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A B S T R A C T

Age and growth estimates based on growth band counts of sectioned vertebrae have been produced for longnose
skate (Raja rhina) and big skate (Beringraja binoculata [formerly Raja binoculata]) populations in the Gulf of
Alaska, British Columbia and California. Previous growth studies involving estimates from different laboratories
in the USA (Alaska Fisheries Science Center, AFSC; Pacific Shark Research Center, PSRC at Moss Landing Marine
Laboratories) and Canada (Fisheries and Oceans Canada, DFO) have produced dissimilar results for either
species, highlighting the need for development of a consistent age determination protocol and more importantly
an age validation study. Archived large specimens of longnose skate and big skate collected in Monterey Bay, CA,
in 1980 and 1981 had minimum preliminary age estimates from vertebral growth band counts old enough to
suggest that radiocarbon (14C) signals from bomb testing conducted in the late-1960s could be used to establish
dates of growth band formation. To this end, we micro-milled skate vertebral thin sections, measured Δ14C using
mass spectrometry, and estimated year of growth band formation based on the estimated age from growth band
counts using both unstained and stained preparation methods Non-linear random effects modeling, implemented
in a Markov Chain Monte Carlo (MCMC) simulation, was used to compare the skate Δ14C data set to a marine
teleost otolith reference chronology for the California Current System. Results showed Δ14C measurements for
big skate were non-informative as none of the archived samples were old enough for comparison to the reference
curve, hence validation of the age estimation approach was not possible. However, for longnose skate, Δ14C data
were more informative to fit pulse function models and compare results to the reference chronology. Modeling
results indicated longnose skate age estimates based on unstained vertebral thin sections were less biased
(overestimated to a smaller degree) than estimates based on stained vertebral thin sections. The degree of bias
depended on agency ageing criteria, with the least biased age estimates produced by age readers from the AFSC.
The AFSC age estimates had about a 70% probability that age estimates of longnose skate was within +/− 2
years of the expected age based on the radiocarbon assays. We were able to validate the age estimation
methodology for longnose skate and establish criteria for growth band counts, which should now be useful to
generate region-specific accurate growth and life history parameters required for more reliable stock assessment
approaches.

1. Introduction

Along the entire North American west coast, skates are often taken
in large numbers as bycatch in groundfish fisheries (Ormseth and
Matta, 2009; Haas, 2010; Gertseva, 2009). There is an existing targeted
longnose skate (Raja rhina) and big skate (Beringraja binoculata pre-
viously R. binoculata) fishery in British Columbia, Canada, with mean

annual landings of 1,300 t. A directed fishery for skates emerged in the
Gulf of Alaska around Kodiak Island, USA, in 2003, subsequently ended
in 2005 (Ormseth and Matta, 2009) and re-emerged in 2010. During
2010, over 14,000 t of skates were taken as bycatch in groundfish
fisheries in the Bering Sea and Aleutian Islands, approximately 30% of
which were landed. Because of their unique biological traits (e.g.
probable long life span, slow growth, low fecundity, and late age at
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maturity) these species may be at risk of severe population declines that
may eventually lead to a compromise in their ability to sustain fishing
pressure and recover from overexploitation (Dulvy et al., 2000).
Detailed biological information is required for effective management
of this vulnerable group. In particular, age determination and age
validation, which serve as the most fundamental of data sources for the
rationale management of these species, have been largely ignored.

Age estimation for elasmobranchs is limited by the lack of bony
structures, but structures such as enameled spines, caudal thorns,
vertebrae or haemal arches have been successfully used (see Cailliet
and Goldman, 2004 for an extensive review). The current methodology
for age estimation for longnose skate and big skate relies on thin
sectioning of vertebrae for growth band counts (Zeiner and Wolf,
1993). Age estimates and growth curve estimates have been produced
for longnose skate and big skate populations for the Gulf of Alaska
(Gburski et al., 2007), British Columbia (Mc Farlane and King, 2006),
USA west coast (Thompson, 2006), and central California (Zeiner and
Wolf, 1993). However these studies did not produce similar results, but
no latitudinal gradient in results was apparent. The differences there-
fore are likely due to differences among laboratories in interpretation of
growth bands, with subsequent differences in estimated ages. It is
therefore imperative that age estimation differences between labora-
tories be reconciled using validated ageing criteria.

In the 1950s and 1960s, the testing of atomic bombs resulted in the
rapid increase in atmospheric levels of radiocarbon (14C), which was
then subsequently incorporated within the bodies of oceanic organisms
(Druffel and Linick, 1978). This period of 14C increase has been used as
a date marker in fish structures that exhibit growth bands, such as
exemplified in early studies on teleost otoliths (Kalish, 1993) and
elasmobranch vertebrae (Campana et al., 2002; McPhie and Campana,
2009). Bomb-produced radiocarbon 14C (Kalish, 1995) however, is only
applicable to specimens that were alive during the period of bomb
radiocarbon rise. Longnose skate and big skate vertebrae archived in
the museum collection at the Pacific Shark Research Center, Moss
Landing Marine Laboratories (obtained from the Pacific Shark Research
Center, PSRC, Moss Landing, CA) that were collected from commercial
bottom trawls in Monterey Bay, CA in 1980 and 1981 (Zeiner and Wolf,
1993), offered the unique opportunity to use bomb radiocarbon
analyses for age validation of these two species. These specimens had
minimum age estimates of 11–13 years (Zeiner and Wolf, 1993),
suggesting that marine radiocarbon signals still present in 1967–1969
from bomb testing could be used to establish dates of growth band
formation.

This study was a collaboration among multiple agencies responsible
for skate research or management across their population range:
California, USA, British Columbia, Canada and Alaska, USA. The goals
of this study were to: i) compare the Δ14C pulse function curves for
skate radiocarbon data to a Δ14C reference chronology and estimate the
probability of ageing bias; ii) investigate the utility of applying a
histological stain to vertebral thin sections to enhance band patterns;
iii) determine which age estimates produced by each agency and which
section preparation method were most accurate relative to the Δ14C
chronology, and iv) identify the best age determination criteria for
counting growth bands based on the later.

2. Materials and methods

2.1. Specimen selection

Longnose skate and big skate vertebrae archived in the museum
collection at Moss Landing Marine Laboratories (Moss Landing, CA)
were used in this study. These specimens were collected in 1980 and
1981 off the Central California coast near Monterey Bay from commer-
cial catches (Zeiner and Wolf, 1993). The sex and total length (TL, mm)
for each specimen was recorded. Information on the specific location of
capture (i.e. latitude and longitude), or fishing depth was not available.

Only specimens with age estimates (Zeiner and Wolf, 1993) that
suggested the fish was alive pre-bomb pulse or during the years of
radiocarbon increase (pre-1970) were selected. In total, 33 longnose
skate (13 males, 20 females) and 12 big skate (8 males, 4 females)
archived vertebrae were used in this study. Total lengths for longnose
skate ranged from 68.3 cm to 106.8 cm; and total lengths for big skate
ranged from 115.0 to 160.0 cm.

2.2. Age determination

2.2.1. Specimen preparation
For each specimen, a section of the vertebral column (10th–20th

centra) was taken, labelled, and frozen. In the laboratory, column
sections were thawed; individual centra were separated using a shark
knife; the connective tissue and neural arch were removed; and centra
were air dried for 24–48 h. Centra were individually embedded in
Buehler™ EpoThin© low viscosity epoxy resin using customized silicone
wells with a cure time of 9 h. Embedded centra were wet-sectioned
along the longitudinal plane using a Isomet™ slow-speed saw and three
Buehler™ 3-inch wafering blades (15 HC diamond series) separated by
spacers to produce two sections approximately 0.5–0.7 mm thick.
Sections were mounted on microscope slides using Crystal Bond™
thermal setting resin and subsequently wet-sanded using successively
finer grits of sandpaper (600–1200) followed by 3M™ Wetordry™
polishing paper. Multiple centra per specimen were sectioned and
mounted; some for micro-milling and atomic mass spectrometry
analyses, others for inter-agency exchange and comparison of vertebrae
preparation methods (unstained vs. stained).

For each specimen one vertebral thin section was prepared for age
estimation with no stain (unstained preparation method, Zeiner and
Wolf, 1993), with mineral oil used at the time of age estimation to
enhance band patterns. A second vertebral thin section was prepared
for age estimation with a staining technique (stained preparation
method) modified from Natanson et al. (2007). This second vertebral
thin section was decalcified with a rapid decalcifier, stained with Harris
modified hematoxylin, destained with an acid-alcohol solution to
remove excess stain, and soaked in glycerin (Natanson et al., 2007).

2.2.2. Ageing criteria
Three agencies took part in age estimation for comparison, each

following its own published methodology for estimating annual band
pair counts: Alaska Fisheries Science Center (AFSC; Gburski et al.,
2007); Fisheries and Oceans Canada (DFO; McFarlane and King, 2006);
and PSRC (Zeiner and Wolf, 1993). Common to all methodologies is
counting opaque and translucent bands under reflected light as a single
annual band pair. However, these band pairs vary in distinctiveness,
and are often faint. Therefore, differences remain in the interpretation
of these faint zones, some of which may be ‘checks’ or non-annual band
pairs. A check may be due to seasonal changes in growth or may be
randomly occurring and should not be counted as an annual mark.
Inclusion of checks in annual band pair counts, can overestimate the
true age.

2.2.3. Inter-agency comparison of age estimations and ageing precision
The longnose skate and big skate vertebrae thin sections were

exchanged between agencies, with each agency providing two readers
who estimated the number of band pairs independently of one another.
Each reader estimated the number of bands pairs. Intra-agency
(between-reader) precision was calculated by using the coefficient of
variation (CV; Chang, 1982), percent agreement between readers
(Goldman, 2004) and average percent error index (APE; Beamish and
Fournier, 1981). Campana (2001) suggested that acceptable levels of
mean CV and APE would be less than 7.6% and 5.5%, respectively.
Intra-agency systematic bias was assessed with pairwise age-bias plots
(Campana et al., 1995) and the Evans-Hoenig chi-squared test of
symmetry (McBride, 2015).
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2.3. Age validation

2.3.1. Specimen micro-milling
The accuracy of using vertebral growth band counts to estimate age

was assessed using bomb radiocarbon analyses provided by atomic
mass spectrometry (AMS). To obtain sufficient material for 14C
analyses, multiple vertebral thin sections per skate specimen were
milled with a high-resolution micro-milling system (Carpenter
Systems™ CM-2). Due to the small size of the vertebrae, multiple whole
pieces corresponding to the same growth bands, but from different
corpus calcarea, were extracted and pooled for a minimum of 5 mg per
sample. Sampling regions of specific growth bands were pre-selected
from digital images produced using a Leica™ MZ75 microscope with
attached Leica™ DFC320 R2 digital camera and associated Leica™
Application Suite 3.1.0 software. The images were adjusted with
Adobe™ Photoshop 1.12 to enhance the contrast between adjacent
growth bands and to increase overall sharpness and clarity. Growth
band pairs (opaque and translucent growth bands viewed under
reflected light) were considered to be a single annual band pair. The
first 1–3 annual band pairs (i.e. those near the focus: inner growth
zones), and the final 1–3 annual band pairs (i.e. those near, but
excluding, the margin: outer growth zones) were milled carefully to
ensure no resin contamination. The mid-point estimate of year of
deposition for these samples of 1–3 band pairs was used as the sample
year of deposition.

2.3.2. Radiocarbon assays
The micro-milled samples were sonicated in Super Q water, dried

and then weighed to the nearest 0.1 mg. Assays of 14C for extracted
growth zones were completed via AMS by Beta Analytic Inc., Miami,
Florida, USA (ISO/IEC 17025:2005 accredited). AMS also provided
δ13C (‰) values used to correct for any isotopic fractionation variation
and determine the source of carbon. Following to the methods of
Stuvier and Polach (1977), radiocarbon values were subsequently
reported as Δ14C, which is the per mil (‰) deviation of the sample
from the radiocarbon concentration of 19th century wood, corrected for
sample decay normalized to 1950. The mean standard deviation
calculated from the percent modern carbon of the individual radio-
carbon assays was< 4‰.

2.3.3. Statistical modeling
The approach for age validation based on bomb radiocarbon

analysis is to mathematically compare the validation sample Δ14C
estimates (skates) to a reference carbonate chronology, here to petrale
sole (Eopsetta jordani) otoliths (Haltuch et al., 2013), which is con-
sidered an appropriate reference for the California Current System
(Helser et al., 2014). The validation sample consisted of ages estimated
by each reader based on growth zone counts of unstained and stained
vertebrae. The modeling of 14C incorporation can be described as a 4-
parameter logistic (4PL) model (Appendix C.6 in Pinheiro and Bates,
2000) with a trivial modification. The 4PL model relates the dependent
variable, Δ14C, to the deposition year (denoted by t) by the ith age
reader for the jth fish specimen via a sigmoidal function, expressed by:

y θ θ
θ u t θ u

e= +
1 + exp[(( − ) − )/( + )]

+ij
i ij i

ij1
2

3 3 4 4 (1)

Where: θ1 is the lower horizontal asymptote as t→− ∞; θ2 is the total
increase of Δ14C from θ1; θ3 is the t-value at inflection point or the
deposition year at 50% of θ2; θ4 > 0 is a scale parameter on the x-axis.

The upper horizontal asymptotic as t→∞is calculated by θ1 + θ2.
When t = θ3 + θ4 the response, y θ θ e= + ( )/(1 + )1 2

−1 , is roughly
three-quarters of the distance from θ1 to the upper asymptote,
θ1 + θ2 (Appendix C.6 in Pinheiro and Bates, 2000). We assume that
the random error of the model is normally distributed e N σ∼ (0, )ij e

2 . In
our approach to estimation, we used a non-linear mixed effects model
by treating ages generated by each independent age reader (including

the petrale sole reference data set) as a random effect. This treats the
nested nature of the data simultaneously and accounts for their overall
mean structure as well as their variability both within and between
subjects (age readers). As such, we are interested in estimating both the
fixed-effect model parameters, θ θ θθ = ( , , ) '2 3 4 , two random-effect para-
meters, u= (ui3, ui4), and four variance components. The full variance-
covariance structure of the model is
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random effect variance component assumed to be independent realiza-
tions from a multivariate normal distribution with mean zero and 2 × 2
unstructured covariance matrix. The model error variance is

σR (θ) = Ii t
2

i, where Iti is the tixti identity matrix and the variance-
covariance matrix depending on the vector of unknown parameters θ.

To fit the data we fixed the parameter for the lower asymptote, θ1,
to the lowest value (-110‰) in the combined data sets (skates and
petrale sole) as suggested by Hamel et al. (2008). This was due to the
difficulty estimating it freely given high parameter correlation and lack
of observations for skates at the pre-bomb level. The parameters, θ1, θ2,
can largely be treated as nuisance parameters because they represent
total atmospheric input of Δ14C concentration into the marine environ-
ment at different times, and not rates of increase. Moreover, a principal
assumption for using a reference data set, such as petrale sole, is that
both the validation (skate) sample and the reference (petrale sole) data
are subjected to equivalent marine environmental conditions and
biological processes affecting the assimilation of 14C into the structures.
As such, the remaining parameters, θ3, θ4, are of specific interest as
they measure either the timing of increase after the onset of nuclear
testing or mis-assignment of age leading to ageing errors and hence
differences (or shifts) between the validation and reference curves. In
this case, we are estimating these parameters simultaneously by
treating them as random effects with the goal to compare the offset
between the validation specimen (i= 1, 2, 3, 4, 5, 6 readers) and
reference chronology, Δ(θi3 − θR3), as a measure of ageing bias.

Markov Chain Monte Carlo (MCMC) simulation was employed to
construct a distribution that provides a probabilistic means of quantify-
ing ageing bias, if it exists. Specific mathematical details of this
approach including specification of model structure, parameters, priors
and implementation in WinBUGS [Bayesian inference Using Gibbs
Sampling, (Lunn et al., 2000)] can be found elsewhere (Helser et al.,
2014; Kastelle et al., 2015) and are not reiterated here. In general, we
specified non-informative conjugate priors to ensure that the likelihood
dominated the prior as suggested by Smith and Wakefield (1994). The
prior for the variance-covariance matrix G was specified by an inverted
Wishart distribution (Von Rosen, 1997), with a precision parameter of
10 and mean matrix 0.1×I. Priors for fixed model parameters were
specified as multivariate normal distributions with zero mean and
covariance matrix with diagonal elements equal to 1000, and off-
diagonal elements equal to zero. Forσe

2, Spiegelhalter et al. (2003)
recommend a default inverse-gamma prior for σe

−2 in WinBUGS, i.e.,
σ ∼e

−2 dgamma (0.001, 0.001).
The estimated parameters were evaluated based on 2000 samples

(first half of a 1,000.000 draw chain was discarded) thinned at a rate of
every 250th sample from MCMC simulation of the joint posterior
distribution. Bayesian diagnostic procedures were performed to evalu-
ate convergence of the MCMC simulation to the target posterior
distribution and model goodness of fit to the data as prescribed in
Gelman et al. (2004). Evidence for age determination bias (+/−) based
on the validation sample (for any given age reader i) and reference
curve (R) can be calculated as the tail probability greater or less than
zero; e.g., Prob[Δ(θi3 − θR3)] > 0.
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3. Results

3.1. Age estimates and precision

3.1.1. Longnose skate
The lowest age estimates for longnose skate were produced by the

AFSC, ranging from 7 to 17 years (Fig. 1). The age estimates by one of
the AFSC readers were lower for the stained preparation method than
for the unstained preparation method (Fig. 1). The age estimates
produced by DFO ranged from 10 to 22 years, with no difference in
age estimates between preparation methods (Fig. 1). The DFO could not
assign ages for a few of the samples (n = 1 unstained; n = 2 stained).
The PSRC could assign ages for most (n = 20) of the unstained samples.
The ages estimated by the PSRC for stained samples ranged from 7 to 25
years; this age range was higher than those the PSRC estimated for the
unstained samples (Fig. 1).

The intra-agency percent agreement (± 0 years) for longnose skate
ages never exceeded 53%, however the AFSC readers for the unstained
preparation method reach 100% agreement at± 2 years (Table 1). The
mean CV and APE for DFO readers indicated an acceptable level of
precision between readers for either preparation method and an
acceptable level for the stained preparation method only between the
PSRC readers (Table 1). The inter-reader age bias plots for longnose
skate indicated progressive bias between readers at the AFSC for the
stained preparation method (Fig. 1), and mean CV and APE for both
preparation methods were below acceptable levels (Table 1). Chi-
squared tests of symmetry indicated bias between readers at the AFSC
for the stained preparation method (McNemar’s: χ2 = 18.615, df = 1,
p < 0.001; Evans-Hoenig: χ2 = 19.600, df = 7, p = 0.007; Bowker:
χ2 = 21.200, df = 17, p= 0.218). The PSRC inter-reader age bias plots
for the both preparation methods indicated that one reader produced
higher band counts for younger fish and lower band counts for older

Fig. 1. Longnose skate (Raja rhina, sexes combined) inter-reader age bias plots for unstained (left column) and stained (right column) thin sections. Reader 1 estimated age (years) vs
reader 2 estimated age (years) for Alaska Fisheries Science Center (AFSC) (a) and (b); Fisheries and Oceans Canada (DFO) (c) and (d); Pacific Shark Research Center (PSRC) (e) and (f).
The diagonal line represents the one to one equivalence line.
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fish (Fig. 1). However, chi-squared tests of symmetry indicated bias
between PSRC readers only for the stained preparation method
(McNemar’s: χ2 = 13.500, df = 1, p < 0.001; Evans-Hoenig:
χ2 = 14.571, df = 4, p= 0.006; Bowker: χ2 = 21.333, df = 17,
p = 0.212).

3.1.2. Big skate
For big skate, agency age estimates varied greatly with the oldest

age estimates produced by DFO and the youngest produced by the AFSC
(Fig. 2). The intra-agency percent agreement (± 0 years) was typically
low, ranging from 0% for AFSC readers on the unstained preparation
method to 50% for DFO readers and the unstained preparation samples
(Table 1). Intra-agency percent agreement at± 2 years, reached 75%
for the stained preparation samples (Table 1). The mean CV and APE for
the DFO readers indicated an acceptable level of precision (Table 1).
The intra-agency age bias plots for big skate indicated systematic bias
between readers at the AFSC for both preparation methods, and a mixed
bias between readers at the PSRC for the unstained preparation method
where one reader produced higher band counts for younger fish and
lower band counts for older fish (Fig. 2). However, chi-squared tests of
symmetry indicated bias only between readers at the AFSC for the
unstained preparation method (McNemar’s: χ2 = 5.333, df = 1,
p = 0.021; Evans-Hoenig: χ2 = 8.000, df = 6, p= 0.238; Bowker:
χ2 = 12.000, df = 11, p = 0.363).

3.2. Age validation

3.2.1. Radiocarbon analyses
The δ13C values for both longnose skate (mean = −16.96‰,

SE = 0.79) and big skate (mean = −13.08‰, SE = 0.28) (Table 2)
indicated a dietary source of carbon rather than dissolved inorganic
carbon (DIC, Fry, 1988). Many of the samples of longnose skate did not
have δ13C values since the amount of material was large enough only
for 14C assays. For longnose skate, the Δ14C values generally increased
from the inner growth zones (earlier years) to outer growth zones (later
years) (Table 2). Based on Haltuch et al. (2013), Δ14C values for inner
growth zones were expected to be negative, between −80 and
−120‰, if they were deposited in the pre-bomb signal period (pre-
1959) and to rapidly become positive if they were deposited in the
increase period (1965-70). None of the longnose skate samples had
Δ14C values for the inner growth zones that were between −80‰ and
−120‰ (Table 2). However, 10 longnose skate samples had Δ14C
values for the inner growth zones that were between −80‰ and 0‰
(Table 2). None of the Δ14C values for big skate inner growth zones
were negative, with the exception of sample RB6 (Table 2).

3.2.2. Statistical modeling
3.2.2.1. Longnose skate. Based on Δ14C measurements and the
associated year of deposition from ageing estimates, pre-1962 data
were unavailable (Fig. 3). The earliest values of longnose skate Δ14C
measurements occurred in 1963 and thus the lack of observations
during the pre-bomb and initial rise created difficulties of estimating
the lower asymptote of the pulse function. Most of the longnose skate
Δ14C measurements during the years 1963–1970, generally are above
the petrale sole reference values. The number of parameters estimated
was dependent on the preparation method, (stained vs. unstained)
because the PSRC could not assign ages for most of the unstained
preparation method specimens. Hence, both methods resulted in the
estimation of three fixed parameters and three variance components,
but 10 and 14 random effect parameters were estimated for the
unstained and stained preparation methods respectively. Examination
of model results between the two preparation methods was only
possible between the AFSC and DFO and while the results did not
show substantially different pulse functions it should be noted that the
random effects variance (σr

2 = 58.13) was 3 times as large for the
stained preparation method suggesting greater between reader
variability in age estimates (Fig. 4, lower panel). As such, our
analysis and reported results focused on the unstained preparation
method (Table 3; Fig. 4, upper panel).

The MCMC simulation outputs and diagnostics for the resultant non-
linear mixed effects model fits to the longnose skate and petrale sole
reference data suggested efficient sampling, and evidence of conver-
gence to a stationary posterior distribution (Table 3, Fig. 5). Trace and
kernel density plots of the posterior sample (n = 2000) indicated the
MCMC simulation traversed the parameter space efficiently (Fig. 5) and
convergence diagnostics of thinned chain sequence 1st order correla-
tion and Geweke statistics further supported evidence of convergence
(Table 3). As such, the posterior sample of parameters and derived
quantities were used to compare longnose skate and petrale sole pulse
functions and quantify ageing bias.

The comparison of the reader and agency-specific pulse curves to
the petrale sole reference curve identified discrepancies between
agency age estimates (Fig. 4). The age estimates based on the unstained
preparation method provided by AFSC age readers resulted in the best
coherence to the petrale sole reference curve. In general, AFSC age
reader curves were somewhat left-shifted by about 1–3 years while DFO
age reader curves were left-shifted by about 6–7 years. The PSRC age
readers could not provide age estimates for the unstained preparation
method. For the stained preparation method, the same general pattern
was also observed except that in this instance the PSRC age readers did
provide age estimates which were left-shifted by as much as 10–12
years (Fig. 4). In general, these results suggest that all three agencies

Table 1
Longnose skate (Raja rhina) and big skate (Beringraja binoculata) inter-reader age estimate precision as measured by percent agreement, coefficient of variation (CV) and average percent
error index (APE) by agency (Alaska Fisheries Science Center, AFSC; Fisheries and Oceans Canada, DFO; Pacific Shark Research Center, PSRC) and preparation method, sexes combined.

Agency Preparation n Percent Agreement CV APE

±0 years ± 1 years ± 2 years

Longnose skate
AFSC Unstained 33 15.2 63.6 100.0 8.47 5.99
AFSC Stained 33 21.2 51.5 60.6 14.38 10.17
DFO Unstained 32 53.1 75.0 93.8 3.78 2.68
DFO Stained 31 29.0 83.9 96.8 4.42 3.12
PSRC Unstained 13 15.4 38.5 61.5 15.21 10.76
PSRC Stained 33 27.3 69.7 87.9 4.45 3.14
Big skate
AFSC Unstained 12 0.0 33.3 41.7 20.17 14.26
AFSC Stained 12 16.7 41.7 75.0 14.02 9.91
DFO Unstained 12 50.0 66.7 75.0 4.99 3.53
DFO Stained 12 41.7 58.3 75.0 5.82 4.12
PSRC Unstained 12 8.3 16.7 33.3 21.38 15.12
PSRC Stained 12 8.3 41.7 75.0 10.15 7.18
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overestimated longnose skate ages to varying degrees, but that AFSC
interpretation of the annual band pairs was the least biased (i.e.
overestimation of age).

Ageing bias based on unstained sections was quantified as
Δ(θi3 − θR3) by using the posterior sample for each age reader within
the AFSC and DFO (Fig. 6). Posterior densities of AFSC ageing bias was
quite similar between the two readers showing the highest posterior
density of overestimation by about 2 years (negative values indicate
overestimation). Approximately 5% to 10% of the posterior density
encompassed zero, so accurate age estimates can be rendered assuming
the petrale sole Δ14C data approximates a valid assay. For DFO
interpretation of the same specimens, the two age readers were
consistent with each other, but both overestimated longnose skate ages
by about 7 years (highest posterior density). Neither DFO reader had
posterior densities encompassing zero ageing bias, suggesting an
unequivocal over-counting of annual band pairs which would very
rarely result in an accurate longnose skate age estimate from a random

sample of vertebrae.

3.2.3. Big skate
Since the Δ14C values for big skate appeared to represent a post-

bomb signal period only (Fig. 3), no modeling was done for these
samples. Without Δ14C values relating to the pre-bomb or rapid signal
increase periods, any amount of bias (if present) cannot be estimated.
The age determination methodology for big skate cannot be validated
with bomb radiocarbon analyses of these samples.

4. Discussion

The radiocarbon results for the archived big skate samples indicated
that the specimens were not alive during the pre-bomb signal period, or
during the rapid signal period. As such, the age determination
methodology for big skate cannot be validated with bomb radiocarbon
analyses of these samples. Longnose skate bomb radiocarbon samples

Fig. 2. Big skate (Beringyraja binoculata, sexes combined) inter-reader age bias plots for unstained (left column) and stained (right column) thin sections. Reader 1 estimated age (years)
vs. reader 2 estimated age (years) for AFSC (a) and (b); DFO (c) and (d); PSRC (e) and (f). The diagonal line represents the one to one equivalence line.
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and associated deposition year data, while limited in the pre-bomb and
initial rise era, were nonetheless useful to compare to the petrale sole
reference chronology. It is important to note, that for both species we
needed to combine material from the first 1–3 annual band pairs in
order to obtain sufficient quantity for radiocarbon assays. This might
have limited our ability to detect pre-bomb or initial rise era levels of
radiocarbon. However, the impact is likely negligible since the year of
deposition assigned to each sample was the mid-point estimate of the
three annual bands. Inter-agency differences in age estimates of long-
nose skate exist to varying degrees, but comparison of agency-specific
estimated year of deposition and radiocarbon values to the reference
chronology identified the most appropriate methodology of assigning
annual counts to vertebrae band pairs. Based on the modeling results,
the unstained preparation method for thin sections, using the ageing
criteria of Gburski et al. (2007), produced the least between reader
variability (100% agreement for ± 2 years) and the most accurate age
estimates.

The longnose skate age estimation criteria outlined in Gburski et al.
(2007) includes a band pair counted as an annulus only if it is consistent

across the whole thin section, i.e., the band pair appears on one corpus
calcareum ‘arm’, runs across the intermedialia, and appears on the
opposite corpus calcareum. Difficulties in applying this criterion might
occur when wet sanding of the mounted thin section unevenly wears
the corpus calcareum, so care must be taken at this stage of thin section
preparation. Additionally, longnose skate vertebral thin sections have a
deeply concave intermedialia, making it difficult to follow outer band
pairs across the intermedialia (Fig. 7). An approach to deal with this
obstacle, is to 1-where the intermedialia is present, count band pairs
only if they are observed from one corpus calcareum, across the
intermedialia to the other and; 2-where the intermedialia is not present,
compare the banding patterns (i.e. variations in band widths) on the
two opposing corpus calcareum and include a band pair in the annual
count only if it is evident in the banding pattern of both corpus
calcareum (Fig. 7). An eyepiece micrometer can aid in keeping track of
potential band pairs by their distance from the focus of the thin section.

The longnose skate radiocarbon pulse curve from AFSC age
estimates was most synchronous among the agencies participating in
this study with the petrale sole reference curve from the same region.

Table 2
Sample summary and the δ13C (‰) and Δ14C (‰) assay results for inner growth zones (first 1–3 bands) and outer growth zones (last 1–3 bands) extracted from longnose skate and big
skate vertebrae used for bomb radiocarbon analyses.Table 1 continued.

Species Sample Total length (cm) Sex Year collected Inner growth zones Outer growth zones

δ13C Δ14C δ13C Δ14C

Longnose skate RR1 1060 2 1981 -13.3 -46.37 -15 27.25
RR2 1068 2 1981 -12.3 -31.65 – -2.41
RR3 972 2 1980 -12.3 -18.79 – 39.24
RR4 840 1 1981 – 40.11 -15.3 50.98
RR5 952 1 1981 – 27.25 – 57.9
RR6 872 2 1981 – 29.23 -15.4 47.03
RR7 920 2 1981 – 23.3 – 65.81
RR8 856 1 1981 – 20.33 -20.1 61.86
RR9 820 1 1981 – 7.48 – 34.17
RR10 941 1 1981 – -41.96 – 31.21
RR11 930 2 1981 – 43.07 – 49.99
RR12 895 1 1981 – 34.17 – 48.02
RR13 800 2 1981 – -31.08 -14.8 8.47
RR14 800 1 1981 – -25.15 – 34.17
RR15 980 1 1981 – 36.15 – 36.15
RR16 736 1 1981 – 26.26 – 42.08
RR17 930 1 1981 – -53.82 – 26.26
RR18 893 1 1981 – -1.42 – 43.07
RR19 919 1 1981 – 11.43 – 26.26
RR20 951 2 1981 – -11.31 – 23.3
RR21 950 2 1981 – 8.47 -14.5 20.33
RR22 880 2 1981 – 38.13 – 36.15
RR23 918 2 1981 – 25.28 – 46.04
RR24 860 2 1980 – 18.48 -16.9 39.24
RR25 854 2 1980 – 38.25 -15.1 36.28
RR26 870 2 1980 -19.7 -25.03 – 6.61
RR27 893 2 1980 – 44.19 – 46.17
RR28 890 2 1980 -17.4 39.24 – 52.1
RR29 946 2 1980 – -55.68 -19.7 55.06
RR30 870 2 1980 -23.7 39.24 -19.9 36.28
RR31 855 2 1980 – 26.39 -19.3 58.03
RR32 845 2 1980 – 30.34 – 50.12
RR33 683 1 1981 – 38.13 – 43.07

Big skate RB1 1600 2 1981 -12.9 31.95 -11.9 37.23
RB2 1235 1 1981 -10.9 7.95 -12.4 5.7
RB3 1230 2 1981 -11.7 22.61 -11.5 38.91
RB4 1370 2 1980 -14.1 68.15 -11.4 45.65
RB5 1190 2 1981 -13.7 58.76 -11.5 25.8
RB6 1311 1 1981 -15.3 -52.76 -12.6 66.83
RB7 1310 1 1981 -15.3 26.82 – 38.13
RB8 1460 1 1980 -12.5 30.66 – 39.24
RB9 1220 1 1981 -14 68.56 -13.7 64.44
RB10 1170 1 1980 -13.7 46.05 -14.3 58.62
RB11 1150 1 1981 -15.2 49.83 -12.4 55.86
RB12 1320 1 1981 -13.9 60.34 -12.8 69.76
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Synchrony to a reference curve has been observed in sand tiger shark
(Carcharias taurus) (Passerotti et al., 2014); however, for other elasmo-
branch apex predators a phase lag of up to 3–15 years in the rapid rise
of Δ14C has been observed when compared to reference chronologies
with the resultant elasmobranch pulse curve shifted right (Campana
et al., 2002; Ardizonne et al., 2006; Kerr et al., 2006; Passerotti et al.,
2010; Andrews and Kerr, 2015). We did not have any young specimens
collected during the Δ14C rise period to provide known age material to
allow us to identify if the longnose skate radiocarbon pulse should be
synchronous or phase lagged to the petrale sole reference chronology.
Kerr et al. (2006) identified three possible sources of the delay in rapid
rise of Δ14C in elasmobranch vertebrae: 1) metabolic reworking of
vertebral collagen, 2) depleted dietary sources of carbon, and 3) age
underestimation. However, Kerr et al. (2006) rejected reworking of the
vertebrae as an explanation for the phase lag since isotope values were
preserved across longitudinal sections of the vertebrae irrespective of
differences in Δ14C. This supported assessments based on consistency of
within shark Δ14C values made by Campana et al. (2002) and by
Ardizonne et al. (2006) that metabolic reworking of elasmobranch
vertebrae is minimal and that carbon in the vertebral material is
metabolically and temporally stable. Age underestimation was ruled
out by Campana et al. (2002) and Kerr et al. (2006) since those studies
were able to use young samples collected during the Δ14C rise period
which served as known age material. Generally, phase lags in radio-
carbon signals in elasmobranchs have been attributed to a dietary
source of carbon because any carbon incorporated in the vertebrae from
a prey signature is older than the surrounding water (Campana et al.,
2002; Kerr et al., 2006; Ardizonne et al., 2006). This phase lag is more

evident in apex predators since radiocarbon is carried through more
trophic levels (Ardizonne et al., 2006).

The δ13C levels from bomb radiocarbon analyses of longnose skate
vertebrae indicated a dietary uptake of carbon rather than DIC (Fry,
1988; 1995; Kalish and Johnston, 1995). Longnose skate are generalist
feeders, with an ontogenetic shift in dietary preference at a size of about
60 cm TL from primarily crustaceans and cephalopods to primarily
teleosts (Robinson et al., 2007). This shift reflects gape width limita-
tions and weaker foraging ability in smaller skates (Robinson et al.,
2007). However, longnose skate inhabiting depths greater than 450 m
were observed to feed primarily on euphausiids squid and rockfish,
irrespective of size, likely due to prey availability as a function of depth
and illustrating their generalist feeding behaviour (Robinson et al.,
2007). While capture depths were not available for our samples,
historical trawling locations and species composition for Central
California (Miller et al., 2014) suggests that these samples were
captured at depths less than 200 m. Longnose skate do not undergo
an ontogenetic shift in depth distribution. Overall, longnose skate are
classified as upper trophic level predators, albeit below apex predators
such as Carcharhiniformes or Lamniformes sharks (Ebert and Bizzarro,
2007). Based on trophic level, it would seem reasonable to expect a
phase lag of 1–2 years in the longnose skate pulse curve (i.e. shifted to
the right of the petrale sole curve); however, we did not observe one.
The longnose skate pulse curves, based on AFSC age estimates, were in
fact shifted 1–3 years to the left of the petrale sole reference curve

Fig. 3. Petrale sole (Eopsetta jordani) radiocarbon [Δ14C (‰)] reference data (open
diamonds) and longnose skate (upper panel) and big skate (lower panel) validation
radiocarbon [Δ14C (‰)] data (also shown in Table 2). For inner growth zones, the
deposition year is based on mean estimated ages by AFSC (dark gray squares), DFO (light
gray squares) and PSRC (open squares) age readers for unstained samples. For outer
growth zones (solid diamonds), the deposition year is based on year the specimen was
collected.

Fig. 4. The agency-specific longnose skate radiocarbon (Δ14C [‰]) pulse curves (for
unstained preparation method (top) and stained preparation method (bottom)) produced
from each independent age reader compared to the petrale sole reference radiocarbon
pulse curve (thick solid line and circles). Long-dashed lines: AFSC age readers; short-
dashed lines: DFO age readers; thin-solid lines; PSRC age readers.
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(Table 3 and Fig. 6).
We cannot rule out that the asynchrony in radiocarbon pulse curves

in our study might be influenced by our lack of specimens to fill in the
pre-bomb (< 1959) and pre-midrise portions of the curve (< 1962)
where Δ14C data can be most informative (Helser et al., 2014). As such,
to fit the model to the data we assumed that the lower asymptotes of the
longnose skate Δ14C curves were the same as those for the petrale sole
reference observations; an assumption we could not verify due to
lacking pre-bomb data. However, the analysis of Helser et al. (2014)
who conducted a meta-analysis of Δ14C data from 13 species in the
North Pacific Ocean found the lower asymptote parameter (pre-bomb to
initial rise) to be the least variable and the observed median value was
close to that used in this study. Also, the longnose skate Δ14C
observations between 1965 and 1980 showed more variability than
might be expected which may suggest the possibility that other process
factors (other than ageing error) may affect the assimilation rates in a
dissimilar manner than petrale sole. We assume that longnose skate
used in this study experience the same environmental or oceanographic
conditions, which mediate the available 14C concentrations, and hence
assimilation into the tissue, as the petrale sole reference. Helser et al.
(2014) and Kastelle et al. (2015) among others have shown that
oceanographic factors such as upwelling can complicate comparisons
to reference chronologies when samples are collected from different
regions. In fact the petrale sole reference curve itself was observed to
have a phase lag in the radiocarbon rise compared to Pacific halibut
(Hippoglossus stenolepis) captured throughout the Gulf of Alaska
(Haltuch et al., 2013; Piner and Wischniowski, 2004). Since the petrale
sole samples used were from their first year only, the phase lag was
attributable to the upwelling of radiocarbon-depleted deep water into
shallow regions (18–90 m) where juvenile petrale sole spend a sub-
stantial portion of time (Haltuch et al., 2013). As noted above, the
longnose skate samples were likely captured at depths less than 200 m,
and ontogenetic shifts in longnose skate depth distribution has not been
noted. Without recorded depths for either species, we cannot attribute
the phase lag that we observed to differences in depth distribution.
However, given that upwelling is a local event with extreme variability
by location, we cannot rule out that the phase lag reflects variability in
deep-water, radiocarbon-poor, upwelling conditions experienced by the
two species.

A further implicit assumption of this age validation method is that
there are no biological differences between the validation species and
reference chronology species in the deposition of 14C in the structures
being analyzed. This includes the above discussions on the sources of

14C, either DIC or diet, and any metabolic reworking of the vertebrae. A
further consideration is any metabolic or physiological differences
between 14C deposition in teleost otoliths and that deposited in
elasmobranch vertebrae (Kalish, 1995). The best case exists when the
validation and reference chronology samples are conspecific (Piner and
Wischniowski, 2004). We assumed that petrale sole from the California
Current would be an appropriate reference for longnose skate from the
same region, but more work is needed to evaluate potential biological
differences in 14C uptake rates between the two species. This study is
the first bomb radiocarbon age validation study of North Pacific skates,
and demonstrates that more research is needed to help understand the
sources of bomb radiocarbon in skate vertebrae.

Notwithstanding these issues, the Bayesian model results indicate
that AFSC skate age estimation based on unstained thin sectioned
vertebrae, while not completely free of ageing bias, are the least biased
of the primary agencies responsible for ageing longnose skate along the
North Pacific coast. This is a highly important result because minor
refinements of the Gburski et al. (2007) age determination criteria may
result in more accurate estimates and better consistency among ageing
experts of the different Pacific coast agencies. Longnose skate age
estimates which on average are possibly overaged by only 1–3 years is a
tractable and manageable starting point to provide better life history
parameter estimates for use in stock assessments. The results presented
here suggest that the observed maximum age of 25 years for longnose
skate and the corresponding estimated natural mortality rate (Hoenig
and Gruber, 1983) of 0.17 reported in Gburski et al. (2007) for the Gulf
of Alaska are reasonable since those ages were produced with the
validated criteria presented here. Longnose skate specimens from other
regions will need to be re-assessed with this validated age determina-
tion method to generate regional-specific growth curve parameter
estimates and investigate any ecosystem effects on size-at-age and
other life history parameters.

Non-linear mixed effect models, as was developed to analyze the
data in this study, are particularly suited for clustered data in that they
treat the nested nature of the data simultaneously and accounts for their
overall mean structure as well as their variability both within and
between subjects. Mixed effects models provide an advantage of
“borrowing strength” from more robust data sets to improve parameter
estimation of the weaker data set (Hilborn and Liermann, 1998; Myers
and Mertz, 1998). This was certainly the case where pre mid-rise
(< 1962) petrale sole Δ14C observations informed the parameter
estimation of the longnose skate pulse function where data were
lacking or highly variable. This compromise has been described as

Table 3
Non-linear mixed effects Δ14C model parameters (median, lower 5%, higher 95%) from 2000 Markov Chain Monte Carlo (MCMC) simulations of the converged posterior sample for
longnose skate age estimates for unstained samples. The first subscript of the random effects parameter identifies age reader (1,2 = AFSC; 3,4 = DFO, R = petrale sole (Eopsetta jordani,
reference curve) and the second identifies the fixed effect to which the random effect parameter is associated. Also given are MCMC convergence statistics.

Parameter Median Lower Higher First order correlation Geweke statistic, z Pr > |z|

Fixed effects
θ2 155.25 148.16 162.63 0.042 0.174 0.861
θ3 1963.07 1956.40 1969.50 0.028 0.104 0.916
θ4 5.88 4.37 7.39 0.035 -0.043 0.965

Random effects
u13 1964.2 1957.9 1971.0 0.055 -0.895 0.371
u23 1964.4 1957.7 1971.3 0.047 -0.175 0.860
u33 1960.2 1953.3 1966.6 0.031 -1.054 0.292
u43 1959.7 1952.9 1966.0 0.039 0.345 0.560
uR3 1966.7 1960.5 1973.6 0.029 0.981 0.870
u14 5.9 7.1 7.1 0.145 -0.561 0.982
u24 5.9 4.7 7.2 0.005 0.879 0.563
u34 4.7 3.5 5.9 0.028 -0.274 0.273
u44 4.7 3.5 5.9 0.012 -0.173 0.764
uR4 5.8 4.4 7.1 0.035 0.274 0.354
σ2e 599.4 531.1 693.4 0.019 1.583 0.123
σ2θ3 19.2 2.0 65.4 0.005 -0.051 0.959
σ2θ4 1.7 0.2 2.5 0.007 -0.121 0.798
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“shrinkage” where parameters shrink toward the group mean when
data are lacking or are uninformative (Gelman et al., 2004). In our case,
the compromise enabled comparison of the petrale sole pulse function
with and without the inclusion of longnose skate data. The longnose
skate data had little influence on the estimated pulse curve from the
more robust petrale sole data; conversely the petrale sole data were
essential to estimate the longnose skate pulse curves. Inclusion of both
longnose skate and petrale sole reference Δ14C data and age reader as a
random effect in the same non-linear model is not only desirable but
quite justified. In this regard, the explicit assumption of the statistical
model is equivalent to the implicit assumptions in bomb radiocarbon
studies: that the validation and reference data are subject to the same
environmental and biological processes affecting the uptake of 14C.

Application of this non-linear mixed effect model using MCMC simula-
tion provides the added advantage in that hypothesis regarding ageing
bias can easily be quantitatively tested and evaluated in a probabilistic
framework.
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