been studied since the 1970s (e.g. Beam-
ish 1979; Boehlert 1985; Pilling et al. 2003) and was
recently revealed as a statistically supported proxy for
age estimation for other fish species (Pacheco et al.
2021). Despite the great potential of this approach,
there seems to be a reticence among practitioners
to apply the use of otolith mass to estimate age on a
broader scale (Williams et al. 2015).

The findings of this study indicate that there is a
strong relationship between otolith mass and age of
cardinal snapper and that it can be used to approxi-
mate age in the study area. Although the sample size
was low, the regression included fish from a repre-
sentative sampling of young to old fish. This approach
alleviates the problem of length-based age classes that
are lost with asymptotic growth due to a decoupling
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of age from fish length early in life (Andrews et al.
2016). Hence, low-cost digital scales can be used to
study the age structure of cardinal snapper from col-
lections made in the field in an efficient and inexpen-
sive manner—especially considering the high otolith
mass range of youngest to oldest fish—and would
enable rapid feedback to stakeholders on stability or
changes to the age structure, including the landings
of immature fish. However, as the use of otoliths for
age and growth studies is necessarily a lethal tech-
nique, caution should be applied when considering
the implementation of fishery-independent studies,
especially for fishes that are vulnerable to extinction.
Otolith growth is influenced by several factors,
including temperature, water chemistry, photoperiod,
and diet, and unlike somatic growth, otoliths con-
tinue to grow through ontogeny (Morales-Nin 2000).
Because otolith mass is directly related to the propor-
tion of aragonite and total organic matter, the chemical
composition of the seawater likely affects the weight of
individual fish otoliths, and therefore regional differ-
ences in water chemistry are likely to cause variation in
otolith mass at age (Kalish 1989; Campana 1999; Lou
et al. 2005). Analysis of otolith mass to age relation-
ships for common coral trout Plectropomus leopardus
across differing spatial scales indicated that otolith
mass-to-age relationships generally predicted modal
age within+1 year, with predictive accuracy highest
at local scale levels and lowest at regional levels (Lou
et al. 2005). Individual variation in otolith mass, as
well as overlap in the range of otolith mass across ages,
are likely causes of error in the predictive otolith mass
to age model. Future work should focus on increasing
the sample size and exploring more options for estima-
tion of error due to the variability of the relationship
between otolith mass and age of cardinal snapper.
Excluding low-cost alternative methods from study
results can contribute to “parachute science” because
there exists little opportunity for replication or con-
tinuation of studies by local scientists and manag-
ers in many countries. Developing simple, replicable
methods for resource management and conservation
should be a priority for scientists whenever possible.
The use of otolith mass as a proxy for age creates an
immediate opportunity for implementation in field
surveys of this nature. We recommend that fisheries
assessments of cardinal snapper in the western Carib-
bean use otolith mass as a proxy for age, and that fur-
ther investigation of the life history traits, including
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reproductive age, size, and periodicity be pursued to
complete the information necessary for proper under-
standing and management.
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