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16 Abstract

17 Current stock assessments for both Warsaw Grouper Hyporthodus nigritus and Snowy Grouper H. 

18 niveatus are based on age-structured population models determined using traditional otolith-based aging 

19 techniques. However, recent studies using bomb radiocarbon validation have shown that many deep-water 

20 fishes live much longer than previously estimated when relying on conventional age determination 

21 methods. In this study, we conducted bomb radiocarbon age validations of Warsaw Grouper and Snowy 

22 Grouper from the Gulf of Mexico. Radiocarbon age validation supported annual growth increment 

23 formation for all Warsaw Grouper size classes and medium-sized Snowy Grouper. Conversely, ages of 

24 larger, older Snowy Grouper were greatly underestimated due to difficulty in discriminating annuli. This 

25 bomb radiocarbon analysis validates a minimum 56-year longevity for both Warsaw Grouper and Snowy 

26 Grouper, increasing currently published longevities of 41 and 54 years, respectively. 

27

28 Introduction

29 Age structure is an integral component in the development of fish stock assessments used to evaluate 

30 population status and inform management policy. Age data are commonly coupled with length or weight 

31 information to estimate growth rates and age-specific data are used to determine the timing of sexual 
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32 maturation, mortality rates, and catch limits (Ricker 1975; Gulland, 1987; Pauly and Morgan 1987). 

33 Assessments depend on accurate population age structures, and therefore, validating age determination 

34 techniques is critical (Beamish and McFarlane 1983; Campana 2001). The most common method of age 

35 determination for marine teleosts involves counting growth increments deposited in the otolith (“ear 

36 stone”); however, increments in the otolith microstructure may not be deposited annually, and 

37 enumerating the presence and location of annual growth increments (annuli) often requires subjective 

38 interpretation (Melvin and Campana 2010; Buckmeier 2011). Even in cases where estimated ages from 

39 multiple readers are similar, incorrect interpretation of annuli has led to incorrect age determination 

40 (Rivard and Foy 1987). This is particularly true for long-lived marine fishes that exhibit extremely slow 

41 growth at older ages, which can result in closely spaced, difficult to interpret growth increments (Cailliet 

42 and Andrews 2008). As a result, validating the accuracy of methods used for age determination is 

43 especially important in long-lived, slow growth species (Campana 2001; Munk 2001). 

44 Global atmospheric atomic weapons tests conducted in the 1940s and 1950s led to a proliferation of 

45 the radiocarbon isotope (14C; hereafter radiocarbon) in the atmosphere that spread through both 

46 atmospheric and oceanic circulation (Broecker et al. 1985; Druffel 1992). Increased environmental 

47 radiocarbon isotope concentrations resulted in increased radiocarbon deposition in biogenic carbonate 

48 structures (e.g., coral skeletons, otoliths, shells, etc.), functioning as a natural tag that can be used to 

49 accurately estimate the age of marine fishes (Kalish 1993; Campana 2001). This “modern” radiocarbon 

50 chronology offers a method to validate ages for fishes from cohorts with year classes during and after this 

51 increase in oceanic radiocarbon concentrations. Hatch (birth) year of an individual is estimated by 

52 comparing radiocarbon concentrations in otolith cores (i.e., first year of life) with concentrations in a 

53 biogenic carbonate reference series such as the skeletons of hermatypic corals (Campana 2001). 

54 In the Gulf of Mexico and Caribbean basin, radiocarbon concentrations rose dramatically from 

55 prebomb levels (< -50 Δ14C) beginning in the late 1950s, peaked in the early to mid-1970s (120–160 

56 Δ14C) (See Review, Druffel 1992), and have since undergone a slow decline of approximately -27 Δ14C 

57 per decade (Moyer and Grottoli 2011). This radiocarbon chronology is consistent across multiple 

58 hermatypic coral reference series from the western Caribbean Sea and Gulf of Mexico: Belize (Druffel 

59 1980), Flower Garden Banks (Wagner 2009), Florida Keys (Druffel 1989), and Puerto Rico (Moyer and 

60 Grottolli 2011). In addition, more recent work on fish otoliths shows the radiocarbon decline rate has 

61 remained consistent into the early 2000s (Cook et al. 2009; Andrews et al. 2013; Barnett et al. 2018).

62 Large groupers (Epinephelidae) share life history strategies that make them vulnerable to overfishing; 

63 most are long-lived, slow growing, late to mature, and sequential hermaphrodites (Sadovy 1994; Coleman 

64 et al. 1999; Heyman 2014). Recent age validation studies have shown that some deep-water epinephelids 

65 are much older than previously estimated via counting annuli (Cook et al. 2009; Andrews et al. 2013), 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

66 suggesting potential for increased longevity in species with similar life histories. Thus, there is a clear 

67 need to validate the ages of additional deep-water groupers, particularly those with a “vulnerable” 

68 conservation status. Warsaw Grouper Hyporthodus nigritus and Snowy Grouper H. niveatus are key 

69 components of the deep-water grouper fishery in the Gulf of Mexico (GMFMC 2001–2016; Runde and 

70 Buckel 2018; Schertzer et al. 2018). They are currently listed by the International Union for the 

71 Conservation of Nature (IUCN) as “near threatened” and “vulnerable” species, respectively (Aguilar-

72 Perera et al. 2018, Bertoncini et al. 2018). Given that age-specific life history traits influence stock 

73 assessments, an improved understanding of the age structure and longevity of both species is needed to 

74 develop conservation strategies based on accurate population demographics to ensure healthy, exploitable 

75 stocks in the future. Here, we apply the bomb radiocarbon approach to validate annual growth increment 

76 formation for Warsaw Grouper and Snowy Grouper, which will have broad implications for future 

77 population assessments and rebuilding plans for both species. 

78

79 Methods

80 Sample Preparation and Bomb Radiocarbon Analysis 

81 Archived Warsaw Grouper and Snowy Grouper sagittal otoliths were obtained from the National 

82 Oceanic and Atmospheric Administration (NOAA) Fisheries’ Panama City Laboratory, Southeast 

83 Fisheries Science Center. All archived samples from NOAA Fisheries were collected in the Gulf of 

84 Mexico and stored in paper envelopes. Additional otoliths of both species were also obtained from port 

85 sampling in Galveston, Texas, to expand sample sizes in the northwestern Gulf of Mexico. Otoliths were 

86 cleaned with double-deionized water (DDIH2O; ultrapure, 18-MΩ/cm water) allowed to air dry, weighed 

87 to the nearest 0.1 mg, and embedded in Struers epoxy resin following an established protocol (Rooker et 

88 al. 2008). Embedded otoliths were sectioned at 1.5-mm thickness on a transverse plane using a Buehler 

89 ISOMET saw and mounted onto a petrographic glass slide with Crystalbond 509 thermoplastic glue. 

90 Otolith thin sections were polished until the core was clearly visible without surpassing 1-mm thickness. 

91 Otoliths were selected for bomb radiocarbon analysis based on an individual’s back-calculated hatch 

92 year, with the intent of selecting fish from cohorts produced in the zone of rapid radiocarbon increase 

93 (1960 to early 1970s). Each otolith was aged by two independent readers counting annuli on the 

94 transverse cross section. The mean of the two reads was reported as the age, and the average percent error 

95 (APE) between reads was calculated to ensure variability between readers was within acceptable limits. 

96 Measurements from the primordium to the edge of the age-1 opaque zone (viewed with transmitted light) 

97 of young individuals (age-1 and age-2) delineated the area of the otolith corresponding to the age-0 period 

98 (i.e. first year of life and hereafter “otolith core;” Supplemental File 1). Otolith cores of both Warsaw 

99 Grouper and Snowy Grouper were extracted for radiocarbon analysis as a secondary estimate of 
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100 deposition year, and therefore the hatch year of each fish. In addition to isolating core material, transects 

101 outside otolith cores along specific growth increments were also sampled (Supplemental File 2) from 

102 Warsaw Grouper (n=2) and Snowy Grouper (n=1) with estimated hatch years during or before the period 

103 of radiocarbon rise. This approach allowed us to obtain otolith material that corresponded to additional 

104 years within the desired period of rapidly increasing radiocarbon and inspect changes in radiocarbon 

105 concentrations associated with increased fish age. 

106 Otolith material was removed using a New Wave Research Micromill with a 300-μm diameter drill bit 

107 (Figure 1). Drill depth per pass was 55 μm and total depth sampled for each otolith was approximately 

108 775 μm. Extracted otolith material was weighed to the nearest 0.1 mg and stored in 0.6 ml centrifuge vials 

109 packed in 2 ml sealed Whirlpacks. Centrifuge vials were sterilized in a 10% HNO3 bath for a minimum of 

110 24 hours, triple rinsed with DDIH2O, and air-dried under a clean hood before core extraction. All 

111 radiocarbon analyses were performed at the National Ocean Sciences Accelerated Mass Spectrometry 

112 Lab, Woods Hole Oceanographic Institute. Results were reported in Δ14C values, the per mil deviation 

113 from the 14C activity in 19th century wood corrected for isotopic fractionation.

114 Data analysis

115 Warsaw Grouper and Snowy Grouper Δ14C values were visually compared to a spline model (RStudio, 

116 package “mgcv”) developed from reference radiocarbon chronologies for hermatypic corals between 10 

117 and 20-m depth from the Flower Garden Banks National Marine Sanctuary (Wagner 2009) and the 

118 Florida Keys (Druffel 1989), and two fish species, Speckled Hind Epinephelus drummondhayi (Andrews 

119 et al. 2013), and Red Snapper Lutjanus campechanus (Barnett et al. 2018). The two coral radiocarbon 

120 chronologies were chosen based on their geographic proximity to our study area and the fish chronologies 

121 to extend the reference series into the present. An age bias analysis was run on Snowy Grouper ages with 

122 hatch years during the radiocarbon rise through a quantitative comparison with the Flower Garden Banks 

123 reference radiocarbon chronology. Following the method described in Francis et al. (2010), a 95% 

124 confidence interval was constructed to calculate an age bias in Snowy Grouper age determination. An age 

125 bias analysis was not possible for Warsaw Grouper due to an insufficient number of samples with 

126 determined ages during the radiocarbon rise and peak. Since the two coral reference radiocarbon 

127 chronologies do not extend far enough into the present to overlap temporally, otolith core Δ14C values for 

128 Warsaw Grouper with hatch years after 1978 (radiocarbon peak) were compared to the established post-

129 peak radiocarbon chronologies reported for Speckled Hind and Red Snapper. An analysis of covariance 

130 (ANCOVA) was conducted to compare the slopes of the three linear regressions. Speckled Hind data 

131 were removed for a second ANCOVA, since the difference in their estimated deposition dates caused the 

132 continuous variable, year, to be confounding with the factor, species, preventing an intercept test. The 
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133 second ANCOVA compared the slopes and intercepts between Warsaw Grouper and Red Snapper only 

134 (RStudio, package “nlme”). 

135 A mean sulcus height metric was calculated for both Warsaw Grouper and Snowy Grouper by taking 

136 the average of two measurements: (1) primordium to the dorsal process of the sulcal groove and (2) 

137 primordium to the ventral process of the sulcal groove (Figure 1). A mean of the two measurements acted 

138 to remove individual measurement variation due to the curve of the sulcus as a result of non-uniform 

139 growth and deviation in the angle of the otolith thin section cut. Linear regressions were developed to test 

140 the relationships of mean sulcus height to age and otolith weight to age to assess the value of these 

141 proxies for estimating ages of the two species.

142

143 Results

144 Warsaw Grouper

145 We selected 20 Warsaw Grouper (915–2010 mm TL) collected in years 2011–2016 for bomb 

146 radiocarbon age validation (Table 1). Age estimates from counting annuli on the otolith microstructure 

147 ranged from 9 to 59 years, with a total APE of 9.6% between the two reads. Otolith core Δ14C values of 

148 Warsaw Grouper as a function of hatch year (based on age determination from otolith microstructure 

149 analysis) were generally similar to the reference radiocarbon chronology for the Gulf of Mexico (Figure 

150 2A), supporting the age estimates. While overall patterns between the Gulf of Mexico reference 

151 radiocarbon chronology and Warsaw Grouper values are comparable, the otolith core Δ14C values are 

152 visibly lower than reference values, including the two fish with prebomb hatch years. The two individuals 

153 with the oldest determined ages (55 and 59 years) had prebomb Δ14C values of -70.6 and -68.6, which are 

154 lower than mean coral Δ14C values during the decade immediately preceding the postbomb rise (1949–

155 1958) for both the Gulf of Mexico (-51.2) and Florida Keys (-57.6) reference chronologies. Otolith core 

156 and transect Δ14C values for Warsaw Grouper at the peak of the radiocarbon rise in the 1970s range from 

157 101.2 to 130.4. Otolith core and transect Δ14C values near the end of the chronology in the 1990s and 

158 2000s ranged between 76.5 and 39.8. The observed rate of decline from the peak in the 1970s corresponds 

159 to Δ14C values observed in the otolith cores of the postbomb chronologies developed for Red Snapper and 

160 Speckled Hind (ANCOVA slope test, p = 0.700, F = 0.35, df = 2; Figure 3). No difference in the rate of 

161 decline for Δ14C values between Warsaw Grouper and Red Snapper was detected (ANCOVA slope test, 

162 p=0.470 F=0.54, df=1) but the magnitude of Warsaw Grouper Δ14C values are significantly lower 

163 (ANCOVA intercept test, p<0.001, F=51.40, df=1). 

164 Snowy Grouper

165 We selected 18 Snowy Grouper (330–1218 mm TL) for bomb radiocarbon age validation, with 11 

166 collected in 1982 and 7 additional collected from 2011 to 2016 (Table 1). Age estimates from counting 
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167 annuli on the otolith microstructure ranged from 2 to 52 years, with a total APE of 6.0% between the two 

168 reads. Otolith core Δ14C values of Snowy Grouper as a function of hatch year were generally similar to 

169 the coral radiocarbon chronologies in the Gulf of Mexico for individuals with age estimates less than 25 

170 years (Figure 2B). The nine Snowy Grouper collected in 1982 with back-calculated hatch years during the 

171 radiocarbon rise were selected for the age bias analysis. The 95% confidence interval for the age bias 

172 analysis (-10.5%, 1.7%) concluded no significant age bias existed (Figure 4). Otolith core Δ14C values of 

173 the six largest Snowy Grouper, with ages derived from otolith microstructure analysis between 34 to 52 

174 years, were between -63.33 and -67.67, confirming hatch years that predate the radiocarbon rise (pre-

175 1960). Therefore, all six have validated ages of at least 51 years, with two at least 56 years (collected in 

176 2016). Two individuals collected in 2015 with initial estimates of 34 and 37 years, have minimum 

177 validated ages of 55 years, much older than the microstructure analysis estimates. The seventh of the 

178 2011–2016 Snowy Grouper, collected in 2015 and with an annular age estimate of 25 years, had an 

179 otolith core Δ14C value (114.42) approaching the peak values for the reference series. Therefore, its hatch 

180 year could be attributable to either before or after the peak of the radiocarbon rise (years 1969 vs 1989), 

181 correlated with a radiocarbon age of either approximately 26 or 46 years, respectively. While the 26-year 

182 radiocarbon age estimate is similar to the microstructure analysis estimate, the large otolith mass (1.26 g) 

183 and fish total length (1131 mm) indicate it was much older. Combined with the extreme age 

184 underestimation of the six largest Snowy Grouper, of which its otolith weight and total length were much 

185 closer in size, it is likely closer to 46 than 26 years old. Otolith core and transect Δ14C values for Snowy 

186 Grouper during the radiocarbon rise and peak from 1960 to 1980 ranged from -32.0 to 143.4. 

187 Otolith Morphometrics

188 Bomb radiocarbon samples were composed of a large range of otolith masses for both Warsaw 

189 Grouper (0.49 to 1.59 g) and Snowy Grouper (0.44 to 2.11 g). Otolith mass was a good predictor of age 

190 for validated Warsaw Grouper (df = 16, p < 0.001, R2 = 0.88) and Snowy Grouper (df = 7, p < 0.010, R2 = 

191 0.74) (Figure 5a). The Snowy Grouper otolith mass – age equation (Age = -4.56 + 42.46 * Otolith 

192 Weight) was used to estimate ages for the seven fish collected between 2011 and 2016. Using the otolith 

193 mass–age equation, these seven Snowy Grouper had predicted ages between 49 and 85 years (Table 2), 

194 and back-calculated hatch dates that correlate with their radiocarbon results (Figure 6). Age and mean 

195 sulcus height linear relationships for fish with validated ages was significant for both species and indicate 

196 that the metric is a useful proxy for approximating age: Warsaw Grouper (df = 18, p < 0.001, R2 = 0.93) 

197 and Snowy Grouper (df = 9, p < 0.010, R2 = 0.55; Figure 5b). For Snowy Grouper, this relationship is 

198 strengthened considerably (df = 15, p < 0.001, R2 = 0.96) when adding the six samples with prebomb 

199 hatch years with ages derived from the otolith mass–age equation above. It is important to note that linear 

200 relationships described above were disproportionately influenced by the oldest individuals of each 
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201 species, which extended the range of years included and increased the amount of natural variability 

202 explained. Otolith weight-derived ages should be considered estimates and not validated ages. 

203

204 Discussion

205 Use of the postbomb radiocarbon chronology is a well-established tool to validate age (See Review, 

206 Campana 2001). Where reference chronologies are available, the bomb radiocarbon age validation 

207 technique can be applied to any biogenic carbonate with an estimated deposition date. As a result, bomb 

208 radiocarbon age validations have been used for freshwater (Campana et al. 2008; Bruch et al. 2009; 

209 Davis-Foust et al. 2009), estuarine (Campana et al. 1998), and marine megafauna, including tooth whales 

210 (Stewart et al. 2006), sharks (Kneebone et al. 2008; Hamady et al. 2014), and a myriad of bony fishes 

211 (Andrews et al. 2007; Treble et al. 2008). This method has proven especially useful for hard-to-age fishes 

212 that do not experience regular seasonal environmental variation, such as mesophotic species. The 

213 application of this promising validation technique often leads to greater longevity estimates (Cailliet and 

214 Andrews 2008), as seen for both Warsaw Grouper and Snowy Grouper here. 

215 Bomb radiocarbon age validation supports annuli formation in the otolith microstructure of all 

216 Warsaw Grouper and medium-sized Snowy Grouper (715–790 mm TL) but indicated that ages of larger 

217 Snowy Grouper (1108–1218 mm TL) were greatly underestimated. Bomb radiocarbon evidence supports 

218 an age estimate of 59 years for the largest Warsaw Grouper in this study, increasing the current longevity 

219 by at least 18 years (Manooch and Mason 1987). This increased longevity reflects recent bomb 

220 radiocarbon age validation results for other deep-water fish species (Cailliet et al. 2001; Horn et al. 2012). 

221 Medium-sized Snowy Grouper radiocarbon values closely matched the hermatypic coral radiocarbon 

222 chronology for the Gulf of Mexico (Wagner 2009) with no bias in reader ages, suggesting that annuli 

223 appear to be discernable up to at least 25 years. However, otolith radiocarbon values of larger Snowy 

224 Grouper indicated fish were considerably older than expected, which was due in part to difficulties 

225 identifying annuli farther up the growth axis. More conspicuous annuli were present for Warsaw Grouper 

226 from the primordium to the margin of the otolith along the sulcal groove, and this appears to explain the 

227 difference in age estimate accuracy between the species. Initially, the low APE and reasonable maximum 

228 age from two readers led to confidence that age estimates for the largest Snowy Grouper were accurate; 

229 however, the youngest of the seven large individuals was given a validated age of 49 years, markedly 

230 higher than the annuli age estimate of 25 years. In fact, the six largest Snowy Grouper have minimum 

231 validated ages between 51 to 56 years based on collection years, with many exceeding the oldest age 

232 estimate determined by counting annuli (52 years). Even with prebomb Δ14C values, and therefore an 

233 inability to calculate a precise radiocarbon age, the minimum validated ages of 56 years increases the 
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234 current longevity estimate for Snowy Grouper (Costa et al. 2011) and greatly exceeds the maximum age 

235 used in the last stock assessment (SEDAR 36).

236 Otolith core radiocarbon values in both Warsaw Grouper and Snowy Grouper were observed to be 

237 lower than the radiocarbon values in the reference chronologies. The comparison of fishes with post 

238 radiocarbon peak hatch years suggests age-0 Warsaw Grouper settle deeper than Speckled Hind and Red 

239 Snapper, or migrate to deep water during their first year of life. In the Gulf of Mexico and western 

240 Atlantic Ocean, radiocarbon concentrations decrease with increasing depth (Broecker et al. 1985; 

241 Hansman et al. 2009), with measurable changes between surface waters and the mesopelagic zone 

242 (Stuiver and Ostlund 1980). Furthermore, radiocarbon analyses from otolith deposition farther up the 

243 growth axis did not show an additional decrease in radiocarbon values relative to the reference 

244 chronologies, which would be expected with an ontogenetic depth migration (Cook et al. 2009). While 

245 there have been observations of newly settled individuals for both species on the northeastern Gulf of 

246 Mexico continental shelf, the sightings are rare (Hardy 1978; Heemstra and Randall 1993; Dance et al. 

247 2011). Moreover, young juveniles are commonly caught at depths below 50 m (Wyanski et al. 2000; 

248 Schertzer et al. 2018). Although, reduced radiocarbon values for both Warsaw Grouper and Snowy 

249 Grouper relative to the reference chronologies could be indicative of age determination bias, it is 

250 important to note that otolith radiocarbon values from prebomb fish were also consistently lower than 

251 prebomb radiocarbon values from the reference chronologies. 

252 Strong linear relationships between age and both mean sulcus height and otolith weight measurements 

253 suggest that each represents a useful proxy for estimating Warsaw Grouper and Snowy Grouper ages. 

254 Sulcus height (Steward et al. 2009; Williams et al. 2015) and otolith weight (Pawson 1990; Pilling et al. 

255 2003; Pino et al. 2004) have been previously reported to correlate with fish age in other species. Using 

256 relationships developed here for Warsaw Grouper and Snowy Grouper with validated ages, we 

257 approximated the age of larger individuals with hatch years that predate the radiocarbon rise. Based on 

258 otolith masses, age estimates for the six largest Snowy Grouper range from 59 to 85 years, indicating that 

259 longevity may be considerably greater than previously estimated (Wyanski et al. 2000; Costa et al. 2011; 

260 SEDAR 36). While the predicted age of the largest Warsaw Grouper in this study was 59 years, larger 

261 individuals with greater otolith masses than any samples analyzed in our study have been collected. In 

262 fact, a 179 kg individual recently caught in Louisiana had a 2.56 g otolith mass that was 66% heavier than 

263 the otolith mass from the 59 year old fish (1.59 g) included in our sample. This suggests that Warsaw 

264 Grouper longevity could approach the greater than 80-year longevity estimates that have been reported 

265 previously for other large, deep-water grouper (Cook et al. 2009; Andrews et al. 2013). 

266 This bomb radiocarbon age validation extends the current documented longevities for both Warsaw 

267 Grouper and Snowy Grouper, bringing into question the current population models for both species in the 
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268 Gulf of Mexico. Underestimations of longevity in aged-based population models result in high estimates 

269 of natural mortality and low estimates of survivorship for the older age classes (Hoenig 1983; Yule et al. 

270 2008). It can also lead to decreased estimates of the reproductive contribution for individuals that may 

271 live to spawn more years than previously expected (Secor 2005). Current stock assessments for both 

272 species indicate decreasing trends in abundances due to overfishing with very little known about the 

273 conservation status of populations in the Gulf of Mexico (Aguilar-Perera et al. 2018; Bertoncini et al. 

274 2018). Increased longevities for Warsaw Grouper and Snowy Grouper could act as a buffer against 

275 sustained fishery pressure if a segment of the population survives to older ages (Secor 2005), serving to 

276 increase the opportunities for successful recruitment in years when larvae or new settlers experience 

277 favorable environmental conditions (Cushing 1990). However, sustained fishery pressure targeting large 

278 individuals may lead to age truncation in a population, potentially offsetting the resilience associated with 

279 increased longevity for slow growth species (Longhurst 2002; Secor et al. 2015). Here we applied a 

280 holistic aging approach to advance our understanding of life history attributes shared by Warsaw Grouper 

281 and Snowy Grouper to theorize how exploitation may be affecting populations in the Gulf of Mexico. As 

282 long-lived, slow growing species that likely experience episodic recruitment success, it is essential to 

283 consider conservation policies that stress the importance of older age classes.

284
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300 Two supplementary figures provide examples of measurements used to develop the otolith core milling 

301 template to determine growth increment transect locations and annuli interpretation in age determination. 

302 One figure includes an example of the annuli counts on sample WRG18.

303

304 References

305 Aguilar-Perera A., Padovani-Ferreira B., and Bertoncini A. A. 2018. Hyporthodus nigritus. The IUCN 

306 Red List of Threatened Species 2018: e.T7860A46909320.  DOI: 10.2305/IUCN.UK.2018-

307 2.RLTS.T7860A46909320.en.

308 Andrews A. H., Cailliet G. M., Coale K. H., Munk K. M., Mahoney M. M., and O’Connell V. M. 2002. 

309 Radiometric age validation of the Yelloweye Rockfish (Sebastes ruberrimus) from southeastern Alaska. 

310 Marine and Freshwater Research, 53:139-146. DOI: 10.1071/MF01126

311 Andrews A. H., Kerr L. A., Cailliet G. M., Brown T. A., Lundstrom C. C., and Stanley R. D. 2007. Age 

312 validation of Canary Rockfish (Sebastes pinniger) using two independent otolith techniques: lead-radium 

313 and bomb radiocarbon dating. Marine and Freshwater Research, 58:531-541. DOI: 10.1071/MF07074

314 Andrews A. H., Barnett B. K., Allman R. J., Moyer R. P., and Trowbridge H. D. 2013. Great longevity of 

315 Speckled Hind (Epinephelus drummondhayi), a deep-water grouper, with novel use of postbomb 

316 radiocarbon dating in the Gulf of Mexico. Canadian Journal of Fisheries and Aquatic Sciences, 70:1131-

317 1140.  DOI: 10.1139/cjfas-2012-0537

318 Baker M. S., and Wilson C. A. 2001. Use of bomb radiocarbon to validate otolith section ages of Red 

319 Snapper Lutjanus campechanus from the northern Gulf of Mexico. Limnology and Oceanography, 

320 46(7):1819-1824. DOI: 10.4319/lo.2001.46.7.1819

321 Barnett B. K., Thornton L., Allman R., Chanton J. P., and Patterson III W. F. 2018. Linear decline in Red 

322 Snapper (Lutjanus campechanus) otolith 14C extends the utility of the bomb radiocarbon chronometer for 

323 fish age validation in the Northern Gulf of Mexico. ICES Journal of Marine Science, 75(5):1664-1671. 

324 DOI: 10.1093/icesjms/fsy043

325 Beamish R. J., and McFarlane G. A. 1983. The forgotten requirement for age validation in fisheries 

326 biology. Transactions of the American Fisheries Society, 112:735-743. DOI: 10.1577/1548-

327 8659(1983)112%3C735:TFRFAV%3E2.0.CO;2

328 Bertoncini A. A., Ferreira B., and Aguilar-Perera A. 2018. Hyporthodus niveatus. The IUCN Red List of 

329 Threatened Species 2018: e.T7861A46909546.  DOI: 10.2305/IUCN.UK.2018-

330 2.RLTS.T7861A46909546.en

331 Broecker W. S., Peng T., Ostlund G., and Stuiver M. 1985. The distribution of bomb radiocarbon in the 

332 ocean. Journal of Geophysical Research, 90:6953-6970. DOI: 10.1029/JC090iC04p06953

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

http://dx.doi.org/10.2305/IUCN.UK.2018-2.RLTS.T7860A46909320.en
http://dx.doi.org/10.2305/IUCN.UK.2018-2.RLTS.T7860A46909320.en
https://doi.org/10.1139/cjfas-2012-0537
http://dx.doi.org/10.2305/IUCN.UK.2018-2.RLTS.T7861A46909546.en
http://dx.doi.org/10.2305/IUCN.UK.2018-2.RLTS.T7861A46909546.en


This article is protected by copyright. All rights reserved

333 Bruch R. M., Campana S. E., Davis-Foust S. L., Hansen M. J., and Janssen J. 2009. Lake Sturgeon age 

334 validation using bomb radiocarbon and known-age fish. Transactions of the American Fisheries Society, 

335 138:362-372. DOI: 10.1577/T08-098.1

336 Buckmeier D. L. 2011. Assessment of reader accuracy and recommendations to reduce subjectivity in age 

337 estimation. Fisheries, 27(11):10-14. DOI: 10.1577/1548-

338 8446(2002)027%3C0010:AORAAR%3E2.0.CO;2

339 Cailliet G. M., Andrews A. H., Burton E. J., Watters D. L., Kline D. F., and Ferry-Graham L. A. 2001. 

340 Age determination and validation studies of marine fishes: do deep-dwellers live longer? Experimental 

341 Gerontology, 36:739-764. DOI: 10.1016/S0531-5565(00)00239-4

342 Cailliet G. M., and Andrews A. H. 2008. Age-validated longevity of fishes: its importance for sustainable 

343 fisheries. In Fisheries for global welfare and environment, 5th World Fisheries Congress, pp 103-120. Eds. 

344 Tsukamoto K., Kawamura T., Takeuchi T., Beard T. D., Kaiser M. J. 

345 Campana S. E., and Jones C. M. 1998. Radiocarbon from nuclear testing applied to age validation of 

346 Black Drum, Pogonias cromis. Fishery Bulletin, 96:185-192

347 Campana S. E. 2001. Accuracy, precision, and quality control in age determination, including a review of 

348 the use and abuse of age validation methods. Journal of Fish Biology, 59:197-242. DOI: 10.1111/j.1095-

349 8649.2001.tb00127.x

350 Campana S. E., Casselman J. M., and Jones C. M. 2008. Bomb radiocarbon chronologies in the Arctic, 

351 with implications for the age validation of Lake Trout (Salvelinus namaycush) and other Arctic species. 

352 Canadian Journal of Fisheries and Aquatic Sciences, 65:733-743. DOI: 10.1139/f08-012

353 Coleman F. C., Koenig C. C., Eklund A. M., and Grimes C. B. 1999. Management and conservation of 

354 temperate reef fishes in the grouper-snapper complex of the southeastern United States. American 

355 Fisheries Society Symposium, 23:233-242. 

356 Cook M., Fitzjugh G. R., and Franks J. S. 2009. Validation of Yellowedge Grouper, Epinephelus 

357 flavolimbatus, age using nuclear bomb-produced radiocarbon. Environmental Biology of Fishes, 86:461-

358 472. DOI: 10.1007/s10641-009-9536-x

359 Costa P. A. S., Braga A. C., Rubinich J. P., Avila-Da-Silva A. O., and Neto C. M. 2011. Age and growth 

360 of the Snowy Grouper, Epinephelus niveatus, off the Brazilian coast. Journal of the Marine Biological 

361 Association of the United Kingdom, 92(3):633-641. DOI: 10.1017/S0025315411000142

362 Cushing D. H. 1990. Plankton production and year-class strength in fish populations: an update of the 

363 match/mismatch hypothesis. Advances in Marine Biology, 26:249-293. DOI: 10.1016/S0065-

364 2881(08)60202-3

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

365 Dance M. A., Patterson III W. F., and Addis D. T. 2011. Fish community and trophic structure at artificial 

366 reef sites in the northeastern Gulf of Mexico. Bulletin of Marine Science, 87(3)301-304. DOI: 

367 10.5343/bms.2010.1040

368 Davis-Foust S. L., Bruch R. M., Campana S. E., Olynyk R. P., and Janssen J. 2009. Age validation of 

369 freshwater drum using bomb radiocarbon. Transactions of the American Fisheries Society, 138:385-396. 

370 DOI: 10.1577/T08-097.1

371 Druffel M. 1980. Radiocarbon in annual coral rings of Belize and Florida. Radiocarbon, 22(2):363-371. 

372 DOI: 10.1017/S0033822200009656

373 Druffel M. 1989. Decade time scale variability of ventilation in the north Atlantic: high-precision 

374 measurements of bomb radiocarbon in banded corals. Journal of Geophysical Research, 94(C3):3271-

375 3285. DOI: 10.1029/JC094iC03p03271

376 Druffel M. 1992. Radiocarbon in corals: records of the carbon cycle, surface circulation and climate. 

377 Oceanography, 15(1):122-127. DOI: 10.5670/oceanog.2002.43

378 Francis C., Campana S. E., and Neil H. L. 2010. Validation of fish ageing methods should involve bias 

379 estimation rather than hypothesis testing: a proposed approach for bomb radiocarbon validations. 

380 Canadian Journal of Fisheries and Aquatic Sciences, 67:1398-1408. DOI: 10.1139/F10-068

381 Gulland J. A. 1987. Length-based methods in fisheries research: from theory to application. In Length-

382 Based Methods in Fisheries Research, pp. 335-342. Ed. by D. Pauly, and G. Morgan. Worldfish, 

383 Philippines. 468 pp.

384 Hamady L. L., Natanson L. J., Skomal G. B., and Thorrold S. R.. 2014. Vertebral bomb radiocarbon 

385 suggests extreme longevity in White Sharks. PLoS ONE, 9(1): e84006. DOI: 

386 10.1371/journal.pone.0084006

387 Hansman R. L., Griffin S., Watson J. T., Druffel E. R. M., Ingalls A. E., Pearson A., and Aluwihare L. I. 

388 2009. The radiocarbon signature of microorganisms in the mesopelagic ocean. Proceedings of the 

389 National Academy of Sciences, 106(16):513-6518. DOI: 10.1073/pnas.0810871106

390 Hardy J. D. 1978. Anguillidae through Sygnathidae. In Development of fishes of the mid-Atlantic bight: 

391 an atlas of egg, larval and juvenile stages. Fish and Wildlife Service, U.S. Department of Interior. 

392 Heemstra P. C., and Randall J. E. 1993. Groupers of the world (family Serranidae, subfamily 

393 Epinephelinae): An annotated and illustrated catalogue of the grouper, rockcod, hind, coral grouper, and 

394 lyretail species known to date. FAO Fisheries Synopsis, 125(16). 382 pp. 

395 Heyman W. 2014. Let them come to you: reinventing management of the snapper-grouper complex in the 

396 western Atlantic: a contribution to the data poor fisheries management symposium. Proceedings Gulf and 

397 Caribbean Fisheries Institute, 66:104-109

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

398 Hoenig J. M. 1983. Empirical use of longevity data to estimate mortality rates. Fishery Bulletin, 

399 82(1):898-903

400 Horn P. L., Neil H. L., Paul L. J., and McMillan P. J. 2012. Age verification, growth and life history of 

401 Rubyfish, Plagiogeneion rubiginosum. New Zealand Journal of Marine and Freshwater Research, 

402 46(3):353-368. DOI: 10.1080/00288330.2012.676052

403 Kalish J. M. 1993. Pre- and post-bomb radiocarbon in fish otoliths. Earth and Planetary Science Letters, 

404 114:549-554. DOI: 10.1080/00288330.2012.676052

405 Kneebone J., Natanson L. J., Andrews A. H., and Howell W. H. 2008. Using bomb radiocarbon analyses 

406 to validate age and growth estimates for the Tiger Shark, Galeocerdo cuvier, in the western North 

407 Atlantic. Marine Biology, 154:423-434.  DOI: 0.1007/s00227-008-0934-y

408 Longurst A. 2002. Murphy’s law revisited: longevity as a factor of recruitment to fish populations. 

409 Fisheries Research, 56:125-131. DOI: 10.1016/S0165-7836(01)00351-4

410 Manooch C. S., and Mason D. L. 1987. Age and growth of the Warsaw Grouper and Back Grouper from 

411 the southeast region of the United States. Northeast Gulf Science, 9(2):65-75. DOI: 

412 10.18785/negs.0902.01

413 Melvin G. D., and Campana S. E. 2010. High resolution bomb dating for testing the accuracy of age 

414 interpretations for a short-lived pelagic fish, the Atlantic Herring. Environmental Biology of Fishes, 

415 89:297-311. DOI: 10.1007/s10641-010-9663-4

416 Moyer R. P., and Grottoli A. G. 2011. Coral skeletal carbon isotopes (δ13C and Δ14C) record the delivery 

417 of terrestrial carbon to the coastal waters of Puerto Rico. Coral Reefs, 30:791-802. DOI: 10.1007/s00338-

418 011-0758-y

419 Pawson M. G. 1990. Using otolith weight to age fish. Journal of Fish Biology, 36:521-531. DOI: 

420 10.1111/j.1095-8649.1990.tb03554.x

421 Pilling G. M., Grandcourt E. M., and Kirkwood G. P. 2003. The utility of otolith weight as a predictor of 

422 age in the emperor Lethrinus mahsena and other tropical fish species. Fisheries Research, 60:493-506. 

423 DOI: 10.1016/S0165-7836(02)00087-5

424 Ricker W. E. 1975. Computation and interpretation of biological statistics of fish populations. Bulletin of 

425 the Fisheries Research Board of Canada, 191:1-382. 

426 Rivard D., and Foy M. G. 1987. An analysis of errors in catch projections for Canadian Atlantic fish 

427 stocks. Canadian Journal of Fisheries and Aquatic Sciences, 44(5):967-981. DOI: 10.1139/f87-115

428 Runde B. J., and Buckel J. A. 2018. Descender devices are promising tools for increasing survival in 

429 deepwater groupers. Marine Coastal Fisheries: Dynamics, Management, and Ecosystem Science, 10:100-

430 117. DOI: 10.1002/mcf2.10010

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

https://doi.org/10.1007/s00227-008-0934-y


This article is protected by copyright. All rights reserved

431 Sadovy Y. 1994. Grouper stocks of the western central Atlantic: the need for management and 

432 management needs. Proceedings of the Gulf and Caribbean Fisheries Institute, 43:43-64

433 Schertzer K. W., Bacheler N. M., Kellison G. T., Fieberg J., and Wiggers R. K. 2018. Release mortality 

434 of endangered Warsaw Grouper Hyporthodus nigritus: a state-space model applied to capture-recapture 

435 data. Endangered Species Research, 35:15-22.  DOI: 10.3354/esr00870

436 Secor D. H. 2000. Longevity and resilience of Chesapeake Bay Striped Bass. ICES Journal of Marine 

437 Science, 57:808-815. DOI: 10.1006/jmsc.2000.0560

438 Secor D. H., Rooker J. R., Gahagan B. I., Siskey M. R., Wingate R. W. 2014. Depressed resilience of 

439 Bluefin Tuna in the western Atlantic and age truncation. Conservation Biology, 29(2):400-408. DOI: 

440 10.1111/cobi.12392

441 SEDAR. 2013. SEDAR 36 – South Atlantic Snowy Grouper stock assessment report. SEDAR, North 

442 Charleston SC. 146pp. http://www.sefsc.noaa.gov/sedar/Sedar_Workshops.jsp?WorkshopNum=36

443 Stewart R. E. A., Campana S. E., Jones C. M., and Stewart B. E. 2006. Bomb radiocarbon dating 

444 calibrates Beluga (Delphinapterus leucas) age estimates. Canadian Journal of Zoology, 84:1840-1852. 

445 DOI: 10.1139/z06-182

446 Stuiver M., and Ostlund H. G. 1980. GEOSECS Atlantic Radiocarbon. Radiocarbon, 22(1):1-24. DOI: 

447 10.1017/S0033822200004690

448 Treble M. A., Campana S. E., Wastle R. J., Jones C. M., and Boje J. 2008. Growth analysis and age 

449 validation of a deepwater Arctic fish, the Greenland Halibut (Reinhardtius hippoglossoides). Canadian 

450 Journal of Fisheries and Aquatic Sciences, 65:1047-1059. DOI: 10.1139/F08-030

451 Wagner A. J., Guilderson T. P., Slowey N. C., and Cole J. E. 2009. Pre-bomb surface water radiocarbon 

452 of the Gulf of Mexico and Caribbean as recorded in hermatypic corals. Radiocarbon, 51(3):947-954. 

453 DOI: 10.1017/S0033822200034020

454 Williams A. J., Newman S. J., Wakefield C. B., Bunel M., Halafihi T., Kaltavara J., and Nicol S. J. 2015. 

455 Evaluating the performance of otolith morphometrics in deriving age compositions and mortality rates for 

456 assessment of data-poor tropical fisheries. ICES Journal of Marine Science, 72(7):2098-2109. DOI: 

457 10.1093/icesjms/fsv042

458 Wyanski D. M., White D. B., and Barans C. A. 2000. Growth, population age structure, and aspects of the 

459 reproductive biology of Snowy Grouper, Epinephelus niveatus, off North Carolina and South Carolina. 

460 Fishery Bulletin, 98:199-218 

461 Yule D. L., Stockwell J. D., Black J. A., Cullis K. I., Cholwek G. A., and Myers J. T. 2008. How 

462 systematic age underestimation can impede understanding of fish population dynamics: lessons learned 

463 from a Lake Superior Cisco stock. Transactions of the American Fisheries Society, 137:481-485. DOI: 

464 10.1577/T07-068.1

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

https://doi.org/10.3354/esr00870
http://www.sefsc.noaa.gov/sedar/Sedar_Workshops.jsp?WorkshopNum=36


 

This article is protected by copyright. All rights reserved 

Table 1. List of all otolith core samples in the study and their analysis values.  Ages and year classes with 

a * are Snowy Grouper, Hyporthodus niveatus, collected from 2011-2016 with age estimates derived from 

the otolith weight – age equation: Age = -4.6 + 42.5 * Otolith Weight, R² = 0.74. 

Fish ID Species 

Catch 

year 

Total length 

(mm) 

Sulcus 

height 

Otolith 

weight (g) 

Age 

Estimate 

Year class 

estimate Δ14C Δ14C Error 

WRG01 Warsaw 2015 1064 2650 0.9477 34 1981 130.42 2.1 

WRG02 Warsaw 2014 1287 2095 0.5112 12 2002 57.49 2.4 

WRG04 Warsaw 2016 1275 2283 0.6632 17 1999 62.86 2.4 

WRG05 Warsaw 2014 1252 1862 0.6604 9 2005 47.44 3.2 

WRG06 Warsaw 2015 1219 1925 0.5129 13 2002 51.46 2.5 

WRG08 Warsaw 2016 1283 1855 0.4942 12 2004 58.99 2.4 

WRG09 Warsaw 2014 1341 2033 0.6527 10 2004 50.98 3.3 

WRG10 Warsaw 2016 1222 2108 0.6910 11 2005 59.37 2.3 

WRG11 Warsaw 2012 2010 1954 0.5289 11 2001 67.59 2.7 

WRG12 Warsaw 2016 1525 2339 0.7794 16 2000 66.06 2.1 

WRG13 Warsaw 2012 1755 3326 NA 41 1971 108.88 2.1 

WRG14 Warsaw 2014 1702 2597 0.9323 19 1995 76.46 2.5 

WRG15 Warsaw 2011 1810 4214 NA 55 1956 -70.61 2.2 

WRG16 Warsaw 2011 1501 1755 0.7115 13 1998 72.2 2.3 

WRG17 Warsaw 2012 1471 2016 0.6939 16 1996 75.2 2.3 

WRG18 Warsaw 2014 NA 3524 1.2179 39 1975 115.22 2.3 

WRG19 Warsaw 2016 1790 4146 1.5871 59 1957 -68.6 1.8 

WRG20 Warsaw 2014 1405 2092 0.6340 14 2000 39.8 2.7 

WRG21 Warsaw 2016 915 2008 0.6051 17 1997 59.1 2.0 

WRG22 Warsaw 2016 1430 1807 0.6825 17 2009 74.4 2.4 

SNG01 Snowy 1982 330 NA NA 2 1980 120.78 2.3 

SNG02 Snowy 1982 740 1685 NA 11 1971 139.32 2.3 

SNG03 Snowy 1982 763 1946 0.4401 14 1968 131.69 2.5 

SNG04 Snowy 1982 765 1840 0.5179 15 1967 101.26 2.2 

SNG05 Snowy 1982 715 1564 0.3837 11 1971 113.8 2.6 

SNG06 Snowy 1982 724 1857 0.5216 16 1966 92.97 2.2 

SNG07 Snowy 1982 769 1803 0.4548 17 1965 82.02 2.9 

SNG08 Snowy 1982 790 1908 0.6044 21 1961 -31.99 1.9 

SNG09 Snowy 1982 788 1824 0.4728 16 1966 143.43 2.3 

SNG10 Snowy 1982 769 1942 0.5023 17 1965 42.26 2.3 

SNG11 Snowy 1982 747 2020 0.5541 21 1961 -54.13 2.0 

SNG12 Snowy 2011 1191 3645 1.9541 78* 1933* -63.87 1.9 
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SNG13 Snowy 2015 1121 3558 1.8472 73* 1942* -63.33 3.2 

SNG14 Snowy 2016 1108 3914 2.1191 85* 1931* -65.48 1.8 

SNG15 Snowy 2013 1218 3798 1.4966 59* 1955* -64.49 1.9 

SNG16 Snowy 2015 1193 3895 2.1025 84* 1933* -63.45 2.1 

SNG17 Snowy 2015 1132 2877 1.2607 49* 1964* 114.52 2.3 

SNG18 Snowy 2016 1162 4192 1.9540 78* 1938* -67.67 1.8 
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Table 2. Estimated ages for the seven Snowy Grouper, Hyporthodus niveatus, collected from 2011-2016 

using the otolith weight – age linear equation developed in this study:  Age = -4.6 + 42.5 * Otolith 

Weight, R² = 0.74.  The 85-year estimate is 29 years older than the 56-year minimum longevity validated 

in this study.   

Sample ID 

Total length 

(mm) 

Otolith 

weight (g) Annuli  age Minimum longevity 

Otolith weight 

estimated age 

SNG_12 1191 1.9541 34 years 51 years 78 years 

SNG_13 1121 1.8472 34 years 55 years 73 years 

SNG_14 1108 2.1191 52 years 56 years 85 years 

SNG_15 1218 1.4966 38 years 53 years 59 years 

SNG_16 1193 2.1025 37 years 55 years 84 years 

SNG_17 1132 1.2607 25 years NA 49 years 

SNG_18 1162 1.9540 45 years 56 years 78 years 
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