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Abstract 24 

Bomb-produced radiocarbon (14C) was used to validate age estimates of 25 

Greenland halibut (Reinhardtius hippoglossoides) using a stained otolith cross-section 26 

method. The Δ14C in eastern Bering Sea (EBS) Greenland halibut otoliths was compared 27 

to both EBS and Gulf of Alaska (GOA) Pacific halibut (Hippoglossoides stenolepis) 28 

otolith reference chronologies to evaluate which reference chronology was most suitable, 29 

and to quantitatively estimate age determination bias. Using Bayesian analysis and a 30 

coupled-function model, the Δ14C in the Greenland halibut showed greatest similarities to 31 

the Δ14C in the GOA reference chronology. Although the model indicated under ageing, 32 

the bias was not large. Assigning an age less than the true age by more than a one year is 33 

about 73%, and less than the true age by more than 2 years is only about 25%. When 34 

considering the age at which Greenland halibut is only 7.5% of its maximum longevity 35 

(50+ years) and that the probability of underageing by 3 years being less than 5%, it is 36 

likely that between-age-reader variation will cancel out any systematic bias that exists in 37 

the age determination protocols. Prior to the use of stained cross-sections the maximum 38 

age was 38 years, now a maximum age of 53 years is supported.   39 

 40 
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1.  Introduction 47 

Greenland halibut (Reinhardtius hippoglossoides) is an important commercial 48 

species in both the North Atlantic and North Pacific oceans. In the North Pacific, 49 

Greenland halibut are found in the eastern Bering Sea (EBS) and along the Aleutian 50 

Islands chain (Alton et al., 1988). The commercial catch history ranges from a peak of 51 

78,442 t in 1974 to a low of 1,656 t in 2014 (Bryan et al., 2019). Due to the commercial 52 

importance of Greenland halibut, age determination methods must be consistent so year 53 

classes can be successfully modeled for stock assessment purposes (Kimura and Anderl, 54 

2005). Current otolith-based age estimates for Greenland halibut have low precision, and 55 

there is a general uncertainty about their accuracy in older fish (Gregg et al., 2006; Treble 56 

et al., 2008; Dwyer et al., 2016). 57 

Most ageing attempts on Greenland halibut have historically used untreated 58 

surface patterns on whole otoliths. When this method is employed, the left otolith is used 59 

because the nucleus is more centric, and the annuli are more evenly separated than in the 60 

right otolith (Bowering, 1982; Bowering and Nedreaas, 2001; Gregg et al., 2006). Other 61 

commonly used methods to determine ages of Greenland halibut have included the use of 62 

otolith cross-sections, baking both left and right whole otoliths, grinding the distal surface 63 

of the left whole otolith, and transverse breaking and burning the left otolith (Gregg et al., 64 

2006; Treble et al., 2008; Dwyer et al., 2016). 65 

The importance of age validation studies is widely recognized, and many studies 66 

have shown that surface methods of ageing long-lived species often underestimate actual 67 

ages (Beamish and McFarlane, 1983; Campana, 2001). An age validation study on 68 

Greenland halibut in the North Atlantic showed that whole otolith and sectioned otolith 69 



 4

methods underestimated ages by 1-15 years, with an average underestimation of 6 years 70 

(Treble et al., 2008).  Albert (2016), using OTC tag and recapture, found that a whole 71 

otolith ageing protocol was reasonably accurate for determining mid-age growth zones 72 

(5-10 years), but likely it underestimated ages of older fish (>10 years). 73 

Gregg et al. (2006) developed a new method for ageing Greenland halibut (Figure 74 

1). This method involves embedding the left sagitta in polyester resin, making a single 75 

cut through the core of the otolith, and staining the cross-section with a solution of 1% 76 

Aniline Blue WS (no. B362-03, Mallincrodt Baker Inc., Phillipsburg, NJ) in 1% acetic 77 

acid. However, this new age determination method has not been validated for its 78 

accuracy. Prior to using stained cross-sections, the surface of the otoliths were commonly 79 

viewed for age determination (Gregg et al., 2006).    80 

Bomb-produced radiocarbon age validation is widely recognized as one of the 81 

best methods to determine the accuracy of fish ages (Campana, 2001; Wischniowski et 82 

al., 2015). Recent studies have used the bomb radiocarbon method to validate ages in 83 

many species including Dover sole (Microstomus pacificus) (Kastelle et al., 2008a), 84 

Pacific ocean perch (Sebastes alutus) (Kastelle et al., 2008b), Pacific halibut 85 

(Hipploglossus stenolepis) (Piner and Wischniowski, 2004), bocaccio rockfish (S. 86 

paucispinis) (Andrews et al., 2005; Piner et al., 2006), canary rockfish (S. pinniger) 87 

(Piner et al., 2005; Andrews et al., 2007), quillback rockfish (S. malinger) (Kerr et al., 88 

2005), and the white shark (Carcharodon carcharias) (Kerr et al., 2006). 89 

Beginning in the early 1950s, above-ground testing of atomic bombs produced an 90 

increase of 14C in the atmosphere and marine environment. This testing, which continued 91 

into the middle of the 1960s, caused a swift increase in marine 14C that plateaued about 92 
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1970. The increase in 14C was recorded in corals, other calcified marine organisms, and 93 

fish otoliths and provides a time reference of 14C uptake. When an exact time frame of 94 

14C uptake for a species is known, a “reference chronology” is provided that can be 95 

compared to 14C uptake for the species to be validated (Kalish, 1993; Kastelle et al., 96 

2008a; Helser et al., 2014; Wischniowski et al., 2015). When the uptake for both the 97 

reference and validation species are synchronous, the ages from the validation species are 98 

usually considered accurate or validated. For the North Pacific Ocean, two reference 99 

chronologies have been developed: one from Pacific halibut in the Gulf of Alaska (GOA) 100 

(Piner and Wischniowski, 2004) and one from Pacific halibut in the (EBS) 101 

(Wischniowski et al., 2015). Due to the lack of young Greenland halibut from the bomb-102 

produced radiocarbon era in the EBS, there is no conspecific species reference 103 

chronology. 104 

Two assumptions are important when using the bomb radiocarbon method to 105 

validate fish ages (Piner and Wischniowski, 2004; Piner et al., 2005; Kastelle et al., 106 

2008a). The first is that the species to be validated must be biologically and ecologically 107 

similar to the species of the reference chronology in the first few years of life (Campana 108 

and Jones, 1998). When both species receive their 14C from the same sources, the timing 109 

and magnitude of the 14C increase should be similar (Campana and Jones, 1998; Andrews 110 

et al., 2007). The second assumption is that the otolith cores used for the 14C analysis 111 

must be uncontaminated and must constitute a closed system. This second assumption 112 

requires that the otolith core be extracted without contamination from other carbon 113 

sources or otolith material from outside the desired core (Kastelle et al., 2008a). Since 114 

two reference chronologies are currently available for Greenland halibut, and owing to 115 
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the complex circulation patterns of the Bering Sea, it was not immediately clear which 116 

reference chronology should be chosen for this species.   117 

Eastern Bering Sea Greenland halibut have been aged since the early 1980s and 118 

age compositions are currently integrated into stock assessments (Bryan et al., 2019).  119 

However, age estimates have yet to be evaluated for their reliability and ageing bias, or to 120 

determine which bomb radiocarbon reference chronology is most appropriate. Therefore, 121 

Bayesian methods with Markov Chain Monte Carlo (MCMC) simulation can provide a 122 

natural framework for hypothesis testing and a probabilistic framework for estimating 123 

ageing bias (Kastelle et. al. 2016).  The central goal of this study was to evaluate which is 124 

the most suitable reference Δ14C chronology for comparison to Greenland halibut, and 125 

then to quantitatively estimate age determination bias, if it exists.   126 

   127 

2.  Materials and Methods 128 

2.1.  Otolith Selection and Coring Procedures 129 

The Greenland halibut otoliths used in our validation study were selected from 130 

collections archived at the Alaska Fisheries Science Center (AFSC). The sample universe 131 

consisted of 845 specimens from where two independent cross-section age estimates 132 

existed (a read age and a test age), and from which age reading precision (percent 133 

agreement, CV, etc. see Kimura and Anderl, 2005) was available. We chose samples 134 

collected by both commercial fisheries observers and fishery-independent surveys in the 135 

Aleutian Islands and EBS during 1979 and 1982 (Figure 2). These two years were used to 136 

provide a reasonable likelihood that the posited hatch years (combination of average age 137 

of reader and tester, and catch date) would fall between 1951 and 1973, coinciding with 138 
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the increasing 14C levels. Beyond these two years, data from over 8000 Greenland halibut 139 

specimens, aged using the new cross-section technique (Gregg et al., 2006) were 140 

available at the AFSC for reference in this study. Subsamples for coring and subsequent 141 

bomb radiocarbon analysis (n = 32) were selected based on relative consistency between 142 

age estimates from two independent analysts, and such that the posited hatch years were 143 

evenly distributed between 1951 and 1973 (Table 1). 144 

The otoliths were removed at sea, stored dry, and cataloged for future age 145 

determination. Prior to being aged, they were rehydrated for one month with a glycerin 146 

and thymol mixture. This mixture was not expected to be a contaminant in the 14C 147 

measurements (Campana et al., 2003). Once rehydrated, the left, or blind side, otolith was 148 

embedded, cut, and stained using the method described by Gregg et al. (2006). 149 

Specimens were viewed under a dissecting microscope, up to 60×, using transmitted 150 

light. Posited annual marks (constituting paired translucent and opaque growth zones) 151 

were identified and counted (Figure 1) by two expert age readers. Because the small 152 

innermost core representing the first year did not provide enough material for a 14C assay, 153 

a 2-year core was extracted from the eyed-side (i.e., right side) otoliths. A Buehler® 154 

EcoMet® (Buehler Ltd., Lake Bluff, IL) grinder with 320 grit sandpaper was used to 155 

produce cores. First, material was removed on the perimeter from the dorsal-ventral and 156 

anterior-posterior axes. Next, material was removed from the proximal and distal 157 

surfaces. This process made the 2nd annulus easier to see which allowed it to be a guide 158 

for the final core. Finally, the otolith was ground to the size and shape of the 2nd annulus. 159 

To prevent contamination, the sandpaper was changed for every specimen. The 160 

dimensions and weights of the finished cores were compared to dimensions and weights 161 
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of known 2-year-old Greenland halibut otoliths. The finished cores were cleaned in an 162 

ultrasonic bath, dried, weighed, and stored in acid-washed vials to be shipped for 14C 163 

analysis. 164 

 165 

2.2.   14C Analysis 166 

The samples were sent to the National Ocean Sciences Accelerator Mass 167 

Spectrometry Facility at the Woods Hole Oceanographic Institution, Woods Hole, MA 168 

for 14C and 13C measurements. There, a routine acid hydrolysis procedure was used to 169 

produce a graphite target which was analyzed using accelerator mass spectrometry. 170 

Results are reported as Δ14C, which is defined as the relative difference between an 171 

international standard (base year 1950) and sample activity. The Δ14C is normalized to 172 

1950, corrected for isotopic fractionation with the δ13C measurement, and normalized to a 173 

δ13C VPDB value of -25‰ (https://www.whoi.edu/nosams/radiocarbon-data-calculations, 174 

last accessed May 18, 2020). For the purposes of this analysis, a midpoint of otolith 175 

deposition for every individual was used. Hence, the birth year of each test validation 176 

specimen was adjusted by +1 year to account for the 2-year core, and the Pacific halibut 177 

birth years were adjusted by + 0.5 years to account for using whole otoliths from 1-year-178 

old juveniles (Kastelle et al., 2016). Making these adjustments assumed that deposition of 179 

otolith material is consistent during the course of a year.  180 

To evaluate age reading bias, Δ14C from Greenland halibut otolith cores was 181 

compared to two known age Δ14C reference chronologies: a GOA Pacific halibut 182 

(Hippoglossus stenolepis) (Piner and Wischniowski, 2004) and an EBS Pacific halibut 183 

(Wischniowski et al., 2015). Since we did not have an a priori reason to believe which 184 
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reference curve was appropriate, the Greenland halibut validation samples were 185 

compared to both reference chronologies to make an initial assessment for further 186 

quantitative analysis. We used a coupled-function model (product of Gaussian and 187 

exponential models) (Hamel et al., 2008; Kastelle et al., 2016) to fit parametric models to 188 

the Δ14C data, given as 189 

��� =  � + �	
��⋅������⋅���
� � × 	���⋅��Φ�� + �� ⋅ �, �, �� + � � , 190 

where, ŷx = estimated ∆14C and x = birth year. The model parameters are λ = average pre-191 

bomb ∆14C value (predicted lower asymptote), k = the predicted total increase of ∆14C to 192 

reach the upper asymptote, μ = estimated mean or peak year of radiocarbon Gaussian 193 

pulse curve (which is the birth year corresponding to the midpoint, 50%, of the ∆14C 194 

increase), σ = standard deviation of the Gaussian pulse curve, r = post-peak exponential 195 

decay rate (per year), and σ2
e = the error variance. The symbol Ф signifies the cumulative 196 

normal function. The difference between the predicted μ of the reference chronology (R) 197 

and that of the test validation sample (V), μR - μV, is a dissimilarity in the years of 50% 198 

increase of the two curves, and therefore, bias in the age reading (Kastelle et al., 2016).   199 

Bayesian methods (Gelman et al., 2003) were used to fit the models using Markov 200 

Chain Monte Carlo (MCMC) simulation (4,000,000 samples, burn-in = 500,000, thinned 201 

at 2,000) and the converged posterior sample, n = 2000, was used to compute the 202 

probability of age determination bias. Sample chains of the parameter space were 203 

generated using a random walk Metropolis-Hastings method with a heavy-tailed t-204 

distribution as the proposal distribution. In general, we used diffuse conjugate prior 205 

distribution specifications for the Bayesian models which assumes [λ, K, u, r], 206 

conditioned on σ 2e, are normally distributed. The prior on the parameter σ was specified 207 
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as a uniform distribution [0, 10e6] and the prior on the precision parameter h = σ-2
 is the 208 

inverse gamma specified by the shape (0.001) and scale parameter (0.001). Full 209 

specification of the likelihood, conditional posterior and priors will not be reiterated here 210 

but can be found in Helser et al. (2012) or Kastelle et al. (2016). Convergence to the 211 

target joint posterior distribution was evaluated visually using trace, autocorrelation and 212 

posterior density plots, and quantitatively using Gweke and Heidelberger statistics.   213 

First, Bayesian models were used to evaluate which Pacific halibut reference 214 

chronology was most suitable to assess the bias of the Greenland halibut validation ∆14C. 215 

Further, a possible reduction in the number of parameters, by sharing parameters between 216 

reference and validation samples, was evaluated using the deviance information criteria 217 

(ΔDIC) (Spiegalhalter et al., 2002). Second, once a suitable reference chronology was 218 

determined, the marginal posterior density of the converged MCMC sample was used to 219 

derive an estimation of ageing bias = μR - μV as described in Kastelle et al. (2016). Here, 220 

if the MCMC probability density of μR - μV is centered on zero, then the estimated ages 221 

(and hence age determination methods) of the test validation specimens can be 222 

considered accurate. Age determination bias can be determined probabilistically by 223 

calculating the tail probability of the posterior sample as being greater or less than zero; 224 

that is, Prob[μR - μV] = (> 0 or < 0).   225 

 226 

3.  Results 227 

3.1.  Otolith Selection and Coring Procedures 228 

Since 2006, over 8,442 Greenland halibut age estimates have been generated at 229 

the AFSC using the new stained cross-sectioned method which has revealed ages older 230 
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than previously estimated. Based on this large sample, the maximum longevity of 231 

Greenland halibut is greater than 50 years of age, compared to a previous maximum age 232 

of 38 years. Age determination precision from the sample (n=845) used to select the 233 

bomb radiocarbon otoliths indicated that between age reader agreement is generally low 234 

at 25% (+/- zero years) although agreement increases considerably to 68% when the 235 

margin of error to +/- one year of age (Figure 3). Data also show a relatively high CV of 236 

12.9% between two readers which, beyond age 1, stays relatively constant (Figure 3). To 237 

target the era of bomb radiocarbon rise, specimens collected in 79 and 82, n=845, were 238 

aged by two independent readers and 32 were chosen for use in the 14C validation study. 239 

All 32 specimens were cored successfully with an average core weight of 10.3 mg (±2 240 

mg standard error) and an average size of 3.46 × 2.75 × 0.53 mm. This core size was 241 

smaller than the known 2-year-old otoliths that were used as a guide. Two independent 242 

age estimates were in exact agreement for 4 of the 32 specimens chosen. The remaining 243 

sample age estimates, not in agreement, were averaged for further use in the analysis. 244 

Ages from this sample ranged from a low of 8 to a high of 32 years of age and generally 245 

consistent with the dispersion of the larger sample (Figure 3).  246 

 247 

3.2. 14C Analysis 248 

In our Greenland halibut validation specimens, the Δ14C followed a general 249 

pattern of low Δ14C levels before atmospheric nuclear testing with levels rising after 250 

testing began (Table 1; Figure 4). However, the level and variability in the Δ14C 251 

increased after about 1958, which is typically expected as the enhanced bomb 252 

radiocarbon becomes mixed and circulated in the world’s oceans. We compared the 253 
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Greenland halibut validation samples to two Pacific halibut reference curves, the EBS 254 

and the GOA, as they show a similar increase in the level and variability of Δ14C through 255 

the same time period. Given that Greenland halibut is a Bering Sea species of flatfish, we 256 

were surprised to see that the general pattern of the Δ14C in the Greenland halibut was 257 

subjectively more similar to the pattern of the GOA Pacific halibut reference curve 258 

(Table 2; Figure 4). The median pre-bomb levels of Δ14C for GOA Pacific halibut (-259 

106.6‰, 1956 and prior) and Greenland halibut (-116.4‰, 1956 and prior) were similar 260 

while the EBS Pacific halibut was much higher (-87.8‰, 1956 and prior). Most of the 261 

Greenland halibut otolith cores estimated to have formed after 1958 show an increase in 262 

Δ14C into the mid-1960s that followed the pattern of the GOA Pacific halibut reference 263 

curve, but there were some outliers that remained low in the mid-1960s. Pacific halibut 264 

reached a plateau by about 1970 at about 90‰ Δ14C. Although the Greenland halibut 265 

displayed more variability, on average they also reached a plateau at about 1970. While 266 

following the general pattern of the GOA Pacific halibut reference curve, the Greenland 267 

halibut values appear subjectively to be shifted later in time by about 2 years.  268 

MCMC diagnostics confirm the reliability of the modeling approach to these data 269 

sets, and demonstrated that the coupled-function model fit the observed data well. The 270 

MCMC simulation was computationally efficient in traversing the parameter space. The 271 

mean of the trace plots showed stability over entire width of the chain, and evidence of 272 

good mixing was shown by smooth kernel density plots of the marginal posterior density 273 

of each parameter. Effective samples sizes were close to the thinned number of samples 274 

in the chain (n=2000) indicating low autocorrelation. Moreover, Gweke statistics for all 275 

parameters were greater than |z| > 0.05 and all parameters passed the Heidelberger tests. 276 
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Hence, we conclude that there is reasonable evidence that the MCMC chain converged to 277 

a stationary distribution with which to compute summary statistics, and develop a 278 

framework for hypothesis tests.   279 

Modeling results confirmed our initial interpretation that Greenland halibut was 280 

more consistent with the GOA Pacific halibut reference than to the basin-similar EBS 281 

Pacific halibut reference. First, in Greenland halibut and GOA Pacific halibut a post-peak 282 

decay rate, r, was not supported by the data; their highest posterior densities (HPD) 283 

encompassed zero (Table 2). The EBS Pacific halibut reference Δ14C clearly shows a 284 

declining level after 1967 which is not apparent in the other two data sets (Figure 4). Pre-285 

bomb Δ14C levels, represented by the parameter λ, for Greenland halibut (-90.6 ‰) are 286 

more or less equidistant between the GOA (-108.5 ‰) and EBS (-82.5 ‰) Pacific 287 

halibut, but show lack of substantial differences when considering the variability (HPD) 288 

in that parameter. Most notably, however, the asymptotic parameter k, the total rise in 289 

Δ14C was substantially greater for EBS Pacific Halibut (268.1 ‰) than for either the 290 

GOA Pacific halibut (178.8 ‰) or similar Greenland halibut (176.7 ‰) (Table 2).   291 

The qualitative modeling results above support the argument that the GOA Pacific 292 

halibut reference is the most appropriate data set for quantitative evaluation of age 293 

determination bias in Greenland halibut. As such, a new model specification for 294 

comparing these data sets to derive a probabilistic estimate of ageing bias consisted of a 295 

decay rate parameter (r) fixed at 0, shared total Δ14C rise parameter (k) among the 296 

reference and validation data sets, and a single share error variance (σ2
e) (Table 2). The 297 

reason for the shared parameter k is that the Δ DIC between a model with and without 298 

separate values was only 1.34 (less than 5 is the general guidance for lack of substantial 299 
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support Gelman et al. 1995). The marginal posterior density of our estimate of ageing 300 

bias, μR - μV, was centered on 1.5 years, and it does suggest that current age determination 301 

protocols are under ageing Greenland halibut (Figure 5). Here, 97% of the posterior 302 

density is less than zero; however, considering the spread of the probability density, 303 

under ageing is not as severe when considering the longevity of a species such as 304 

Greenland halibut. For instance, the probability of assigning an age less than the true age 305 

by more than a 1 year is about 73% and of assigning an age less than the true age by more 306 

than 2 years was only about 25%. When considering the age at which Greenland halibut 307 

is only 7% of its maximum longevity (50+ years), and the probability of under ageing by 308 

more than 3 years is less than 5%, age data are more accurate than they are precise based 309 

on current age determination protocols.  310 

 311 

4.  Discussion 312 

The overall similarities between the Δ14C in the GOA Pacific halibut reference 313 

curve and the Greenland halibut samples indicate a general accuracy in the Greenland 314 

halibut ages. Our samples spanned an age range of 8 to 32 years, from which samples 315 

were available for 14C analysis. However, there is no reason to assume that even older 316 

ages of Greenland halibut are any less accurate or less precise as they are aged with the 317 

same methods used here. Normally such an extrapolation is not recommended, but 318 

because the methods are the same and the CV is constant with age (Figure. 3), this 319 

extrapolation seems reasonable. The results of the Bayesian analysis with MCMC 320 

estimates of μR - μV indicate a median under ageing bias of 1.5 years existed; that is, the 321 

distribution of μR - μV was centered on -1.5 years, though, there was only a 25% 322 
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probability of under ageing by more than 2 years. Nevertheless, because of the high 323 

amount of variability in the Greenland halibut data points, compared to both reference 324 

chronologies, there could be an imprecision associated with specifying a probability of 325 

under ageing. This variability could be the result of two factors. First, a range in 14C 326 

encountered when the Greenland halibut were juveniles due to potential variation in 327 

geographical settlement areas, depth of settlement, or variation in water mass experienced 328 

through the EBS current systems. This factor is discussed further below. Second, in 329 

situations where the reference curve and samples are conspecific and from the same 330 

geographic area (Campana et al., 2002; Piner and Wischniowski, 2004; Helser et al., 331 

2014; Wischniowski et al., 2015), this variability can be attributed to inconsistent ageing 332 

error. However, in this study, we cannot decisively distinguish between ageing error and 333 

a violation of assumption 1, which states that the species to be validated must be 334 

biologically and ecologically similar to the species of the reference chronology in the first 335 

few years of life (Campana and Jones, 1998; Helser et al., 2014; Kastelle et al., 2016).  336 

One theory for the variability in the Greenland halibut Δ14C values involves the 337 

oceanographic conditions in the EBS and how these conditions influence the mixing of 338 

atmospheric 14C into the water column. The mixing of different water masses, via 339 

currents, freshwater input, or upwelling was shown to be a variable that can influence the 340 

bomb-produced Δ14C (Haltuch et al., 2013; Helser et al., 2014; Wischniowski et al., 341 

2015). The EBS shelf is relatively shallow and is one of the largest continental shelves in 342 

the world (Schumacher and Stabeno, 1998). The water column is well mixed up to a 343 

depth of 50 m for most of the year and there is a large influx of fresh water from rivers 344 

(Schumacher and Stabeno, 1998). Continental freshwater 14C values are thought to 345 
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closely represent levels in the atmosphere, which increases several years earlier, at a 346 

faster rate, and to a greater level than in marine environments (Nydal, 1993; Campana 347 

and Jones, 1998). The southeastern and central areas of the EBS shelf can be divided into 348 

three hydrographic domains with distinct vertical structures (Schumacher and Stabeno, 349 

1998). In the coastal domain (< 50 m depth), the combination of tidal and wind mixing 350 

results in a weakly stratified or mixed layer (Schumacher and Stabeno, 1998). The 351 

limitation of intermixing between the top and bottom layers in the middle domain (50-352 

100 m depth) results in a two-layered water column during weaker summertime wind 353 

mixing. If ice is not present during the fall and winter, the entire water column can be 354 

mixed (Schumacher and Stabeno, 1998). The outer shelf domain (101-200 m) is oceanic 355 

in nature, with mixed upper and lower layers that have little exchange between them 356 

(Coachman and Charnell, 1979). The northern section of the EBS shelf is characterized 357 

by relatively shallow depths (< 50 m) and large inputs of fresh water from the Yukon 358 

River. The influx of fresh water can lead to stratification in depths as shallow as 20 m in 359 

some areas of the northern shelf (Schumacher and Stabeno, 1998). This variety of 360 

oceanographic conditions, along with considerations about the location of juvenile 361 

Greenland halibut settlement areas, can further the understanding of their Δ14C 362 

variability.  363 

Greenland halibut settle over a large geographic area. Alton et al. (1988) reported 364 

catches of young Greenland halibut over a wide area of the EBS shelf and at variable 365 

depths (50-184 m). Catches were reported from southwest of St. Lawrence Island to 366 

Bristol Bay, with the highest concentration being caught south and west of St. Matthew 367 

Island (Alton et al., 1988; Sohn et al., 2010). This area covers the entire southeastern, 368 
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central, and northern sections of the EBS shelf. Greenland halibut have a pelagic larval 369 

stage, before settling on the bottom, during which they are advected northwestward by 370 

the flow of the Bering Slope Current (BSC) (Alton et al., 1988; Sohn et al., 2010; Sohn et 371 

al., 2016). Importantly, the Δ14C values in our 2-year cores represent uptake from the 372 

pelagic and bottom phases, and it is also possible that the specimens used in our study 373 

settled as juveniles in a range of areas (or domains), each with unique oceanographic 374 

conditions and mixing rates. If this was the case for correctly aged specimens, individuals 375 

who settled in shallow well-mixed areas would have Δ14C values to the left and above the 376 

Pacific halibut reference curve, and those who settled in deeper areas that are not well-377 

mixed would have Δ14C values to the right and below the Pacific halibut reference curve. 378 

Hence, a range of settlement areas could be a further possible explanation for the Δ14C 379 

variability.    380 

We had two reference chronologies available for the comparison (Bayesian 381 

analysis with MCMC) to the Greenland halibut. The first is based on GOA Pacific halibut 382 

juveniles (Piner and Wischniowski, 2004) and the second is based on EBS Pacific halibut 383 

juveniles (Wischniowski et al., 2015). The GOA Pacific halibut reference chronology 384 

was chosen for several reasons. First, the ΔDIC(full-reduced) of 1.34 supports a null 385 

hypothesis of a single (reduced) model fitting both the Greenland halibut and the GOA 386 

reference chronologies. In general, a ΔDIC less than 5 suggests a lack of substantial 387 

support for separate models (Gelman et al., 1995). Second, subjectively a similarity 388 

between the EBS Pacific halibut reference and the Greenland halibut chronologies is 389 

notable; this is shown in Figure 4, and by the estimated model parameters given in Table 390 

2. The EBS Pacific halibut reference’s peak rises much higher than the EBS Greenland 391 
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halibut’s, and then has a notable post-peak decline. These differences are indicative of a 392 

biological or environmental difference between these two species, and a violation of 393 

assumption 1. Third, there may be an oceanographic connection between the GOA 394 

Pacific halibut and the EBS Greenland halibut populations through the BSC. 395 

Understanding the source of bomb-produced 14C in the marine environment is critical 396 

when attempting an age validation of this type; oceanographic processes such as currents 397 

or upwelling play a role in supplying or diluting 14C (Haltuch et al., 2013; Helser et al., 398 

2014; Wischniowski et al., 2015). The source of the BSC’s northwestward flow over the 399 

EBS slope is largely water from the GOA flowing through Aleutian Island passes, such 400 

as Unimak Pass and Amchitka Pass. In turn, the westward flow of the Alaska Stream and 401 

Alaska Coastal Current in the GOA, are the source of the flow through passes (Reed and 402 

Stabeno, 1999; Stabeno et al., 1999; Sohn et al., 2010). These currents and flows through 403 

island passes are illustrated concisely by Sohn et al. (2010) and Wischniowski et al. 404 

(2015). According to Sohn et al. (2010) and Sohn et al. (2016) Greenland halibut pre-405 

flexion larvae are known to occur just north of Unimak Pass and are transported 406 

northwest by the BSC where they are found as young-of-the-year or age-1 juveniles 407 

settled near St. Matthew Island. They typically settle at depths of 50 to 100 m, but 408 

migrate soon to deeper regions of the continental slope (Alton et al., 1988; Sohn et al., 409 

2010; Sohn et al., 2016). As age-1 year juveniles the Greenland halibut can often be 410 

found at depths of 100 -200 m (Sohn et al., 2010). The oceanographic connection 411 

between the GOA Pacific halibut and the EBS Greenland halibut comes from the fact that 412 

juvenile Pacific halibut in the GOA are [typically found in shallow nearshore areas 413 

(Norcross et al., 1995; Abookire et al., 2001)] in waters of the Alaska Stream and Alaska 414 
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Coastal Current that eventually contribute to the BSC. Whereas, the EBS juvenile Pacific 415 

halibut are typically found in shallower areas of the inner shelf adjacent to the Alaska 416 

Peninsula, between Bristol Bay and Nunivak Island, and near the Pribilof Islands in 417 

depths < 50 m (Sohn et al., 2016). Indeed, the EBS Pacific halibut juveniles used in the 418 

reference chronology were largely from the Bristol Bay area with depths < 50 m 419 

(Wischniowski et al., 2015) Here, mixing throughout the water column and large river 420 

systems supplying fresh water to the EBS and Bristol Bay area also add to differences in 421 

the supply of 14C when compared to the GOA. These conditions can reasonably be 422 

expected to cause an early and greater increase in Δ14C compared to the GOA Pacific 423 

halibut (Wischniowski et al., 2015). Therefore, we suggest that it is possible that GOA 424 

Pacific halibut and EBS Greenland halibut are experiencing connected water masses, and 425 

it is reasonable to make comparisons between the GOA Pacific halibut and the EBS 426 

Greenland halibut for this age validation study. Hence, we further suggest that due to a 427 

different early life shallower residence in a different shallower oceanographic system, the 428 

EBS Pacific halibut are less oceanographically connected to the EBS Greenland halibut.  429 

Our results can be compared to those from previous bomb-produced Δ14C age 430 

validation studies done on Greenland halibut from the North Atlantic. Using otolith 431 

cross-sections and bomb-produced 14C, Treble et al. (2008) estimated that their 432 

specimens were under aged by an average of 6 years and had a maximum bias of 15 433 

years. The maximum age in our study samples using the Gregg et al. (2006) method was 434 

32 years, with the Δ14C indicating better accuracy, under ageing only by 1.5 years. A 435 

more recent study by Dwyer et al. (2016), also using bomb-produced Δ14C on Greenland 436 

halibut from the same area in the North Atlantic as Treble et al. (2008), indicated a 437 
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general accuracy of cross-section ages. Although, the validation samples in this second 438 

study demonstrated a large range of values around the reference chronology, and they did 439 

not make estimates of ages, or ageing bias, based on the Δ14C reference, as Treble et al. 440 

(2008) and others, on different species, have done (Andrews et al., 2016). There are 441 

several notable differences between these two North Atlantic studies and ours. First, their 442 

reference chronology was composed of the juveniles from the same species and from the 443 

same area; this is a notable advantage in their studies. Second, we had a larger number of 444 

validation samples and hence were able to use Bayesian methods and MCMC simulation 445 

to estimate the probability of age determination bias. Finally, the population of fish we 446 

studied in the EBS has older individuals, with a maximum age of 53 years 447 

(https://www.fisheries.noaa.gov/alaska/commercial-fishing/fish-species-maximum-age-448 

data, accessed 6/24/2020), compared to a maximum of 35 years in the North Atlantic 449 

(Dwyer et al., 2016). It is probable that the stained cross-section method (Gregg et al., 450 

2006) employed here provides better resolution and contrast when interpreting the fine, 451 

closely packed growth zones, and hence older ages which are less biased.  452 

 453 

5.  Conclusion 454 

This study validated that EBS Greenland halibut ages produced using the Gregg et 455 

al. (2006) method were reasonably accurate. The Bayesian methods and MCMC 456 

simulation demonstrated that the probability of assigning an age less than the true age by 457 

more than 1 year was about 73% and of assigning an age less than the true age by more 458 

than 2 years was only about 25%. Such probabilistic statements of ageing bias illustrates 459 

the advantages of using Bayesian inference because functions of parameters; that is, μR - 460 
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μV, can be easily calculated from the posterior distribution. The Gregg et al. (2006) 461 

method of assigning age used in this study provided a maximum growth zone-based age 462 

of 32 years in the test samples, and a maximum age of 53 years from otoliths aged since 463 

the early 1980s. Because the age determination methods were the same and the CV was 464 

constant with age, we consider such a maximum age was supported by the data and 465 

analysis. Prior to the use of the staining method, the maximum age of EBS Greenland 466 

halibut using a surface ageing protocol was 38 years. This is not surprising because the 467 

Albert (2016) study also showed that the surface ageing protocol under estimated the 468 

ages of older fish. The Gregg et al. (2006) staining method makes it easier to see 469 

compressed growth zones in otoliths from older fish. This is an important consideration 470 

in stock assessments where allowable biological catches (ABC) are estimated. Accurate 471 

older ages lead to correct estimates of lower natural mortality, and a more conservative 472 

ABC estimate. Our conclusions are similar to that of Treble et al. (2008) who suggested 473 

they were under ageing by an average of 6 years, although our estimates of bias from 474 

EBS Greenland halibut was substantially less. Given that we were only under aging by an 475 

average of 1.5 years, it is unlikely that the Gregg et al. (2006) method used in production 476 

ageing will not change. Rather, stock assessment models can now explicitly incorporate 477 

age reading bias and ageing uncertainty (Methot and Wetzel, 2013; Punt et al., 2008). 478 

The bomb-produced radiocarbon validation method relies on similarities between the 479 

species to be validated and the species used for the reference chronology. The GOA and 480 

EBS may differ in regards to the environmental mixing properties of bomb-produced 14C 481 

into the marine environment. However, after considering the potential similarities in the 482 

water masses experienced by EBS Greenland halibut and GOA Pacific halibut through 483 
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the influence of the BSC, there was rationality in using the GOA reference. We believe 484 

these results show that the ages generated by stained cross-sections are reliable and only 485 

minor adjustments are necessary when interpreting growth zones. 486 
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Table 1. Age estimates and radiocarbon measurements for Greenland halibut 689 

(Reinhardtius hippoglossoides) from the eastern Bering Sea and Aleutian Islands. The 690 

average age estimates were determined from otolith growth zone counts of two expert 691 

age readers (i.e., a reader and a tester). The estimated birth years were determined from 692 

the average age estimates (reader and tester) and catch year. The carbon measurements 693 

were made at Woods Hole Oceanographic Institution, National Ocean Sciences 694 

Accelerator Mass Spectrometry Facility.     695 

Specimen 
number 

Average 
birth year 

Average 
age (yr) δ13C ‰ Δ14C ‰ 

Δ14C 
95% CI 

1 1960.5 21.50 -1.21 -98.2 6.46 
2 1963 19.00 -1.37 -41.8 6.46 
3 1969.5 12.50 -1.41 12.3 6.65 
4 1960.5 21.50 -2.11 -109.9 6.65 
5 1970.5 11.50 -2.16 62.9 7.23 
6 1951 31.00 -2.06 -124 6.07 
7 1953 29.00 -1.53 -114 6.27 
8 1973 9.00 -1.83 174.9 8.01 
9 1956 26.00 -1.56 -48.4 6.85 

10 1971.5 10.50 -1.47 103.9 6.65 
11 1971 11.00 -2.52 157.3 7.04 
12 1959 23.00 -1.86 5.3 6.46 
13 1969.5 12.50 -1.71 50.4 7.82 
14 1957 25.00 -1.31 -92.9 6.27 
15 1969 13.00 -1.74 38.7 7.04 
16 1972 10.00 -1.81 45 7.43 
17 1958.5 23.50 -1.08 -115.9 5.88 
18 1971 11.00 -2.16 11.7 6.06 
19 1964.5 17.50 -1.74 44.9 7.24 
20 1964.5 17.50 -0.64 28.4 6.45 
22 1959 23.00 -1.5 -33.8 6.65 
23 1956.5 25.50 -1.21 -66.3 6.46 
24 1962 20.00 -1.34 -75.6 5.87 
25 1964 18.00 -1.49 -48.6 5.87 
27 1963 19.00 -1.32 5.3 6.06 
28 1968.5 13.50 -1.56 6.4 6.06 
29 1971.5 10.50 -2.26 16.7 6.84 
30 1964 15.00 -1.49 5.8 6.07 
31 1969 10.00 -2.06 92.1 6.45 
32 1967 12.00 -2.19 119.9 7.63 
33 1964 15.00 -1.61 -63.4 6.65 
34 1952.5 29.50 -1.38 -118.7 6.07 

 696 
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Table 2. Coupled-function model parameters, with HPD (highest posterior density) for 697 

EBS Greenland halibut (Reinhardtius hippoglossoides) and Pacific halibut (Hippoglossus 698 

stenolepis) estimated with Bayesian methods and using Markov Chain Monte Carlo 699 

simulation.  A) Fit to all three data sets individually. B) Fit with shared parameters for the 700 

Absolute Δ14C rise and the error variance. 701 

A 702 
  GOA Pacific halibut 

reference (n=36) 
EBS Pacific halibut 
reference (n=34) 

Greenland halibut (n=32) 

Model 
parameter 

 
Model attribute 

 
Median 

 
95% HPD 

 
Median 

 
95% HPD 

 
Median 

 
95% HPD 

λ(‰) Pre-bomb Δ14C -108.5 -123.6, -94.2 -82.5 -102.4, -64.5 -90.6 -132.3, -52.6 
k Absolute Δ14C rise 178.8 167.6, 207.0 268.1 226.1, 309.9 176.7 115.7, 237.5 
µ  (year) Year of 50% rise 1963.1 1962.4, 1963.8 1962.4 1961.8, 1963.0 1965.5 1962.3, 1969.5 

σ Pulse curve S.D. 2.71 1.68, 3.72 1.83 0.93, 2.77 3.49 1.12, 4.96 

r (year-1) Decay rate 0.004 -0.015, -0.025 0.036 0.021  0.053 0.02 -.091, 0.08 

σ2
e Error variance 385.3 206.2, 613.3 651.0 345.2, 1027.8 1059.0 675.1, 1934.4 

 703 

B 704 
  GOA Pacific halibut 

reference (n=36) 
Greenland halibut (n=32) 

Model 
parameter 

 
Model attribute 

 
Median 

 
95% HPD 

 
Median 

 
95% HPD 

λ(‰) Pre-bomb Δ14C -107.5 -132.8, -80.6 -96.3 -124.6, -69.5 
k** Absolute Δ14C rise 184.1 150.0, 215.0 - - 
µ  (year) Year of 50% rise 1963.1 1961.6, 1964.6 1965.4 1963.2 1968.1 

σ Pulse curve S.D. 2.82 1.05, 4.99 3.49 1.89, 4.99 

r (year-1)* Decay rate - - - -  

σ2
e
** Error variance 658.9 245.7, 1043.2 - - 

 ΔDICFull - reduced = 1.34*** 

 705 
*  Parameter not estimated and set = 0.  706 
**  Parameter estimated but shared between reference and validation species. 707 
*** Δ DIC less than 5 indicates lack of support to specify separate full and reduced       708 
models.   709 
 710 
  711 
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Figure 1. An image of an example Greenland halibut (Reinhardtius hippoglossoides) 712 

otolith aged 49 years using the Gregg et al. (2006) age reading method, but not a 713 

specimen analyzed here for Δ14C. 714 

 715 

Figure 2.  Map of the North Pacific Ocean showing capture locations for Greenland 716 

halibut (Reinhardtius hippoglossoides) validation specimens and Pacific halibut 717 

(Hippoglossus stenolepis) reference chronology specimens in the Eastern Bering Sea 718 

(EBS) and Gulf of Alaska (GOA) 719 

 720 

Figure 3. A) Age bias plot graphically showing a long-term example of the precision 721 

between two independent ages (i.e., a read age and test age). The data represents all 722 

Greenland halibut (Reinhardtius hippoglossoides) aged at the Alaska Fisheries Science 723 

Center, collected by observers in the commercial fisheries and fishery-independent 724 

surveys in 1979 and 1982 (n=845). The gray circles represent all Δ14C candidates that 725 

were aged and tested. The stars are samples chosen for Δ14C analysis, the dashed 45° line 726 

represents agreement between test age and read age. B) Percent CV by age for all 727 

samples from the same fishery-independent surveys. The CV at age 25 represents a 728 

weighted average of ages 25+ for the sample. 729 

 730 

Figure 4. Greenland halibut (Reinhardtius hippoglossoides) Δ14C ‰ dashed lines and 731 

black circles with A) Pacific halibut (Hippoglossus stenolepis) Δ14C ‰ eastern Bering 732 

Sea solid line and gray squares and B) Gulf of Alaska solid line and gray squares using 733 

the model with shared parameters. The Year of deposition is the average age from two 734 
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expert readers (i.e., a reader and tester) and represents a 2-year otolith core, and therefore 735 

is the posited midpoint of deposition. The error bars are the 95% confidence intervals of 736 

the average ages.  737 

 738 

Figure 5. Markov Chain Monte Carlo (MCMC) simulation results showing marginal 739 

probability density of ageing bias, μR - μV, and cumulative probability curves of ageing 740 

bias in Greenland halibut (Reinhardtius hippoglossoides). 741 

  742 
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Figure 1.  743 

 744 

 745 
 746 
  747 
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Figure 2. 748 

 749 

 750 

  751 



 38

Figure 3.  752 
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Figure 4.  756 
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Figure 5.  759 
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