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Abstract—The white hake (Urophy-
cis tenuis) is a groundfish distributed
throughout the Gulf of Maine. Catch
advice is based on stock assessments
done with age-based population dynam-
ics models; however, otolith aging is
challenging because of unclear growth
increments. To address this concern, we
compared the consistency of aging with
counts of visual annuli to that of aging
with cycles of elemental concentra-
tions measured by using laser ablation
inductively coupled plasma mass spec-
trometry. We tested the hypothesis that
oscillations in both environmental con-
ditions and internal physiology through
time influence uptake of elements
during otolith mineralization. Concen-
trations of manganese, in comparison
with those of the other investigated
trace elements (magnesium, strontium,
and barium), had the most promising
correlation with visual growth incre-
ments (~100% age agreement, +1 year),
offering an additional tool to enhance
increment identification. In our exam-
ination of 550 otoliths collected during
2007-2021, we found that white hake
lived a maximum of 10.3 years and
exhibited sexual dimorphism in maxi-
mum length and age. By using gener-
ated von Bertalanffy growth functions,
L(#)=110(1—- 13045 £51 males and
L(#)=140(1-¢ 113030 for  females
(where L(¢) is length at time ¢), size
and age at maturity were calculated
for males (37.4 cm in total length (TL),
3.3 years) and females (47.4 cm TL,
4.2 years). These results demonstrate
that otolith geochemistry can be used
to improve the accuracy and precision
of the estimation of fish age and matu-
rity, even for challenging species.
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The wuse of biological hard struc-
tures, such as otoliths, is the most
common method of aging bony fish
(Pannella, 1971; Gauldie and Nelson,
1990; Stevenson and Campana, 1992),
dating back to the late 18th century
(Hederstrom, 1959; Jones, 1992). Oto-
liths are made of the biomineral calcium
carbonate and form part of the mechano-
receptor system in bony fish (Campana,
1999). These biomineral structures are
well established aging tools because
they grow in proportion to the individ-
ual with continuous accretion (Pannella,
1971; Stevenson and Campana, 1992;
Vigliola and Meekan, 2009).

Like the fish itself, the rate at which
the otolith grows is not always constant,
changing because of a range of internal
(age, sex, metabolism, and reproduc-
tive status) and external (environmen-
tal conditions and prey availability)

factors (Campana and Neilson, 1985;
Neilson and Geen, 1985; Wright, 1991,
Yamamoto et al., 1997; Wright et al.,
2001; Hiissy, 2008). Such variability in
growth rate by an individual is tran-
scribed into otolith formation through
physiological processes, linking otolith
growth to time (Pannella, 1971). For
species that inhabit temperate climates,
seasonal oscillations in environmental
conditions translate to variations in
growth, which are observed as distinct
translucent (winter) and opaque (sum-
mer) growth increments (visible under
reflected light) that, as a pair, repre-
sent a single year of growth (Victor
and Brothers, 1982; Campana, 1999;
Wright et al., 2002a). Although well
studied, the drivers of seasonal growth
increments are still debated and have
been shown to be highly species spe-
cific (Ding et al., 2020). Species-specific
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studies that validate that one annulus spans one year of
growth are required for accurate age estimation through
otolith annuli counting.

Although this process of counting growth increments
in otoliths is well established, it remains challeng-
ing in application for certain species like the white
hake (Urophycis tenuis), whose age has been validated
in waters of Canada (Hunt, 1982) but not in the Gulf
of Maine (GOM). In past research, white hake were
observed to have a combination of false and weak growth
increments consistent among sexes, sizes, and popula-
tions (Clay and Clay, 1991). Unlike true growth incre-
ments, false growth increments do not form a full ring
around the otolith core (Katayama, 2018). The biologi-
cal mechanism for false growth increment deposition
is still debated, with research results indicating that a
combination of physiological (feeding and lifestyle tran-
sitions) or environmental (temperature, salinity, and
oxygen) conditions are typically responsible (Watson,
1967; Berghahn, 2000; (Cappo et al., 2000; Wright et al.,
2002b; Katayama and Isshiki, 2007; Katayama, 2018).
Weak growth increments are true growth increments
that are indistinct between the opaque and translucent
zones, likely because of decreased metabolism between
seasons with age, and are ultimately difficult to identify.
The occurrence of either false or weak growth increments
raises the potential for both overestimating and under-
estimating ages, resulting in bias in growth models.

For white hake, the appearance of the first annulus
has been characterized in detail by Lang et al. (1996),
and identification of the first several annuli has been cor-
roborated by the modes in length—frequency plots (Hunt,
1982). Although these 2 studies serve as a foundation for
the validation of the frequency of annulus formation in
white hake, continued research efforts are needed to pro-
vide evidence that assigned ages can be validated through
aging with the entire otolith section.

The white hake is an ecologically and economically
important groundfish species found within the GOM
(Ames, 2012; Ames and Lichter, 2013) and is managed by
the New England Fishery Management Council. With a
full range from Florida to Iceland, this species has been
found along the eastern coast of North America and pri-
marily inhabits muddy substrates along the continental
shelf and slope (Musick, 1974; Ames, 2012). Limited age
and growth research has been conducted for the neighbor-
ing northern stock of white hake in the Gulf of St. Law-
rence (Clay and Clay, 1991), but the GOM stock has not
been fully explored because of the difficulty in aging this
species (Penttila, and Dery, 1988), limiting age-based
fishery management efforts. For a comparable species
for which ages have been difficult to assign, the Atlantic
cod (Gadus morhua), analysis of otolith geochemistry has
been applied recently as a new tool (Heimbrand et al.,
2020; Hiissy et al., 2021).

Otolith core-to-edge geochemistry has been used to
determine life history information for a range of species.
Otoliths are metabolically inert; therefore, incorporated
trace elements are retained permanently during growth

throughout the life of a fish (Campana and Neilson,
1985). Such chemical histories have been shown to cor-
respond to both environmental and physiological condi-
tions experienced by individuals during life (Campana,
1999). Heimbrand et al. (2020) demonstrated that the
uptake of certain trace elements, magnesium (Mg) and
phosphorus (P), in otoliths of Atlantic cod had seasonal
oscillations, resulting in distinct elemental peaks that
were correlated with age. Hiissy et al. (2021) found simi-
lar results for the uptake of Mg, P, and manganese (Mn)
and proposed counting of enrichment peaks for select
elements as a means of age determination. Also, age esti-
mates from the use of 2-dimensional (2D) geochemical
maps of the entire surface of otoliths have been shown
to correlate with those from the use of visual annuli
(Ulrich et al., 2009), providing confidence in the use of
elemental peak counting techniques for age determi-
nation (Heimbrand et al., 2020). Methods for counting
peaks in uptake of trace elements in otoliths show prom-
ise as alternative aging techniques for species for which
the traditional method of counting growth increments
is prone to error because of false or weak annuli, as has
been the case for the white hake.

The purpose of this study was to develop models for esti-
mation of age and growth of male and female white hake
by using traditional growth increment counting informed
by core-to-edge geochemistry and by using 2D geochemical
mapping. We hypothesized that growth trends for white
hake would be sex specific, with females growing larger than
males as a reproductive benefit, on the basis of the results of
previous studies in waters of Canada (Hunt, 1982; Markle
et al., 1982). From the use of our generated growth models,
we also report estimates for both length and age at maturity
for both sexes. Overall, our results can be used to inform
decisions concerning techniques for aging white hake in the
future, with regard to factors including time, operation scale,
and the costs associated with laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS).

Materials and methods
Sample collection

White hake are sampled by the Maine Department of
Marine Resources (DMR) during the biannual Maine—
New Hampshire Inshore Trawl Survey. Conducted since
the spring of 2000, this fishery-independent, multispe-
cies trawl survey involves sampling inshore waters out
12 nautical miles from the coast from Seabrook, New
Hampshire, to the Canada—United States border. Data
from the surveys in inshore waters of New Hampshire
and Maine are used to generate species abundance indi-
ces and enhance management practices across fisheries,
and specimens caught during the surveys are used in bio-
logical studies. Survey gear consists of a modified shrimp
net, selected to minimize habitat disruption and sam-
ple multiple species of varying sizes. Fishermen in this
region collaborated with the DMR on the trawl survey
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design and selection of gear type. The aim for tows of the
trawl net is a period of 20 min (mean: 18.8 min [stan-
dard deviation (SD) 2.2]), with distances of tows ranging
from 0.29 to 1.51 nautical miles. Although the survey is
conducted biannually, sagittal otoliths are collected from
sampled white hake only during the fall, when white hake
are primarily (~87%) caught. The sampled white hake are
measured for total length (TL) to the nearest 1 cm and for
weight to the nearest whole gram, their sex is determined,
and their maturity status is assessed (see the “Maturity”
section) prior to extraction of otoliths.

Otolith preparation

Otoliths were mounted in Buehler EpoThin 2! epoxy resin
(Buehler Ltd., Lake Bluff, IL), then transversely cut, with
a target thickness of 0.5-0.75 mm, by using an IsoMet
Low Speed Saw (Buehler Ltd.) with a diamond blade.
After cross-sectioning, otolith samples were polished with
a range of low-grit sandpaper (300—60,000 grit), to smooth
the surface and increase optical clarity for counting of
growth increments and to prepare otoliths for trace ele-
mental analysis.

All otoliths were assigned an age by the primary
reader (see the “Aging” section) prior to elemental analy-
sis. Otolith samples were mounted to glass petrographic
slides with Crystalbond thermoplastic cement (Aremco
Products Inc., Valley Cottage, NY), then sent off for trace
elemental analysis. In this study, we used 3 different
approaches for trace elemental analysis: line transects
(number of otolith samples [n]=43), partial 2D maps
(n=30), and complete 2D maps (n=7). This analysis was
conducted at 3 separate geochemistry facilities: Univer-
sity of Texas at Austin, University of Maine, and Oak
Ridge National Laboratory. Line transects consisted of
a single line scan run from the otolith core to the edge,
along the primary aging axis. Partial 2D maps delin-
eated a region consisting of the otolith’s core and dor-
sal surface, and complete 2D maps delineated the entire
otolith’s surface. The high-resolution 2D elemental maps
provide spatial detail to better understand the regional
compositional context of the elemental time series
obtained with the single core-to-edge line scans. These 3
approaches for trace elemental analysis varied in effort
(time) and were selected as a means to accurately iden-
tify chemical increments. We chose multiple geochemis-
try facilities because of logistical concerns about funding
and equipment availability.

Aging

The primary reader for this study (senior author) assigned
ages for all otoliths (n=550). Samples were selected across
a range of years, from 2007 to 2021 (Suppl. Table 1), in
which the DMR fall inshore trawl survey was conducted,

! Mention of trade names or commercial companies is for identi-
fication purposes only and does not imply endorsement by the
National Marine Fisheries Service, NOAA.

with the assumption that variation in growth patterns
between years sampled was negligible. Aging of white
hake was conducted by using a Leica S9 D microscope and
LAS X imaging software (Leica Microsystems, Wetzlar,
Germany), following techniques outlined by Hunt (1982).
Samples were submerged, with the sulcus groove facing
down and the dorsal side to the right (Fig. 1), in a small,
blacked-out, water-filled petri dish that sat on the micro-
scope stage during the aging process. Otoliths were illu-
minated by using reflected light, then imaged with a
gray scale to increase growth increment contrast. Addi-
tional band-clarifying methods, such as baking, burning,
and staining, have not been proven to enhance contrast
between growth increments (Hunt, 1982) and were not
used in this study.

The most consistent counts of growth increments were
done along the primary aging axis, which starts at the
otolith core and runs along the dorsal axis (Fig. 1) (Clay
and Clay, 1991). Attempts to assign ages by counting in
other core-to-edge directions, such as the secondary aging
axis that runs parallel to the sulcus groove (Fig. 1), were
necessary when poor growth incrementing on the dorsal
plane occurred. Following previous research on white hake
(Beacham and Nepszy, 1980; Hunt, 1982; Clay and Clay,
1991) and other groundfish species (Gauldie and Nelson,
1990); Stevenson and Campana, 1992; Ferri, 2023), we
assumed that a pair of translucent and opaque growth
increments represents 1 year of growth.

The secondary reader (J. Price) assigned ages for a ran-
dom subset (n=130) of otoliths. The precision of agreements
between reader-assigned ages were evaluated with 2 indi-
ces, percent agreement and Chang’s coefficient of varia-
tion (CV) (Chang, 1982), and bias of disagreements were
evaluated with 3 tests of symmetry, Evans and Hoenig’s
(1998), Bowker’s (1948), and McNemar’s (1947) tests, fol-
lowing the recommendations of McBride (2015). Compar-
isons between ages assigned by the primary reader and
ages estimated by analyzing otolith geochemistry (see the
“Elemental data analysis” section) used the same 2 preci-
sion indices and 3 bias tests. All such analyses and data
plotting were done by using the FSA package (vers. 0.9.1;
Ogle et al., 2021) in RStudio (vers. 2022.07.2; RStudio
Team, 2022) (Ogle, 2016).

The final age assignments, which involved adjust-
ments for age differences between sampling months,
were determined after accounting for between-reader
discrepancies. Although spawning seasonality of white
hake in the GOM has not been observed, juveniles of
this species are thought to hatch in the late spring or
early summer months in the GOM (Ames, 2012); there-
fore, birthdates were assigned as 1 June and their date
of capture was factored into the age estimate by using
the following equation:

Age = Age assignment
+ ((Month of capture — 6)/12). (D)

By using these final age estimates, von Bertalanffy
growth curves for male and female white hake were fit.
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Figure 1

Image of a transversely sectioned sagittal otolith from a female white hake (Urophycis
tenuis) sampled on 26 September 2012 in inshore waters of southern Maine, with proper
orientation for aging. This fish had a total length of 42 cm, a weight of 0.5 kg, and an
estimated age of 3.3 years. The primary aging axis is the axis where growth increments
were primarily sampled, and the secondary aging axis is the axis where growth incre-
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was difficult to interpret or to check the count

These growth equations were modeled using the following
formula (von Bertalanffy, 1934):

L(t)=L, (1 - e'k("“‘)), (2)

where L(¢) = the length (in centimeters) of an individual at
a certain time ¢ (in years);
L_, = the hypothetical average maximum length;
k = the rate of growth to L_; and
t, = the age at which length is zero.

The Gompertz growth curve was also explored for these
age estimates but produced a weaker model fit (AIC: 1460
for males and 1726 for females) compared with that of the
von Bertalanffy growth curve (AIC: 1457 for males and
1579 for females), and it was not investigated further. A
full combination of fixed variables from growth equations
for both males and females was explored with the von
Bertalanffy growth function, as well (Table 1).

Trace element analysis

For trace elemental analysis, a random subset of 73 oto-
lith samples was chosen from the 550 samples for which
traditional aging was done in this study. This subset was
from fish that ranged in sex (40 females and 33 males),
maturity stage, age, sampling year, and age readability
of their otoliths. Across laboratories, analytes included
isotopes of Mg, calcium (Ca), Mn, strontium (Sr), and
barium (Ba): 2*Mg, *3Ca, *Mn, ®®Sr, and '**Ba. Our anal-
yses entailed otolith core-to-edge line scans along the

Table 1

Comparison of the various configurations of the von
Bertalanffy growth function used in this study. Models
differed in which, if any, parameters were fixed. The
parameters include the hypothetical average maximum
length (L_), the rate of growth (%), and the age at which
length is zero (¢y). The asterisk (*) indicates the model
with the lowest Akaike information criterion (AIC) and,
therefore, the selected model. Models were fit to data
from analysis of otoliths from white hake (Urophycis
tenuis) captured in New Hampshire and Maine during
fall from 2007 through 2021.

Fixed
parameters df AIC
None 7 176
L, 6 300
k* 6 164
to 6 256
L.zt 5 431
k, t, 5 199
L.,k 5 187
All 4 267

primary aging axis (Fig. 1), as well as partial (from the
core to the dorsal surface only) and complete 2D maps.
For complete 2D mapping, contiguous parallel line scans
were run over the entire sample surface, allowing for
observation of elemental patterns, such as oscillations in
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concentrations of elements consistent with growth incre-
ments (Heimbrand et al., 2020). The 2D maps clearly
show high enrichment at the otolith core across elements
(Fig. 2); therefore, line scans were trimmed from the first
growth increment to the edge, in an effort to reduce the

Figure 2

2D maps of the geochemistry of the otolith of a female
white hake (Urophycis tenuis) sampled on 24 October 2012
in inshore waters of northern Maine. Peaks in concentra-
tions of isotopes of magnesium (Mg), calcium (Ca), manga-
nese (Mn), strontium (Sr), and barium (Ba)—24Mg, %Mn,
88Sr, and *®*Ba—in parts per million (ppm) were analyzed.
This fish had a total length of 85 cm, a weight of 5.1 kg,
and an estimated age of 7.3 years.

potential for misreading the highly enriched core as a
growth increment.

University of Texas at Austin Elemental variations along
a line transect on each otolith (n=43) of white hake were
measured through LA-ICP-MS, by using an ESI NWR193
excimer LA system (193-nm wavelength and 4-ns pulse
width; Elemental Scientific Inc., Omaha, NE) coupled
with an Agilent 7500ce ICP-MS (Agilent Technologies,
Santa Clara, CA). The LA-ICP-MS system is equipped
with a large format, 2-volume sample cell with fast wash-
out (<1 s) that accommodated all samples and standards
(ECRM-752-NP, USGS MACS-3, and NIST 612) in a single
cell loading. The system was optimized daily for sensitivity
across the atomic mass unit range and for low oxide pro-
duction (mean ratio of thorium oxide to thorium [ThO/Th]:
0.40 [SD 0.01]) by tuning on a reference material (NIST
612), and these parameters were checked with trial tran-
sects on representative samples.

Following pre-ablation (75-pm spot, 50-um/s scan rate,
2-J/cm energy density [fluence]) to remove shallow sur-
face contaminants, scans along transect lines on sec-
tioned otoliths were run from the core to the marginal
edge, by using a 25-by-50-um rectangular aperture,
with a long axis perpendicular to the radial growth axis,
a 5-um/s scan rate, a fluence of 2.73 J/cm (SD 0.05), a
20-Hz repetition rate, and a carrier gas flow of 0.80 L/min
for both argon and helium. The quadrupole duty cycle of
0.4152 s corresponded to 94% of measurement time, with
a corresponding linear sampling rate of 2.08 nm/s, equiv-
alent to 12 measurements within the 25-pm-high aper-
ture footprint.

Measured intensities were converted to elemental con-
centrations (in parts per million) by using iolite 4 software
(Paton et al., 2011); *Ca was used as the internal stan-
dard element with the assumption of a Ca index weight
percentage of 38.3% (Serre et al., 2018; Hiissy et al., 2021).
Carbonate pressed pellet USGS MACS-3 was used as the
primary calibration material, and NIST 612 and ECRM-
752-NP were measured as external reference materials.
Analyte recoveries were typically within 7% and 9% of the
reference values for NIST 612 (n=33) and ECRM-752-NP
(n=32), respectively. The grand average of secondary
standard (n=27) recovery fractions for all elements was
typically within 7% of preferred values in the GeoReM
database (Jochum et al., 2005) for NIST 612 and within
14% of values for USGS MACS-3. Typical (mean) analyte
concentrations over otolith transects were tens to hun-
dreds of times higher than the limits of detection for all
elements.

University of Maine Elemental variations along multiple
line transects covering the core and dorsal surface of oto-
liths of white hake for partial 2D maps (n=27) and cov-
ering the entire surface of otoliths for complete 2D maps
(n=4) were measured through LA-ICP-MS at the Micro-
Analytical Geochemistry and Isotope Characterization
Laboratory, by using an ESI NWR193UC excimer LA sys-
tem (Elemental Scientific Inc.) coupled to an Agilent 8900
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triple quadrupole ICP-MS (Agilent Technologies) and fol-
lowing the methods described in Cruz-Uribe et al. (2021)
and Walters et al. (2022). The fast washout mapping setup
in the MicroAnalytical Geochemistry and Isotope Char-
acterization Laboratory consisted of 1-mm ID tubing con-
nected directly from the analytical cup of a TwoVol3 LA
chamber to a dual concentric injector ICP-MS torch (DCI1)
from Elemental Scientific Inc.. A 10-by-10-pm square spot
was rastered in parallel lines across the sample surface at
a repetition rate of 200 Hz and a scan speed of 500 um/s
with a fluence of 2 J/cm.

Two lines of NIST SRM 610 glass were ablated at the
beginning and end of map acquisition. The USGS GSD-1G
basalt glass and a speleothem nano-powder pressed pellet
(KCSp-1NP) from the International Association of Geoana-
lysts (IAG) were used as quality control materials. Element
recoveries were within 10% of preferred values for GSD-1G
in the GeoReM database. Measured trace element values
for KCSp-1NP were within the uncertainty (SD of 2 on rep-
licate analyses) of the preferred values in the IAG report
for this material. Time-resolved signals were processed by
using the Trace Elements data reduction scheme in iolite 4,
and trace element maps were produced by using the Cell-
Space module in iolite 4 (Woodhead et al., 2007; Paton et al.,
2011; Paul et al., 2012; Petrus et al., 2017). Trace element
mass fractions were determined relative to the NIST SRM
610 reference glass with the assumption of an internal
standard of a mass fraction of Ca of 40.04%.

Oak Ridge National Laboratory Elemental variations on
the entire surface of otoliths of white hake for complete
2D maps (n=3) were measured through LA-ICP-MS, by
using an ESI imageGEO193 laser (Elemental Scientific
Inc.) equipped with a TV3 ablation cell coupled to a
Thermo Scientific iCAP TQ ICP-MS (Thermo Fisher Sci-
entific, Waltham, MA). A 10-by-10-um square spot was
rastered in parallel lines across the sample surface at a
repetition rate of 200 Hz and a scan speed of 125 pm/s
with a fluence of 5 J/cm. The USGS GSD-2G basalt glass
and a speleothem nano-powder pressed pellet (KCSp-
INP) from the IAG were used as quality control mate-
rials. Measured trace element values for GSD-2G and
KCSp-1NP were within the uncertainty (SD of 2 on
replicate analyses) of the preferred values in the TIAG
reports for these materials.

Elemental data analysis

Generated 2D maps (partial and complete) were ana-
lyzed by using iolite 4 to investigate spatial variations
in elemental concentrations. In these 2D maps, only Mn
had patterns of growth incrementing across individuals
(Fig. 3); therefore, only Mn was investigated in the line
scan analysis.

Line scan elemental data were analyzed by using the
ggplot2 package (vers. 3.3.6; Wickham, 2016) in RStu-
dio. All derived elemental time series were smoothed by
consecutive moving median and average filters with a
25-point boxcar width (equivalent to a distance of 175

pm), resulting in smooth, locally weighted signals free
from high-frequency outliers. Signals were converted to
distances (in micrometers) from the core on the basis of
the scan rate and duty cycle. Concentrations of Mn were
normalized across individuals, to apply the same parame-
ters for counting peaks in elemental concentrations across
individuals. Peaks in concentrations of elements were
counted by using the stat_peak and stat_valley functions
in RStudio, with a peak width (span) of 101, peak height
(threshold) of 0.15, valley span of 151, and valley thresh-
old of 0.80 (see the R script in Supplementary Material),
as has been done similarly in previous research (Hiissy
et al., 2021). Peaks in concentrations of elements between
2 valleys were counted as 1 growth increment, with mul-
tiple peaks between 2 valleys considered a single growth
increment (Fig. 3). As was done previously for agreements
in age assignments between the primary and secondary
readers, tests of both precision and symmetry were con-
ducted between age estimates based on assignments of the
primary reader and counts of peaks in Mn concentrations,
generating an age bias plot for both males and females.
The methods used were the same as those used in the pre-
vious precision and symmetry analysis.

Maturity

Classification of the maturity of white hake followed
the protocol of Burnett et al. (1989), with a final desig-
nation of either immature or mature male or female. The
maturity of a few fish (n=4) could not be classified. The
maturity for the remaining aged white hake (n=546) was
analyzed. The median length (L;)) and age (A5, at matu-
rity were estimated by fitting binomial logistic models to
sex-specific data with the sizeMAT package (vers. 1.1.2;
Torrejon-Magallanes, 2020) in RStudio, and 95% confi-
dence intervals were estimated by using bootstrapping
(Torrejon-Magallanes, 2020). Sexual dimorphism, which
had not been reported for this species in the GOM prior
to our study, was investigated for both the y-intercept and
slope by using a chi-square distribution summarized in an
analysis of variance table.

Results

From 2007 through 2021, 550 of the white hake caught
during the fall as part of the Maine-New Hampshire
Inshore Trawl Survey were sampled for this study (Suppl.
Fig. 1). Sampled white hake ranged in age between 0.3
and 10.3 years for females (n=291) and between 0.3 and
9.3 years for males (n=259) (Suppl. Table 2). The average
female in this study was 41.6 cm TL, 0.9 kg, and 3.5 years
old, and males were on average 32.3 cm TL, 0.4 kg, and
2.7 years old. The primary and secondary readers did not
discern growth variation among years sampled, lending
confidence to our initial assumption that growth variation
between year classes is negligible.

The precision of paired age comparisons between age
readers is acceptable but indicates the difficulty of aging
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and an estimated age of 10.3 years.

Figure 3

Normalized concentrations of the manganese isotope *>Mn in the otoliths of (A) a male and
(B) a female white hake (Urophycis tenuis) sampled on 4 October 2021 and 28 September
2012, respectively, in inshore waters of northern Maine. Concentrations are based on data
from laser ablation line scans. Green (peaks) and red (valleys) dots are annotated on the
transect of the line scan. The red line on the otolith identifies the line scan path, and the
white and yellow dots are counted winter and false winter growth increments identified
by the primary reader. The male had a total length of 33 cm, a weight of 0.3 kg, and an
estimated age of 3.3 years, and the female had a total length of 102 cm, a weight of 9.3 kg,

O T
o= ===

t

both sexes of white hake (e.g., Chang’s CVs between 5 and
10) (Table 2). Statistically significant bias was evident
between ages assigned by readers (e.g., P<0.01 from
Evans and Hoenig’s test of symmetry), but the average

differences by age class were small and without trend
(Fig. 4, A and B).

Of all trace elements for which concentrations were
quantified, only Mn had concentration patterns that corre-
sponded to presumed summer and winter growth incre-
menting (Figs. 2 and 3). The precision of paired age
comparisons between counts of peaks in concentrations of
Mn and counts of growth increments by the primary



LaFreniere et al.: Using otolith geochemistry to enhance estimation of age and growth of Urophycis tenuis

51

Table 2

Results from evaluation of precision and symmetry of age estimates for white hake (Urophycis
tenuis) captured in inshore waters of New Hampshire and Maine from 2007 through 2021 in the
fall. Age assignments made by the primary reader of growth increments on otoliths were com-
pared either to age assignments made by the secondary reader (Secondary) or to age estimates
based on peaks in concentrations of manganese in otoliths (Mn peaks). Precision was examined
with 2 indices: percent agreement (PA), which is reported for both the exact year of the estimate
and +1 year of the estimate, and Chang’s coefficient of variation (CV). Three symmetry tests
were used. n=number of otoliths.

PA (%)
Sex Method n PA (%) (+1 year) CV Symmetry test P
Male Secondary 69 71.01 98.55 9.38 McNemar’s <0.01
Evans and Hoenig’s <0.01
Bowker’s 0.18
Mn peaks 33 66.67 100.00 9.25 McNemar’s 0.13
Evans and Hoenig’s 0.13
Bowker’s 0.14
Female Secondary 61 72.13 100.00 5.79 McNemar’s <0.01
Evans and Hoenig’s <0.01
Bowker’s 0.01
Mn peaks 40 62.50 97.50 9.98 McNemar’s 0.80
Evans and Hoenig’s 0.61
Bowker’s 0.07
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Figure 4

Age bias plots of the differences in ages between assignments by the primary and secondary readers of otoliths from
(A) male (number of otoliths [n]=69) and (B) female (n=61) white hake (Urophycis tenuis) and between assignments
by the primary reader and estimates based on counts of peaks in the concentration of the manganese istotope *>Mn for
otoliths of (C) male (2=33) and (D) female (n=40) white hake. Fish were captured in inshore waters of New Hampshire
and Maine from 2007 through 2021 in the fall.
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reader is acceptable but also indicates the difficulty of
aging both sexes of white hake (e.g., Chang’s CVs between
9 and 10) (Table 2). No statistically significant bias is evi-
dent (e.g., P>0.05 from Evans and Hoenig’s test of symme-
try), with minor disagreement in age assignments across
lengths for both sexes (Fig. 4, C and D).

The estimated growth curves differed by sex. The
growth curve was L(¢)=110(1-e "13®+045)) f51 males and
L()=140(1-¢ 0113¢030)) £51 females. The von Bertalanffy
growth function is best described with a fixed value for &
(0.113), a smaller ¢, value for males (-0.45 year [SD 0.16])
than for females (0.30 year [SD 0.13]), and a larger L.
value for females (140 cm TL [SD 29.0]) than for males
(110 em TL [SD 19.0]) (Table 1, Fig. 5).

Median length and age at maturity also differed by sex.
Female L;, was 10 cm longer than male Ly, (47.4 cm TL
[SD 2.3] versus 37.4 cm TL [SD 2.4]). Female A, was 0.9
year older than male Ay, (4.2 years [SD 0.2] versus 3.3
years [SD 0.3]) (Fig. 6). Model slopes were not significantly
different between sexes (P>0.05), although y-intercepts
were (P<0.01).

Discussion
This study is the first to demonstrate that sex-specific

growth models are most suitable for white hake in U.S.
waters of the GOM and the first to formally test the

hypothesis of sexually dimorphic growth with an AIC
approach. In previous work in the Gulf of St. Lawrence,
Hunt (1982) found that females attained a larger size at
age than males, with estimates for the parameter L_ very
similar to estimates from our study (Suppl. Table 2).

The variation in L_ between females (140 cm TL) and
males (110 cm TL) aligns with previous reports of the
lifespan of females exceeding 20 years and that of males
never exceeding 8 years (Burnett et al., 1984; Langton
et al., 1994). Although in our study females reached a
maximum age of only 10.3 years and maximum sizes of
only 102 cm TL and 9.3 kg, larger and older individuals in
the population likely exist. The age of a male white hake
sampled in our study exceeds the previous maximum age
observed for this species (8 years) (Burnett et al., 1984,
Langton et al., 1994), with an estimate of 9.3 years and
measured sizes of 85 ecm TL and 5.0 kg. This individual
was ~2 years older and 17 cm TL longer than the next
largest male in our study, indicating that this specimen
was anomalous in the inshore environment. The DMR, as
part of the inshore trawl survey, does not sample beyond
12 nautical miles from shore, into areas possibly inhabited
by white hake that are larger and older than those found
in shallow waters (Chang et al., 1999; Ames, 2012). Over-
all, our results support the notion of sexually dimorphic
growth that has been previously suggested for this species
(Burnett et al., 1984; Langton et al., 1994; Haedrich, 2003)
but not previously modeled for the GOM (Suppl. Table 2).

Females (n=291)
L(t) (Cm) - 140(1 - e—0.113(Age(years) —0.30))

150

100

Total length (cm)
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Males (n=259)
L(t) (Cm) = 1 10(1 - e—0.113(Age(years)+0.45))

0 5 10 15 20 O 5 10 15 20
Age (years)

Figure 5

von Bertalanffy growth curves for both male (number of fish [2]=259) and female (n=291) white
hake (Urophycis tenuis) caught in New Hampshire and Maine during 2007-2021 in the fall, based
on age estimates from counting of visual growth increments in otoliths. Sex-specific von Berta-
lanffy growth functions are also provided. L(¢)=length at time ¢.
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Figure 6
Maturity at length for (A) female (number of fish [rn]=289) and (B) male (n=257) white hake (Urophycis tenuis) and
maturity at age for (C) female and (D) male white hake captured in New Hampshire and Maine from 2007 through
2021 in the fall. The curved dashed lines indicate 95% confidence intervals (Cls). The vertical and horizontal dashed
lines indicate the median length or (L;,) or age (A5,) at maturity.

We investigated the possible seasonal and annual pat-
terns of concentrations of Mg, Mn, Sr, and Ba in otoliths of
white hake by using 2D maps. These elements were chosen
because of their prominence in previous otolith age and
growth studies. We hypothesized that distinguishable
variation in the concentration of one or more of these ele-
ments over time may be used as an indicator of age. Our
hypothesis is supported by the finding that oscillations in
the concentration of Mn, among those of other elements,
most clearly had patterns in 2D maps similar to those of
growth increments in otoliths, and we inferred that the
patterns correspond to changes in Mn concentration in
otoliths between seasonal growth increments (summer
and winter). Variation in concentrations of Ba, Mg, and Sr
each had varying patterns similar to those of growth incre-
ments, but the patterns were not consistent across individ-
uals and, therefore, could not be attributed to growth
(Suppl. Fig. 2, Suppl. Table 3). We speculate that variations
in the concentration of these elements across individuals
may be due to a combination of environmental (e.g., tem-
perature and water chemistry) and physiological (e.g., diet
and reproduction) factors. Research into these variations is
ongoing, and we selected only Mn for line scan and peak
counting as a means of estimating ages that could be later
compared to age assignments by the primary reader of
growth increments on otoliths. We made these comparisons

by using symmetry and precision analyses, finding that age
estimates from analysis of Mn concentration were ~100% in
agreement, +1 year, with ages assigned by readers. Again,
we highlight the lack of age validation for this species and
note that validation would allow increased confidence in
the notion that Mn oscillations align with age.

Uptake of Mn into otoliths occurs as a substitute for
Ca during biomineralization (Thomas et al., 2017; Hiissy
et al., 2021), with reports from previous research also
describing correlations between Mn and matrix proteins
(Thomas et al., 2017). The element Mn has been shown
to be a cofactor of extracellular serine and threonine pro-
tein kinase (Fam20C) (Tagliabracci et al., 2012), a biomin-
eralization matrix protein. Growth increment patterns
observed in 2D maps led us to hypothesize that Mn is a
tracer of historical protein content, with seasonal oscilla-
tions in protein incorporation driven by growth, account-
ing for consistent age estimations across size classes.

In previous studies, elevated levels of Mn in otoliths
cores have decreased through time, possibly in relation to
maternal offloading and metabolism (Brophy et al., 2004;
Ruttenberg et al., 2005; Miller, 2009; Friedrich and Halden,
2010; Clarke et al., 2011; Limburg et al., 2015; Hughes
et al., 2016). Our 2D maps and data from line scans indi-
cate comparable spatial variations on otoliths, with oto-
lith cores enriched with Mn and the concentration of this
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element decreasing toward the edge of otoliths over suc-
cessive inferred summer and winter growth increments.

In previous trace element research, Mn concentration
has been shown to correlate with both hypoxic redox
conditions that promote solubility of aqueous Mn** and
somatic growth (Limburg et al., 2011; Mohan and Walther,
2015, 2016). Hypoxia is uncommon in the GOM, as its
waters are cold and well mixed and its substrates are
rocky (Hale and Heltshe, 2008; Irish et al., 2008); there-
fore, we attribute patterns of Mn concentration in oto-
liths of white hake to somatic growth. Heimbrand et al.
(2020) made similar conclusions, ranking signals of Mn
in otoliths with a high readability score for Atlantic cod
and attributing distinct oscillations in concentration to
growth. Variations in readability of Mn signals has been
theorized to be a result of major influx in oxygen in the
Baltic Sea, making Mn mineralization less reliable as a
recorder of age compared with uptake of Mg and P, as
substitution for Ca becomes altered (Heimbrand et al.,
2020; Hissy et al., 2021). Unlike in the Baltic Sea, hypoxic
redox conditions do not regularly occur in the GOM,
which has stable oxygen availability (Hale and Heltshe,
2008; Irish et al., 2008); therefore, somatic growth, which
influences the seasonal incorporation of Mn in otoliths, is
theorized to be less disrupted in white hake. In our inves-
tigation of concentration of Mg in otoliths of white hake,
we found no discernable patterns indicative of growth, a
result that varies from those of Heimbrand (2020) and
Hiissy (2021). We interpret this result as a potential spe-
cies (white hake versus Atlantic cod) or ecosystem (GOM
versus Baltic Sea) effect.

Our analyses did not include P because of a lack of
access to a standard to calibrate LA, and we strongly advo-
cate for continued investigations into the concentration
of P, and other trace elements, in otoliths and into envi-
ronmental drivers of incorporation not examined in this
study, for white hake in the GOM and for other species
and ecosystems.

Similar to results from our examination of age esti-
mates and growth, maturity schedules differed by sex.
Previously, white hake had been reported to reach Ly,
at 32.7 cm TL for males and at 35.1 cm TL for females,
with an estimated Ay, of 1.4 years for both sexes (O’Brien
et al., 1993). In comparison to those previously described
differences, our observations indicate a high degree of sex-
ual dimorphism in both length (Lg, differed by 10 cm TL)
and age (Aj;, differed by 1 year). Larger sizes of females,
in comparison to the sizes of males, may indicate that
female white hake increase fecundity with size, as noted
by Beacham and Nepszy (1980). Delayed length and age at
maturity has been reported previously as a sign of stock
recovery, declining fishing pressure, or increased repro-
ductive success for northern pike (Esox lucius) or chum
salmon (Oncorhynchus keta) (Carlson et al., 2007; Edeline
et al., 2007; Fukuwaka and Morita, 2008). The current
understanding of the reproduction of white hake is lim-
ited; therefore, continued research is necessary to be able
to pinpoint population trajectories. Although white hake
have been previously described as highly fecund (Han and

Kulka, 2008), significant spawning in the GOM has yet to
be observed (Fahay and Able, 1989; O’Brien et al., 1993).
Continued investigations into the maturity patterns of
white hake by using historical data sets may help describe
the future trajectory of stocks.

In this study, we compared techniques of aging otoliths
from white hake, a traditional method of counting visual
growth increments and a more recent method of analyzing
geochemical markers. We found no variation in cost, effort,
and time related to otolith preparation for each method.
The traditional method of aging was more accessible (had
lower costs and was faster) at a high volume of samples
than the other investigated method. Aging through the
use of otolith geochemistry was done quickly once ele-
mental data were received from laboratories, but data
collection and processing requires specialized instruments
(had higher costs and was slower). The cost of LA-ICP-MS
varies greatly between laboratories and equipment used,
but results from using it have been promising in aging
difficult species, like white hake. On the basis of our find-
ings, we suggest that geochemical aging be considered
for species for which aging through traditional reading of
growth increments has proven difficult. Our approach of
selecting white hake in a range of varying sizes provided
us the ability to discern which elements had oscillations
in their concentrations in otoliths that correlated to age,
and the age estimates from analysis of these oscillations
can be used moving forward as a reference for aging white
hake by using traditional methods. With advancements in
LA-ICP-MS technology, lowering of operation costs, and
continued research, we see the potential for this approach
to become an increasingly popular alternative method of

aging.

Conclusions

Results from this study of white hake indicate the useful-
ness of analyzing otolith geochemistry as an alternative
method of assigning age. Herein, we report accepted mea-
sures of precision and bias from a traditional compari-
son of between-reader agreement in age estimates and
from comparisons of annulus counts of one reader to age
estimates inferred from peaks in concentrations of Mn
discerned through 2D mapping of otolith geochemistry.
This expanded approach is likely to become more com-
mon (e.g., Heimbrand et al., 2020; Hiissy et al., 2021),
although we cannot predict which elements will produce
reliable annual patterns for different species, especially
among different ecosystems. We emphasize that anal-
ysis of otolith geochemistry is worth consideration as
a means to gain confidence in age assignments for dif-
ficult to age species; of course, growth validation, cost,
and effort requirements of this method must be part of
such consideration. The ability to increase certainty in
age estimates for a species allows fishery managers to
confidently determine growth rates, longevity, and repro-
ductive output, all critical information for accurate stock
assessment.
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Resumen

La merluza blanca (Urophycis tenuis) es un pez de fondo
distribuido por todo el Golfo de Maine. Las capturas se
recomiendan con base en la evaluacion de stock utilizando
modelos de dindmica de poblaciones estructurados por edad;
sin embargo, datar los otolitos es un reto debido a la falta de
claridad de los incrementos de crecimiento. Para abordar esta
preocupacién, comparamos la consistencia entre las edades
de recuentos visuales de anillos con las edades asignadas
con ciclos de las concentraciones de elementos medidos utili-
zando ablacién laser mediante espectrometria de masas con
plasma acoplado inductivamente. Probamos la hipétesis de
que las oscilaciones tanto en las condiciones ambientales
como en la fisiologia interna a lo largo del tiempo influyen en
la absorcién de elementos durante la mineralizacién del oto-
lito. Las concentraciones de manganeso, en comparacién con
las de otros elementos traza investigados (magnesio, estron-
cio y bario), tuvieron la correlacién méas prometedora con los
incrementos visuales de crecimiento (~100% de acuerdo con
la edad, +1 afio), ofreciendo una herramienta adicional para
mejorar la identificacién de los incrementos. Examinamos
550 otolitos colectados durante 2007—2021, encontrando que
la merluza blanca vivia un maximo de 10.3 afios con dimorf-
ismo sexual en longitud y edad méxima. Utilizando funciones
de crecimiento de von Bertalanffy, L(¢)=110(1-e 0-113t+0:45))
para machos y L(¢)=140(1-e %1303y para Jas hembras
(donde L(¢) es la longitud en el tiempo ¢), se calcularon la
talla y la edad de madurez de los machos (37.4 cm de longi-
tud total [LT], 3.3 afios) y las hembras (47.4 cm LT, 4.2 afios).
Estos resultados demuestran que la geoquimica de los otoli-
tos puede utilizarse para mejorar la exactitud y precision de
la estimacién de la edad y madurez de los peces, incluso en
especies dificiles.
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