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The strontium (Sr) and barium (Ba) profiles in otoliths of juvenile sockeye salmon
Oncorhynchus nerka from British Columbia are measured using a Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS) system and analyzed. The highest pos-
sible measurement resolution (near-daily) was used to assess variability and repeatability of
the breakpoint (marine entry) estimates inferred from Sr:Ca and Ba:Ca ratios. Such resolu-
tion for the otolith chemical composition (to an accuracy of 2 um) was reached using the
rotating slit, which width was close to the daily circulus width of the otoliths. So, daily or
2-day changes in the elemental composition were recorded during the period of transition
to the marine environment. Sr profiles were generally similar among the fish, starting with
low values of Sr:Ca in the fresh water and increasing sharply after the marine entry. The
Ba:Ca signal was more complex, showing in most cases a dramatic increase immediately
before the breakpoint. Besides, multiple peaks in the Ba profiles were recorded prior to the
marine transition with a significant difference of their number between fish from different
populations. A breakpoint was detectable in the Ba profiles 3—11 um prior to its appear-
ance in the Sr profiles. The complexity of Ba profiles may cause erroneous estimates of
the marine entry date; thus, the Sr signal is a more reliable marker of marine transition for
juvenile sockeye.
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Eropoga 0., Ky3bmenko 10., Cnecussbiii T., XauT b., [laxomoB E.A. Ananu3 npo-
¢unelt ctpoHnMa U Gapusi, U3MEPEHHBIX METOIOM MaccC-CIIEKTPOMETPUH CBEPXBBICOKOTO
paspemerns LA-ICP-MS B otonurax Mojonu aHaapoMHoit Hepku Oncorhynchus nerka B
PaHHEMOPCKOM NepHo, KaK KOCBEHHOTO TIOKa3aTelIs IEPexXo/1a U3 MPECHbBIX BOJL B MOPCKHE //
W3zs. TUHPO. —2021. — T. 201, BbIm. 3. — C. 669-685.

AHanu3upyroTces npoQuian KOHIEHTPALUH CTPOHLIUS U OapHs B OTOIUTAX IOBEHWIBHOMN
Hepku Oncorhynchus nerka bpuranckoii Komym6un (Kanana), onpeneneHnbpie METOIOM Jia-
3epHON MacC-CIIEKTPOMETPUH C MHIYKTUBHO-CBsi3aHHOH Tu1azmoii (LA-ICP-MS). PaccMotpenbt
Bapua0eIbHOCTD M TIOBTOPSIEMOCTh OIIEHOK TOYKH MEPEXo/ia JI0Coceil B MOPCKYIO CpEmy 110
npoduisivm cootHomeHuit Sr:Ca n Ba:Ca ¢ MakcuMalibHO BO3MOXKHBIM (OKOJIOCYTOUHBIM )
paspenieHneM. BrIcokasi TOYHOCTh aHAIN3a XUMHYIECKOTO COCTaBa OTOIMUTOB (TI0 CIIOSM TOJI-
IIMHOM 710 2 MKM) JOCTHUTHYTA C TIPIMEHEHUEM KPYTOBOH MTPOpE3H, IUPHUHA KOTOPOi OIm3Ka
K IIUPUHE CYTOYHBIX KOJIEI] OTOJIUTOB, YTO JAaJI0 BO3MOKHOCTb IPOAHAIM3UPOBATh N3MEHE-
HUSI B 2JIEMCHTHOM COCTaBE OTOJIMTOB IPH MHUIPAllU PHIOBI B MOPCKYIO Cpely OOMTaHMS C
TouHOCTBIO B 1-2 jHst. [Tpodmim cTpoHnms B 1iesioM ObUIH CXO/HBI y BCEX M3YyUEHHBIX PhIO C
HU3KUMU BesmunHamu St:Ca B HaqaIbHBIA IPECHOBOIHBIHN TEPHO/T U PE3KUM HX ITOBBIIICHUEM
U niepexojie B MOpCcKyto cpeny. Bapuanuu Ba:Ca 6butn 6oiiee CioXHBIMHE, € PE3KHM POCTOM
nepest IEPEXOJ0M B COIEHYIO BOAY, KPOME TOTO, IEpe]] MEPEX0A0M HAOII0aI0Ch HECKOIBKO
ITMKOB KOHIIEHTPAIWH OapHsi, YUCIIO KOTOPBIX OBLIO Pa3HBIM Y PhIO Pa3HOTO MTPOUCXOXKICHHUSL.
Ha npodwuie 6apus poct koHIeHTpalu Halmonacs Ha 3—11 MKM paHblie, ueM Ha poduie
crponysa. CIOXKHOCTh PO Gapyst MOKET MPUBECTH K OIIMOKE B OMPEICICHUN TOUKH
nepexoja B MOPCKYIO Cpeiy, I03ToMY MpoQHiIb CTPOHLIUS SIBISieTCsl OoJiee HaJIe)KHBIM Map-
KEpOM TIepexo/ia MOJIOAN HEPKH K MOPCKOMY OOHTaHHIO.

KoroueBsie ci10Ba: Hepka, MOJIOAB, JIa3epHask CIIEKTPOMETPHSI, OTOINT, CTPOHIINH, OapHi,
HEPEX0]] B MOPCKYIO Cpelly, KpyroBasi pope3b, KyCOuHas perpeccusi, MHYKTHBHO-CBSI3aHHAsI
ia3ma.

Introduction

Pacific salmonids are currently a focal point of scientific interest in the North Pacific
[www.npafc.org]. The fresh-to-saline water transition and the subsequent early marine stage
are considered a critical period in the life history of Pacific salmon and are associated with
the highest mortality [Preikshot et al., 2012; Welch et al., 2013; Naydenko et al., 2016]. The
factors controlling their growth and mortality are not well understood during this period, in
part, due to the challenges in reconstructing the life history with a resolution high enough to
resolve the habitat use during the short early marine stage.

Otolith microchemistry analysis is an important tool for reconstructing the environ-
mental life history of fish [Campana, 1999; Campana & Thorrold, 2001]. Daily life history
reconstruction based on fish otolith microanalysis is a rapidly developing field of research
[Barnes, Gillanders, 2013]. The point of marine entry, growth rates, and environmental con-
ditions can be reliably assessed through high-resolution measurements of various chemical
elements [Campana & Gagné, 1995; Quinn et al., 1999; Martin et al., 2013; Stocks et al.,
2014]. However, the duration of habitat occupancy during the early marine stage can vary
dramatically, being rather short in some cases [Stocks et al., 2014; Egorova, 2016]. Thus,
precise and accurate estimation of the point of marine entry on the basis of otoliths is crucial
for accurately matching the fish growth with the environmental conditions to which the fish
was exposed and for building predictive models of juveniles’ condition upon leaving the
coastal environment [Egorova, 2016].

One of the most precise tools for obtaining chronological information from otoliths is
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) [Gray, 1985;
Denoyer et al., 1991; Hoff & Fuiman, 1995; Jones & Chen, 2003]. LA-ICP-MS provides
high sensitivity that allows to detect elements at low concentrations [Denoyer et al., 1991;
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Edmonds et al., 1991, 1995; Jones & Chen, 2003]. One of the advantages of using LA-ICP-
MS is various adjustments that can be made to increase the precision and accuracy of data
retrieval. Such adjustments are a shorter dwell time (fewer targeted elements) [Warter &
Miiller, 2017], the application of a rectangular slit [Stocks et al., 2014], or a combination
two or more elemental ratios [McCulloch et al., 2005].

Most otolith studies based on LA-ICP-MS have either used raster scan or spot analysis
with a spatial resolution of 30-50 um [Brophy et al., 2003; Barnett-Johnson et al., 2005;
Palace et al., 2007; Huelga-Suarez et al., 2013]. This method best suits for older fish or lower
resolution data (i.e., weekly or yearly averages). However, the width of daily circuli in juve-
nile salmon otoliths is ~1.5-2.0 um, and the resolution achievable with these approaches is,
therefore, inadequate for measuring daily variability in the otolith chemistry. The approach
described by McFarlane & Luo [2012], incorporating a rotating rectangular slit into the laser
ablation system, allows increasing the spatial resolution to 2 pum still preserving the sensitivity
of the analysis by ablating a large area (~200 pm?). This approach allows a narrow ablation
zone (2—4 um) which is comparable to the width of a daily circulus. Stocks with coauthors
[Stocks, 2012; Stocks et al., 2014] applied this laser ablation method to daily growth circuli
to do a pilot analysis of the coastal migration duration in juvenile sockeye salmon. That study
was based on a small data set of 19 otoliths with a focus on the largest juveniles caught at
the mouth of the coastal inlet and, thus, requires further validation.

There are several elemental ratios that can be used to trace movements of fish between
different environments. Strontium (Sr) is commonly used marker of movement of diadromous
fish between fresh and saline waters as its concentration is by one to two orders of magni-
tude higher in marine environments [Campana, 1999; Secor & Rooker, 2000; Ruggerone &
Volk, 2003; Wells et al., 2003; Elsdon et al., 2008; Yokouchi et al., 2011; Freshwater et al.,
2015]. However, various studies have demonstrated that there may be a lag between the day
of marine entry and the appearance of the Sr signal [Miller & Simenstad, 1994; Yokouchi et
al., 2011]. Barium (Ba) is another trace element used as an indicator of transition between
freshwater and marine environments, as Ba concentrations tend to be higher in fresh water
due to inputs of Ba-rich sediments [Li & Han, 1979]. In many cases, the concentration of Ba
in fresh water is twofold higher than in saline water [Bath et al., 2000; Elsdon & Gillanders,
2003; Wells et al., 2003/. Ba has several attractive features as a trace element of otolith for
assessing changes in the environment. First, unlike Sr, Ba is accumulated independently of
temperature variations [Bath et al., 2000; Khangaonkar et al., 2017], which significantly
improves the correlation with other factors such as salinity and physiological condition.
This is especially important when reconstructing the life history of fish moving through
environments with different temperature regimes. Second, changes in Ba concentrations oc-
cur earlier than in Sr concentrations, possibly suggesting a short or no time lag of chemical
signal compared to Sr, which potentially provides improved accuracy of marine entry point
estimation [Hale & Swearer, 2008]. However, other studies report variable time lags and
large individual variability in Ba profiles [Macdonald & Crook, 2010]. A combination of two
elements (Sr:Ba ratio) was successfully used by Stocks et al. [2014] for fish that had resided
in the marine environment longer than two weeks. In addition, Hammer et al. [2015] showed
that the Sr:Ba ratio could be a more reliable proxy of the marine transition in environments
with low calcium concentrations that alter the reliability of Sr:Ca signal. The Sr:Ba ratio
may, however, be less reliable when fish spent only a few days in the marine environment
mainly due to the variability of Ba signal [Egorova, 2016].

In this study we synthesize the findings of two independently conducted research pro-
jects focusing on the early marine stage of juvenile sockeye salmon in British Columbia by
employing slightly different approaches. The primary objective of this study was to analyze
two trace element profiles (Sr and Ba) in otoliths of anadromous juvenile salmon during the
early marine stage with the highest (nearly daily) resolution and reliability of both elements
for precise identification of marine entry point. Furthermore, the relative differences between
marine entry points inferred from Sr and Ba profiles were analyzed across three stocks.
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Materials and methods

Three wild sockeye salmon populations (stocks) were sampled for two research
programs. The Rivers Inlet Ecosystem Study (RIES; 2008-2011) sampled Owikeno Lake
sockeye and the Hakai Institute Juvenile Salmon Program (JSP; 2015-2016) sampled two
Fraser River salmon stocks, Chilko and Lower Adams. For both programs, the care and use
of experimental animals complied with the Scientific License issued under the authority of
the Fisheries Act, R.S.C.1985, Chapter F-14 (License No: XR 126 2009 and XR 63 2019)
animal welfare laws, guidelines and policies were approved by the University Animal Care
Committee (UACC, Protocol No: 830S-07 for the Rivers Inlet and A19-0025 for the Hakai
Juvenile Salmon Program). A total of 507 fish were sampled.

Sample collection and analysis. Rivers Inlet is a 45-km long fjord on the coast of Brit-
ish Columbia (Fig. 1). Juvenile sockeye salmon from the Owikeno Lake watershed migrate
through this fjord on their way to the open ocean. Juvenile salmon (n = 146) were caught
with a purse seine net during the Rivers Inlet Ecosystem Study surveys on board the MV
Western Bounty, a fishing vessel operated by the Wuikinuxv First Nation, between May and
early July of 2008-2011.
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Fig. 1. Scheme of the Strait of Georgia and Rivers Inlet with sampling stations of the Hakai
Institute Juvenile Salmon Program ( A) and the Rivers Inlet Ecosystem Study (¢)

Puc. 1. Kapra npoin. Ixxopmxust u 6yxTsl PuBepc ¢ Toukamu cOopa mpo0 1mo mporpaMMam m3-
YYeHHUS MOJIOJH Jlococeil (A ) U HCCIeOBaHIsI SKOCUCTEMBI OyXThl PuBepc (#)

Juvenile Fraser River sockeye salmon were collected during the 2015 and 2016 out-
migration seasons in the Discovery Islands and Johnstone Strait (Fig. 1). Fish were sampled
from 6-8-m long outboard motor vessels using modified purse seine nets (bunt: 27 m X 9 m
with 13 mm mesh; tow: 46 m X 9 m with 76 mm mesh). In addition, the Fraser River fish
were genetically identified to stock using microsatellite markers [Beacham et al., 2005]. The
fish from the Chilko (n=161) and Adams (n = 169) stocks were analyzed for this study.

The specimens were frozen (in a freezer at —20°C for Rivers Inlet samples and at —80°C
for Fraser River samples) for further analyses. In the laboratory, fish were defrosted, measured
(standard, fork, and total lengths), weighed, and the pair of sagittal otoliths were extracted.
The right sagittal otolith was generally used for microanalysis for the Rivers Inlet samples,
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with the left otolith being a back-up in case the right otolith was broken or missing. For the
Fraser River samples, the left sagittal otolith was used for the analysis, with the right otolith
used as a back-up. There was no significant difference in weight between the otoliths in the
pair (paired t-test, p = 0.43), so data was considered comparable.

The Rivers Inlet samples were mounted in 1-inch diameter epoxy pucks with ~10
otoliths per puck [Egorova, 2016]. Then the otoliths were progressively polished on the
ventral side with 240, 400, and 600 grit abrasive paper rolls on a Buehler HANDIMET® 11
Roll Grinder instrument. For the Fraser River samples, the otoliths were cleaned, embedded
in resin, transversely cut to expose the cores, and finely polished until the daily circuli could
be visible. Then the Fraser River samples were attached to the microscope slides in groups
of 18 to 30 for laser ablation.

LA-ICP-MS. The previously tested LA-ICP-MS method [Stocks et al., 2014] was
adjusted to achieve a maximum resolution as close as possible to daily circulus width. A
rectangular rotating slit was used in these studies to minimize the ablation area. The use of
a rotating slit allowed for a sufficient ablation area and optimal slit dimensions to minimize
the ablation of multiple circuli. The transverse sections of the Fraser River sockeye salmon
otoliths allowed a 4 pm slit width and a 50 pm maximum slit length to be used without
ablating curved circuli (which can cause a mixed signal), which yielded a 50 x 4 um slit
window (200 pm?ablation area). The Rivers Inlet samples were analyzed with a 2 x 142 pm
rectangular slit window (280 wm? ablation area), which provided an area sufficient for ele-
ment detection. The detection limits were below 230 ppb for %Sr and 3 ppb for '**Ba in the
Rivers Inlet study, while in the Fraser River study, the detection limits were higher: 426 ppb
and 18 ppb for #¥Sr and '3*Ba, respectively. The concentrations of Sr and Ba were higher than
the detection limits in both studies.

The Rivers Inlet otolith samples were ablated on the ventral side, which allowed
maintaining a surface area sufficient for analysis. However, this technique is not optimal
if a daily circulus count is needed, since circuli are harder to see over a long ablation path.
In the Fraser River samples, transverse sections of otoliths were used, which significantly
improved the visibility of daily circuli, but significantly reduced the surface area for laser
ablation as the sections were thinner. The optimal set-ups of the instruments for both studies
are listed in Tabl. 1.

The trace element profiles of the salmon otoliths were investigated using two different
instruments. The Rivers Inlet otoliths were analysed on a Resolution M50-LR Ablation Sys-
tem (ASI, Australian Scientific Instruments, Australia) equipped with a Complex Coherent
ArF (193 nm) laser and coupled to an Agilent 7700 x Quadrupole-ICPMS system (Agilent
Technologies, Japan). The ablation path was set to start ~150—200 um inwards from the edge,
depending on the size of the otolith, and was run towards the edge of the otolith, perpendicular
to the circuli (Fig. 2). The path did not end at the edge of the otolith but continued into the
resin to ensure that the edge was covered (e.g., Fig. 2). The otoliths were run in blocks of 30
samples with standards bracketing every 3—5 samples. The samples and the standards were
analyzed with an acquisition time of 0.331 s and a scan speed of 2 um-s'. Several samples
(n=9) were run at a slower scan speed of 0.25 um-s!, which allowed comparison of results
obtained at different scan speeds.

For the Fraser River samples, the ablation was performed on a Thermo X-Series II
ICPMS (Thermo Fisher Scientific) and Photon Machines Analyte G2 (Photon Machines,
Bozeman, Montana, USA). The ablation started at approximately 50 um from the outside edge
of the otolith and moved toward the core of the otolith, with the slit oriented perpendicular
to the daily circuli. The total length of the laser path varied from 150 to 200 pm, depending
on the size of the otoliths and visible check marks.

Data reduction and analysis. For both studies, five isotopes were measured: **Ca,
#Ca, %Sr, 1*"Ba, and '*®*Ba. Raw data obtained with the instrument were reduced using Iolite,
a self-contained package for Igor Pro® (Wavemetrics Inc. of Lake Oswego, Oregon, USA)
[Paton et al., 2011]. Concentrations and trace element ratios were determined by external
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Table 1
LA-ICP-MS settings, operating conditions, and data acquisition parameters
for multi-element analysis of otolith samples for the Rivers Inlet Ecosystem Study (RIES)
and the Hakai Institute Juvenile Salmon Program (JSP)

Tabmuma 1

HacTtpoiixu ma3epHoi abnany 1 Macc-CIIeKTPOMETPa ISl MHOTOAIEMEHTHOTO aHaJIH3a

00pasIoB OTOJIMTOB 110 IpOrpamMMam uccieoBanus skocucteMbl OyxTbl Pusepc (RIES)

U U3y4CHUs Moyoau Jiococeit (JSP)

Laser Ablation Parameters: RIES set-up JSP set-up
Instrument Model ASI Resolution M50-LR Photon Machines Analyte G2
Wavelength, nm 193
Ablation Gas He He
He Flow Rate, mL-min™' 800
Ablation Mode Scan line with rotating slit Scan line with rotating slit
Slit size, um 2 %142 4 x50
Repetition Rate, Hz 5 15
Scan Rate, pm-s™ 2 and 0.25 1
Fluence, J-cm™ 1.8 6.9
ICP-MS Parameters:
Instrument Model Agilent Technologies 7700x Series Thermo Scientific X-Series 11
RF Power, W 1350
Carrier Gas Ar Ar
Ar Flow Rate, L-min! 0.53 0.60
Additional Gas N, -
N, Flow Rate, mL-min™! 2.00 -
Isotopes Monitored #Ca, “Ca, *Sr, 'Ba, '**Ba #Ca, ¥Ca, *Sr, %Sr '**Ba
Standards SRM NIST 612, NIST 610 SRM NIST 612, NIST 610
Internal Standard Element Ca Ca

Fig. 2. An example of the ImagelJ software window with the Object] automatic ring detection
option (light blue line with dark blue dots). On the right, the start and the end of the ablation path are
shown. Tested otolith was embedded in epoxy resin (sulcus side up) and polished with 240, 400, and
600 grit Buehler CARBIMET® abrasive paper rolls until daily circuli were visible

Puc. 2. Ilpumep okna mporpamMMsl ImageJ ¢ onmueit aBTOMaTHIeCKOTO ONPe IeIISHISI KOJIeT 0TO-
autoB Object] (eonybas nonoca ¢ cunumu mouxamu). CripaBa 1moKa3aHbl HAYaa0 U KOHEI Ja3epHOU
absun. ViceneyeMblid OTOIHUT ObUT 3aJIUT STIOKCHIHOH cMOJ10#1 (00pO03/1KOii BBEPX) 1 MOJIUPOBAJICS
abpaszusHoi Oymaroii Buehler CARBIMET® c 3epuucrocTsio 240, 400 u 600 10 mposiBiIeHus Cy-
TOYHBIX KOJIEI]
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calibration using the synthetic silicate reference glass SRM NIST612 and SRM NIST 610.
Instrument drift was corrected assuming Ca = 40% m/m as an internal standard for carbon-
ates. The synthetic silicate glass SRM NIST 610 and the carbonate USGS reference material
MACS-3 were monitored for quality control purposes. Using natural abundance values, the
measured counts for each isotope were transformed into elemental counts, and element :
calcium (Ca) ratios were calculated [Arrowsmith, 1987]. Here we refer to Sr:Ca and Ba:Ca
ratios as the Sr and Ba signal, respectively. For the Rivers Inlet samples, element concentra-
tions in ppm were calculated based on their known concentrations in the reference material
(ng of the element to 1 g of calcium).

Ba and Sr breakpoint determination. To determine the breakpoint, segmented regression
analysis (SRA) was performed using the R statistical software (R Core Team]. The package
segmented was used to compute the summary of estimates of the slopes and the location of
breakpoints [Muggeo, 2003, 2008], with some modifications as SRA requires a piecewise
linear relationship between the response and an explanatory variable. The breakpoint was
determined based on the change in Sr and Ba signals determined by SRA Protocol [Egorova,
2016]. It is important to note that Ba profiles were not piecewise linear along the ablation
path with multiple peaks in the signal, and, therefore, it was important to crop the area on
the ablation path with two linear segments before and after the final decrease in the signal.

Comparison of Ba and Sr profiles. To quantify and compare the changes in Ba and
Sr profiles close to the breakpoint (£ 100 um from the breakpoint), we first assessed the
behavior of the signals prior to and after the estimated breakpoints. In general, most of the
Sr profiles at the transition between the environments were characterized by the stable levels
of the signal prior to and a rapid increase after the breakpoint, plateauing at a higher level.
Ba showed varying signal behaviors with the presence of multiple additional peaks in the
profiles prior to the sharp increase in the signal before the breakpoint. Thus, we classified Ba
signals into five different groups depending on the type of Ba signal behavior (Tabl. 2). The
difference in the number of Ba peaks in fish otoliths with different origins was tested for the
Chilko and Adams stocks. A chi-square test of goodness-of-fit was performed to determine
whether the number of Ba peaks was similar between these stocks. A significant difference
was attributed to p values of < 0.05. A similar procedure was performed to assess the dif-
ference between years within each stock. In addition, the width of Ba peaks was measured
for the Fraser River samples to determine the approximate duration of elevated Ba signal.

Table 2
Classification of different patterns of Ba signal behavior prior to the breakpoint
Tabnma 2
Knaccudukanus npoduineit 6apus mepes NepexoaoM B MOPCKYIO Cpey
Type Ba signal behavior Additional details
1 One prominent uniform peak in Ba:Ca ratio A more than two-fold increase in ratio followed by
before abrupt decrease a more than two-fold decrease
One peak is clearly visible but the second is not as
1.5 Two not clearly separated peaks high or present as a flat line followed by a decrease
in element concentration
2 Two clearly separated peaks Two peaks with approximately similar shapes

2.5  More than two but not clearly separated peaks  As in 1.5 but with more than two peaks
3 More than two clearly separated peaks As in 2 but with three and more peaks

To assess the difference in the breakpoint estimates inferred from the two different el-
emental signals, the differences in breakpoint occurrence were calculated between Sr and Ba
signals for the Rivers Inlet and Fraser River samples. The differences obtained were statisti-
cally compared between studies after testing the variables for normality of distribution. As
data were not normally distributed even after the transformation, the non-parametric Wilcoxon
signed rank tests were applied. A significant difference was attributed to p values of < 0.05.
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Discussion of results

All the Sr profiles had a generally similar pattern, starting with low concentrations in the
freshwater environment and increasing sharply after the marine entry (typical Sr profiles are
shown in Fig. 3). The Ba signals, on the other hand, were not stable prior to the breakpoint, as
demonstrated in other studies [Bath et al., 2000; de Vries et al., 2005; Martin et al., 2013], but
increased immediately before the breakpoint (e.g., Fig. 3). In general, Ba increased sharply
in the profiles before dropping as juveniles entered the marine environment. However, most
samples (72% for both studies) had multiple peaks in Ba profiles. The peaks could overlap
(Fig. 3, H), appear close to one another (Fig. 3, F,G) or far apart (Fig. 3, E). Overall, the Ba
profiles were classified into five different patterns (Tabl. 2). The typical patterns for the types
of Ba signal are shown in Fig. 4.
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Fig. 3. An example of the change in Sr (A, B, C, D) and Ba (E, F, G, H) signals along the ablation
path (ppm units for the Rivers Inlet study; Sr:Ca and Ba:Ca ratios for Hakai Institute program). Arrows
indicate double peaks in the Ba profile: orange arrow — the peak associated with transition to the
marine environment (determined on Sr profile); blue arrow — the event before the entry to the marine
environment. Dotted line indicates the breakpoint determined by the segmented regression analysis.
Zero on the X-axis corresponds to the start of the ablation path. Profiles A, B, E, F were obtained
at a scan speed of 0.25 um-s™; profiles C and G — 2.0 um-s™', and profiles D and H — 1.0 ym-s™

Puc. 3. [lpumeps! nuzmenenuii curuanos crponuus (A, B, C, D) u 6apus (E, F, G, H) B npo-
pe3u otonuTa (B YacTsIX HA MUJUTMOH JJIs MpoekTa B Oyxte Pusepc, cootHomenus Sr:Ca u Ba:Ca st
npoekTa MHCTUTyTa Xakai B rp. Jhxopmxus). Cmpenkamu NOKa3aHbl TBOMHBIC TUKH HA TPOQUIIIX
Oapusi: OpaHKEBOM CTPENKON — IIHK, CBSI3AHHBIN C TIEPEXOOM B MOPCKYIO Cpeiy (Touka mepexoaa
orpeziesieHa o MpoQuII0 CTPOHIINS ), CHHEH — MUK TIepel] IePEeXoaoM. [IyHKmupHas 1uHus TIOKa3bl-
BaeT TOUKY Iepexo/ia, ONpeeIeHHYI0 METOIOM Kyco4HOM perpeccuu. Hoib Ha ocu aberyce coor-
BETCTBYET Hadaly jasepHoii absiuu. [Ipodunu A, B, E, F monyueHbI cO CKOPOCThIO CKAHHUPOBAHUS
0,25 mxm/c; mpodpmu C u G — 2,0 mxm/c; ipodumu D u H — 1,0 mxm/c

There was a distinct difference in the number of Ba peaks between the two Fraser River
stocks, X? (2, N=1330) =78, p <0.001. Most of the Lower Adams fish (82%) had 1.5-2.5
peaks, while 81% of the Chilko fish had 1 or 1.5 peaks (Tabl. 3). No significant difference
between years was observed for the Fraser River stocks. We also measured the width of
Ba peaks to estimate the duration of the heightened Ba:Ca ratios. The average width of the
elevated Ba:Ca ratios was approximately 70 um (Fig. 5), which corresponds to a duration
of ~35 days before entering the marine water (assuming daily circulus width to be 2 um).
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Table 3

Distribution of Ba peaks for the two Fraser River stocks, Chilko and Adams,
sampled in 2015 and 2016

Tabmuna 3

[uku npoduneit 6apus mis aAByx nomymsanuit p. Opeiizep: Uninko u Axamc
(cOoper 2015 1 2016 T2)

Chilko Adams
Number of Ba peaks 2015 2016 2015 2016

0 0 1 0 0

1 39 4 9 1
15 24 25 13 32

2 1 7 16 49
25 4 4 10 19

3 4 0 5 5
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Fig. 5. Frequency distribution of the Ba peaks width, pm. The entire width of elevated Ba signal
cannot be measured for some profiles that may explain the skewness of the graph to the left

Puc. 5. YacroTHoe pacnpe/eneHne IUPHHBI TMKOB Nipoduiieit Oapusi, MkM. He Bce npoduin
MMEIJTH JOCTATOUHYO [UTHHY TSl K3MEPEHUSI ITONHO IUPUHBI TIOCIESHET0 MUKA, 4TO MOIIIO IPHBECTH
K aCHMMETpHH rpaduka

In both studies, the breakpoint was calculated for each sample using the SRA analysis
of two elemental signals, St and Ba. In comparison to the breakpoint estimated on the basis
of Sr, the change in Ba signal occurred earlier in most cases (102/141 for the Rivers Inlet
and 253/351 for the Fraser River samples): 11 pm earlier (10.5 + 1.8 um) for the Rivers Inlet
sockeye and 3 um earlier (3.04 + 0.35 um) for the Fraser River fish (Fig. 6). The difference in
breakpoint estimates between the studies was significant (p < 0.01). Variability in breakpoint
estimates was higher for the Rivers Inlet study.

Fig. 6. Boxplots showing the deviation in the
breakpoint location (in um) between Sr and Ba pro-
files for the Hakai Institute Juvenile Salmon Program
(JSP; grey) and the Rivers Inlet Ecosystem Study (RI;
white). Median values are indicated by the black solid
horizontal line, the interquartile range by the box outline,
and the 95% confidence intervals by whiskers. Empty
circles are outliers. Positive values indicate Ba-based
breakpoint preceding Sr-based one.

Puc. 6. Pa3znuma (B MUKpoMeTpax) B OIperesie-
HUH TOYKHU TIEPEX0/ia B MOPCKYIO CPEAy 10 MPOQIIIsiM
CTPOHIIMS W Oapusi B OTOMUTAX, OTOOPAHHBIX B MPOJI.
Jxopmxust (JSP, 0003Ha4ueHbI cepbim) u OyxTe PuBepc
(RI, obo3HaueHbl Oenbim). MeauaHbl TOKa3aHbl yep-
HbLMU 20PUSOHMATLHLIMU TUHUAMU, MEKKBAaHTUIILHBIC
8 PacCTOsIHUS — «AwuKamuy, 95 %-Hble TOBEPUTEIIbHBIC
HHTEpBalbl — «ycamuy. CTaTUCTUYIECKHE BBHIOPOCHI
00o03HaueHbl nycmuimu Kpysickamu. 11on0KATETbHbBIE
3HAYCHHsSI COOTBETCTBYIOT CIydasiM, KOTJa MEepexof,
JSP RI oTpesiesIeHHbIH 110 MPOGUITIO Gapusi, OriepeKaeT nepe-

Study XOJI, OIPE/ICIICHHBIN 0 MPOQHITIO CTPOHIIHS
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In this study, we considered commonly used Ba and Sr profiles inferred from an
ultra-high-resolution LA-ICP-MS analysis of otoliths of juvenile sockeye salmon from
three different stocks in order to evaluate how these elements in otoliths could be used to
best estimate the marine entry point. These techniques are particularly relevant to studying
juvenile diadromous species, especially when detailed information on the point of marine
entry is required.

Behavior of Sr and Ba signals. The Sr signal in all cases followed the most common
pattern, starting with low values in fresh water and rapidly increasing after entering the
marine environment. Highly resolved measurements showed that the Ba signal was not as
steady as expected and reached its maximum prior to decreasing permanently. In addition,
multiple Ba peaks were present throughout the ablation area. Previously, the Ba signal was
often discarded due to its high variability [Tabouret et al., 2011]. However, we demonstrated
that the variability in exhibiting multiple peaks is not random and may provide valuable
information on the fish physiology. In this study, we demonstrated that Ba peaks were sig-
nificantly different between the two Fraser River stocks regardless of year. The first peak
in the Ba signal often coincided with the edge of a distinct translucent zone (Fig. 7). It has
been suggested that smoltification can be asociated with rapid changes in physiology and
may take months to complete [Wedemeyer et al., 1980; Bjornsson et al., 2011]. Indeed, el-
evated hormone levels accompanying smoltification have been observed over a 30-60-day
period [Dickhoff et al., 1978]. Assuming that the elevated Ba concentration correspondes to
the smoltification process, the width of the first Ba peak of 70 um indicates an approximate
duration of 35 days, which is well consisnent with previously reported estimates [Dickhoff et
al., 1978]. However, it is possible that the Ba peaks may signal other physiological changes
occurring at the onset of smoltification and are, thus, preserved in the chemical composition
of the otolith. Alternatively, it may be due to a release of Ba from river-borne suspended
matter during estuarine mixing [Coffey et al., 1997] .

Fig. 7. Examples of the position of the “double” peaks in two otoliths. The blue rectangle rep-
resents the boundaries of the ablation path; blue dots are the Ba signal and red dots are the Sr signal;
the white arrow indicates the point of marine entry

Puc. 7. IlpuMepsl IBOHHBIX ITMKOB Ha MPOQUILLX JUIS ABYX OTOIUTOB. CHHMIA KBaIpaT yKa3bl-
BaeT I'PAHMIIBI JTA3ePHON aOJSLUH, CUHUMU MOYKAMU TTIOKa3aHa KOHLCHTPALWs Oapusi, KpacHuiMu
moyKamu — KOHLEHTPALUS CTPOHIHS

Variability in breakpoint estimates. In 72% of samples, changes in the Ba breakpoint
signal occurred earlier than those in the Sr signal, which is consistent with previous research
[Hale & Swearer, 2008]. This may occur due to differences in uptake, metabolic turnover,
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and reaction pathways for the incorporation of these two elements into the otolith [Bath et
al., 2000; Elsdon & Gillanders, 2003; Tabouret et al., 2010; Braux et al., 2014; Stanley et
al., 2015]. It is also possible that the breakpoint in the Ba signal may act as an indicator of
the transition from a freshwater to an estuary-type environment, while the breakpoint in Sr
signal marks a permanent transition to the marine environment [Limburg, 1995; Stecher &
Kogut, 1999; Hale & Swearer, 2008]. This hypothesis may explain the earlier emergence of
the breakpoint in the Ba signal than in the Sr one. In addition, substantial time-lags for both
elements have been described from the Australian bass, M. novemaculeata, and the Japanese
eel, 4. japonica [Macdonald & Crook, 2010; Yokouchi et al., 2011]. In the Australian bass,
it took <40 days for Sr:Ca and <30 days for Ba:Ca concentrations to reach equilibrium at a
salinity of 0.5%o in an experimental study [Macdonald & Crook, 2010]. This finding con-
firms the earlier appearance of Ba in wild sockeye samples. However, resolving the issue as
to which signal shows the true point of marine transition is a subject for further laboratory
investigation.

In <28% samples, the difference between the Sr and Ba breakpoint signals was nega-
tive, and the Ba signal occurred after the Sr signal (e.g., Fig. 3, B and F). This is likely an
artefact of the analysis used, because a closer inspection of Ba profiles revealed that the delay
in Ba signal was due to the presence of “multiple peaks” situated close to each other . If the
first peak in Ba profiles occurred close to the second one, the segmented regression analysis
identified the first larger peak as a breakpoint, while the “true” breakpoint was the second
peak (assuming Sr shows the position of true breakpoint). Furthermore, the Sr signal was
always “cleaner,” as a minor change in the Sr concentration was never able to hide the true
fresh water—saline water difference (Fig. 3). When multiple peaks in the Ba signal occurred
far from each other (Fig. 3, E), the breakpoint was identified at the same locations using both
elements (Sr and Ba). Thus, the proximity of Ba peaks may be an important factor in the
identification of the breakpoint. It appeared that a large variation came from the misidenti-
fication of the Ba breakpoint when multiple peaks were present.

Some researches argue the Sr:Ba ratio can be used as a more efficient marker of the
marine transition as the Sr:Ba ratio changes by a few orders of magnitude when fish move
from fresh to saline water [Limburg, 1995; McCulloch et al., 2005; Walther & Limburg,
2012; Stocks et al., 2014]. This ratio was found to be useful in studies where the concentra-
tion of Ca varied significantly between fresh and marine systems, altering Sr:Ca and Ba:Ca
signals [Hamer et al., 2015]. This signal showed a lower deviation from the mean than the Ba
signal but was influenced by both the Sr and Ba concentrations, which allows for a smaller
ablation area [Stocks et al., 2014]. On the other hand, the Sr:Ba ratio was shown to provide
less information available for interpretation, as the ratio could be driven by fluctuations in
either of those signals [ Walther & Limburg, 2012]. Thus, the tendency for Ba concentration
to increase right before the marine entry and the presence of multiple peaks in Ba profiles can
affect Sr:Ba ratios and eventually result in erroneous marine entry identification. For instance,
Egorova [2016] demonstrated how the large differences between Sr and Ba signals can make
the marine entry point appear significantly later in a Sr:Ba signal compared to a Sr:Ca signal.
Based on our findings, it may be suggested that the Sr:Ba signal, while remaining a robust
proxy for fish that have spent more than two weeks in the marine environment [Stocks et
al., 2014] or for older fish which does not require high daily resolution (e.g., investigations
of annuli), is not as useful for determining the breakpoint in the case of fish that have only
recently entered marine water.

Repeatability of breakpoint estimates. The advantage of the rotating slit in ultra-high
daily resolution studies over the conventional spot analysis (or raster scan) was demonstrated
in this study. Specifically, to record the changes in elemental signal during the early marine
stage, is it important to observe changes in the signal daily, as the duration of the early marine
stage is quite short. The conventional spot, or raster scan, analysis is too coarse to resolve the
daily chemistry, as was previously recognized by Altenritter et al. [2018] who found that a

680



Analysis of Sr and Ba profiles measured by ultra-high-resolution mass-spectrometry LA-ICP-MS...

30-um spot size would average the Sr concentration over a longer period that would result in
a lower measured concentration for the peak. However, the use of a large spot size can also
lead to another problem that is considered in this study and was not reported previously. Even
with a smallest spot diameter (10 um) used in otolith studies based on a raster scan (the offset
of /2 of the diameter), the breakpoint appeared ~5 um earlier than the actual signal. However,
such small spot sizes are not common in otolith analysis due to high coefficients of variation
(CVs) and low accuracy provides lower reliability of the 10 um ablation line measurements
[Chang et al., 2012]. Based on the results from this study, larger spot sizes (20—30 um) produce
an error as large as 10—15 pm which can be equivalent to ~5-7 days, assuming an average
circulus width to be 2 um. Hence, while the reported lags in the elemental signal can be the
result of physiological difference [Freshwater et al., 2015], they may also be due to the low
resolution of spot/raster scan analysis. Such artificial lag due to instrumental set-up should
be taken into account when correlating environmental data and fish movements.

Artificial lags/offsets can also be induced by ablating multiple layers of otolith material
[Hoover & Jones, 2013], which is common during a raster scan/spot analysis, but can be
minimized by using slit. Two-slit configurations can be used (2 x 124 or 4 x 50) depending
on the sample preparation (curvature of circulus will limit the length of the slit). As the
slit width can be as low as 2 um, which is similar to an average otolith circulus width, the
averaging of the signal can be minimized. Since the breakpoint also appears earlier when
using slit, the error in our analysis appeared to be much smaller and was ~1 um from the
“true” breakpoint.

To increase the accuracy of marine entry estimation on the basis of Sr signal, additional
experimental research on the time lag in the Sr signal is needed. The high variability of data
for different species and life stages necessitates validation for certain species and life stage
of interest. The position of the “true” breakpoint requires further laboratory studies, as peaks
in Ba signal appear generally earlier than a change in Sr signal (the last peak of Ba signal
usually coinciding with the increase in Sr signal). Further research is expected to clarify
whether the peaks in Ba signal indicate the beginning of marine transition or rather reflect
physiological changes that occur before the marine entry.

Limitations. Incomplete profiles might influence the estimation of the magnitude of
shift of concentrations before and after breakpoints. Due to the high cost of the daily resolved
laser ablation, only the parts of the otoliths closest to the marine transition were ablated. The
average duration of residence in the marine environment, calculated from previous studies,
was taken into account when estimating the length of the ablation pass. In this study the
length of the pass was 100 um. In cases when no prominent marks (potential marine entry
marks) were visible across the 100-um range, the path was extended to 150 um to increase
the probability of overlapping with the marine entry zone.

Water chemistry data from environments under consideration would help to determine
the best marker of marine transition. A comparison of actual Ba, Ca, and Sr concentrations in
fresh and saline water in the migration zone during the sampling period would also contribute
to the interpretation of the study results.

Conclusions

The use of the rotating slit allowed a high-resolution analysis of the otolith chemical
composition by LA-ICP-MS. The width of the slit was very close to a daily circulus width
of the otoliths (2 um), which allowed recording the daily changes in elemental composition
during the period of transition to the marine environment. This study indicates that the Sr
signal is more reliable than the Ba one for determining the marine entry point. However,
Ba has several advantages as a marker of marine transition. First, the breakpoint was gener-
ally detectable in the Ba signal prior to its appearance in the Sr signal. Second, Ba is less
dependent on temperature, though this statement needs further verification. However, the
complexity of Ba profiles makes it challenging to identify the point of marine transition. This
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is also complicated by our finding that the number of Ba peaks can vary between stocks. The
presence of multiple peaks in the Ba signal can also provire important information on fish
condition prior to the marine entry, and this should be further investigated.

In cases where no data on metal concentrations in water are available, Sr would be a
more reliable signal. The exception are cases with low Ca levels in freshwater habitats [Hamer
et al., 2015], which could be addressed by applying Sr:Ba profiles, or where the introduced
error is considered negligible. For Fraser River and Rivers Inlet sockeye salmon, the Sr:Ca
ratio provided the best precision and the lowest variability in determining the marine entry
point. Additional experimental data on the Sr signal time lag would allow for highly accurate
and precise determination of the marine entry point in otoliths. The results of this study could
be used as a decision-making outline when selecting the Sr:Ca or Ba:Ca profiles in otoliths
of diadromous fish for the determination of their environment transition points.
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