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Abstract. Near infrared (NIR) spectroscopy was investigated as a potential rapid method of estimating fish age from
whole otoliths of Saddletail snapper (Lutjanus malabaricus). Whole otoliths from 209 Saddletail snapper were extracted
and the NIR spectral characteristics were acquired over a spectral range of 8002780 nm. Partial least-squares models
(PLS) were developed from the diffuse reflectance spectra and reference-validated age estimates (based on traditional
sectioned otolith increments) to predict age for independent otolith samples. Predictive models developed for a specific
season and geographical location performed poorly against a different season and geographical location. However, overall
PLS regression statistics for predicting a combined population incorporating both geographic location and season
variables were: coefficient of determination (R*) = 0.94, root mean square error of prediction (RMSEP) = 1.54 for age
estimation, indicating that Saddletail age could be predicted within 1.5 increment counts. This level of accuracy suggests
the method warrants further development for Saddletail snapper and may have potential for other fish species. A rapid
method of fish age estimation could have the potential to reduce greatly both costs of time and materials in the assessment

and management of commercial fisheries.
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Introduction

Reliable fish ageing methods are needed for age-structured
stock assessment and sustainable fisheries management. One of
the current standard practices for fish ageing consists of
counting annual rings (annuli) on resin mounted and sectioned
otoliths (Secor ef al. 1995). This method requires a high degree
of competency and experience to achieve accurate results
(Cardinale et al. 2000). The time required to prepare a large
number of otolith sections can often mount up into days and even
weeks to complete before reading. Campana and Thorrold
(2001) estimate a minimum of 800 000 fish age determinations
from otolith sections were conducted in the year 1999, and they
speculate that the total number of fish age determinations (using
all available methods) is probably closer to two million. This
number represents an enormous amount of hours assigned to the
preparation of sectioned otoliths, let alone the reading. With an
estimated cost in Australia of $30 per sample for collection,
preparation and reading, there is considerable scope to reduce
this using an alternate method such as near infrared (NIR)
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spectroscopy technology. NIR spectroscopy is rapid and low
cost, requires minimal or no sample preparation, and avoids
wastage and the need for reagents. Furthermore, the technique is
multi-analytical, allowing estimates of several characteristics
simultaneously.

The process of age estimation from otolith sections contains
two inherent error sources (Campana 2001). First, not all bony or
calcified structures in fish provide an accurate age record
(Beamish 1979). Second, counting annuli is highly subjective
(Boehlert and Yokavich 1984) and rigorous quality control
measures are required to maintain consistency and precision to
reduce the impact of reader bias.

A new method of age estimation using NIR spectroscopy is
investigated in the present study. NIR spectroscopy is a non-
destructive technique that uses optical data rather than wet
chemistry methods to analyse both solid and liquid products
for chemical composition. All organic matter consists of atoms,
mainly carbon, oxygen, hydrogen, nitrogen, phosphorus, and
sulphur, with a minor amount of other elements (Murray and
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Williams 1987). These molecules vibrate (bend or stretch) at
specific frequencies and irradiation of these by an energy source
such as NIR light (12 820-4000 cm ™ ') causes some molecules to
change their vibrations from one energy level to another. When
these transitions occur NIR energy is absorbed at certain
frequencies, coinciding with those of a molecular grouping in
the material being scanned (Murray and Williams 1987). NIR
spectroscopy techniques, and subsequent analysis, harnesses
and translates these vibrations into simple, very rapid analytical
procedures.

NIR spectroscopy has received considerable attention over
the years for analysis of constituents or parameters in many
industries, including agricultural, pharmaceutical, industrial and
food sectors. The technology has been extensively employed in
the assessment of plant materials for many constituents includ-
ing: oil content (Wedding et al. 2009); dry matter (Wedding
etal. 2011); and nitrogen content (McClure ez al. 2002). Seafood
applications include determination of freshness (Nilsen et al.
2002), muscle pigment (Folkestad er al. 2008), fat content
(Solberg et al. 2003; Wold et al. 1996) and moisture (Wold
and Isaksson 1997).

NIR spectroscopy is a secondary method of determination
and therefore must be calibrated against a primary reference
method, in this instance age estimates (based on traditional
sectioned otolith increments) to develop a calibration or predic-
tive model. The use of NIR spectroscopy involves developing a
predictive model by scanning the material of interest, and
comparing the samples spectral data to the reference data
obtained from the same material using traditional techniques.
This process requires a large number of samples, which must
cover the range of biological variability of future samples to
attain an acceptable level of accuracy from the predictive model.
The successful application of NIR spectroscopy to fish age
estimation would greatly reduce the time taken to prepare the
otoliths for reading as compared to the traditional sectioned
method for measuring increments, enabling the reading process
to be mechanised, as well as removing subjectivity and the risk
of reader bias. The NIR technique for this application requires
little sample preparation and clean whole dry otoliths can be
directly presented for NIR spectroscopy assessment. However,
errors associated with the reference method will inherently
perpetuate through the predictive models and be reflected in
the predictive error. Thus, the more accurate and precise the
reference method (i.e. traditional sectioned method), the more
accurate and precise the NIR calibration model will be.

The present study investigates the use of NIR spectroscopy to
scan whole unprocessed otoliths and develop a predictive model
to estimate the age of a group of wild-caught Saddletail snapper,
which have previously been shown to have otolith increments
that can be used for age estimation (Newman 2002). The NIR
spectra is directly compared to the visual age estimates, based on
increment counts obtained from standard methods of ageing
otolith cross-sections.

Materials and methods

Otoliths were obtained from 209 Saddletail snapper landed by a
trawl vessel within the Northern Finfish Fishery as part of
another research project (Forrest ef al. 2010). This fishery is
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co-managed by the Commonwealth Government of Australia
and the Northern Territory Government, and extends from the
Northern Territory border with Western Australia (129°E) east
to the Queensland border (138°E) and north 200 nautical miles
out to the boundary of the Australian Fishing Zone (AFZ). Of
these, 100 samples were collected during April 2009 (post-wet
season) and 109 were collected during November 2009 (post-
dry season). This collection of samples from different times of
the year was simply due to their availability on the back of the
previous mentioned project (Forrest ef al. 2010). Fishing was
conducted in the eastern end of the Arafura Sea, adjacent to the
Gulf of Carpentaria. Fishing was not conducted in the same
location for both trips. The exact location of fishing effort has
not been reported due to commercial sensitivities. Fish were
chilled and frozen onboard, and transported to Coopers Plains
(Brisbane, Queensland) after unloading in Darwin, Northern
Territory.

Saddletail snapper were further processed at the Health Food
Sciences Precinct in Coopers Plains. Fish were thawed and
filleted as part of the previous mentioned project (Forrest et al.
2010). After filleting had been completed, otoliths were
removed from the heads of the fish and washed in deionised
water. After washing, otoliths pairs were allowed to air dry and
were then transferred to 10 mL plastic vials for storage.

Saddletail snapper otoliths were examined for age estimation
based on increment counts with the assistance of Fisheries
Queensland staff from Southern Fisheries Centre, Deception
Bay, Queensland, using the standard method of increment
determination of otolith cross-sections (Fisheries-Queensland
2009). The left otolith of each fish was used for this determina-
tion. The right side otolith was sent to the Rapid Assessment
Unit at the James Cook University in Cairns, Queensland for
NIR spectra collection. Previous studies conducted by the
authors have found no systematic bias in the predictions
between otoliths taken from the left and right sides (FRDC
2013).

Diffuse reflectance spectra of individual whole, dried oto-
liths were collected using the integrating sphere and sample
wheel system on a Bruker multi-purpose analyser (MPA),
Fourier Transform (FT) NIR spectrophotometer (Bruker Optics,
Ettlingen, Germany; operating software: OPUS version 6.5) in
the 12500-3597 cm ™' range. All otolith samples were placed
with the same orientation (convex down) in the sample quartz
glass vials in preparation for spectra capture. Thirty sample vials
at a time were placed onto the sample wheel to be scanned
automatically for spectra collection. The loading process takes
~5 s per sample. In obtaining each sample spectrum, 32 scans
at a resolution of 8cm ™' were collected and averaged. The
assessment was conducted in a room exposed to minimal light
with the aim of reducing contact with external illumination. The
collection of NIR spectra for this particular instrument configu-
ration, resolution and average number of scans takes ~25s per
sample.

A multivariate data analysis software package ‘The
Unscrambler’ Version 9.8 (Camo, Oslo, Norway) was used to
develop partial least square (PLS) calibration models between
the reference otolith age estimation of growth bands (increment
counts) and the FT-NIR spectra. PLS regression attempts to
establish a correlation between the spectral data and the otolith
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age-reference dataset (increment counts) in order to find the
optimal model. Simply, the calibration equation or model of the
NIR and chemical loadings were combined mathematically to
yield the calibration model for analysis of unknown samples.
Prior to analysis, raw NIR spectral data often needs to be
mathematically transformed to remove defects observed in the
spectra (i.e. noise, base line drift etc). A typical raw absorbance
spectrum for Saddletail snapper (post-dry and post-wet) is
shown in Fig. 1. Various transformations were applied to the
spectral data and the effect on model performance investigated.
For all calibration models presented, the spectral data was
transformed before model development using a combination
of a 25-point Savitsky Golay smooth (moving average) and a
first derivative transformation. Validation of the model is
carried out to ensure that the model accurately predicts the
property of interest (i.e. increment counts based on the tradi-
tional sectioned method) in samples not included in the calibra-
tion process. PLS calibration model performance was based on
the coefficient of determination (R?) statistic; root mean square
error of cross-validation (RMSECV); root mean square error of
prediction (RMSEP); bias (average difference between pre-
dicted and reference values), and the standard deviation ratio
(SDR is the ratio of the standard deviation of the dataset with the
RMSECV or RMSEP). The SDR statistic is a measure of the
ability of a NIR model to predict a constituent and enables
comparison of model performance across populations with
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Fig. 1.
samples.

Typical absorbance spectrum for post-dry and post-wet otolith

Table 1.
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different standard deviations (Bailleres ef al. 2002; Golic and
Walsh 2006). Full cross-validation (leave-one-out) was used to
evaluate the calibration models.

Before the development of the calibration models, the varia-
tion of the raw NIR spectral data was investigated using
principal component analysis (PCA) and obvious atypical
spectra eliminated. PCA was used to reduce the dimensionality
of the NIR spectra and investigate any differences between the
post-wet (April) and post-dry (November) season samples.

Results

The PLS calibration model statistics for the two sample popu-
lations are displayed in Table 1. Graphically, both calibration
models are tightly aligned along the one-to-one line (where
predicted and actual values are equal) with few outliers (Fig. 2
and Fig. 3). The calibration models for the post-wet and post-dry
populations yielded an R* of 0.94 and 0.93 respectively. The
SDR’s are in excess of three so the prospect of age estimations
are good (McGlone and Kawano 1998). Figures 2 and 3 suggest
there is evidence that otolith samples with an excess of an
estimated 18 increment counts are being under-estimated in both
the post-wet and post-dry season calibration models. This may
suggest that a separate model is required to age the older otoliths.
Unfortunately there were not enough otolith samples with an
excess of an estimated 18 increment counts in the populations
collected to test this. Restricting the model to predict only
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Fig. 2. Calibration model for post-wet season datasets plotted against

otolith actual estimated age values (years).

Partial least-squares regression calibration and validation statistics for the whole dried otoliths collected over post-wet, post-dry and a

combination of both seasons
Note: SE = Standard Error, LV = Latent Variables

Calibration set Prediction set Spectra Age range SE LV R* RMSECV RMSEP Bias SDR
(outliers removed)  (Increment counts)

Post wet 100 1-21 0.59 3 0.94 1.42 —0.00597 4.2
Post dry 109 2-23 0.47 3 0.20 438 —4.109 1.1

Post dry 109(1) 2-23 047 4 093 1.30 —0.00411 3.8
Post wet 100 1-21 059 4 022 5.19 4.805 1.1

Seasons combined 169(1) 1-23 040 4 093 1.35 —0.00466 3.8
Seasons combined 40 1-21 1.01 4 0.94 1.54 —0.0271 4.1
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Fig. 3. Calibration model for post-dry season datasets plotted against

otolith actual estimated age values (years).

younger otolith samples with an estimated 18 or fewer incre-
ments results in improvements to the overall calibration
model statistics, showing a reduction in cross-validation error
(post-wet R*=0.95, RMSECV = 1.14; post-dry R*=0.92,
RMSECV = 1.20).

The post-wet otolith calibration model was used to predict
the post-dry population and vice versa (Table 1) to investigate
possible seasonal variables and their effect on the models. The
post-wet calibration model could not be used to predict the post-
dry season population (R*=0.20, RMSEP =4.38). Similarly,
the post-dry season calibration model was unsuccessful in
predicting the post-wet season otolith dataset (R®=0.22,
RMSEP =5.19).

The shape of the PLS loadings from the calibration models
for the post-wet and post-dry samples were similar for the
majority of wavelength regions selected. Similarities occurred
for both calibrations models in the regions of 6250-4000 cm ™'
as a result of the carbonate ion (Gaffey 1986; Hunt 1977,
Thomas et al. 2011). Carbonates and hydroxyl (-OH) bearing
groups contain strong NIR-active vibrational modes (Hunt
1977; Moron and Cozzolino 2003; Thomas et al. 2011). Corre-
lations were also found within this region related to -CH
combination overtones, H,O and -OH first, second and combi-
nation overtones. The main differences observed in the loadings
were in the regions of 5850-5710, 6670-6270 and 7380-
7330 cm™ ! related to group frequencies of -CH first overtones
and combination overtones, and -NH first overtones, which were
not selected in both calibration models.

Investigating this further, the scores plot of PC1 versus PC2
from the PCA revealed that the two otolith populations were
distinct from each other, and therefore quite different (Fig. 4).
PC1 accounted for 55% of the total variance while PC2
accounted for 36%. The main separation in the two otolith
populations appears to be attributed to PC2 with the majority of
post-wet samples having negative loadings and post-dry sam-
ples having positive loadings. Figure 5 shows larger peaks in the
loadings for PC2 compared to PC1 in two of the three regions
identified as being different in the PLS loadings. This separation
may be attributed to differences in the otolith microchemistry of
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Fig. 4. PCA plot showing separation of post-wet season and post-dry
season otolith datasets.
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Fig. 5. Loadings derived for PC1 and PC2 from the PCA of otolith
samples.

the two sample populations, as a result of seasonal differences or
geographical locations.

Subsequently, the two populations were combined to devel-
op a calibration model that improved predictive performance by
encompassing the biological variability of the two populations
(Table 1). Given the larger number of samples available, the
combined dataset was separated into a calibration set (n = 169)
and an independent validation set (n =40, Fig. 6.) rather than
cross validating to give a more true indication of predictive
ability (Williams 2004).

The PLS calibration model yielded an R of 0.93, RMSECV
of 1.35 and an SDR of 3.8 for otolith age estimation (Table 1).
The validation statistics of the combined dataset delivered an R*
0f0.94, RMSECYV of 1.54 and an SDR of 4.1 for otolith age. The
SDRs are in excess of 3 and as such, the likelihood of an accurate
age prediction are good (McGlone and Kawano 1998).

Discussion

These results demonstrate the potential to predict the age
of whole Saddletail snapper otoliths rapidly using NIR
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Fig. 6. Combined post-wet season and post-dry season model predictions
plotted against otolith actual estimated age values (years).

spectroscopy. The FT-NIR method used in this work has the
capacity to conduct up to 150-200 measurements per hour, once
a viable predictive model is developed. The calibration results
are highly encouraging considering the inherent error associated
with the conventional interpretation of the otolith visual age
increment counts for estimating age from which these models
were developed. Age validation on the basis of radiocarbon
derived from nuclear testing is currently one of the best age
validation approaches available (Campana 1999). The years
1958 to 1965 are known to be sensitive for A'*C-based ageing
and bomb radiocarbon ageing of fish during this period are
reported to have an accuracy of at least £1-3 years; the
discriminatory power of samples collected before or after this
period is more than an order of magnitude lower (Campana
1999).

The microchemistry of the otolith provides the specific
spectral information that is related to otolith age. This therefore
requires a substantial understanding of otolith microchemistry.
Briefly, otoliths consist of approximately > 90% (typically 90—
96%) calcium carbonate by weight, 0.01-10% (typically 3—4%)
organic matrix (protein complex) and ~1% non-organic trace
elements (minor and trace elements, including radioisotopes and
stable isotopes) (Campana 1999; Chang and Geffen 2013; Payan
et al. 1999; Sohn et al. 2005). Otoliths are complex polycrystal-
line bodies composed of needle-shaped crystals of calcium
carbonate, radiating outwards in three dimensions from a
centrally located nucleus and passing through a network of
fibrous collagen-like protein called otolin (OTO 2007). Otolith
calcium carbonate is in the form of twinned aragonite, although
abnormal crystalline otoliths are composed of calcite or vaterite
(Campana 1999; OTO 2007; Parmentier et al. 2007). Otolin
resembles keratin in its amino acid composition and contains
water soluble proteins (acidic amino acids) and water insoluble
proteins (Campana 1999; OTO 2007).

Otolith element concentration evaluation reveals the interac-
tion between biology and environment in the determination of
otolith composition (Chang and Geffen 2013). The elemental
composition of otoliths is known to be influenced by physiolog-
ical processes such as metamorphosis, growth rate, age, food
availability, activity levels, diurnal and seasonal cycles, repro-
ductive status and environmental stress (Radtke and Shafer
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1992; Tabouret et al. 2011). Species also vary in response to
environmental conditions such as temperature and salinity. The
chemical composition of the water also may vary in terms of
geographic location, depth, salinity and temperature regimes
(Chang and Geffen 2013; OTO 2007). Thus the structure and
composition of otoliths is influenced by many factors operating
at many levels with significant regional variations occurring
(Chang and Geffen 2013).

The validity of the calibration models for future predictions
depends on how well the calibration set represents the composi-
tion of future samples (Liu and Ying 2005). The present study
suggests that there is variability in otolith microchemistry
between post-wet and post-dry samples. The differences in
microchemistry may be attributed to the environmental varia-
tions in water composition due to seasonal changes as discussed
above (Chang and Geffen 2013; OTO 2007). Model robustness
was increased across seasons when greater biological variability
was included in the calibration set (combined post-wet and post-
dry sample sets). As more biological variability is taken into
account, the prediction accuracy becomes less sensitive to
unknown changes of external factors (Bobelyn et al. 2010).
This suggests the development of robust calibration models will
require training sets that cover variables such as seasonal otolith
growth (post-wet and post-dry), yearly (temporal) differences,
fish size, diversified age structure and location variables, and
measurement conditions (sample handling and presentation).
However, in some cases, the incorporation of more biological
variability (at the risk of including atypical data) in the calibra-
tion set can significantly reduce the models prediction accuracy
(Bobelyn et al. 2010).

The successful development of NIR spectroscopy methods
for predicting estimated fish age would provide major benefits
over the current ageing determination practices. First, the speed
of operation would be greatly increased as whole otolith samples
could be assessed without the need for resin mounting and
section preparation. This could allow many thousands of assess-
ments to be completed in a week on whole otoliths. This new
method also has the potential to minimise greatly the reading
error associated with subjective visual interpretation of period
growth increments on the otoliths.

Future work will require a broad assessment of this method
across a wide range of species from different environments and
climates. Should this method prove to be applicable across a
broad range of fish species, both of commercial and recreational
significance, the reduction in costs and time required to age fish
will be a substantial benefit to fishery managers.
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