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provided valuable information on the species population 
structure and dispersion of early stages. The correspond-
ence between otolith Mn/Ca, Ba/Ca and vertical profiles 
of dissolved Mn and Ba in the water column may reflect 
the ontogenetic vertical migration of juvenile polar cod in 
late-summer and fall.

Introduction

The polar cod Boreogadus saida is extremely impor-
tant in Arctic food webs (Bradstreet et  al. 1986), and its 
response to ongoing climatic changes holds the potential 
to profoundly affect the entire Arctic ecosystem (Tynan 
and DeMaster 1997; Smetacek and Nicol 2005). Despite 
the recognition of the crucial role that polar cod plays in 
the Arctic, and increasing efforts to understand different 
aspects of its biology, many key aspects of polar cod ecol-
ogy remain uncertain. Notably, information on population 
structure and spatial segregation is very scarce. While no 
genetic structuring was detected by studies conducted with 
allozymes, RAPD and scnDNA (Fevolden and Christiansen 
1997; Fevolden et  al. 1999), more sensitive DNA mark-
ers have yet to be used. Furthermore, important questions 
remain unanswered in terms of spawning behavior and 
habitat use. Spawning occurs from November to March 
(Baranenkova et  al. 1966) and, at least in the Amundsen 
Gulf region, adults spend this period aggregated near the 
bottom at depth greater than 140  m (Benoit et  al. 2008; 
Geoffroy et  al. 2011). In addition to these deep spawn-
ing aggregations, a number of discrete nearshore, shallow 
spawning grounds have been suggested in the North Ameri-
can (Craig et al. 1982; Thanassekos and Fortier 2012) and 
Siberian Arctic (see Fig.  1 of Fevolden and Christiansen 
1997).
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Progress has been made in our understanding of the ecol-
ogy of polar cod early life history stages with case studies 
undertaken in many regions of the Arctic Ocean, including 
Hudson Bay (Drolet et al. 1991; Gilbert et al. 1992; Fortier 
et al. 1996) and the Northeast Water Polynya (Michaud et al. 
1996; Fortier et  al. 2006). Recently, it has been hypoth-
esized that the main process dictating the hatching season 
of polar cod is not the match between first-feeding larvae 
and maximum abundance of their prey, but rather the maxi-
mization of pre-winter size to reduce predation by seabirds 
at the surface in late-summer and then by adult polar cod on 
their common overwintering grounds at depth (Fortier et al. 
2006; Bouchard and Fortier 2008). Since the chance of sur-
viving to the first winter is higher for individuals with large 
pre-winter size, selection pressure pushes hatching to occur 
as early as possible to allow individuals to reach a larger 
size before their ontogenetic vertical migration toward deep 
overwintering grounds (Bouchard and Fortier 2008, 2011). 
The freshwater winter refuge hypothesis suggests that early 
hatching (January–March) occurs only near estuaries, where 
the temperature of under-ice river plumes remains rela-
tively high in winter (just below 0 °C), allowing successful 
embryonic development and first feeding of the larvae. In 
purely marine regions, surface temperature during the win-
ter (near −1.8 °C) restrains larval survival and the hatching 
is delayed until the surface waters warm up in April–May 
(Bouchard and Fortier 2008, 2011).

Movements during each life stage of polar cod 
also require more systematic investigations. Seasonal 

vertical migrations, during which individuals gradually 
swim toward the bottom prior to winter, are observed in 
juveniles and adults (Ponomarenko 2000; Benoit et  al. 
2008; Geoffroy et  al. 2011). Adult polar cod have been 
shown to perform diel vertical migrations (DVM) under 
the ice during the polar night (Benoit et al. 2010; Geoffroy 
et al. 2011) while the possibility of small-amplitude DVM, 
undertake by the larvae during the summer, have received 
supportive observations (Bouchard et  al. in press). The 
interaction between ocean circulation and polar cod depth-
keeping behavior in winter can lead to passive transport of 
adults over significant distances (Benoit et al. 2008), but it 
is unclear if polar cod perform long distance active hori-
zontal migration.

Otolith chemistry has become a powerful tool to study 
fish movements including migration, natal homing and 
connectivity among sub-populations (Elsdon et  al. 2008). 
The calcium carbonate matrix of fish otoliths incorporates 
some elements in proportion to their concentrations in the 
ambient environment. When matched with specific growth 
increments in otoliths, these data provide information on 
specific environments that individual fish have inhabited 
throughout their lives. For instance, Sr/Ca and Ba/Ca ratios 
in otoliths have been used to trace movements of anadro-
mous fishes from spawning locations in rivers to ocean 
environments (e.g., McCulloch et al. 2005). Multi-element 
analyses of otolith cores have also revealed spatial struc-
ture in marine fish populations at spatial scale ranging from 
a few kilometers (e.g., Standish et  al. 2008; Clarke et  al. 
2009) to thousands of kilometers (e.g., Ashford et al. 2008; 
Macdonald et al. 2013).

In the present study, we test the freshwater winter refuge 
hypothesis by contrasting the otolith elemental signatures 
of polar cod collected in regions strongly influenced by riv-
erine freshwater to those of fish captured in regions weakly 
influenced by freshwater. A second hypothesis, that an ini-
tial segregation of the eggs and a subsequent dispersion 
of the larvae and juveniles may be reflected in the otolith 
chemistry, is tested by analyzing the elemental signatures 
in three zones of the otolith representing different early life 
stages. Finally, the possibility that the ontogenetic vertical 
migration of polar cod juveniles is reflected in their otolith 
chemistry is investigated.

Materials and methods

Study areas

We collected samples from six regions of the Arctic Ocean 
characterized by differences in their physical and biologi-
cal dynamics. The Laptev Sea, Hudson Bay and Amund-
sen Gulf are strongly influenced by freshwater, with river 
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Fig. 1   Bathymetric map of the Arctic Ocean indicating sampling 
locations of juvenile polar cod in 2005–2006. AG Amundsen Gulf, 
BB Baffin Bay, FB Frobisher Bay, HB Hudson Bay, LC Lancaster 
Sound, LS Laptev Sea
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discharge of 738, 714 and 330  km3  year−1, respectively 
(Déry et al. 2005; Gordeev 2006). Alternatively, Lancaster 
Sound, Baffin Bay and Frobisher Bay are located far from 
any large river and can be considered weakly influenced by 
riverine freshwater. These differences in freshwater input 
among the regions are reflected in their annual mean sur-
face salinities (Table  1), as shown by climatological data 
extracted from the latest version of the World Ocean Atlas 
(Zweng et  al. 2013). Annual mean surface temperatures 
(Locarnini et  al. 2013) depend on several factors (e.g., 
salinity, latitude, oceanic circulation, sea ice dynamics) and 
are generally higher in the regions highly influenced by 
freshwater (Table 1). Long-term mean surface salinity dur-
ing the months corresponding to polar cod hatching season 
in five of the six regions studied are mapped in Bouchard 
and Fortier (2011). Other important oceanographic features 
of the study areas, including the Laptev Sea polynyas, the 
Beaufort Sea stamukhi and the North Water Polynya, are 
detailed in Bouchard and Fortier (2008), (2011).

Sampling

Boreogadus saida juveniles were collected from August 22 
to October 2, 2005 and from September 15 to October 29, 
2006 during expeditions of the icebreakers CCGS Amund-
sen in the Canadian Arctic and Kapitan Dranitsyn in the 

Laptev Sea. Detailed sampling methodology is given in 
Bouchard and Fortier (2008), (2011). In summary, juveniles 
collected at 38 stations (Fig. 1, Table 2) with four different 
samplers at depths of 0–200 m were preserved individually 
in 95  % ethanol after being sorted from the zooplankton 
samples and measured fresh (standard length, SL, ranging 
18–58 mm) on board. A CTD was used to obtain vertical 
profiles of salinity and temperature. As the vast majority of 
polar cod larvae and juveniles generally occur within 30 m 
of the surface (Bouchard et  al. in press), but that a large 
fraction of the CTD data from 0 to 10 m were considered 
unreliable (due to mixing created by sea conditions or ship 
repositioning for example), sub-surface (10–30 m) salinity 
and temperature data were used in the present study.

Otolith preparation

The validation of daily increments deposition in the oto-
liths of young polar cod has been performed previously 
by a tetracycline marking experiment and the examina-
tion of otolith microstructure under both light and scan-
ning electron microscopy (Bouchard and Fortier 2011). For 
the present study, lapillar otoliths were removed, cleaned 
of adhering tissue and mounted separately on microscope 
slides in Crystal Bound® thermoplastic glue. One lapillus 
from each fish (preferentially the left) was used to estimate 

Table 1   Range of long-term annual mean surface salinity and temperature in six regions characterized by strong or weak river discharge

Surface salinities and temperatures were extracted from the World Ocean Atlas 2013 on 0.25° grids for areas bounded by the geographical coor-
dinates indicated. Salinity and temperature values are slightly biased as nearshore data are generally missing from the database

Region Coordinates River discharge (km3/year) Salinity Temperature (°C)

Min Max Min Max

Laptev Sea 71–81°N; 100–155°E 738 9.88 32.67 −1.66 1.11

Hudson Bay 54–63°N; 75–85°W 714 22.77 32.03 −0.07 4.63

Amundsen Gulf 69–72°N; 118–135°W 330 23.00 31.11 −1.17 1.57

Lancaster Sound 73–75°N; 80–103°W Weak 26.20 32.54 −1.51 -0.22

Baffin Bay 75–80°N; 65–80°W Weak 29.61 32.91 −1.24 0.14

Frobisher Bay 62–64°N; 65–69°W Weak 31.24 33.01 −0.65 1.19

Table 2   Region, year, sampling 
code, size range (standard 
length, SL), capture and hatch 
date range, age range, number 
of stations (stn) and number 
of otolith core (C), middle (M) 
and edge (E) zones successfully 
analyzed by laser ablation 
ICP-MS

Region Year Code SL (mm) Capture dates Hatch dates Age (d) n
stn

n otoliths

C M E

Laptev Sea 2005 LS 19–57 14–21 Sep 4 Jan–9 Jul 70–260 14 36 18 36

Hudson Bay 2005 HB 26–50 26 Sep–2 Oct 25 Feb–5 Jun 113–217 3 14 4 14

Amundsen Gulf 2005 AG05 26–58 2–14 Sep 26 Dec–26 May 99–262 6 20 6 20

2006 AG06 29–55 29 Sep–17 Oct 12 Jan–24 May 131–278 7 22 21 31

Lancaster Sound 2005 LC05 22–40 22 Aug–19 Sep 9 Apr–24 May 102–163 2 19 0 18

2006 LC06 18–39 20–21 Sep 29 Mar–10 Jul 73–176 2 22 11 21

Baffin Bay 2006 BB 29–47 15–18 Sep 27 Feb–30 May 108–200 3 26 15 32

Frobisher Bay 2006 FB 40–50 29 Oct 6 Mar–26 May 156–237 1 14 13 14



858	 Mar Biol (2015) 162:855–868

1 3

age by counting the increments under a light microscope 
(×1000 magnification) coupled to a camera and image 
analyzer system (Image Pro Plus®). Individual hatch dates 
were determined by subtracting a fish age (in days) from 
its date of capture. Aging precision (Campana 2001), esti-
mated by comparing the first reading with a second inde-
pendent reading made by the same reader (10 otoliths) or a 
different reader (10 otoliths), yielded a mean coefficient of 
variation of 3.6 and 2.9 %, respectively. The first readings 
were retained in subsequent analyses.

The matching otolith from each pair was ground on its 
medial side using fine-grain lapping paper in preparation 
for laser ablation inductively coupled plasma mass spec-
trometry (ICP-MS) analysis. The remaining preparation 
stages were conducted in a class 100 (ISO class 5) clean 
room. Otoliths were triple rinsed with Milli-Q water, soni-
cated for 2 min., rinsed with Milli-Q again and allowed to 
dry for 24  h under the laminar flow hood. Otoliths were 
then transferred on clean petrographic slides using dou-
ble-sided tape, insert in plastic Petri dishes and clean re-
sealable zipper storage bag, and transported to the Woods 
Hole Oceanographic Institution Plasma Mass Spectrometry 
Facility.

Otolith analysis

We determined isotope abundances (7Li, 25Mg, 48Ca, 55Mn, 
88Sr and 138Ba) in the core, middle and edge zones of oto-
liths using a 193  nm excimer laser ablation system (New 
Wave Research) coupled to a Thermo Finnigan Element 2 
ICP-MS (Thermo Electron Corporation). Using an image 
analysis software, we selected ablation zones that included 
a 35-μm-diameter spot centered on the otolith core, a 150-
200 μm long by 35-μm-wide curved line following growth 

increments close to the core (middle zone) and close to the 
otolith edge (Fig. 2). As daily growth increments of polar 
cod lapillar otoliths are ca. 1  μm wide on average (e.g., 
Bouchard and Fortier 2008, 2011), ablation of the middle 
and edge zones correspond to ca. 35 days of growth. For 
all analyses, laser scan speed was 5 μm s−1, repetition rate 
was 5 Hz and dwell time was 40 s (30 s for middle zones). 
Ablated otolith material was carried to the ICP-MS with 
a carrier gas (He) and 2  % HNO3 nebulized wet aerosol. 
Instrument blanks of 2 % HNO3 were run at the beginning 
of each analytical session and then periodically after every 
10 otolith samples. Dissolved standard reference materi-
als (FEBS 1, Sturgeon et al. 2005) were used to correct for 
instrument mass bias and to determine instrument preci-
sion. Both standards, digested in 2 % HNO3 and diluted to 
a Ca concentration of 40 μg g−1, were analyzed after every 
blank. A total of 448 otolith samples were analyzed over 
11 analytical sessions. Detection limits were calculated by 
dividing three times the standard deviation of the blanks 
that were run throughout the analyses (n  =  63) by the 
mean value of each isotope in all otolith samples and were 
(in  %): Li (8.6), Mg (28.5), Ca (0.12), Mn (20.7), Sr (0.07) 
and Ba (11.4). Estimates of precision were determined by 
averaging within-run (n =  11) relative standard deviation 
of the standard (Japanese Reference) measurements and 
were: Li/Ca: 4.1  %, Mg/Ca: 1.9  %, Mn/Ca: 10.3  %, Sr/
Ca: 0.82 % and Ba/Ca: 2.8 %. A total of 18 core and nine 
edge samples were eliminated from subsequent analyses 
due either to inaccurate positioning of the laser during sam-
pling, or because the ablation process caused significant 
damage to the otolith. Finally, a test for outliers found 13 
core samples with elemental ratios showing either anoma-
lously high or low values, and these samples were also sub-
sequently removed from the data set.

Core

Edge

Edge

Core

Middle

(a) (b)

35 µm35 µm

Fig. 2   Photographs of polar cod otoliths viewed under light micros-
copy (taken at 200 ×) after laser ablation. Yellow areas delineate abla-
tion areas. a Small otoliths were analyzed in two zones (core and 

edge). b Larger otoliths were analyzed in three zones (core, middle 
and edge). The middle zone of the otolith shown in b has not been 
ablated yet
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Data analysis

Elemental compositions were expressed as ratios to Ca, to 
account for fluctuations in the amount of material ablated 
(Sinclair et al. 1998). Following the results of a Box–Cox 
test, all elemental ratios were log10-transformed to better 
meet statistical assumptions of the tests used (e.g., normal-
ity of errors and homogeneity of variances between groups 
for ANOVA). Because some cases of non-normality of 
errors or heterogeneity of variances remained after transfor-
mation, parametric tests and equivalent nonparametric tests 
were performed. Statistical analyses were performed with 
the software SAS© 9.2, and a significance level of α < 0.05 
used for all tests except for the Shapiro–Wilk test where 
data were considered non-normal when p < W < 0.01.

Relationships between elemental ratios, salinity, temper-
ature, hatch date and capture date were assessed by linear 
regressions. Student t tests (exact Wilcoxon when normal-
ity of scaled residuals was not met) were used to detect dif-
ferences in elemental ratios between regions highly influ-
enced by freshwater and those with weak freshwater input, 
and to assess interannual differences in elemental ratios of 
otolith core, middle and edge zones in Amundsen Gulf and 
Lancaster Sound.

Among-region differences in the multi-elemental ratios 
were compared with one-factor multivariate analysis of 
variance (MANOVA). Mardia’s skewness and kurtosis 
tests showed multi-dimensional non-normality; hence, 
exact permutation statistics (Legendre and Legendre 1998) 
were used with 10,000 permutations. Discriminant function 
analyses with leave-one-out cross-validation were used to 
graphically visualize the ability of otolith elemental ratios 
to classify juveniles to their region of origin. Analyses were 
performed separately for both years. Because the assump-
tion of homogeneity of variances-covariances matrices was 
not met (verified with chisquare test), quadratic discrimi-
nant function analysis were used.

Differences in elemental ratios between core, middle 
and edge zones of otolith were tested by repeated-measures 
ANOVA (PROC MIXED). In the case of non-normality, 
a nonparametric test for longitudinal data was performed 
(Brunner et al. 2002).

Results

Relationships between elemental concentrations, salinity, 
temperature, hatch date and capture date

Elemental ratios in otolith edges, incorporated into the 
calcium carbonate matrix shortly before capture, were 
regressed against sub-surface (10–30 m) salinity and tem-
perature at the station (and date) where fish were captured. 

The concentration of all five elements showed a significant 
relationship with salinity (Fig.  3). Four of the elemental 
ratios (Li/Ca, Mg/Ca, Sr/Ca and Ba/Ca) were positively 
correlated with salinity, while Mn/Ca showed a negative 
correlation with this variable (Fig.  3). Concentrations of 
two elements, Li/Ca and Mn/Ca, were negatively correlated 
with temperature; no significant relationship with tempera-
ture was found for the other elements (Fig. 3).

Elemental ratios in the core, incorporated into the oto-
lith shortly after hatching, were plotted against hatch date 
in order to detect temporal changes over the hatching sea-
son from December to July (Fig.  4). Similarly, elemental 
ratios in otolith edges were plotted against capture date to 
document potential changes in otolith chemistry composi-
tion from August to October (Fig. 4). Core Li/Ca was neg-
atively correlated with hatch, date while core Mg/Ca was 
positively correlated with hatch date (Fig. 4). Edge elemen-
tal ratios and capture date showed significant correlations 
with Mg/Ca, Mn/Ca, Sr/Ca and Ba/Ca, but these relation-
ships disappear when FB (with a single, late capture date) 
was removed (Fig. 4). Removing FB, however, led to a sig-
nificant positive regression between edge Li/Ca and capture 
date.

Differences in otolith chemistry between regions with high 
and low freshwater input

Differences in elemental ratios between regions highly 
influenced by freshwater from nearby rivers (Laptev Sea, 
Hudson Bay and Amundsen Gulf) and weakly freshwater-
influenced regions (Lancaster Sound, Baffin Bay and Fro-
bisher Bay) were tested for the three otolith zones (Fig. 5). 
Both Li/Ca and Mg/Ca were higher in regions with low 
freshwater input for middle and edge zones and core, mid-
dle and edge zones, respectively. Edge Mn/Ca values were 
significantly higher in freshwater-influenced regions, while 
Sr/Ca values were higher in freshwater-influenced regions 
for the otolith core but higher in purely marine regions 
for the edge zones (t tests or exact Wilcoxon, p < 0.0334). 
Finally, Ba/Ca values were higher in freshwater-influenced 
regions for the otolith core but higher in purely marine 
regions for the middle zones (exact Wilcoxon, p < 0.0112).

Differences in otolith chemistry among regions and years

Interannual differences in otolith chemistry were found 
for Amundsen Gulf and Lancaster Sound (t tests or exact 
Wilcoxon, 0.0001  <  p  <  0.0411); hence, each year was 
treated separately. For both years, multi-elemental com-
positions differed significantly among regions at the oto-
lith core, middle and edge zones (MANOVA, p < 0.0008; 
exact permutation statistics <0.0001), except for the 
middle zone in 2005 (MANOVA, p  =  0.2110; exact 



860	 Mar Biol (2015) 162:855–868

1 3

Fig. 3   Elemental ratios in 
otolith edges in relation to 
salinity and temperature. Solid 
lines indicate significant regres-
sions. Open symbols represent 
regions with weak freshwater 
input of Baffin Bay (circles), 
Frobisher Bay (squares) and 
Lancaster Sound for sampling 
year 2005 (triangles) and 2006 
(diamonds). Closed symbols 
represents regions with high 
freshwater input of Amundsen 
Gulf for sampling year 2005 
(circles) and 2006 (squares), 
Hudson Bay (triangles) and 
Laptev Sea (diamonds)
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Fig. 4   Elemental ratios in 
otolith core in relation to hatch 
date (left panels) and elemental 
ratios in otolith edge in relation 
to capture date (right pan-
els). Open symbols represent 
regions with weak freshwater 
input of Baffin Bay (circles), 
Frobisher Bay (squares) and 
Lancaster Sound for sampling 
year 2005 (triangles) and 2006 
(diamonds). Closed symbols 
represents regions with high 
freshwater input of Amundsen 
Gulf for sampling year 2005 
(circles) and 2006 (squares), 
Hudson Bay (triangles) and 
Laptev Sea (diamonds). Lines 
indicate significant regressions 
for regions with weak freshwa-
ter input (long dash), regions 
with high freshwater input 
(short dash), and all regions 
grouped (solid lines)
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permutation statistics = 0.2116), which had a low sample 
size (Table 2). Quadratic discriminant function analyses 
were used to visualize multivariate differences in elemen-
tal ratios among regions in the otolith core, middle and 
edge zones (Fig.  6). In 2005, overall jackknife reclassi-
fication success from the quadratic discriminant model 
was 54, 30 and 56 % for core, middle and edge, respec-
tively (Table  3). These numbers are significantly higher 
than the 25 % expected by chance, with the exception of 
the middle zone which had a low sample size. In 2006, 
reclassification success was 56, 65 and 71 % for the core, 
middle and edge, respectively (Table 3). The discriminant 
power of individual elements differed greatly between 
years and otolith zones (Fig. 6).

Differences in otolith chemistry among otolith zones

Repeated-measures ANOVAs and the equivalent nonpara-
metric tests showed significant differences among otolith 
zones for all elements (p  <  0.0001), and multiple com-
parisons showed that all pairs were significantly different 
(Fig. 7). The trends observed in the grouped regions were 
generally consistent among regions, with a few exceptions 
(Fig. 8). For each region, Li/Ca tended to increase and Mn/
Ca to decrease from core to edge (Fig. 8). Mg/Ca generally 
decreased from highest in the middle, intermediate in the 
core, and lowest in the edge. For Sr/Ca, the general pattern 
was the highest ratio in the edge, followed by core and the 
lowest values in the middle zone. However, this was not the 
case for Frobisher Bay, Lancaster Sound in 2006 (no signif-
icant differences between zones) and Hudson Bay (higher 
ratio in the core than in the middle). Ba/Ca ratios were 
much higher in the middle zones for all regions and gener-
ally higher in the edge than in the core, except for Amund-
sen Gulf in 2006 and Frobisher Bay where the ratios were 
significantly higher in the core than in the edge (Fig. 8).

Discussion

Effects of salinity and temperature on element 
incorporation in polar cod otoliths

Dissolved concentrations of Li, Mg and Sr are in general 
higher in saltwater than in freshwater environments (Cam-
pana 1999). It can hence be hypothesized that the concentra-
tion of these elements in otolith edges (where elements incor-
poration occurred shortly before capture) should be positively 
correlated with Sr–Ca and salinity in ambient water at the 
time of capture. The significant positive regressions between 
Li/Ca, Mg/Ca and Sr/Ca and salinity in the otoliths of polar 
cod juveniles that we sampled supported this hypothesis. 
Conversely, environmental concentrations of Mn and Ba are 
generally higher in freshwater than in saltwater (Campana 
1999), and negative relationships should be expected between 
Mn/Ca and Ba/Ca in otolith edge and salinity. Mn/Ca in 
polar cod otolith edges was indeed negatively correlated with 
salinity (Fig. 3). However, contrary to our expectations, Ba/
Ca showed a significant positive relationship with salinity 
(Fig.  3), a pattern also observed in waters characterized by 
high salinities (Gillanders and Munro 2012).

Temperature has been shown to influence elemental incor-
poration in otoliths of larval and juvenile marine fishes (Bath 
et al. 2000; Martin et al. 2004; Martin and Thorrold 2005). In 
the present study, we found significant negative regressions 
between Li/Ca and Mn/Ca in otolith edges and sub-surface 
temperature at capture site and date. No temperature effect 
was detected for the other elements. Salinity and temperature 
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effects on otolith chemistry may, however, interact (e.g., Elsdon 
and Gillanders 2002), but we would have been unable to detect 
this type of interactive effects with our experimental design.

Polar cod larval ecology: a further test of the freshwater 
winter refuge hypothesis

The freshwater winter refuge hypothesis suggests that polar 
cod larvae start to hatch in winter in freshwater-influenced 

regions but only later (in spring) in purely marine regions 
(Bouchard and Fortier 2008, 2011). We tested this hypoth-
esis by comparing otolith chemistry of juvenile polar cod 
collected in six regions with contrasting freshwater inputs. 
Since Li, Mg and Sr concentrations generally increase 
with ambient salinity (Campana 1999), we formulated the 
hypothesis that otoliths from purely marine regions should 
have higher concentrations of these elements than otoliths 
from regions highly influenced by freshwater. With the 
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exception of Sr/Ca in otolith cores, all significant differ-
ences observed in Li/Ca, Mg/Ca and Sr/Ca between purely 
marine and freshwater-influenced regions were in accord-
ance with the hypothesis. On the other hand, Mn and Ba 
are known to decrease with salinity (Campana 1999); 
hence, higher values of Mn/Ca and Ba/Ca should be found 
in otoliths from regions highly influenced by freshwater. 
Significant differences between region types in Ba/Ca from 
otolith cores and in Mn/Ca from otolith edges support this 
hypothesis. However, contrary to the prediction, the mid-
dle zone of otoliths from purely marine regions had signifi-
cantly higher Ba/Ca than those from freshwater-influenced 
regions.

One particular pattern in polar cod otolith chemistry led 
to the hypothesis that egg survival may be favored by the 
lower salinities characterizing the regions highly influenced 
by freshwater. The positive regression found between oto-
lith core Mg/Ca and hatch date in regions highly influenced 
by freshwater (Fig. 4) may be related to the trend of oto-
lith Mg/Ca to increase with salinity if egg survival was dif-
ferently affected by salinity over the hatching season. The 
juveniles used in our study were in the environment for 
several months prior to capture and can be considered as 

survivors of the egg and larval cohort. Elemental signatures 
in the otolith cores hence represent those eggs that survived 
until the juvenile stage. We suggest that egg survival dur-
ing the winter is enhanced by the lower salinities and con-
comitant higher temperatures associated with river plumes, 
as shown for the larvae (Bouchard and Fortier 2008, 2011). 
Survival of the eggs arriving in the environment later in 
the season would be less sensitive to freshwater input, and 
hence, a larger range of salinities and Mg/Ca would be rep-
resented in otolith cores, as seen in Fig. 4. This hypothesis 
could be tested by analyzing the effect of salinity and tem-
perature on polar cod egg survival in the laboratory.

Spatial segregation, dispersion and migration in polar cod 
early stages

Significant regional variability was found in the elemental 
composition of juvenile polar cod otoliths. Reclassifica-
tion success from the discriminant model, although low in 
some cases, indicates that a certain level of spatial segrega-
tion exists in polar cod early life stages and that this can 
be detected by otolith chemistry analyses. However, some 
reference groups were likely missing in our study and the 

Table 3   Percentage of 
juveniles classified to each 
region by quadratic discriminant 
function analyses based on 
multi-elemental composition 
(Li, Mg, Mn, Sr, Ba) of otolith 
core, middle and edge zones for 
collection years 2005 and 2006 
using jackknife leave-one-out 
cross-validation

Correct classification percentage 
is in bold. See Table 2 for 
sampling codes

Year Position Actual region Predicted region

AG05 HB LC05 LS

2005 core AG05 35 5 35 25

HB 0 57 14 29

LC05 42 0 47 11

LS 17 5 0 78

middle AG05 0 0 nd 100

HB 0 0 nd 100

LS 11 0 nd 89

edge AG05 50 15 0 35

HB 7 64 22 7

LC05 11 33 50 6

LS 36 3 3 58

2006 AG06 BB IB LC06

core AG06 50 23 0 27

BB 27 42 0 31

IB 0 7 72 21

LC06 14 27 0 59

middle AG06 83 6 0 11

BB 13 67 0 20

IB 0 8 69 23

LC06 0 30 30 40

edge AG06 74 16 0 10

BB 19 53 6 22

IB 7 0 93 0

LC06 10 28 0 62
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inclusion of other hatching regions in our analyses may 
have further increased classification success.

Otolith chemistry provided indirect evidence of sig-
nificant displacement of eggs and early stage larvae 
from spawning locations. In 2006, classification success 
increased with the use of more recent otolith zones (56, 65 
and 71 % for the core, middle and edge zone, respectively), 
suggesting that a significant number of larvae or early juve-
niles had moved into a different water mass at some stage 
before capture. Elemental ratios at the otolith edge rep-
resent the time shortly prior to capture (when individuals 
were in the same habitat), and higher classification success 
was observed in the discriminant models. These move-
ments could correspond to larval dispersion, active migra-
tion or more likely a combination of both. In any case, the 
lower classification success at the core suggests significant 
mixing of eggs and newly hatched larvae.

Is ontogenetic vertical migration of polar cod juveniles 
reflected in otolith chemistry?

Some patterns found in polar cod otoliths may reflect the 
ontogenetic vertical migration of the juveniles which 
descend progressively to their deep overwintering grounds 
in late-summer and early-fall (e.g., Ponomarenko 2000).

We found a large ontogenetic effect on otolith Mn/Ca 
that was consistent across all locations, with core values 
5–10 times higher than middle or edge zones (Fig.  8). A 
number of studies have also found elevated Mn/Ca in oto-
lith cores that was apparently unrelated to dissolved Mn 
concentrations in the environment (Brophy et  al. 2004; 
Ruttenberg et  al. 2005; DiMaria et  al. 2010). The exact 
mechanism generating high Mn/Ca values in otolith cores 
remains obscure. However, outside the core zone, otolith 
Mn/Ca ratios are generally reflecting ambient Mn concen-
trations (Campana 1999). Rivers are the main source of 
dissolved manganese for the oceans, and Mn/Ca ratios are 
typically higher in freshwater than in seawater (Campana 
1999). In the Arctic, the vertical profile of dissolved man-
ganese is characterized by high concentrations in surface 
water and decreasing concentrations with depth (Middag 
et al. 2011). Lower Mn/Ca in polar cod otolith edge zones 
than in middle zones (Fig. 8) suggests that juveniles were Otolith zone
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in waters relatively depleted in Mn compared to the larvae. 
This pattern may resulted from vertical migration of the 
juveniles, which leave surface waters before winter to reach 
their overwintering grounds. Alternatively, the observed 
differences may be only or partly due to ontogenetic effect, 
but disentangling the relative effect of the environment and 
the ontogeny is impossible at this point.

Barium concentrations are higher in freshwater than 
in seawater and otolith Ba/Ca tends to accurately reflect 

ambient Ba/Ca (Campana 1999; Martin and Thorrold 
2005). As in other oceanic regions, Ba in the Canadian 
Arctic displays a nutrient-type behavior with the highest 
surface concentrations observed at river mouths and typi-
cal profiles showing maximum concentration at the base 
of the surface layer decreasing above and below (Guay 
and Kenison Falkner 1997; Thomas et al. 2011). The low-
est otolith edge Ba/Ca ratios found among polar cod juve-
niles from Frobisher Bay may result from their ontogenetic 
vertical migration. Juveniles from this region were sam-
pled between 0 and 200  m late in fall (29 October) and 
were more likely to be in deep water than in the surface 
layer, both depleted in Ba. The negative correlation found 
between otolith edges Ba/Ca and capture date may also 
reflect juvenile polar cod migration toward deeper waters 
in fall.

Strontium is the most widely used element in otolith 
chemistry studies, and otolith Sr/Ca is generally positively 
correlated with salinity (Secor and Rooker 2000). Lower 
otolith edge Sr/Ca in marine regions than in freshwater-
influenced regions would be consistent with the ontogenetic 
migration of juveniles prior to winter considering different 
age at capture between groups. Juveniles from freshwater-
influenced regions were on average 175 days old at capture 
(40.2 mm) compared to 150 days old (35.5 mm) for those 
from purely marine regions. Since vertical migration begins 
at 30–35  mm (Baranenkova et  al. 1966; Ponomarenko 
2000), the first group was more likely to be found in 
deeper, saltier and Sr-enriched waters at the time of capture 
in fall. It is, however, impossible to determinate the vertical 
position of the juveniles collected since sampling was not 
stratified but integrated over the water column.

Conclusion

With the recent reduction in its ice cover, the Arctic Ocean 
is becoming more accessible to humans and resource 
exploitation projects are multiplying. Fisheries are declin-
ing worldwide, and commercial exploitation of polar cod in 
the foreseeable future is conceivable. Being a small pelagic 
fish highly connected in its food web and representing 
a high proportion of the ecosystem biomass (Welch et  al. 
1992), the polar cod will likely be very sensitive to har-
vesting (Cury et al. 2000; Shannon et al. 2000; Smith et al. 
2011). This vulnerability would be superimposed on the 
direct effects of climate change on the species, which alone 
can strongly modify the ecosystem. A better understand-
ing of polar cod population structure, reproductive strategy 
and migratory behavior would help in the prediction of the 
response of the Arctic marine ecosystems to climate change 
and in the management of natural resources of the Arctic 
Ocean. Our study of the otolith chemistry of juvenile polar 
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cod from six regions around the Arctic clearly show some 
level of spatial segregation in the species, a step toward a 
finer description of population structuring. Salinity had an 
effect on otolith incorporation of the five elements ana-
lyzed, and the results were generally consistent with the 
freshwater winter refuge hypothesis. Considering verti-
cal profiles of some elements in the Arctic Ocean, notably 
Mn and Ba, we found that otolith chemistry may reflect 
the ontogenic vertical migration of juvenile polar cod. We 
think other migration and dispersion patterns in this species 
could be studied with the otolith chemistry procedure used 
here, especially if coupled with water mass characterization 
for the analyzed elements and experimental quantification 
of the effects of environmental and physiological param-
eters on elemental incorporation.
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