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ARTICLE INFO ABSTRACT

Handled by Maria Teresa Spedicato Connectivity processes have major implications in defining the resiliency of fish populations to overexploitation.
A preliminary estimate of population exchange rates can be done by identifying the natal origin of adult fish. In
this study, otolith elemental fingerprints were used as natural marker of origins and movements of Deepwater
redfish (Sebastes mentella) in the Gulf of St. Lawrence (GSL). We specifically targeted the strong 2011-2013
cohorts that supported the rapid recovery of the GSL stock after its collapse in the 1990s. Elemental fingerprints
were extracted from the core (proxy for larval origin) and edge (proxy for capture location) of otoliths using laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). We observed an East to West gradient in
the multi-elemental fingerprint of the otolith edge in the GSL, as well as evidence of temporal variation between
2016 and 2018. Cluster analysis of the core fingerprint revealed the existence of two chemically distinct natal
sources of variable contribution between the Saguenay Fjord, the western GSL and the eastern GSL. This new
insight on the population structure of redfish in the GSL at an ecologically relevant scale constitutes important
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knowledge for the assessment and sustainable management of a key recovering resource.

1. Introduction

Connectivity processes, consisting of passive and active demographic
exchanges among groups of individuals, have major implications for
defining the structure, dynamics, and resiliency of fish populations to
increasing anthropogenic stressors (Cowen and Sponaugle, 2009;
Thorrold et al., 2001). A first assessment of population connectivity
consists in determining the natal origin of adult individuals, a charac-
teristic that remains unelucidated for most species (Cowen et al., 2007).
Recent advances in tagging and tracking technologies have allowed the
reconstruction of fine-scale fish migratory behavior (Block et al., 2005;
Cooke et al., 2013). Despite continuous efforts towards increased au-
tonomy and miniaturization of the tags, their use is still limited to
relatively large species or older life stages and can only yield data for
relatively short periods of time (Secor, 2015). Moreover, unless the
tagging experiment is performed in situ (Sigurdsson et al., 2006), the
capture and ascent to the surface remains critical for the survival of some
deep-sea species that experience barotrauma (Jarvis and Lowe, 2008).
As a result, connectivity processes in deep-sea species remain poorly

documented despite a generally high vulnerability to overexploitation
(Norse et al., 2012).

Through their continuous growth over the life of the fish, otoliths
offer the potential to serve as natural life cycle tracers and constitute a
powerful alternative to artificial tags (Campana, 1999). This potential is
based on the natural property of otoliths to incorporate chemical ele-
ments into the growing calcified structure in proportion to their con-
centration in the environment (Campana and Neilson, 1985). The
metabolically inert nature of otoliths further ensures the preservation of
the elemental fingerprint over time (Campana, 1999). Although physi-
ological processes, dietary effects, and/or genetic factors may induce
individual variability in elemental incorporation (Clarke et al., 2011;
I1zzo et al., 2018; Sturrock et al., 2015), it is generally considered that the
resulting otolith elemental fingerprint provides a reliable life-time
chemical chronology of the environmental conditions experienced by
a given individual. Owing to these properties, otoliths have been
increasingly used over the past three decades to assess fish migration
history, stock structure and population connectivity (Campana, 1999;
Elsdon et al.,, 2008; Kerr, Campana, 2014; Sturrock et al., 2012).
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Appropriate use of otoliths as natural tags in connectivity studies how-
ever relies on a thorough assessment of the spatial and temporal vari-
ability of the elemental fingerprint and how it is linked with variability
in environmental conditions (Elsdon et al., 2008). A temporal change in
environmental condition around a stationary fish can be a confounding
factor in determining migration patterns that must be detected before-
hand (Gillanders, 2002a).

The Deepwater redfish Sebastes mentella is a slow-growing and long-
lived species (Nedreaas, 1990) historically exploited in the Gulf of St.
Lawrence (GSL) along with its congener Sebastes fasciatus (Senay et al.,
2020). After three decades of low productivity and a moratorium on the
fishery since 1995, an unprecedented recruitment event consisting of
three consecutive strong year classes (2011, 2012 and 2013) of
S. mentella resulted in a rapid increase in biomass (Senay et al., 2020).
The forthcoming re-opening of the fishery emphasizes the need for
better knowledge of the structure and connectivity of the S. mentella
population in the GSL. The complexity of the genetic structure of redfish
populations from the Northwest Atlantic Ocean generated much
research interest during the past decade (Benestan et al., 2020; Cadrin
et al., 2010; Saha et al., 2017; Valentin et al., 2014). The combined use
of genetics and geometric morphometrics identified the Gulf of St.
Lawrence-Laurentian channel (GSL-LCH) area as a single biological
population (Valentin et al., 2014). The recent use of higher resolution
genomic markers on S. mentella revealed the structure of the GSL pop-
ulation, where a unique ecotype was identified (Benestan et al., 2020).
Beyond the regional information on population structure, genomics
however does not provide detailed information on connectivity pro-
cesses within the population at an ecologically relevant time scale
(Thorrold et al., 2002).
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The potential for using otolith elemental fingerprints to characterize
redfish movements was suggested by Campana et al. (2007), who found
evidence of seasonal migrations of S. mentella within and outside of the
GSL. That study relied on the whole otolith dissolution approach, that
provides a fingerprint integrated over the fish’s entire life (Elsdon et al.,
2008). In order to gain insight on smaller scale redfish life history, the
present study was based on laser ablation, an approach differing from
otolith dissolution by targeting specific portions of the otolith corre-
sponding to specific life stages. Relying on laser ablation, the aim of the
present study was to determine natal sources and estimate connectivity
patterns in redfish population from the GSL, largely dominated by the
2011, 2012 and 2013 strong cohorts. First, otolith edge chemistry was
used to portray the spatial variation in elemental concentrations in the
GSL system and the relation with environmental parameters. The
contrast of edge concentration between two sampling years allowed
testing the premise of temporal stability of the fingerprint and for
possible ontogenic effect. Second, the otolith core fingerprint was ana-
lysed through unsupervised Random Forest clustering approach to
determine the number of potential origins in S. mentella population of
the GSL and their respective contribution to post-settled habitats.

2. Materials and methods
2.1. Study area

The Gulf of St. Lawrence is a semi-enclosed sea connecting the Great
Lakes basin, the St. Lawrence River and its estuary to the Atlantic Ocean

through the Cabot and Belle Isle straits (Fig. 1). The GSL is characterized
by multiple bathymetric features, including shelves and deep channels.

SECTOR

[ SAGUENAY FJORD
I WESTERN GULF
I CENTRAL GULF
B NORTH EAST GULF

0 100 200 km
|

Fig. 1. Sampling locations for redfish juveniles collected in 2016 (+) and 2018 (e) in the Gulf of St. Lawrence and in the Saguenay Fjord (a).



L. Coussau et al.

The Laurentian Channel is the deepest channel of the system (maximum
depth of 535 m), extending over 1250 km from the estuary to the con-
tinental shelf. Two secondary deep channels branch off from the Lau-
rentian Channel: The Esquiman Channel (maximum depth 335 m)
extending towards the Strait of Belle Isle, and the Anticosti Channel
(maximum depth 285 m), located North of Anticosti Island. By contrast,
the southern part of the GSL consist of a broad and shallow plateau of 80
m deep on average (Koutitonsky and Bugden, 1991) For the purpose of
this study, the GSL redfish habitat (waters deeper than 200 m) was
divided in three sectors identified by Galbraith et al. (2020) based on
physico-chemical characteristics of water masses: The Western Gulf
covering the lower estuary up to the mouth of the Saguenay Fjord, the
Central Gulf encompassing the deepest part of the Laurentian channel,
and the North East Gulf covering the Esquiman and Anticosti channels
(Fig. 1). Characterized by an East-West salinity gradient, the waters of
the St. Lawrence estuary and gulf exhibit a marked elemental gradient
favorable for otolith chemistry studies (Cossa and Poulet, 1978; Moris-
sette and Sirois, 2021). The Saguenay Fjord, a 105 km long and 276 m
deep multi-silled glacial valley located at the head of the lower St.
Lawrence estuary (Schafer et al., 1990) was also considered in this study
as the upstream extreme of the redfish distribution in the system. Cur-
rent information from genomics, morphometry and natural markers
suggests that redfish inhabiting the Saguenay Fjord represent a sink
population from the GSL-LCH that is isolated from the GSL individuals
(Campana et al., 2007; Sévigny et al., 2009; Sirois et al., 2009; Valentin
et al., 2014).

2.2. Sample collection

The study specifically targeted juvenile S. mentella from the unpre-
cedent recruitment event in the early 2010’s with collection in the GSL
in 2016 and 2018 summers, between July and August (Table 1). This
was done during the annual multidisciplinary scientific bottom-trawl
survey conducted by Fisheries and Ocean Canada (DFO). This annual
survey was carried out in the Estuary and northern Gulf of St. Lawrence
aboard the CCGS vessel Teleost equipped with a Campelen 1800 trawl.
Oceanographic data (depth, dissolved oxygen, salinity and temperature)
were collected at all fishing stations using a CTD equipped with a dis-
solved oxygen sensor and deployed on the trawl. Redfish from the
Saguenay Fjord were collected by handline from the local ice-fishing
activities a few months later during the same fishing season, in
January 2019. According to the von Bertalanffy size-at-age model
established for redfish in the GSL (Senay et al., 2020), individuals were
specifically targeted between 17 and 20 cm fork length (FL) for 2016

Table 1
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sampling and 21-24 FL cm for both 2018 summer sampling in the GSL
and winter sampling in the Saguenay Fjord. To obtain samples from the
cohort of interest, the same size range was targeted for January sampling
in the Saguenay Fjord as individuals are known to exhibit lower growth
rate than GSL individuals (Campana et al., 2016). Genetic analysis
estimated that 91% of redfish from the targeted strong cohorts belonged
to S. mentella (Senay et al., 2020). The remaining S. fasciatus in the
samples were further discriminated through anal fin ray count (Gascon,
2003) which make us confident that only S. mentella was considered in
the present study.

2.3. Otolith preparation

Sagittal otoliths were extracted, cleaned of organic tissues, triple-
rinsed in ultrapure water and stored in polyethylene vials before being
dried under a laminar flow flume hood for 24 h. All manipulation tools
and storage contents were previously decontaminated for 24 h in 10 %
nitric acid (HNOg), rinsed with ultrapure water and dried under a
laminar flow flume hood. The right sagittal otolith was embedded in
epoxy resin (in a 4:1 ratio of Miapoxy 100 and Miapoxy 95, Freeman,
OH, USA) and transversely sectioned (600 pym thick section on average)
through the core of the otolith with a slow-speed diamond-bladed saw
(IsoMet saw; Buehler, IL, USA) using ultrapure water as coolant and
lubricant. Transverse sections were polished with 3 grades of aluminum
oxide polishing (1200-pm grade, 3 M™) and lapping films (1- and 5-ym
grade, 3 M™) and lubricated with ultrapure water. Polished sections
were mounted on petrographic slides with thermoplastic glue (Crys-
talbond™ 509; Aremco™ products, NY, USA), after which they were
sonicated in ultrapure water for 5 min, triple-rinsed and dried under a
laminar flow fume hood for 24 h.

2.4. Trace element analysis

Otolith samples were analysed in random order. Two ablation tran-
sects per otolith (60 s duration each) were performed through the core
to obtain the natal elemental fingerprint, and through the outermost
35 um of the otolith ventral edge (corresponding to ca. the last weeks of
life) to get the elemental fingerprint at the capture location. Otolith trace
elemental concentrations were determined in LabMaTer (University of
Quebec at Chicoutimi) using laser ablation inductively coupled plasma
mass spectrometry [LA-ICP-MS; Resolution M-50 Excimer (193 nm) Arf
laser (Australian Scientific Instruments)] equipped with a double vol-
ume cell S-155 (Laurin Technican) and coupled with an Agilent 7900x
qICP-MS. Laser spot energy density was set to 4 J-cm™2 with 30 Hz

Number of individuals per sector, sampling year, and per ablation site. Total per categories are indicated in bold.

Sampling sector

WESTERN GULF

Ablation Sampling year
Edge 2016 22
2018 39
2019 0
61
Core
2016 20
2018 39
2019 0
59

CENTRAL GULF NORTH EAST GULF SAGUENAY
Total

65 72 0 159
100 58 0 197
0 0 11 11
165 130 11 367
64 70 0 154
97 56 0 192
0 0 11 11
161 126 11 357
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frequency, 33 ym beam diameter, and 5 ym.s~! ablation rate. The ab-
lated material was carried into the ICP-MS by an Argon-Helium gas mix
at a rate of 0.8”! L min~! for Argon and 350 mL min~! for Helium, and
2 mL min~? for Nitrogen also added to the mixture. A 20 s gas blank
acquisition preceded each transect, for a total acquisition time of 180 s
per otolith. Four reference materials (SRM-610 and SRM-612 obtained
from NIST, MD, USA; GSE-1, GP4-A and MACS-3 obtained from USGS,
CO, USA, see Lazartigues et al., 2014 for precision on the reference
materials) were analyzed at the beginning and the end of each
LA-ICP-MS session, and after processing 6 otoliths (roughly every
30 min). A total of 38 elements and isotopes were measured: ’Li !'B,
2Na, 24Mg, 25Mg, 27AL 29i, 31p, 35, 39K, *2Ca, *3Ca, *4Ca, 55Mn, 5CFe,
57Fe, %Co, ®Ni, ®INi, $3Cu, ®4zn, 55Cu, %Zn, ©°Ga, 8°Rb, 56sr, 87sr, 885,
g 14cq, 18y 119g, 1205, 136p, 137p, 138p, 202Hg and 208pp,
Data reduction was carried out using the Iolite package for Igor Pro
software from Wavemetrics Incorporated (Paton et al., 2011). In the
procedure, calcium (**Ca) was used as an internal standard and assumed
to compose 38.02% of the otolith mass (Campana, 1999) and calibration
was performed using NIST SRM-610 reference material (Chen et al.,
2011). Only samples considered stable in their calcium concentration
were retained for further analysis, “>Ca profiles were checked for the
presence of irregularities in the otolith matrix. Trace elemental con-
centrations were expressed as parts per million (ppm). The high stability
of the calcium concentration in otoliths and the absence of direct com-
parison with water concentration did not justify the calculation of
element:Ca ratios.

2.5. Age estimation

Following LA-ICP-MS analysis, age estimations were done on the
same otolith transverse section photographed under transmitted light
using a Leica® M125C stereomicroscope coupled with the Leica MC 170
HD-A microscope camera. Age validation and longevity has been pre-
viously verified in the genus Sebastes (Campana et al., 1990 for Sebastes
mentella from the Scotian Shelf, Leaman and Nagtegaal, 1987 for
Sebastes flavidus from Canadian West coast, Mayo et al., 1981 for Sebastes
marinus from the Gulf of Maine-Georges Bank region). Annual in-
crements were defined as the succession of a translucent and an opaque
growth zone. Reading marks were placed on the border of the opaque
zone and the increment widths were measured from otolith core to the
edge of the otolith on the ventral axis (Fig. 2) using the ImageJ 1.52a
software (http://imagej.nih.gov/), and the ObjectJ plugin 1.04x (https
://sils.fnwi.uva.nl/bcb/objectj/examples/TreeRings/TreeRings-9.htm).
Two independent readings were performed, the second after image
sharpening applying the unsharp mask filter implemented in Adobe
Photoshop CS2 (http://www.adobe.com/products/photoshop.html).
The test of symmetry (p = 0.8628) indicated that there were no sys-
tematic differences in age determination between the two readings, the
age assigned from the filtered photo was selected for further analysis.
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2.6. Data analyses

Several chemical elements and isotopes were excluded before sta-
tistical analysis as they yielded values below the limit of detection (LOD;
calculated as three times the standard deviation of the gas blank divided
by the sensitivity of the instrument signal) associated with LA-ICP-MS
technique, or due to suspected interferences and contamination. Five
elements, Li, Na, Mn, Sr, and Ba were ultimately retained, with Mn only
detected in otolith core. These five elements were also considered
informative in an earlier study tracking redfish movement in the GSL
(Campana et al., 2007). All statistical analyses were performed on In (x
+ 1) transformed data to meet the assumptions of normality and ho-
moscedasticity of residuals. Multivariate outliers for otolith core and
edge analysis respectively were excluded once identified by Mahalano-
bis Distance tests.

2.6.1. Spatial and temporal variations in otolith fingerprint

The effect of age on otolith edge elemental concentrations was tested
with analysis of variance (ANOVA) followed by Tukey’s HSD tests.
Linear regressions were performed to test the relation between the
elemental concentrations from otolith edge (corresponding to the cap-
ture location) and the environmental parameters measured at the time
and location of the fish sampling. Regressions were carried out using the
53 stations sampled across all sectors during the two years, based on
mean elemental concentrations measured among individuals captured
at each station (2-12 individuals per station). Spatial (among-sector)
and temporal (between-year) variability in environmental parameters in
the GSL was tested with ANOVA. Then, pairwise comparisons were
conducted by Tukey’s HSD tests. Spatial, temporal, and between cohort
variation in otolith edge fingerprint as well as the interaction factors
were tested with MANOVA for multi-elemental fingerprint and ANOVA
for single element analysis. The significance of the MANOVA was tested
with the Pillai trace statistic as it is the most robust to deviations from
multivariate normality (Quinn and Keough, 2002). ANOVA for single
element were followed up by a Tukey’s HSD multiple comparison test to
determine which sector, year, or combination of the two, in a case of a
significant interaction, differed. Stepwise quadratic discriminant func-
tion analysis (QDFA) based on Li, Na, Sr, and Ba concentrations in
otolith edges was used to determine elements contributing the most to
spatial differences in elemental fingerprint. For each of the 2016 and
2018 years of sampling, the first two canonical functions of the QDFAs
were plotted against each other to visually assess the spatial differences
in the elemental fingerprint (Kerr and Campana, 2014). Classification to
collection success from the QDFAs were presented separately for 2016
and 2018.

2.6.2. Natal origins

Clustering analysis was performed on the otolith core elemental
fingerprint to gain insights into the number of natal sources contributing
to the GSL and Saguenay Fjord juvenile samples. As a first step, one-way

Fig. 2. Photographs of S. mentella otoliths section (A) without filter and (B) with unsharp mask filter implemented in Adobe Photoshop and age 6 reading marks.
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MANOVA was used to assess whether there was no difference in otolith
core multi-elemental fingerprint between the three identified cohorts.
Significant differences in otolith core fingerprint were then assumed to
represent spatially distinct natal origins. Thereafter, the random forest
(RF) clustering method proposed by Breiman and Cutler (2003) was
applied in an unsupervised way, a technique developed by Shi and
Horvath (2006). This unsupervised clustering method has proven to be
powerful for natal origin investigations when knowledge of larval source
location is lacking (Artetxe-Arrate et al., 2019; Gibb et al., 2017; Pan
et al., 2020; Régnier et al., 2017; Wright et al., 2018a,b). Unsupervised
RF clustering consists in training the RF classifier to discriminate be-
tween original data and a synthetic dataset created through random
sampling from the product of empirical marginal distributions of the
variables (here the chemical elements) by bootstrapping of each variable
separately. The RF proximity matrix defined by the frequency at which
two individuals from the original dataset end up in the same terminal
node of the trees is extracted and converted to a dissimilarity matrix. The
dissimilarity matrix is then used as an input in partitioning around
medoid (PAM) clustering (Kaufman and Rousseeuw, 1990) to group the
juvenile redfish into RF-identified clusters. The appropriate number of
clusters was determined using the clValid R package (Brock et al., 2008),
allowing multiple combinations of validation measures to be tested
while varying the number of clusters.

3. Results
3.1. Environmental parameters and otolith edge elemental concentrations

Significant variability was observed between the three GSL sectors in
salinity (ANOVA, p < 0.0035) dissolved oxygen (ANOVA, p < 0.0014)
and sampling depth (ANOVA, p < 0.0001). Tukey’s HSD test revealed
that the statistically higher salinity levels coincided with the higher
sampling depths (Fig. 3). Dissolved oxygen concentrations where
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statistically higher in the Central and North East Gulf sectors compared
to the West of the GSL in both years. For temperature, the standard
deviation was relatively large within the North East Gulf sectors, which
explains why no significant spatial difference was found. Significant
between-year variability was observed in dissolved oxygen concentra-
tions with higher levels in 2016 than in 2018 (ANOVA, p < 0.01).
Sampling depth tended to be higher in 2018, with warmer and saltier
water masses compared to 2016. Linear regressions showed significant
positive relations between Sr in otolith edge and water temperature and
salinity, and by extension with depth. A positive relationship was found
between Ba and dissolved oxygen (Table 2).

3.2. Spatial and temporal variation in otolith elemental fingerprint

MANOVA suggested the existence of both spatial and temporal
variation in otolith edge chemistry, with a significant interaction found
between the two factors (Table 3). The multi-elemental fingerprint did
not vary significantly among individuals from different cohorts. ANOVA
performed on a single element revealed that the interaction term was
significant for Sr and Ba. Considering the interaction effect, post-hoc
Tukey’s HSD test showed that between-year variation in Sr and Ba
concentrations was mainly observed in the North East Gulf sector, where
overall higher concentrations in Sr and lower concentrations in Ba were
measured in 2018 compared to 2016. In contrast, Ba and Sr concen-
trations remained relatively stable over time in the Western Gulf and
Central Gulf sectors (Fig. 4). An increasing West to East gradient was
observed in Sr concentrations in 2018, while there was a decreasing one
in 2016. For Ba, an increasing gradient toward the East was found from
the Western Gulf to the North East gulf sector for both years. ANOVA
showed that only significant between-year differences were found for Li
(Year: F = 27.73, df = 1, p < .0001), with overall higher concentrations
in 2016 compared to 2018. Na concentrations in otolith edge did not
statistically vary spatially or inter-annually between the three GSL
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Fig. 3. Mean and standard deviations for environmental parameters measured at the three GSL sectors for 2016 and 2018 sampling years. Capital letters represents
significant between-year differences from Tukey HSD and lower-case letter significant spatial differences.
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Table 2
Summary of linear regressions between otolith edge elemental concentrations and environmental factors. Significant relationships (p-value <0.05) are indicated in
bold.
Factor Element Slope df R? F P
Li -0.4075 50 0.0091 0.46 0.5010
Temperature Na -131.94 50 0.0423 2.21 0.1434
Sr 197.10 50 0.1008 5.60 0.0218
Ba 1.1047 50 0.0203 1.04 0.3134
Li -0.2908 50 0.0014 0.07 0.7955
Salinity Na -279.90 50 0.0557 2.95 0.0921
Sr 470.60 50 0.1679 10.09 0.0026
Ba 2.1080 50 0.0216 1.11 0.2980
Dissolved Li 0.0022 50 0.0009 0.04 0.8335
oxygen Na 1.6910 50 0.0229 1.17 0.2839
Sr 1.4140 50 0.0171 0.87 0.3552
Ba 0.0477 50 0.1251 7.15 0.0101
Depth Li -0.0021 50 0.0040 0.20 0.6554
Na -1.1170 50 0.0515 2.72 0.1055
Sr 1.8920 50 0.1578 9.37 0.0035
Ba 0.0011 50 0.0003 0.02 0.8988
Table 3 in elemental fingerprint, QDFAs were performed separately for 2016
able

Results of full factorial models for a) MANOVA and b) ANOVA) examining
temporal (Year), spatial (Sector), cohort effect on variation in elemental con-
centrations measured in otolith edge of redfish from the GSL. Significant re-
lationships (p-value <0.05) are indicated in bold.

a) MANOVA
Source Pillai Trace df F p-value
Year 0.24 1 26.85 <.0001
Sector 0.13 2 6.03 <.0001
Cohort 0.04 2 1.74 0.0860
Year x Sector 0.14 2 3.84 <.0001
Cohort x Year 0.04 2 1.88 0.0603
Sector x Cohort 0.35 4 0.77 0.7205
b) ANOVA
Source df F p-value
Li Year 1 27.73 <.0001
Sector 2 0.52 0.594
Year x Sector 2 0.28 0.757
Na Year 1 0.50 0.481
Sector 2 0.18 0.834
Year x Sector 2 0.94 0.391
Sr Year 1 6.94 0.009
Sector 2 1.10 0.333
Year x Sector 2 6.56 0.002
Ba Year 1 41.69 <.0001
Sector 2 30.57 <.0001

Year x Sector 2 5.38 0.050

sectors. Note that the Saguenay Fjord was not included in the ANOVAs
for spatio-temporal investigation in elemental concentrations but Sr and
Li in otoliths appeared to be lower than all Gulf sectors although Na
concentrations seemed higher. As MANOVA showed temporal variation

and 2018 sampling. For both years, the stepwise analysis selected 4
chemical elements for discriminating the sampling sectors. For both
years the total variance was mostly explained by the first function (91.5
% for 2016 and 62.8.7 % for 2018; Fig. 5). For 2016, Sr and Ba mainly
contributed to the first canonical function and Li and Na to the second
one. For 2018, Li, Na, and Sr mainly contributed to the first function and
Ba to the second. In 2016, Sr and Ba appeared to be the main elements
that distinguished individuals from the three GSL sectors. A decrease in
Sr and an increase in Ba concentrations in redfish otoliths was observed
from the Western Gulf to the North East Gulf sectors. For 2018, it was
essentially Ba responsible for the West to East sector distinction. With a
100 % classification success, the Saguenay Fjord was clearly distin-
guished from GSL sectors based on the multi-elemental fingerprint
(Table 4). The Western Gulf sector was also well separated from the
others, with a QDFA classification success of 96 % for 2016 and 79 % for
2018. The Central and North East Gulf sectors were more difficult to
distinguish from each other as shown by the overlap in the elemental
fingerprints in the QDFA biplot and the weak to moderate classification
successes.

3.3. Age effect

ANOVA revealed that Ba and Li concentrations in otolith edges
varied significantly with fish age (Ba, F =9.942, P < 0.0001; Li,
F =7.089, P < 0.0001). Tukey’s HSD test showed that concentrations of
Li and Ba elements were lower in older individuals (Supplementary
Fig. S1).

3.4. Natal origins

MANOVA showed no difference in core chemistry among the 2011,
2012 and 2013 cohorts (Pillai’s trace statistic = 0.0414, F = 1.48,
df = 2, p = 0.1412). RF clustering on otolith core Ba, Sr, Na, Mn, and Li
concentrations, here ordered by variable of importance, identified two
chemically distinct natal sources (MANOVA, Pillai’s trace
statistic = 0.4915, F = 67.86, df = 1, p < 0.0001). Source 1 was char-
acterized by lower concentration of Mn and elevated concentration of Li,
Na, Sr and Ba compared to source 2 (Fig. 6). Both sources were detected
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Table 4
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Classification results from QDFA per year of sampling based on Li, Na, Sr and Ba concentrations measured in otolith edge of redfish sampled in three sectors of the GSL
and in the Saguenay Fjord. Percentage of correctly classified individuals to their collection sector are indicated in bold.

Classification sector

Year Collection sector SAGUENAY WESTERN GULF CENTRAL GULF NORTH EAST GULF Overal accuracy %
2016 WESTERN GULF 96 4 0 61
CENTRAL GULF 31 42 27
NORTH EAST GULF 17 16 67
2018 SAGUENAY 100 0 0 0
WESTERN GULF 2 79 5 14 48
CENTRAL GULF 2 41 37 20
NORTH EAST GULF 0 43 24 33
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Fig. 6. Radar plot and boxplot of source-specific otolith concentrations (ppm) in Li, Na, Mn, Sr and Ba. Natal sources are referred as source 1 and source 2. Data were
standardized to address different elemental concentration units in the radar plot representation.

in the four study sectors, although their contributions varied between
eastern and western sectors (Fig. 7). For each cohort, the same East-West
distinction was observed in the contribution of the sources (Supple-
mentary Table S1). Source 2 was the main contributor in the Saguenay
Fjord, with low presence of source 1 at this location (80.8 % against 18.2
%). For the GSL sectors, the contribution of source 1 increased eastward,
from the Western Gulf sector to the North East Gulf sector.

4. Discussion

The potential of otoliths to be used as natural tags for assessing
connectivity processes depends on the discriminating power of their
chemical signature in the studied system. We estimated the spatial
variability in otolith edge fingerprint in the Gulf of St. Lawrence (GSL)
and examined the relation between elemental concentrations with

environmental parameters. We found evidence of temporal variability in
elemental concentrations more likely attributable to ontogenetic varia-
tions (i.e., age- and/or growth-related) than to a change in environ-
mental conditions between the two years of sampling. Otolith core
analysis revealed the existence of two possible natal sources contrib-
uting to S. mentella population from the GSL. The two sources supplied
the entire distribution of post-settled juvenile redfish, but their contri-
bution varied between the western and eastern sectors of the GSL. The
presumed GSL origin of the sources is discussed in the light of the current
information on Northwest Atlantic redfish population structure based on
genomics.
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Fig. 7. Pie charts representing the contribution per capture sector (%) of the two natal sources identified by unsupervised RF clustering analysis.

4.1. Spatial variability in otolith fingerprint: Discriminating power of
otolith chemistry for redfish in the GSL

The ability of otolith chemistry to investigate redfish movements in
the GSL was first demonstrated by Campana et al. (2007), who found
evidence of seasonal migrations of S. mentella individuals by comparing
whole-otolith fingerprints among individuals sampled in the same areas
during summer and winter. In the present study, we further investigated
S. mentella population structure and connectivity at higher
spatio-temporal resolution. We relied on laser ablation ICP-MS, a tech-
nique that allows precise extraction of the elemental fingerprint from
the core and the edge of the otolith. Based on our results, the scale of the
spatial variability of the fingerprint was estimated at 100-400 km,
corresponding to the distance for which the sectors were clearly
distinguishable. Otolith edge concentrations of the four elements (Li, Na,
Sr and Ba) exhibiting spatial structure were characterized by similar
ranges as those reported in previous solution-based ICP-MS studies
carried out in the GSL on S. mentella (Campana et al., 2007) and Atlantic
cod Gadus morhua (Campana et al., 2000). Similar otolith elemental
concentrations were also found in S. mentella from nursery areas of East
Greenland (Stransky et al., 2005), although we found slightly higher Sr
concentrations in our study (median around 1800 ppm for redfish from
East Greenland versus 2200 ppm for redfish from the GSL). The clear
distinction of Saguenay Fjord individuals from the QDFA plot suggests
different physio-chemical properties of these waters. Mainly originating
from the cold intermediate layer of the St. Lawrence Estuary, the
deep-water masses of the Saguenay Fjord are clearly distinguishable
from those of the GSL (Xie et al., 2012). Individuals inhabiting the
Saguenay Fjord were also distinguishable through whole otolith

dissolution analysis, reflecting their isolation from GSL redfish for much
of their life (Campana et al., 2007). It is therefore very unlikely that the
chemical distinction of Saguenay Fjord redfish sampled in winter would
be attributed to seasonal variation in the fingerprint. In the GSL, the
spatial discrimination in otolith chemistry appeared to be driven by Ba
concentrations, which increased eastward along with increasing dis-
solved oxygen concentrations. Furthermore, the barium gradient in the
Laurentian channel likely extends outside of the GSL down to the con-
tinental slope (Campana et al., 2007). Previous research has shown that
the concentration of Ba in the otolith can be directly proportional to the
Ba present in the ambient water (Bath et al., 2000), originating from the
suspended sediments and released by ion exchange (Coffey et al., 1997).
Some studies also reported, like we observed in the present study, a
possible link between Ba and dissolved oxygen concentration (Mohan
et al., 2014). Together with Ba, Sr also contributed to the discriminatory
power of otolith chemistry in the GSL, consistent with findings in several
other systems characterized by marked environmental gradients (Elsdon
and Gillanders, 2004; Reis-Santos et al., 2013; Secor and Rooker, 2000).
In the present study, we found a positive relation between otolith edge
concentrations of Sr and water temperature and salinity, which both
exhibit steep longitudinal and depth gradients within the Estuary and
Gulf of St. Lawrence (Galbraith et al., 2020). The presence of (1) marked
environmental gradients in the GSL, (2) significant relationship between
some elemental concentration and environmental parameters and (3)
spatial variability in otolith Ba and Sr indicate that otolith chemistry
analysis is relevant for studying connectivity processes in GSL redfish.
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4.2. Temporal variability in otolith fingerprint: Effects from intrinsic and
extrinsic factors

The importance of assessing the temporal variability in elemental
fingerprints relates to the risk of confounding, or masking, spatial
variability. Temporal variability has previously been observed at scales
ranging from interannual to seasonal (Gillanders, 2002a; Reis-Santos
et al., 2012), and was attributed to either extrinsic (i.e., environ-
mental), or intrinsic factors (i.e., physiological, genetic, ontogenetic)
influencing elemental incorporation (reviewed by Hiissy et al. (2020))
and possibly interacting together (Barnes and Gillanders, 2013). In the
GSL system, extrinsic factors that may account for the observed
between-year variability in otolith Li, Ba and Sr concentrations include:
a change in water chemistry influenced by dilution, riverine inputs and
oceanic water inflowing (Bewers et al., 1974; Yeats, 1993), and/or
variation in the cold intermediate water dynamics (Blais et al., 2019;
Galbraith et al., 2020). Indirect influence of environmental change on
fish metabolism and incorporation of chemical elements into the calci-
fied structure (e.g., through temperature or salinity variation, Barnes
and Gillanders, 2013; Elsdon and Gillanders, 2004) could also poten-
tially explain between-year variability. Since the last decade, the GSL
has experienced changing environmental conditions attributable to the
decrease in proportion of cold, fresh, and oxygen-rich Labrador Current
Water (LCW) in favor to the warm and oxygen-depleted Gulf Stream
water entering the Laurentian Channel through Cabot Strait (Blais et al.,
2019). This circulation change was associated to a temperature increase
and a parallel depletion of oxygen saturation within the bottom layer of
the GSL where redfish distribute (Blais et al., 2019; Galbraith et al.,
2020). The water temperature recorded during redfish sampling was on
average 0.14 °C warmer in 2018 compared to 2016. According to the
positive relationship found between temperature and Sr concentrations,
the general trend of increasing bottom temperature could have led to the
statistically significant increase in otolith Sr in the North East Gulf
sector. Likewise, the downward trend in dissolved oxygen concentra-
tions was considered a possible explanation for the between-year
decrease in Ba concentrations. However, according to laboratory ex-
periments carried out by Miller (2009) on another Sebastes species,
S. melanops, the effect of temperature on otolith incorporation of
chemical elements (Ba and Mn) was only detectable with a greater than
6 °C difference. We thus contend that the modest increase in tempera-
ture of less than 1 °C in the deep channels of the GSL between 2016 and
2018 would have resulted in a limited effect compared to possible
physiological or ontogenetic factors.

In addition to the effect of extrinsic factors, genetic factors, metabolic
processes, growth rate, reproduction, feeding behavior and/or diet, are
intrinsic determinants that have been shown to influence element
incorporation rates (Hiissy et al., 2020; Miller and Hurst, 2020),
potentially confounding fish movement and habitat use reconstruction
(Izzo et al., 2018). By targeting and following cohorts over two years,
our sampling design was focussed on potential ontogenetic (age- and/or
growth-related) influence on the observed variation in Li, Sr and Ba
concentrations. Lithium in otolith edge showed no significant relation-
ship with any of the environmental parameters, but concentrations were
statistically lower in older redfish. We therefore hypothesize that the
temporal variation in otolith Li concentrations were more likely related
to age and/or growth change on elemental incorporation rather than
change in environmental conditions (Thomas et al., 2017). Causes of
variation in otolith Sr and Ba concentrations are by far the most widely
investigated, with numerous studies pointing to a strong influence of
physiological factors on Sr (Brown and Severin, 2009; de Pontual et al.,
2003; Grammer et al., 2017), with possible effects of sex, maturity, and
reproductive condition (Sturrock et al., 2014).

In strong 2011-2013 year classes of GSL Sebastes mentella, Lsg was
estimated at 18.1 cm for males and 19.2 cm for females (DFO, 2022),
which implies that most of the larger and older individuals sampled in
2018 were mature. This change in sexual maturity status should
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therefore be considered as a probable cause for the difference in incor-
poration of Sr detected in the fingerprint between the smaller and
younger redfish captured in 2016, and the older and larger individuals
captured in 2018.

Another plausible age-related hypothesis explaining Sr variation
patterns is the ontogenic change in redfish distribution towards deeper
water (Atkinson, 1984; Gascon, 2003; Senay et al., 2020). The higher Sr
concentrations measured in 2018, which would suggest exposure to
warmer and saltier water, coincided with a deeper mean distribution of
redfish (as estimated by capture depth) in 2018 relative to 2016
(261.42 m in 2018 compared to 249.58 m in 2016). Other groundfish
species like the roundnose grenadier or the polar cod are known to
exhibit ontogenetic vertical migrations that are reflected in the otolith
elemental fingerprint (Bouchard et al., 2015; Régnier et al., 2017). Even
though local changes in environmental conditions between 2016 and
2018 cannot be discarded as a potential cause of the between-year
variability in otolith fingerprint, we contend that the change in matu-
rity status and the ontogenic migration towards deeper habitats are the
most likely drivers. The relative importance of these two factors how-
ever remains unknown.

4.3. Natal origins

Connectivity and natal origin investigations generally rely on
assigning juveniles of unknown origin to a chemical baseline established
from the larval fingerprint of individuals collected from known spawn-
ing/nursery grounds (Gillanders, 2002b; Thresher, 1999). Since chem-
ical tags are very unlikely to remain stable over years, it is recommended
that assignments should be cohort specific (Gillanders, 2002a; Elsdon
et al., 2008), making it even more challenging to estimate connectivity
processes in slow-growing and long-lived species like redfish. The un-
supervised random forest clustering technique represents an alternative
approach suitable for studying connectivity in slow-growing fish species
in the absence of chemical baseline (Régnier et al., 2017). In the present
study, we relied on this clustering analysis of the otolith core fingerprint
to characterize the natal sources contributing to the redfish population
from the GSL. The significant spatial variability found in otolith edge
fingerprint confirmed that the environmental heterogeneity in the GSL
system should also be reflected in the otolith core fingerprint. Distinct
core fingerprints were then assumed to depict differences in
physio-chemical properties of geographically distinct natal sources from
which redfish larvae originated. Two natal sources were identified for
redfish in the GSL. The possibility that additional sources with over-
lapping fingerprint may also have contributed however cannot be
excluded.

Both sources were present at every sampling sector although they
were found in different proportions, yielding information on connec-
tivity between larval and juvenile habitats. The almost exclusive
contribution of source 2 to the Saguenay Fjord suggests that individuals
inhabiting the Fjord originate from a constrained area. We however
reject the hypothesis that the Saguenay Fjord constitutes a source
because recently extruded larvae have been shown to not survive longer
than few days in the brackish and warm surface waters of the Fjord
(Sirois et al., 2009). The Saguenay Fjord is rather considered a sink for
marine fish populations of the GSL, including the redfish. Based on the
detailed genomic structure of Sebastes spp. stocks from the Northwest
Atlantic (Benestan et al., 2020), the two identified sources most likely
originate from the GSL rather than outside of the system. These authors
demonstrated that S. mentella individuals from the strong 2011 cohort
sampled in the GSL correspond to a single ecotype referred as the GSL
ecotype, which highlights the partially isolated nature of the species in
the GSL region. When looking at the elemental concentrations charac-
terizing each source, the higher concentrations of Ba and Sr in otolith
cores from source 1 individuals were typical of the relatively warmer,
saltier, and less hypoxic waters from eastern GSL. In contrast, source 2,
which mainly contributed to the western sectors, was characterized by
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lower Sr and Ba concentrations, typical of the less saline and more
hypoxic waters from the St. Lawrence Estuary. We thus hypothesize that
source 1 is located in the Eastern part of the GSL, and source 2 in the
Western part. Knowledge available on larval redfish distribution and
abundance comes from ichthyoplankton surveys carried out in the
1990 s (Sévigny et al., 2000; de Lafontaine, 1990). S. mentella larvae
were most abundant in the central portion of the Laurentian channel and
southeast of Anticosti Island, which would correspond to the hypothe-
sized source 1 located in the Eastern GSL. Recently extruded larvae were
also found in waters west of Anticosti Island (Sévigny et al., 2000), an
area that could correspond to the location of source 2. The respective
dominance of source 1 (of hypothesized Eastern GSL origin) and source
2 (of hypothesized Western GSL origin) in the Eastern and Western
sectors of the GSL suggests that redfish juveniles have settled in areas
relatively close from where they originated. Evidence of limited larval
dispersal has previously been reported in other redfish species along the
coasts of Oregon (Sebastes astrovirens; (Miller and Shanks, 2004) and
California (Sebastes melanops; (Standish et al., 2011). A synoptic ich-
thyoplankton survey covering all deep channels of the GSL and targeting
the S. mentella larval extrusion period would help further refining our
knowledge of natal source locations.

The present study revealed (1) a significant relationship between
otolith elemental concentration and environmental parameters (tem-
perature, dissolved oxygen, salinity and depth); and (2) spatial vari-
ability in elemental concentrations in the GSL system, which supports
the relevance of otolith chemistry analysis for estimating connectivity
processes in GSL S. mentella. The identification of an ontogenic shift in
otolith elemental concentrations however requires further investigation
to disentangle the respective importance of the changing depth habitat
with age, and potential habitat-independent age- and/or maturity-
related variability in elemental uptake. The potential of using varia-
tion in certain chemical elements as an indicator of the onset of maturity
should thus be further explored. Our results demonstrated the interest of
using unsupervised random forest clustering analysis to estimate con-
nectivity processes in slow-growing and long-lived species that are
constrained by temporal variability in the fingerprint. The combination
of our otolith chemistry derived results and those based on genomics
(Benestan et al., 2020) further improved our understanding of redfish
population structure by suggesting that redfish captured in the GSL
systematically originate from that region. This emphasizes the advan-
tage of developing holistic approaches integrating multiple natural
markers for a robust assessment of stock or population structure (Begg
and Waldman, 1999). A logical next step to the present study will be to
confirm our hypothesis of limited dispersal of redfish by analysing the
entire otolith profile and characterize movements of individuals at finer
temporal resolution throughout the early ontogeny.
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