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Abstract Age validation and estimates of longevity
of yellowedge grouper (Epinephelus flavolimbatus)
from the Gulf of Mexico (GOM) are needed to inform
fishery management decisions. Yellowedge grouper
sagittal otoliths (»=100) were collected, aged using
conventional means, and cores were submitted for
radiocarbon (**C) measurement. Radiocarbon values
of yellowedge grouper otoliths were compared to
established radiocarbon chronologies in the region to
validate the age and ageing methodology of this
species. The yellowedge grouper chronology dis-
played a similar sigmoidal trend as previously
published chronologies. In addition to the core
analysis, multiple areas on otolith sections from eight
specimens were analyzed for A'¥C to validate age
estimates for fish born prior to the "*C increase. Our
results indicate that yellowedge grouper live longer
than previously reported (minimum of 40 years based
on radiocarbon measurements). The validated ageing
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methodology supported an estimated maximum lon-
gevity of 85 years and established that yellowedge
grouper have the longest lifespan currently known for
any species of grouper in the GOM. Results also
indicate a depth-age interaction in that material
extracted from adult otolith sections assigned to
post-bomb dates exhibited lower A'C values than
cores (juvenile material) assigned to the same post-
bomb dates. This finding is likely explained by lower
C levels reported from water masses at deeper
depths (>100 m) which are inhabited by adults.
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Introduction

The yellowedge grouper (Epinephelus flavolimbatus,
Poey 1865) is found in the western Atlantic from
North Carolina (Huntsman 1976) to southern Florida,
the Gulf of Mexico (GOM), Cuba (Smith 1971), the
West Indies, Central America, and the northern coast
of South America to Brazil (Smith 1971; Fischer
1978). The introduction of large-scale commercial
longlining beginning in the early 1980s greatly
increased commercial harvest of grouper in the
GOM (Bullock and Smith 1991). Yellowedge grouper
are managed in the Reef Fish Resources of the Gulf of
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Mexico Fisheries Management Plan as part of a five
species deepwater grouper complex (GMFMC 2001)
where they comprise the majority of the deepwater
catch. Since 1992, yellowedge grouper has been the
third most abundant grouper harvested in the GOM
with an average of 436 metric tons, valued at over
$2.2 million dollars, landed annually (National Ma-
rine Fisheries Service 2007). The first stock assess-
ment on yellowedge grouper in the northern GOM
was conducted in 2002 (Cass-Calay and Bahnick
2002). However, due to a lack of available life history
information and the short catch-per-unit-effort and
landings time series (1985-2001) the assessment was
inconclusive and the population dynamics remains
unknown (Cass-Calay and Bahnick 2002).

Grouper are thought to be sensitive to exploitation
since many are relatively large in size, often slow
growing and long-lived (Huntsman et al. 1999;
Musick 1999), and yellowedge grouper may be no
exception. Currently, there is a lack of available
information on yellowedge grouper growth and
longevity due to ageing difficulties experienced by
previous researchers. Keener (1984) used sagittal
otoliths, viewed with reflected light, to estimate the
age range of yellowedge grouper in the South
Carolina commercial fishery as 2—15 years. Keener
(1984) reported only 27% of otoliths used in the study
were readable and, due to the uncertainty of assigning
ages to larger fish, estimated that ages could exceed
20 years. Bullock et al. (1996) used polarized light to
age yellowedge grouper from western Florida but
reported most sagittal otoliths were unreadable and
ageing attempts were unsuccessful. Bullock et al.
(1996) and Keener (1984) independently concluded
that yellowedge grouper otoliths were difficult to read
because opaque growth increments were not easily
distinguishable. Manickchand-Heileman and Phillip
(2000), however, reported observable annuli for 89%
of otoliths sampled from Trinidad and Tobago and
reported ages up to 35 years. Due to ageing
difficulties, an age verification and validation tech-
nique is needed for yellowedge grouper from sub-
tropical to temperate waters.

Kalish (1993) reported that atmospheric nuclear
bomb testing between 1952 and 1963 left a dated
mark on otoliths which could provide a method to
validate annuli and to determine accurate, absolute
ages of long-lived fish. Prior to the industrial
revolution, radiocarbon ('*C) levels in the ocean and
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atmosphere were fairly constant (Kalish 1995).
Nuclear bomb testing increased atmospheric '*C
levels by ~100% and oceanic '*C levels by ~20%
(Druffel and Linick 1978; Nydal and Lovseth 1983).
Radiocarbon was incorporated into carbonate struc-
tures such as hermatypic corals (Druffel and Linick
1978; Druffel 1980), otoliths (Kalish 1993; Campana
1997; Campana and Jones 1998) and mollusks
(Weidman and Jones 1993) in concentrations propor-
tional to ambient levels in the water column. The
oceanic “C increase was observed in temperate and
tropical waters in ~1957 (Druffel and Linick 1978;
Druffel 1980) but may vary by location as new
chronologies are developed.

The bomb-related increase in oceanic radiocarbon
can be used for age validation because the dramatic
rise of radiocarbon levels was observed over a brief
period of time (Kalish 1995). Radiocarbon validation
studies typically isolate the otolith core, the portion of
the otolith that was formed during the first year of
growth. Core analysis provides the level of '*C at the
time of fish birth and the earliest period of develop-
ment. Fish with presumed birth years that occurred
during the 1960-1970 increase in oceanic '*C are
preferred candidates; however, given that levels of
radiocarbon are gradually declining with time, it is
possible to use otoliths from fish born after 1970
(Kalish 1995). Since surface water '*C levels were
relatively constant prior to the bomb-produced in-
crease (Druffel 1980; Druffel and Suess 1983), it is
not possible to use an otolith core to determine an
absolute birth date prior to the rise in '*C. Radiocar-
bon analysis can only determine whether or not a fish
was born prior to the observable bomb '*C increase
indicated by negative '*C results. A fish collected
today but born prior to the nuclear bomb testing
would have an otolith containing both positive and
negative '*C results. Initial otolith growth increments
contain negative '*C values and increments deposited
after the bomb-produced '*C increase contain positive
14C values and thus provides the basis for validation.

Analysis of bomb-produced '*C provided success-
ful age validation for GOM red snapper, Lutjanus
campechanus, (Baker and Wilson 2001) and other
commercially important species around the world
(Campana 1997; Kalish et al. 1997; Kerr et al. 2005;
Piner et al. 2005). Our objective was to compare the
amount of 'C found in the cores of yellowedge
grouper otoliths to previously determined *C levels
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from otoliths of red snapper and from corals to
confirm the presumed birth dates determined from
conventional otolith ageing.

Materials and methods

Yellowedge grouper sagittal otoliths used in this study
were selected from the National Marine Fisheries
Service, Panama City, Florida Laboratory otolith
archive. Fish were collected in the northern GOM
from the commercial fishing industry and scientific
research studies from 1979-2001. All sagittal otoliths
were weighed (mg), processed and analyzed as
follows.

Age estimation

In order to validate ages throughout the life history,
yellowedge grouper (n=100) ranging in size from
177-1,160 mm total length (TL) were selected for
empirical age analysis. Yellowedge grouper were
selected based on fish size or availability of both
sagittal otoliths. Otoliths were embedded whole in
araldite epoxy resin and sectioned (0.6 mm) trans-
versely through the core using an IsoMet” Low Speed
saw with a diamond blade. Sections were polished
with 1500-grit fine grade silicon carbide paper and
mounted to a glass slide with Crystalbond™ mount-
ing adhesive. Final polishing was completed using a
Foredom” bench polisher and Buehler” Micropolish
Alumina II (0.3 micron) polishing compound. Otolith
sections were examined using a dissecting microscope
with transmitted light at a magnification of 10x to
50x. The number of opaque growth increments per
otolith was counted three to five times independently
by two readers who lacked knowledge of specimen
length or date of capture, and the median count was
recorded. Due to difficulty experienced by previous
investigators otoliths were also assigned a readability
code (good, readable, difficult or unreadable) based
on Kuo and Tanaka (1984). Indices of reader
precision were determined using the coefficient of
variation (CV) (Chang 1982).

Radiocarbon core sample preparation

Otoliths were not randomly selected for "*C analysis,
only otoliths assigned a readability code of good or

readable were considered. Right otoliths were primar-
ily used for '*C core analysis. Otoliths were embed-
ded and two to three cross-sections (0.7 mm each)
were removed, as described above, from selected
otoliths, which provided adequate sample material for
the removal of the core region. In order to obtain
enough material for otolith core analysis (minimum of
3.0 mg for a standard sample), core sections and often
as much as the first 2 years of growth were extracted
from otoliths. Desired sections were first identified
and a Staedtler” pigment liner pen was used to mark
the outer boundary (which was not included in the
sample). Initially, core samples (n=9) were removed
by a dentist who used a standard dental drill (330 bur)
to isolate the core. Subsequent samples were removed
using a Dremel” Multipro™ (n=33) and digital
microsampler (n=5) (see below) rotary tools. A
Dremel” Multipro™ rotary tool was fitted with a 1.4
mm diamond needle bit which was used to pulverize
the otolith into a powder. The distal portion of the
otolith located below the core was removed first to
avoid contamination by other growth increments.
Each drill bit was replaced with a clean bit for use
with each otolith. Cores were stored in sterile vials
which were first rinsed three times each with 1 N HCI
then distilled water and dried in an oven. Replicate
core samples from nine otoliths were submitted for
14C analysis to test the precision of the accelerator
mass spectrometry (AMS) instrument used to produce
the radiocarbon measurements. Replicate samples
were collected using several methods: four taken with
the dental tool, four taken with rotary tools and a
whole otolith from an estimated age one fish.

Isolated cross-section sample preparation

In order to validate ages of fish born prior to the
bomb increase and thus prior to atmospheric increase
in "*C, multiple areas on a single otolith cross-section
were isolated using a digital microsampler (predeces-
sor of the MicroMill) rotary tool. The objective was to
isolate areas on the otolith, determined by counting
growth increments, which corresponded to a time
period either prior to the nuclear bomb testing (pre-
bomb) or after the '*C increase (post-bomb). If the
“C results from the isolated cross-section corre-
sponded to the conventional age-estimated time
period, the result would support our hypothesis that
growth increments were deposited annually. A sub-
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sample of fish (n=8) were selected from a range of
sizes. Otoliths were embedded in araldite epoxy resin
as before, but thicker cross-sections (1.1 mm) were
made through the core. A photograph of the otolith
section was taken using a Nikon" SMZ-1500 Stereo-
microscope fitted with a Nikon” DMX-1200 digital
camera and used to create digital points which the
microsampler used as a reference. The otolith section
was adhered to the base plate of the microsampler
using Crystalbond™. Areas on the cross-section to be
isolated and removed (1-3 per otolith) were digitized
by the microsampler, moving from the sulcus toward
the ventral side of the otolith. Since the amount of
calcium carbonate deposited decreases with age
(Campana and Thorrold 2001), isolated otolith sec-
tions contained numerous years of growth to obtain
enough material for '*C analysis. Following a
digitized path, the microsampler was then used to
shave the isolated sections which were nearly as long
as the ventral half of the otolith and approximately 0.7
mm deep. Shavings were collected and stored in
sterile glass vials and submitted for AMS analysis.

Radiocarbon analysis

All otolith samples (core and isolated cross-section)
were analyzed by the National Ocean Sciences
Accelerator Mass Spectrometry Facility at the Woods
Hole Oceanographic Institute, Woods Hole, MA.
Otolith samples were analyzed for radiocarbon using
the procedures described by Baker and Wilson
(2001). Samples were also analyzed for '>C which
was used to correct for natural and machine fraction-
ation effects. Radiocarbon values were subsequently
reported as A'*C, which is the per mil (%o) deviation
of the sample from the radiocarbon activity of
19™-century wood, corrected for isotopic fractionation
and sample age decay prior to 1950 according to
methods by Stuiver and Polach (1977).

Radiocarbon core results were compared to pub-
lished A'™C values from GOM red snapper (Baker
and Wilson 2001) and corals collected in Belize,
Bermuda and Florida (Druffel 1980; Druffel 1989;
Druffel personal communication) to determine if
yellowedge grouper A'*C values followed the same
trend as other fish and coral from a similar region.
The timing of the onset of the '*C increase above pre-
bomb levels was calculated for all chronologies using
a deterministic coupled-functions model described by
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Hamel et al. (2008). The method models a bomb-
produced pulse of radiocarbon as a Gaussian curve
over time combined with a continuous exponential
decay function (Hamel et al. 2008).

Results

Yellowedge grouper otoliths were successfully aged
by conventional means although difficulties were
encountered. Of the 100 aged otoliths originally
sampled from the archive, 51 otoliths were retained
for '*C analysis. Otoliths were selected based on fish
age and clarity of growth increments; only otoliths
with discernable increments (Fig. 1) were included.
Selected yellowedge grouper had a wide range of
presumed birth dates (1915-1999) and ranged in age
from 1-85 years old (median age=24 years). The CV
for yellowedge grouper selected for '*C analysis was
10.90%. As estimated ages increased, reader precision
decreased. The CV was 9.78% for yellowedge
grouper<24 years old and 12.17% for fish 25 years
old and older. With increasing age, the distance
between otolith growth increments narrowed which
made it difficult to interpret individual increments.
The edge was the most difficult section of the otolith
to interpret since it often appeared dark in color.
Otolith core analysis indicated a rapid A'C
accumulation by yellowedge grouper during the
1960s (Fig. 2). Fish with presumed birth dates prior
to the nuclear bomb testing had negative A'*C levels
that ranged from —85.9 to —22.1, whereas fish with
estimated birthdates after the bomb increase had
elevated A'C levels of 11.3 to 149.4 (Table 1). Fish
born after 1978 (n=10) had gradually decreasing
A'C levels that ranged from 126.5 to 62.5. Yellow-
edge grouper A'C values declined at a rate almost
three times slower than their increase and have yet to
reach pre-bomb levels. Current A'¥C levels in the
GOM range from 62.5 to 80, declining from peak
level in 1978 but still considerably higher than pre-
bomb levels. Replicate core samples were similar in
A'C value, differing by 1.8 to 28.4, which indicated
acceptable precision in AMS processing relative to
the range from pre- to post-bomb values (Table 1).
We noted some possible effects due to methods
used to extract otolith core material. Use of the dental
drill may have caused deviations because those core
samples were composed of several small pieces of
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Fig. 1 Transverse section of sagittal otolith from an estimated
85 year old (1,148 mm TL) yellowedge grouper (Epinephelus
flavolimbatus) collected in 2000. Inset shows the sulcal groove
along the ventral side of the otolith which was used for age
determination. Growth increments are annotated and arrows are
placed every ten years beginning in 1925

core possibly resulting in heterogeneous samples.
Samples may have contained additional otolith
growth increments from the distal area below the
core which could have influenced A'*C levels.
Among the replicate samples, those removed using
the dental drill differed by A'C levels of 12.7 to
28.4. Replicate core samples removed using the rotary
tools were more homogenous and results were more
precise; A'*C values differed by 1.8 to 11.8.

The yellowedge grouper otolith core A'*C chronol-
ogy followed a pattern similar to GOM red snapper
and corals (Fig. 3). The year of initial increase for
yellowedge grouper was 1959 which was similar to
that of red snapper and the corals (Table 2). While
displaying a similar sigmoidal trend as the previously
published chronologies, the yellowedge grouper chro-
nology did have the lowest peak A'*C value.

The area cross-section analysis conducted on 8 fish
(ranging from 755 to 1148 mm TL and 21-85 years
old), resulted in a total of 13 areas isolated into pre-
and post-bomb sections (Table 3). In general, samples
from the isolated cross-section analysis incorporated a
greater age range (about 3—15 years) in contrast to age
ranges represented in core samples (about 1-3 years).
We inferred that 11 of the isolated otolith sections
were correctly assigned to the expected time period,
i.e., either pre-bomb sections (with negative A'C
values) or post-bomb sections (with positive AC
values). The incorrectly assigned isolated sections
both contained lower than expected radiocarbon
values for samples assigned as post-bomb. Figure 4
illustrates a yellowedge grouper otolith cross-section
from a fish believed to be 85 years old (born in 1915)
based on growth increment counts. Radiocarbon
A'C values for the first three isolated sections
(—80.5, —=71.1, —94.7, respectively) were consistent
with expected negative pre-bomb A'C levels formed
before the bomb increase. The most recently formed
isolated section had a positive A'*C value of 38.9,
which was consistent with formation after the bomb
increase.

The results of both the core and the isolated cross-
section radiocarbon analyses validated our hypothesis
that increments are formed annually and are inter-
pretable using traditional ageing methodologies. In
addition, we observed a positive linear relationship
with a high coefficient of determination for age and
otolith weight (F, ,,=310, P<0.001, R’=0.87;
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Fig. 2 Yellowedge grouper otolith core radiocarbon (A'#C)
verses birth year determined by counting annual growth
increments on sagittal otolith sections. The horizontal error
bar represents the number of years estimated to be contained in
the core sample
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Table 1 Yellowedge grouper data and otolith core radiocarbon
results. Age and birth year were determined by counting otolith
annual growth increments. Year(s) sampled identifies core

sample year and additional consecutive years, if any, submitted

for 1C analysis. 513C (13¢/**C) was used to correct for isotopic
fractionation to calculate A'*C. SD refers to standard deviation
of the A™C result. RC refers to replicate core samples

Sample Total  Year Age Birth  Otolith Sample Year(s) 53C  A™C +1SD RC AM™C (%0)

ID length collected (years) year weight (mg) weight (mg) sampled (%o0) (%o0) (%o0) (x1 SD)
(mm)

753 1148 2000 85 1915 6991 6.70 1915-1916 -390 -80.5 34 —78.7 (5.2)

206 1160 1991 71 1920 4663 21.61 1920-1922 -2.98 —-49.7 59

333 1085 1991 70 1921 4566 24.07 1921-1923 -396 —22.1 5.4

1424 930 2001 70 1931 3261 3.40 1931-1932 —-4.60 -859 49

415 1100 1992 50 1942 3731 5.20 1942-1944 -3.60 —65.1 3.4

283 1080 1991 48 1943 2969 4.20 1943-1945 —-439 -58.6 5.1

1097 967 2001 55 1946 2713 3.70 1946-1947 -129 -732 10.5 —82.5(3.1)

271 840 1991 42 1949 1594 22.11 1949-1951 -3.59 -63.8 6.0

1457 910 1979 30 1949 2377 7.40 1949 —4.44 -67.1 42

329 1010 1991 40 1951 2652 16.72 1951-1953 —4.11 -41.6 52 —64.8 (5.2)

253 965 1991 38 1953 2895 26.80 1953-1955 -3.56 -56.6 4.1

325 1080 1991 38 1953 2703 21.82 1953-1955 -3.74 -751 39 —59.6 (3.4)

1577 945 2001 45 1956 2497 8.50 1956 -437 719 34

1486 603 1983 25 1958 937 4.10 1958-1959 —524 —68.0 3.4

1487 630 1983 24 1959 910 3.10 1959 -5.62 -50.2 10.2

1578 999 2001 42 1959 2553 6.10 1959-1960 —4.83 553 5.6 —53.2 (5.0)

197 930 1991 30 1961 2359 19.76 1961-1963 —4.43 193 73

1466 765 1984 23 1961 1332 4.50 1961-1962 —-4.28 250 4.2

1473 740 1984 21 1963 1068 4.90 1963 -4.34 740 47

372 1100 1992 28 1964 2320 18.05 1964-1966 —-3.72 113 73

1138 1015 2001 37 1964 3049 3.20 1964 —-4.78 57.1 45 453 (3.7)

1521 670 1984 20 1964 1016 6.20 1964 -4.77 89.0 3.1

1502 662 1983 18 1965 938 5.90 1965-1966 —5.31 67.5 5.7

1465 795 1982 16 1966 1282 6.00 1966 -3.70 72,6 3.6

1507 524 1983 17 1966 831 5.40 1966 —5.00 108.8 3.2

1520 705 1984 18 1966 949 6.40 1966 —-4.64 998 188

1483 656 1984 17 1967 859 6.00 1967 -5.01 126.7 32

1425 991 2001 31 1970 2507 6.30 1970 -4.51 1363 8.1 107.9 (3.9)

649 1050 2000 29 1971 2460 28.90 1971-1973 —4.20 1335 6.3 146.2 (4.4)

1442 803 2001 28 1973 1722 5.40 1973 -5.00 1052 32

1482 620 1984 11 1973 637 3.80 1973 =541 1319 55

1434 854 2001 27 1974 1819 9.80 1974-1975 -5.06 1123 6.4

1471 659 1984 10 1974 710 6.40 1974 -4.52 1123 34

516 1005 1999 24 1975 2388 9.20 1975 —4.50 132.1 4.6

1469 585 1984 7 1977 607 5.70 1977 -5.54 1333 64

631 785 2000 22 1978 1429 10.15 1978-1979 —4.95 1494 3.2

640 815 2000 22 1978 1650 6.20 1978 -5.05 1384 113

1504 488 1983 5 1978 432 5.70 1978 -4.77 1328 54

1423 873 2001 21 1980 1725 10.00 1980-1981 -3.67 83.8 7.3

648 802 2000 17 1983 1411 8.69 1983 =5.00 1069 4.0
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Table 1 (continued)

Sample Total  Year Age Birth  Otolith Sample Year(s) 53C  AMC £1SD RC AM™C (%)

ID length collected (years) year weight (mg) weight (mg) sampled (%o0) (%o0) (%o0) (x1 SD)
(mm)

634 745 2000 16 1984 1103 11.00 1984-1985 —5.00 126.6 3.5

650 706 2000 15 1985 1140 7.40 1985 -529 969 6.2

1441 772 2001 15 1986 1178 4.90 1986 -4.67 862 3.8

639 740 2000 12 1988 1098 6.50 1988 -4.75 848 56

636 590 2000 9 1991 694 5.48 1991-1992 —-533 655 34

1437 568 2001 8 1993 571 8.00 1993-1994 -5.63 62.5 32

674 262 2000 2 1998 114 2.36 1998 =560 654 120

825 177 2000 1 1999 52 29.29 1999-2000 -6.21 802 3.5 82.9 (3.3)

#Samples removed using a dentist drill; remaining samples removed using rotary tools

Fig. 5). The intercept was near the origin (0.063)
which suggested that early increments were being
correctly interpreted (see Morison et al. 1998; Allman
and Fitzhugh 2007). By not rejecting the hypothesis
that the yellowedge bomb chronology was reasonably
precise and increments were formed annually, the '*C
results indicated that yellowedge grouper reach an age
of at least 40 years based on the core analysis and
supported the maximum age estimate of 85 years
based on empirical ageing.

However, there were notable deviations between
the expected A'*C results of the core analysis and the
isolated area analysis (Fig. 6). A comparison indicated
that A'C values from the isolated cross-section
results were lower than values from the core analysis
for the same post-bomb years. While we understand
there is an age difference in the comparison (core

values reflect the juvenile stage and isolated cross-
section values reflect older ages) there may also be a
habitat or depth effect as older fish inhabit deeper
depths. The yellowedge grouper used in this study
were collected between 85-298 m (although depth
information was not available for all fish). To further
examine a possible depth effect we obtained data
from Stuvier and Oslund (1980) for depth and A'*C
in ambient seawater. In general, an increase in depth
from 100 to 300 m is associated with a A'*C decrease
of>100 (Fig. 7). The number of years incorporated
into each sample may have also contributed to the
deviations between the cores and isolated areas.
Although some cores contained up to 3 years of
growth, all isolated areas contained multiple years of
growth. This could have resulted in a weighted
average effect on the radiocarbon measurements.

Fig. 3 Time series of 200+

radiocarbon (A'*C) values X Belize coral

for yellowedge grouper o Bermuda coral 5. 0

(this study), corals from 1801+ Fiorida coral +¥§3§%ﬂ&mﬂuﬂ

Belize (Druffel 1980), _ © Red snapper Tpo, 2

Bermuda (Druffel 1989), E 100{ 4 Yellowedge grouper A;ﬁ ° A A N o

and south Florida (Druffel 5 e Lot 0
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Table 2 Predicted parameters and derived quantities from
deterministic coupled-functions model fitted to otolith and coral
radiocarbon series. Parameters are the total inputted radiocarbon
(k), mean year of increase (W), exponential decay rate (r),
standard deviation of the cumulative normal (o), estimated
timing of initial radiocarbon increase (L — 0©), minimum
radiocarbon level observed (i), maximum radiocarbon level

that would occur in the absence of 7 (yysym). The standard
deviation (SD) is in parentheses, yasym and k have the same SD,
no error term is associated with y.,;, since it is an observed
point. Radiocarbon data taken from yellowedge grouper (this
study), Gulf of Mexico red snapper (Baker and Wilson 2001)
and corals from Belize (Druffel 1980), Bermuda (Druffel 1989),
and south Florida (Druffel 1989)

Source k (%o) W (year) r o n — o (year) Ymin (%0)  Vagym (%0)
Yellowedge grouper  240.32 (9.84) 1962.94 (0.29) 0.015 (0.002) 4.14 (0.38) 1958.80 (0.55) —75.1 165.22
Red snapper 255.63 (12.84)  1963.25 (0.41) 0.014 (0.003) 4.61 (0.51) 1958.60 (0.93) —75.2 180.43
Belize 237.55 (16.85)  1963.10 (0.31)  0.008 (0.007)  3.93 (0.28) 1959.17 (0.54) —66.0 171.55
Bermuda 232.25 (7.84) 1965.33 (0.19)  0.010 (0.003)  4.38 (0.19)  1960.95 (0.36) —54.8 177.45
Florida 254.19 (5.10) 1963.36 (0.11)  0.016 (0.002)  3.59 (0.13)  1959.77 (0.21) —66.0 188.20

Since we do not know the radiocarbon levels for the
individual years in the sample it is not possible to
further examine this idea.

Discussion

We generally found yellowedge grouper otolith
sections to be interpretable with lower reader preci-
sion (9.8% CV for ages<24 years and 12.2% CV for
ages>24) than observed for other species (7.6% CV
for 117 species; Campana 2001). In routine
production-style ageing we would expect precision
for yellowedge grouper to be even lower. While this

Table 3 Radiocarbon (A'*C) results of yellowedge grouper
isolated section analysis. Pre-bomb refers to otolith growth
increments formed prior to the 1960s increase of '*C. Post-

may be a more difficult species to age than most, both
the core analysis and the isolated cross-section
analysis supported the hypothesis that yellowedge
grouper otoliths form one annulus per year. Our
inference about age interpretation was further sup-
ported by a linear relationship accounting for 87% of
the variability between otolith weight and fish age.
Longevity is at least 40 years based on the radiocar-
bon core results and at least 85 years of age based on
empirical ageing which suggests they have the longest
lifespan currently known for any grouper found in the
GOM and U.S. South Atlantic (cf.,, Collins et al.
1987; Manooch and Mason 1987; Bullock et al. 1992;
Crabtree and Bullock 1998; Wyanski et al. 2000).

bomb refers to otolith growth increments formed after the
1960s increase of '*C. Each isolated section contained
approximately 3—15 years of growth increments

Sample ID  Sample Description Years Sampled Fish Age (Years) Year Born Sample Weight (mg) A'"C (%0) =1 SD (%o)

101 A Post-bomb 1960-1972 70
283 B Post-bomb 1965-1976 48
415 B Pre-bomb 1952-1958 50
753 B Pre-bomb 1920-1929 85
753 C Pre-bomb 1937-1943 85
753 D Post-bomb 1972-1987 85
922 A Pre-bomb 1939-1948 70
922 B Post-bomb 1963-1969 70
1097 B Pre & Post-bomb 1954-1964 55
1424 B Pre-bomb 1938-1944 70
1424 E Post-bomb 19992001 70
1470 A Post-bomb 1967-1969 21
1470 B Post-bomb 1973-1976 21

1921 4.1 =37.1 3.8
1943 2.8 -39.9 3.6
1942 4.0 -51.9 35
1915 33 =71.1 7.5
1915 29 —94.7 4.5
1915 35 389 43
1931 33 —51.5 39
1931 4.4 45.2 3.8
1946 43 —74.7 3.9
1931 2.9 —-101.3 33
1931 1.6 85.9 8.4
1963 34 30.9 4.0
1963 32 23.8 3.7
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Pre-bomb
AC" =-94.7%0

Pre-bomb
AC™ = -71.1%0

Pre-bomb
AC" = -80.5%0

Fig. 4 An estimated 85 year old yellowedge grouper otolith
(the second of a pair; the first viewed in Fig. 1) with isolated
areas of multiple growth increments removed (identified by
arrows). The reported AC'* values represent a combination of
years of growth instead of a single point estimate. Pre-bomb=

Previous yellowedge grouper longevity estimates
were considerably less than those found in our
study, most likely due to unsuccessful ageing or
biased-low age estimates because readers had diffi-
culty determining individual growth increments. The
longevity of yellowedge grouper compared to many
other grouper species may be due to a preference for
deepwater habitat and physiological processes relat-
ed to low levels of light, oxygen, temperature and
prey availability. Deepwater species may live con-
siderably longer than shallow-water species and
several deepwater marine fishes have validated age
estimates indicative of long life spans including
rockfishes which reach ages of 60-205 years
(Cailliet et al. 2001).

The yellowedge grouper otolith core A'*C chro-
nology was the primary evidence supporting the
hypothesis that growth increments are annual. The
chronology followed a pattern very similar to GOM

8,
Weight = 0.065*Age + 0.063 o
R?=0.87
61 n=47 B
s e
k) % S S
g o] o -0 ¢
S @'%'%/ ¢
ket (i
0 15 30 45 60 75 90

Age (years)

Fig. 5 Relationship between yellowedge grouper sagittal
otolith weight and empirical fish age. Linear equation repre-
sented by dashed line

Post-bomb .
AC" = 38.9%0

7.3 mm

prior to 1960s increase, and post-bomb=during or after 1960s
increase. The distal area below the core (circled) was removed
prior to sampling to avoid contamination by other growth
increments

red snapper and corals. The year of initial '*C
increase occurred in 1959 for yellowedge grouper,
red snapper (Baker and Wilson 2001) and the coral
from Belize (Druffel 1980), in 1960 for South Florida
coral and in 1961 in Bermuda coral (Druffel 1989).
The timing of initial '*C increase was similar to other
published chronologies from the Northern hemisphere
(Hamel et al. 2008).

Our study was the first to isolate multiple areas on
a single otolith cross-section for radiocarbon analysis.
The extractions from the isolated cross-sections
mapped the radiocarbon that was deposited within
the otolith as age increased. For instance, the multiple
isolated areas with negative A'*C values on a single
otolith were consistent with the timing of otolith
deposition expected before the bomb increase in '*C.
However, the material extracted from adult otolith
sections assigned to post-bomb dates exhibited lower
A'C values than cores (juvenile material) assigned to
the same post-bomb dates. This would suggest that
the fish were considerably under-aged, unlike the
evidence from the core chronology (which perhaps
explains a one to 3 year age bias) and unlike the
otolith weight-age relationship. Another more likely
possibility is that the differing A'C levels reflect
age/habitat differences mapped within the otolith
during the post-bomb period. It is known that adult
yellowedge grouper are found at deeper depths
(typically 125-300 m, but as deep as 390 m) than
juveniles (between 35-125 m) (Cook 2007). As levels
of 'C in otoliths are derived (about 70%) from
dissolved inorganic carbon (DIC) in the surrounding
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Fig. 6 Yellowedge grouper
isolated otolith cross- 150 + & Core (n=48) A{i
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water (Degens et al. 1969; Kalish 1991a, b), any
discrepancy between the core analysis, reflecting the
juvenile stage, and isolated cross-section analysis,
reflecting older ages, may be the result of an age/
depth interaction.

Seawater in the GOM originates from several
sources. Surface waters extending to depths of ~100
m originate as North and South Atlantic Ocean
surface waters and are transported into the GOM via
the Caribbean, Guiana and North Equatorial Currents
(Gore 1992). Deeper waters, extending to ~500 m are
composed of cooler Subtropical Underwater originat-
ing from the equatorial Atlantic Ocean and Caribbean
Sea (Gore 1992). Stuvier and Ostlund (1980) reported
that DIC in seawater collected from the tropical
Atlantic Ocean between 100-300 m depths had
A'MC levels 30-154% less than surface waters

A'™C (per mil)
100 -50 0 50 100 150 200
0 1 1 1 1 1 . J
100 1
E
£ 2001
g
O 3001 // s 3N,38W
» 12N, 50 W
pad e 21N, 54 W
400 - .

Fig. 7 Comparison of A'*C measurements of dissolved
inorganic carbon in ambient seawater by depth from three
locations in the tropical Atlantic Ocean [data taken from Stuvier
and Ostlund 1980]

@ Springer

(Fig. 7). Others have also reported that the appearance
of the radiocarbon signal is delayed below about 100
m in depth (Williams et al. 1987; Campana 2002). So,
it appears that different water masses with notably
different A'C levels characterize the depth boundary
separating juvenile and adult yellowedge grouper
habitats. Thus it is very likely that radiocarbon levels
in adult portions of yellowedge grouper otoliths were
affected by lower levels of A'*C at deeper depths.

A depth effect may also explain the lower peak '*C
value as red snapper juveniles are found in shallower
depths (19-37 m) than juvenile yellowedge grouper
(Gallaway et al. 1999; Cook 2007). It is also possible
that there may be latitudinal or spatial patterns in '*C
deposition. Druffel (1996) also observed that A'C
values from corals from the tropical Atlantic Ocean,
associated with lower water mass '*C levels, peaked
at lower levels than corals from Florida and Bermuda.

Although we took care in our methods, such as using
sterile vials and refraining from using carbon-based
polishing materials in the final surface preparations, we
cannot discount some possible contamination or prep-
aration effects. There were limits in the age-precision of
the otolith material extracted given the minimum
amount needed for analysis. Even with the use of a
microsampler the isolated cross-section analysis includ-
ed several years (possibly to 15) in samples, in contrast
to core samples (1-3 years estimated) which were
removed with dental and rotary tools. Thus the isolated
cross-section approach was less precise in providing
A'C values at age. Two (of 13) isolated cross-section
samples were classified as post-bomb sections based
on estimated age but exhibited pre-bomb A'*C values.
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It is possible that additional pre-bomb growth incre-
ments were also included in the samples and contrib-
uted to lower than expected A'*C values. We found
that using a rotary tool to extract core samples
increased our precision somewhat over our initial use
of a dental tool. But as we treated all preparations
similarly and had reasonable precision in blind
duplicate samples submitted for AMS, we feel we
minimized or accounted for processing effects to the
degree possible with the tools available to us. With
continued innovations and standardized applications,
the '“C age-environment interactions within otoliths
are likely to become better quantified.

Long-lived fishes are more vulnerable to overfishing,
are slow to recover once exploited (Huntsman et al.
1999; Musick 1999; Coleman et al. 2000), and it has
been questioned whether they can be sustainably
managed (Devine et al. 2006). Little information is
available regarding maximum age estimates for most
deepwater groupers in the GOM. Additional ageing
studies should be conducted to determine if other
deepwater grouper species follow the same life history
pattern as yellowedge grouper and reach comparable
longevities. If radiocarbon methods are used to validate
ages for outer continental shelf species, possible spatial
and water-depth radiocarbon effects and their interac-
tion with age needs to be carefully considered. For
species occupying habitats deeper than the '*C mixing
zone (approximately 100 m) in the juvenile stage, other
validation approaches may be more appropriate.
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