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Recent application of Fourier transform near infra-red spectroscopy (FT-NIRS) to predict age in fish otoliths has gained attention among
fisheries managers as a potential alternative to costly production ageing of managed species. We assessed the age prediction capability of
FT-NIRS scans in whole otoliths from red snapper, Lutjanus campechanus, collected from the US Gulf of Mexico and US Atlantic Ocean
(South Atlantic). Otoliths were scanned with an FT-NIR spectrometer and resulting spectral signatures were regressed with traditionally
estimated ages via partial least squares regression to produce calibration models, which were validated for predictive capability against test
sets of otoliths. Calibration models successfully predicted age with R? ranging 0.94-0.95, mean squared error <1.8 years, and bias <0.02 years.
Percent agreement between FT-NIRS and traditional ages was lower than within-reader agreement for traditional estimates, but average per-
cent error was similar and Kolmogorov—-Smirnov tests were not significantly different (p > 0.06) between traditional and FT-NIRS predicted
ages for optimal calibration models. Ages >31years were not well predicted, possibly due to light attenuation in the thickest otoliths. Our
results suggest that FT-NIRS can improve efficiency in production ageing for fisheries management while maintaining data quality standards.
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Background on a continuous basis by both federal and state agencies, often
Age estimation of marine fishes for use in management is one of ~ comprising numerous age readers and methodologies to compile
the costliest elements of the fisheries stock assessment process in  estimates for hundreds of thousands of fish per year (Campana
terms of both money and time expenditures. In the United States,  and Thorrold, 2001; Helser et al., 2019a). Processing of ageing
production ageing of hundreds of managed species is carried out  structures, usually otoliths, might entail embedding in resin, thin
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sectioning, mounting sections on slides, and enumerations of
growth bands by multiple readers to generate age estimates. The
total time expenditure can average hours per specimen and be
subject to reader bias on varying scales depending on the method-
ology, experience, and training of readers (Campana, 2001).

Fourier transform near infra-red spectroscopy (FT-NIRS) is a
non-destructive light spectroscopy technique that has been used
in agriculture and pharmaceuticals for several decades (Reich,
2005) and more recently has been applied to wildlife biology
(Vance et al., 2016). FT-NIRS passes light from the near infra-red
(NIR) region through a sample, and the interaction of this light
with the sample over the length of the NIR spectrum forms a
“spectral signature” of absorbance measurements at each wave-
length (or wavenumber), which indicates the presence and quan-
tity of organic chemical bonds contained within the sample,
namely CH, -OH, -NH, and —-SH (Murray and Williams, 1987;
Williams, 2008). In biological applications, spectral signatures ac-
quired from various species have been correlated with variables
such as age in mosquitos (Mayagaya et al., 2009; Sikulu-Lord
et al., 2016; Lambert et al, 2018), sex in frogs (Vance et al., 2014),
and faecal content in mammals (Tolleson et al., 2005; Wiedower
et al., 2012), enabling diagnostic tools for predicting these metrics
based on spectral data alone.

Rapid age estimation in fish using FT-NIRS scans of whole
ageing structures has the potential to revolutionize the way age
estimates are produced for fisheries stock assessment (Wedding
et al., 2014; Rigby et al, 2014, 2016; Robins et al., 2015; Helser
et al., 2019a; Passerotti et al., 2020). Application of FT-NIRS tech-
nology to fish age estimation uses a calibration set of otoliths
with associated traditionally estimated ages to “train” a predictive
model using NIR spectral data as a response. The set of spectral
data is then evaluated using multivariate partial least squares
(PLS) regression to correlate spectral signatures with age. This
process produces a linear correlation model to predict the age of
a fish based on a rapid scan (usually <60s) of a whole otolith.
Ideally, the calibration model should incorporate as much age-
related spectral variation as possible, so that its subsequent pre-
diction ability is robust. To evaluate the predictive capability of
the calibration model, both an internal cross-validation and an
external validation using a separate test set of otoliths are ideal
(Williams, 2008). The potential impact of this technology on the
production ageing process for fisheries stock assessment, both in
turnaround time and cost, is significant (Robins et al, 2015;
Helser et al., 2019a). To this end, US federal management entities
are actively vetting the incorporation of FT-NIRS into current
stock assessment processes (Helser et al., 2019b) and recommen-
dations have been made to pursue the use of FT-NIRS for im-
proving the scope and timing of production ageing for managed
species (SEDAR, 2020).

While published FT-NIRS age estimates suggest prediction er-
ror rates similar to traditional age estimation, further comparison
of FT-NIRS predicted ages to traditional ages in the context of
age data products used in fisheries stock assessment models has
not been published. Comparisons of percent agreement (PA) and
bias from FT-NIRS-acquired data and traditional age readers are
similar in scale and have been reported by Helser et al. (2019a)
and Rigby et al. (2014, 2016). Similarly, Rigby et al. (2016) and
Passerotti et al. (2020) used FT-NIRS predicted ages to create
growth models for comparison to traditional age-length data.
Further translation of FT-NIRS ages, for example to age composi-
tion for use in catch-at age models, has not been published. In
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addition, basic information as it relates to the physical properties
of ageing structures interrogated by the approach (for instance,
depth of NIR light penetration) is lacking.

Red snapper Lutjanus campechanus are a long-lived (50+
years) sub-tropical reef fish species found in the western Atlantic
Ocean and throughout the Gulf of Mexico (GOM) (Manooch
and Potts, 1997; Nelson and Manooch, 1982) for which ageing
methods have been validated with the bomb radiocarbon A'™C
chronometer (Baker and Wilson, 2001; Barnett et al, 2018;
Andrews et al., 2019). In the southeastern United States, it is one
of the most commercially and recreationally important marine
finfish species, accounting annually for over $20 million in com-
mercial landings and nearly $50 million in economic impacts
from the recreational fishery, mostly in the US GOM [NMES
(National Marine Fisheries Service), 2018]. This species is feder-
ally managed as two separate stocks, the US GOM and southern
US Atlantic Ocean [South Atlantic (SA)], with the GOM stock
further subdivided into eastern and western subunits with a line
of demarcation at the Mississippi River (Figure 1, modified from
SEDAR, 2008). The regulatory history of red snapper has been
complex, contentious, and costly (Cowan, 2011), requiring a large
investment of effort and time to collect and process increasing
numbers of biological samples to be used as assessment model
inputs. In the most recent GOM red snapper stock assessment
(SEDAR 52; SEDAR, 2018), nearly 50 000 new age estimates were
produced over 4 years from fish collected from the US GOM re-
gion alone (Lombardi, 2017) at an enormous cost in terms of
time and money. Though fewer red snapper are collected in the
Atlantic region [NMFS (National Marine Fisheries Service), 2018;
SEDAR, 2017], over 10 000 SA ages have been produced in the
last 5 years (M. Reichert, pers. comm.).

Given the high costs of producing age estimates on the scale
and timeline needed for the management of red snapper, and the
potential of FT-NIRS to generate ages for use in management, we
evaluated the capability of FT-NIRS to predict age from whole
otoliths of red snapper in the context of production ageing across
regional stocks. Furthermore, we report novel experimental
results evaluating the depth of NIR light penetration in otoliths
of varying size and age, which has not been previously docu-
mented but represents a necessary step forward to determining
the physical focus (or foci) of the NIRS/age correlation.

Methods

Sample selection

Sagittal otolith samples used in this study were compiled from ar-
chival fishery-independent collections of red snapper collected
from the US GOM and southeastern US Atlantic Ocean (SA).
GOM samples were collected for the NOAA Southeast Fisheries
Science Center, Panama City Laboratory, and herein are further
subdivided into eastern GOM (EGOM) and western GOM
(WGOM) sample sets according to catch location and geographic
designations for subunits of the GOM stock as defined by federal
stock assessments (SEDAR, 2008; Figure 1). SA samples were col-
lected by the South Carolina Department of Natural Resources
(SCDNR), Marine Resources Research Institute, as part of the
Southeast Reef Fish Survey and Marine Resources Monitoring
Assessment and Prediction sampling programmes. Generally,
fishery-independent sources collect both right and left sagittal
otoliths; left otoliths are typically sectioned for ageing, leaving the
right otolith available for FT-NIRS. For this study, otoliths were
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Figure 1. US federal management regions for red snapper, adapted from SEDAR (2008). The GOM is divided into eastern (EGOM) and
western (WGOM) subunits roughly along the Mississippi River boundary as indicated by the orange dashed line. Samples for this study were
grouped into three regions for testing: EGOM, WGOM, and South Atlantic.

selected to equalize sample sizes across regions while maintaining
a similar range of collection years (GOM: 2011-2016, SA: 2011—
2017). A notable exception was the inclusion of the two oldest
otoliths aged 35 and 38 years, both from the SA. These otoliths
were collected in 1997, but because otoliths of advanced age (gen-
erally 304) were not available within the constrained collection
years, we included them for the evaluation of FT-NIRS age pre-
diction for long-lived individuals.

We selected separate calibration and test sets of otoliths from
each geographic region for comparison: EGOM, WGOM, and
SA. Calibration sets were selected to approximate a uniform dis-
tribution within regions, with relatively even numbers of samples
(n ~ 10 per age class) across all available age classes, where possi-
ble. Test sets of otoliths for each region were chosen at random
from the same sampling years to mirror a typical age structure for
each population (Figure 2). Otoliths were stored dry in coin enve-
lopes after collection and were wiped clean with ethanol and air
dried for at least 48 hr prior to FT-NIR data acquisition.

Traditional age estimation

For each otolith used in the FT-NIRS analysis, a traditional calen-
dar age estimate, or reference value, was available from the paired
otolith and was generated using methods as outlined in SEDAR
(2015) for GOM otoliths and in Wyanski et al. (2015) for SA oto-
liths. All otoliths were independently aged by at least two age

readers. Only those ages obtaining consensus were included in
this analysis. For GOM age estimates, three independent age read-
ings were available for each otolith and only estimates where at
least two of three counts agreed were used. For SA age estimates,
two age readers performed independent counts, and for those
that did not initially agree, consensus was subsequently obtained
or else the sample was excluded from the analysis. Because red
snapper are protracted spawners, calculation of calendar age
requires information on increment count (i.e. number of annuli),
month of capture, edge type, and month of increment formation
using the conditional formula (Potts, 2009; Allman et al., 2012):

increment # month > July

increment # month < July and narrow
Calendar age= translucent edge
increment #+1 month < July and

wide translucent edge.

Spectral data collection

Spectral data were collected with a Bruker Matrix I FT-NIR spec-
trometer (Bruker Scientific, Billerica, MA, USA). Whole otoliths
were positioned convex-side down in the middle of the sample
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Figure 2. Red snapper sample age distributions for calibration and
test sets for the (a) EGOM, (b) WGOM, and (c) SA.

window with the rostral axis positioned horizontally relative to
the sample window (see Robins ef al, 2015, for detailed descrip-
tion and pictures of scanning setup). A gold-coated transflectance
cap was placed over the top of the otolith to reduce stray light en-
tering the detector. A total of 64 spectral scans were acquired for
each otolith at a frequency of 16 cm ™" along the entire NIR spec-
trum (3600-12 000 cm™ '), and scans were averaged to produce a
single representative spectrogram for each sample. Each spectro-
gram took approximately 30 s to produce. Principle components
analysis (PCA) was used for data visualization and outlier detec-
tion within the PLS regression process. Spectral data analysis was
conducted using the OPUS software suite (version 7.8; Bruker
Scientific, Billerica, MA, USA).

Data preprocessing and model selection

For each calibration model, multivariate spectral data were fitted
to traditionally estimated otolith ages using PLS regression (Chen
and Wang, 2001). Models were evaluated for age prediction capa-
bility using a “leave one out” method of cross-validation, whereby
calibration models were produced with one or more samples left
out and those samples subsequently tested against the model for
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goodness of fit. This was repeated, in turn, with each sample
tested against its calibration model until all samples had been
cross-validated and goodness of fit was judged based on the R*
(coefficient of determination), root mean square error of cross-
validation (RMSECV), and residual prediction deviation (RPD)
values. RPD values of 3 or higher are generally accepted as “good”
from a chemometrics standpoint (Williams, 2008). Wavenumber
selection and data preprocessing treatments were compared to
determine treatments and wavenumber ranges that minimized
the RMSECV of predicted ages, resulting in an optimized model
capable of generating FT-NIRS-predicted ages from spectral data
alone. Loadings plots were evaluated and noisy regions of the
spectrum were excluded to yield optimized wavenumber selec-
tion. In addition to standalone regional calibration models
(EGOM, WGOM, SA), we tested combined GOM (WGOM and
EGOM) and All Regions Combined (WGOM, EGOM, and SA
combined) calibrations. Once final calibration models were cho-
sen for each region, calendar ages for test sets of otoliths were
predicted by each calibration model, in turn, and model fits com-
pared to determine the optimal prediction model for each test
set. We also calculated % root mean square error (% RMSE) =
(RMSE/maximum age x 100) to evaluate standardized model er-
ror in the context of the maximum age included in the model
(Couture et al., 2016; Passerotti et al., 2020).

Samples in the oldest age classes were underrepresented as our
pooled samples contained only two samples beyond 31 years. In
forming calibration models, including these rare, older otoliths in
the SA and All Regions Combined models caused differences in
both model performance and in the preprocessing required to
yield optimum age prediction. This could be due to one or more
factors: the different collection year for older otoliths, some phys-
ical or chemical difference in the otolith-NIR light interaction for
these samples or simply reduced model performance due to the
inconsistency of sample distribution. As such, we compared opti-
mized calibration models that either included (“SA Complete”
and “All Regions Complete”) or did not include (“SA Truncated”
and “All Regions Truncated”) the oldest two samples to assess
how their inclusion affected the subsequent models’ predictive ca-
pability. For all models except the two “Complete” models, spec-
tral data were preprocessed by mean-centring followed by
transformation using the Savitsky—Golay first derivative with 17
smoothing points (polynomial order = 2), which corrects for
baseline shifts due to light scatter from differences in particle size
and perhaps other physical differences among samples.
“Complete” models, those including the two oldest fish, were op-
timized using only wavelength selection with no further prepro-
cessing, as this data treatment yielded better model results than
any preprocessing regime in which spectral data were
transformed.

Bias estimates

Relative bias was compared between FT-NIRS predicted ages and
traditional age estimates (FT-NIRS bias), as well as between indi-
vidual reader ages comprising the traditional age estimates
(reader bias). FT-NIRS ages predicted from calibration models
are produced as continuous numbers rather than integer ages;
hence, comparison of calendar age estimates between methods re-
quired rounding raw FT-NIRS ages to the nearest integer.
Relative bias (B) was calculated for FT-NIRS ages as BFT-NIRS

AgefTNIRS _ Agelraditional 04 for traditional ages as B'™! =
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AgeRerdert _ AgeReader 2 (Helser ef al., 2019a). PA and average per-
cent error (APE; Beamish and Fournier, 1981) were calculated for
both types of ages for comparison using the FSA package in R
(Ogle et al., 2018). To further evaluate the capability of FT-NIRS
to generate age compositions similar to those used to inform
management, we tested for differences (o« = 0.05) in test-set sam-
ple age distributions derived from FT-NIRS predicted- and
traditional-age data using a two-sided Kolmogorov—Smirnov (K-
S) test on ages output for each test/calibration set combination.

Light penetration

Given the differences in model performance and preprocessing
requirements for the oldest samples, and the constraint given
sample availability that we could not experimentally change col-
lection year or sample distribution to test for their effects on
model performance, we chose to evaluate whether NIR light pen-
etration is attenuated in older, thicker otoliths, which could lead
to age underestimation and differences in preprocessing require-
ments for best predicting age in these otoliths. We selected a sub-
set of 58 otoliths from the SA ranging 1-38years in age,
measured thickness of the otoliths through the core region using
callipers, and tested for a distinct chemical signature (polysty-
rene) on the distal concave surface of the whole otolith as
detected by NIR light penetration through the otolith core.
Otoliths were positioned on the sample window as previously de-
scribed and a 5-mm diameter polystyrene disc was placed on top
of the otolith, directly over the core area. Polystyrene was chosen
because it provides a distinct FT-NIR signature detectable even in
the presence of otolith signatures. Otoliths were scanned as de-
scribed earlier and spectra were evaluated for differences in signa-
tures with and without polystyrene. Spectra were transformed
using a Savitsky—Golay first derivative with 17 smoothing points
(polynomial order = 2), and wavelength range was reduced to se-
lect the regions where the polystyrene spectral signature was most
easily differentiated from that of otoliths based on their respective
individual signatures. PCA was used to discriminate the presence
or absence of a polystyrene signature. Analyses were carried out
using the Conformity package within OPUS (version 7.8) and
The Unscrambler 10.2 (Camo Analytics).

Results

A total of 1357 otoliths were included in FT-NIR age prediction
analyses across all regions (WGOM: n=354, EGOM: n=311,
SA: n=692). PCA of preprocessed spectral data for all otoliths
showed no discernible separation due to region (Figure 3a). The
first two principle components (PCs) explained 98% of the spec-
tral variation among otoliths; in contrast, the first two PCs
explained only 84% of the spectral variation among age groups
(Figure 3b). Most FT-NIRS age calibration models required 6-8
PCs (model rank) to maximize predictive power (Table 1), sug-
gesting that spectral differences explaining <2% of the overall
variance played a substantial role in successful age prediction.

All calibration models performed well, predicting traditional
calendar age with R* = 0.94-0.95, RMSECV < 1.8 years, bias <
0.02, and RPD > 4 (Table 1 and Figure 4). Although some differ-
ences in prediction capability were apparent among regional cali-
brations, the All Regions Combined models generally performed
at or above the level of the regional models and predicted age to
within about 1.5years with minimal bias and favorable RPD
scores. In addition, % RMSE for the All Regions Combined
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Figure 3. PCA of first-derivative transformed spectral data for all
red snapper otoliths coded by (a) region and (b) age group.
Additional scores for PCs in 3B correspond to the first two factors of

a combined region age prediction model explaining 68 and 16% of
variation in predicted calendar ages.

Complete model was lower than nearly all other calibrations, ow-
ing to the larger age range included in the Complete models.
Informative spectra did exhibit some variation between the two
regions but overall were similar to each other in range (Figure 5).

The lack of regional spectral differentiation and the equiva-
lence of calibration models are compelling; hence, for clarity and
brevity, we will discuss test-set results for all regions combined as
predicted by the All Regions Combined calibration models only,
although full results from pairwise validation of regional test-set/
calibration model combinations are provided in Supplementary
Table S1 for reference. Combined test-set ages were predicted
well by both All Regions Combined models, with R* = 0.92 and
root mean square error of prediction (RMSEP) ~ 1.00, meaning
that at least 67% of ages were predicted to within a year or less
relative to traditional age (Table 2 and Figure 6). Of the two
models, the All Regions Truncated calibration optimized all
parameters for combined test-set ages.

Bias between FT-NIRS and traditional ages was similar overall
for all test sets (Table 2 and Supplementary Table S1); therefore,
only results for the All Regions Truncated model are plotted.
Mean FT-NIR bias = SD by age class overlapped reader bias
across most ages (Figure 7). FT-NIRS bias increased at older ages
over that of traditional age estimates, but otherwise mean bias
was equivalent between ageing methods. Overall, PA was lower
for FT-NIRS ages relative to between-reader agreement for tradi-
tional ages (Figure 8), with FT-NIRS PA * 1year = 87.1% and
traditional between-reader PA * 1year = 93.4%. Between-reader
APE varied by region (GOM = 4.71%, SA = 9.70%, Combined =
6.97%) and was lower than FT-NIRS-generated values (Table 2
and Supplementary Table S1). Age distribution of FT-NIRS ages

020z 1snBny $z uo 1sanb Aq 89Z588S/1 € L eesl/swisadl/c601L 0L /10p/ao1e-soueApe/swisadl/woo dno-olwspese//:sdny woJj papeojumoq


https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaa131#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaa131#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaa131#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaa131#supplementary-data

M. S. Passerotti et al.

Table 1. Calibration model results for red snapper FT-NIRS age prediction, by region.

Calibration model

(calendar age) n Maximum age Rank R? RMSECV % RMSE Bias RPD Slope Offset
WGOM 150 31 6 0.94 1.84 5.94 —0.002 4.16 0.95 0.56
EGOM 105 18 4 0.95 0.85 4.72 0.009 4.67 0.95 0.31
GOM Combined 255 31 6 0.94 1.6 5.16 0.000 4.14 0.94 0.50
SA Truncated 253 28 8 0.94 135 4.82 0.019 4.12 0.95 0.38
SA Complete* 255 38 8 0.94 1.52 4.00 0.011 4.02 0.94 0.49
All Regions Combined 508 31 8 0.94 1.54 497 —0.004 4.02 0.94 0.49
Truncated
All Regions Combined 510 38 9 0.94 1.58 4.16 0.001 4.06 0.94 0.51
Complete*

The “Complete” models for SA and All Regions Combined (indicated by *) are
“truncated” models exclude these samples.

did not differ significantly from that of traditional ages for valida-
tions where RMSEP was minimized and PA maximized (Table 2,
Supplementary Table S1, and Figure 9). For nearly all test sets,
this corresponded to validation with the All Regions Truncated
calibration model. Combined test-set ages predicted with the All
Regions Complete calibration were significantly different than
traditional estimates (p=0.004).

Light penetration

Ages up to 38 years were cross-validated in the SA Complete and
All Regions Combined Complete calibration models, comprising
the oldest otoliths assessed for FT-NIR age estimation to date,
and the lowest % RMSE for annually aged otolith calibrations
published to date (Table 1 and Figure 4e and g; Passerotti et al.,
2020). Optimization of Complete age prediction models was
achieved using raw spectral data, that is spectral data that had un-
dergone no data transformations or smoothing algorithms (pre-
processing). Conversely, all other models presented were
optimized using mean-centring and first derivative Savitsky—
Golay transformations. Preprocessed Complete calibration mod-
els were characterized by higher offset (SA: 0.70, All Regions:
0.59), lower slope (SA: 0.90, All Regions: 0.93), reduced RMSECV
(SA: 1.68, All Regions: 1.67), and greater bias at age classes
>28years (i.e. mean bias * SD: SA preprocessed =
7.1 * 3.6 years, SA no preprocessing = 4.3 = 3.1 years) relative to
the un-preprocessed models ultimately used for cross-validation
(Table 1). Despite excellent predictive ability based on PLS regres-
sion model metrics, ages of the oldest two otoliths (35 and
38 years old) were under-predicted in both Complete calibration
models, in the SA Complete by 7.9 and 4.5 years and All Regions
Complete by 6.6 and 3.3 years, respectively. Given that these un-
preprocessed models used physical differences in light scatter to
improve predictive capability, light penetration may have played
a role in FT-NIR age prediction of the 35—and 38—year-old
otoliths.

Otolith thickness ranged from 2.1 to 5.9mm and increased
with age (Figure 10). Raw spectra for otoliths both with and with-
out the polystyrene disc, as well as the raw spectrum for polysty-
rene, are plotted in Figure 11a. The polystyrene spectrum has a
unique and characteristic peak at 5950 cm ™', which is easily dis-
cernable relative to the typical otolith spectrum in both position
and magnitude. Generally, otolith spectra increase in magnitude
with increasing fish age (although not absolutely), and the poly-
styrene signal at 5950 cm ™' became attenuated as the magnitude

those including the two oldest fish in the study aged 35 and 38 years, while

of raw spectra increased. Preprocessing improved spectral differ-
entiation between treatments (Figure 11b), and a PCA of prepro-
cessed spectra by treatment is presented in Figure 12.
Differentiation is apparent between disc and no-disc spectra, ex-
cept for SA239, the 38-year-old fish with the thickest otolith, for
which the “disc” spectrum overlaps the “no-disc” grouping as
segregated along PC 1. While there was some separation of SA239
disc vs. SA239 no-disc scores, the fact that the SA239 disc spec-
trum could not be distinguished from other no-disc scores sug-
gests the polystyrene signal is not detectable; hence, NIR light
penetration is likely attenuated in this otolith.

Discussion

These results provide a baseline of understanding for the applica-
tion of FT-NIRS to otolith age prediction across multiple stocks
of red snapper and make a compelling case for the feasibility of
incorporating FT-NIRS estimated ages into fish stock assessments
for management. Calibration models predicted ages that were
highly correlated to and within a year or less for the majority of
test-set samples relative to traditionally estimated ages in fish
ranging 0-31 years, lending further credibility to the use of FT-
NIRS for ageing based on the example of shorter-lived pollock in
Helser et al. (2019a). When translated into error terms more typi-
cally associated with age estimation error in fisheries, absolute PA
for red snapper FT-NIRS predicted ages ranged 43-53%, with PA
within *1year of 87-89% and APE values <10% relative to tra-
ditional ages. While PA was lower than most published between-
reader values (i.e., Baker and Wilson, 2001; Wilson and Nieland,
2001; White and Palmer, 2004), PA *1-year herein approached
the ~90% = 1-year agreement reported for sub-sampled produc-
tion ages in the GOM (Allman et al., 2002). APE values were typi-
cal relative to between-reader error in production ageing. In
many cases for typical production ageing in the GOM, only one
age estimate might be generated for an otolith due to time con-
straints. As such, the only measure of error for a given set of pro-
duction ages might be those derived from counts of reference
collections shared between ageing facilities. In the most recent as-
sessment (SEDAR 52; SEDAR, 2018), a GOM reference collection
was reported to have within-laboratory APEs ranging 1-7% for
ageing facilities across the region (Lombardi, 2017) and APEs
ranging 2.5-11.6% were reported in other calibration studies of
the region (Allman et al., 2002, 2005). A similar reference
collection of Atlantic red snapper otoliths aged across three
production ageing laboratories produced an APE of ~11%
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Figure 4. Plots of red snapper FT-NIRS age calibration model results for the (a) EGOM, (b) WGOM, (c) GOM combined, (d) SA Truncated,
(e) SA Complete, (f) All Regions Combined Truncated, and (g) All Regions Combined Complete calibrations. Dashed line is the linear

regression, and solid line represents a 1:1 regression line.

[SFB NMFS (Sustainable Fisheries Branch—National Marine
Fisheries Service), 2015]. Because we only used otoliths with
available consensus ages for this study, bias estimates for
traditional ages herein are likely underestimated relative to ages
typically supplied for management. Furthermore, age class
distribution was not significantly different for FT-NIRS ages

relative to traditional estimates, which solidifies the potential
use of FT-NIRS ages to generate stock assessment information
such as mortality estimates. In all, FT-NIRS shows overt prom-
ise to improve efficiency in production ageing for fisheries
management by greatly reducing time and effort while main-
taining data quality standards.
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Improvements in efficiency for FT-NIRS age estimation over
traditional methods are substantial, particularly because as long
as otoliths are clean and dried to ambient conditions, little prepa-
ration is required to collect spectral data (Robins et al., 2015). In
contrast, traditional age estimation protocols for red snapper re-
quire thin sectioning, mounting, and polishing of sections before
band enumeration can be performed (VanderKooy, 2009).
Realistically, a few hundred otoliths can be processed and aged in
a typical work week using traditional methods. With FT-NIRS,
each scan takes ~30s using the spectrometer and settings in the
current study. Depending on the set-up of the scanning system,
manipulating samples on and off the spectrometer can add about
1 additional minute. Under optimized efficiency, spectral data
collection for the 1357 otoliths analysed in this study could be ac-
complished in 34 hr. Some spectrometers have sample wheels that
can be automated to rotate a series of samples over the sample
window, which might further improve the efficiency of scanning.
[Robins et al. (2015) provide more details regarding spectrometer
cost and set-up options.] Model building and selection of opti-
mum calibration models based on reference collections add addi-
tional time considerations to implementation of the FT-NIRS
method. Because outcomes benefit from having calibration mod-
els encompassing the full range of spectral variability possible,
one potential scenario for operationalizing FT-NIRS might be to
scan all archival specimens to develop initial optimized calibra-
tions on a species/region/temporal case-by-case basis and then re-
evaluate models on a rolling basis as new years of otolith collec-
tions are added. Estimating ages traditionally for a subset of
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Figure 5. Loadings plot of regression coefficients for the GOM
Combined (grey) and SA Truncated (black) age calibration models
for red snapper.
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Figure 6. Plot of red snapper FT-NIRS test-set results for the (a) all
regions (All Regions Truncated) and (b) all regions (All Regions
Complete) validations. Dashed line is the linear regression, and solid
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Figure 7. Mean bias = SD for red snapper FT-NIRS (black circles)
and traditional (grey circles) ages by age class for all test sets
combined, as predicted by the All Regions Combined Truncated
calibration model.

Table 2. Validation results for the age prediction of regional test sets of red snapper otoliths relative to the corresponding calibration model

used to test (in parentheses).

Test set (calibration

tested against) n Maximum age R’ RMSEP % RMSE  Bias RPD Slope Offset PA APE K-SD p

All Regions Combined 847 30 092 099 3.30 —0.04 332 1.01 —0.01 458 104 0.07 0.056
(All Regions Truncated)

All Regions Combined 847 30 092 1.02 3.40 016 329 101 022 442 113 0.09 0.004

(All Regions Complete)

PA, APE, and results of two-sided K-S tests (D statistic and p-value) are also given

for each test-set/calibration model combination.
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Figure 8. Frequency of relative bias (B) by method for all red
snapper ages across all test sets combined as predicted by the All
Regions Truncated calibration model. Raw FT-NIRS ages were
rounded to the nearest integer before bias calculation to facilitate
comparison with traditional ages.
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Figure 11. Raw (a) and first-derivative transformed (b) spectra of
red snapper otoliths scanned for light penetration trial with no disc
(grey) and polystyrene disc (black). The raw spectrum for
polystyrene is overlaid in blue in (a). Differentiation was judged
based on wavenumber range 6280-6080.

collections each year would provide calibration data for model
comparisons and create a checkpoint for quality control.

Current understanding of the underlying drivers of FT-NIRS
age prediction is lacking, but it has been suggested that age-
related changes to the otolith protein or organic matrix are a
likely mechanism (Helser er al., 2019a). Red snapper age predic-
tion models generally relied on spectral regions between 7600 and
4100 cm ™", a reduced region relative to the entire spectrum inter-
rogated (12 000-4000 cm ™ Y), with some model-specific variation
in the importance of different signals occurring throughout that
range. These reduced regions roughly correspond to various —
CH, —OH, and -NH bonds and are similar to important age-
predictive regions from other otolith age prediction models
(Wedding et al., 2014; Robins et al., 2015; Helser et al., 2019a)
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Figure 12. PCA of red snapper otolith light penetration spectra
with no disc (grey squares) and polystyrene disc (black circles).
Selected proximal “disc” samples are labelled with age to show
spatial trends.

including juvenile red snapper (Passerotti et al, 2020).
Ostensibly, otoliths record variability in both environment and
fish physiology, and chemical changes might be associated with
the crystal lattice, deposition of the organic layer, or both,
depending on the molecule (i.e. Campana, 1999; Izzo et al., 2016;
Thomas et al., 2017; Thomas and Swearer, 2019). The assumption
that FT-NIRS detects all chemical changes and that the changes
are definable with age requires further confirmation.
Environment and physiology can interact with otolith morpho-
metrics to create spatial heterogeneity in otolith chemistry within
individual structures (Sturrock et al., 2015; Limburg and Elfman,
2017; Vasconcelos-Filho et al., 2019), which could also play a role
in age-related patterns in FT-NIRS signatures. Further work is
needed to define age-related physicochemical patterns in otoliths
as related to changes in the FT-NIRS signature.

Region did not explain most of the variation in otolith spectral
signatures based on PCA, although age prediction model
outcomes did vary by region. Hence, the regional differences in
calibration model performance likely stem from an interaction of
regional differences in sample size and ageing precision for
traditional reference ages, and temporal variation included in the
growth history of otoliths. Environmental variability between
regions could also play a role in regional model performance, de-
spite best efforts to minimize this by constraining of sampling
years. The SA sample sets included an additional year of collec-
tions (2017) as well as the two oldest otoliths collected in 1997,
which might have added variability not accounted for by the
GOM samples. Preliminary analysis of GOM red snapper showed
that RMSEP was lower in a single year (2012) calibration than for
multiple years combined (Barnett et al., 2019), although this is
based on a small sample size. For some test-set validations herein,
age prediction improved when spatial variability and sample size
of the calibration model increased (Supplementary Table S1) and
the All Regions Truncated model optimized RMSEP and PA in
most test sets. All other published studies have found similar
evidence. Helser ef al. (2019a) found similar results in walleye
pollock Gadus chalcogrammus, where some annual and regional
variation in spectral data was evident, but combined year models
performed best when considering test-set results across all group-
ings. Wedding et al. (2014) and Robins et al. (2015) also found
seasonal and geographic differences in spectral signatures and
resulting age calibration models for coastal snapper and barra-
mundi species and again found it preferable to combine
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calibrations to accommodate variation for optimizing prediction
capability. Studies of red snapper otolith chemistry have found
regional differences in stable isotope and trace element profiles
within the GOM (Patterson et al., 2008; Nowling et al, 2011;
Sluis et al., 2012, 2015; Zapp Sluis et al, 2013) and the Atlantic
(Barnett et al., 2016), but no comparative studies between the
GOM and Atlantic exist. Further chemical profiles of otoliths
from both regions are lacking. In addition, while trace elements
can be bound to organic matrix in otoliths (Izzo et al., 2016;
Thomas et al., 2017; Thomas and Swearer, 2019), it is not clear
whether FT-NIRS can detect trace elements in otoliths, although
the lack of regional spectral variation suggests that they are not
detectable at a diagnostic level in whole otoliths.

In addition to spatial and temporal variation among spectra,
the age structure of sample sets varied across regions despite
efforts to standardize that of calibration sets. Constraining the
collection years included in calibration models might control for
some temporal variation in water quality and other environmen-
tal variables; however, the age composition of sample sets will in-
herently affect the temporal variability included in the model
since otoliths from older fish include more years of environmen-
tal variation than do those from younger fish. For populations
with mostly young fish, e.g. EGOM, modelled variation might
differ significantly from populations with older fish sampled in
the same years and in the absence of regional variability. This
idea has potential ramifications for ages estimated from single-
gear surveys, where gear biases in catch-at-size by age might affect
age distributions and thus any resulting FT-NIRS calibration
models. Future effort should include the collection of FT-NIRS
data for all archived otoliths to further explore dynamics in spec-
tral variation across time and regions, as well as the effects of age
distribution on model performance.

Model performance in terms of PA, APE, and age composition
presented herein relative to the PLS regression metrics typically
reported in FT-NIRS feasibility studies demonstrates that addi-
tional considerations are necessary to select optimal calibration
models for otolith age data. Despite satisfactory model perfor-
mance for nearly all models presented here based on R%, RMSEP,
and RPD values as defined in previous FT-NIRS age prediction
studies (Wedding et al., 2014; Rigby et al, 2014, 2016; Robins
et al., 2015; Helser et al., 2019a; Passerotti et al., 2020), the result-
ing translation to integer ages for management use did not always
yield optimal PA and APE values (Supplementary Table S1),
which are typically used to judge quality of age estimates in fish-
eries research. Differences among prediction performance metrics
might stem from the rounding convention used to transform the
decimal ages output from FT-NIRS prediction models to integers
for use as calendar ages. We compared several rounding methods
and found none worked better than conventional rounding; how-
ever, further investigation into best practices might very well lead
to improvements in this area. There might also be some
“regression effect” or “regression towards the mean” occurring
differentially among calibration/test-set pairings, whereby the
mean age of the calibration model, and thus the age for which
model prediction error is least, differs from that of the test set,
thereby increasing prediction error disproportionately in age clas-
ses as they progress sequentially further from the calibration
model mean (Williams, 2013). Regional differences in otolith
chemistry aside, this regression effect could have contributed to
differential prediction ability of calibration models, as mean age
of the GOM Combined test set was 5years old compared to
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3years old in the SA test set. Hence, using calibration models
with similar age composition to targeted test sets may result in
lower prediction error (Williams, 2013). Future investigation
should further assess this phenomenon, as well as issues of round-
ing convention and regression effects, and explore potential miti-
gation techniques.

Spectral variation in red snapper otoliths older than 31 years of
age was not modelled similarly to their younger counterparts,
which might indicate further changes underlying otolith growth
that affect FT-NIRS analysis at advanced fish age. That optimal
cross-validation models used no preprocessing means there is no
correction in spectral signatures for changing particle size or
baseline correction for light scatter occurring due to size differen-
ces of the otoliths and their inherently different presentation on
the sample window of the spectrometer. As such, it is possible
that the SA Complete and All Regions Complete calibration mod-
els rely more on these physical otolith differences than other pre-
processed models, in addition to any chemical differences. It is
also possible that chemical changes underlying age prediction
might taper off with age and/or size. These results suggest that
multiple factors could affect spectral variation in thick, old oto-
liths, which has implications for their use with FT-NIRS
applications.

This idea led us to evaluate the relationship of NIR light pene-
tration with otolith size as a way of testing one of many potential
sources of spectral variation. Size of red snapper otoliths range
widely across age classes and are large relative to other fish spe-
cies. Williams et al. (2015) demonstrated otolith thickness to be a
diagnostic metric in morphometric indices for predicting otolith
increment age in deepwater snappers and we found red snapper
otolith thickness likewise to increase with age to a maximum of
almost 6 mm in the oldest fish used in this study. Sample thick-
ness alters NIR light penetration in cartilage at several wavenum-
ber regions (Padalkar and Pleshko, 2015), and although the
aragonite matrix of otoliths is less opaque and less proteinaceous
than that of cartilage, the behaviour of light with the otolith or-
ganic matrix might be similar. Indeed, spectral differences be-
tween 6280 and 6080cm ' indicate that NIR light signal was
attenuated in the oldest, thickest red snapper otolith, and addi-
tional regions of potential variation in spectral signature may ex-
ist that were not identified in our preliminary analysis. Thus, the
effects of even gross otolith morphometrics on NIR light penetra-
tion and resulting spectral signatures are unknown and should be
fully explored.

There is a great need for more understanding of how underly-
ing otolith chemistry affects FT-NIRS age estimation to assess ad-
ditional fine details of age prediction using FT-NIRS. Future
otolith chemistry research should also consider adding FT-NIRS
data collection to the methodology prior to additional destructive
analyses, so that there are directly measured “wet chemistry” val-
ues for various constituents of interest to pair with spectral data
for further investigation. Furthermore, standard operating proce-
dures for spectral data collection and analysis must be developed
to ensure that ages are predicted consistently and repeatably for
each species should this technology be operationalized for man-
agement. A process for model updating will also need to be
implemented to incorporate additional age-related uncertainty
into spectral data to ensure continued prediction improvements.
Given that the next US red snapper stock assessment is scheduled
for 2021, it provides an important opportunity to develop
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sensitivity analyses comparing the use of traditional and FT-NIRS
ages in assessment models and resulting management
benchmarks.

Supplementary data
Supplementary material is available at the ICESJMS online ver-
sion of the manuscript.
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