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1 | INTRODUCTION

Abstract

Effective species management often requires understanding patterns of movement
and habitat use. Acommon approach inidentifying where individuals reside relies upon
chemical tracers from the environment that are incorporated into an individual's tis-
sues. For fish, isotopes in their otoliths, specifically the portion of their otolith formed
during their larval stage, have been used to identify the natal origin. Complicating this
work, however, is the fact that during this life stage, there is a shift in the source of iso-
topes deposited onto the growing otolith from maternally to environmentally derived.
The objective of this study was to identify the portion of the otolith representing this
transition to environmentally derived isotopes so as to accurately investigate ques-
tions of natal origin for a threatened population of fall Chinook salmon (Oncorhynchus
tshawytscha). We exposed developing larvae to four treatments that differed in terms
of their water strontium isotope ratio (®7sr/8%Sr) and used change-point analysis of
otolith 87Sr/8Sr and strontium to calcium ratio (Sr/Ca) to identify the otolith radius
corresponding to the transition to environmentally derived isotopes. Our results in-
dicated this transition occurred, on average, at 132pm (875r/8Sr; +50 um standard
deviation) and 127 um (Sr/Ca; +29 um) from the otolith core, which corresponded to
the developmental time between hatching and exogenous feeding. A substantial pro-
portion of our otoliths (i.e., 61%) did not show convergence between otolith and water
875r/85Sr by the end of the 113-day experiment, which was likely due to the dietary
contribution of marine-based feed. Therefore, we were unable to recommend an oto-
lith radius to target for the purposes of reconstructing natal origin apart from being

beyond approximately 130 um.
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chemical tracers from the environment that are incorporated into

an individual's tissues. These chemical tracers, such as stable iso-
Effective species management and conservation often require topes and trace elements, are used as a location-specific marker and
understanding patterns of movement and habitat use. A common depending on the tissue being examined can represent a variety of

approach used in identifying where individuals reside relies upon temporal scales from days (blood, Kurle & Gudmundson, 2007) and
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months (muscle, Elsdon et al., 2010), to years (baleen, Schell, 2000;
vertebrae, Mohan et al., 2018; teeth, Hamilton & Evans, 2018).

For research on fish residence, otoliths (i.e., ear stones) are com-
monly used because of their unique chemical and physical prop-
erties. Specifically, otoliths are chemically inert and incorporate
different elemental isotopes, many of which are environmentally
derived (Walther & Thorrold, 2008), onto the growing surface of the
otolith. Further, otoliths contain microstructural patterns of visible
increments that are regularly added throughout the life of an indi-
vidual (Stevenson & Campana, 1992). Together these chemical and
microstructural properties of otoliths permit the retrospective re-
construction of where individuals resided and for how long (Brennan
& Schindler, 2017; Johnson et al., 2012; Limburg et al., 2015;
Walther, 2019).

Identifying the natal origin of fish has been a prominent research
goal especially as the technologies and methods associated with
measuring chemical tracers in otoliths have improved and become
more accessible (Walther, 2019). Using the chemical properties of
otoliths to reconstruct the natal origin, however, can be complicated
because the isotopes incorporated into the core of the otolith, which
represents otolith material formed prior to and at hatching, are not
entirely derived from the environment. For example, several studies
examining the otolith core have reported elevated concentrations of
trace elements (Brophy et al., 2004; Chittaro et al., 2006; Michibata
& Hori, 1979; Ruttenberg et al., 2005). The source of these ele-
vated levels of elements has been suggested to be maternally de-
rived and likely transferred to the developing embryo via its yolk sac
(Kalish, 1990; Volk et al., 2000; Waite et al., 2008).

Studies interested in reconstructing natal origin, therefore,
typically avoid the otolith core and instead target a portion of the
larval otolith in which the isotopes of interest are assumed to be
environmentally derived (Barnett-Johnson et al, 2008; Hegg,
Kennedy, Chittaro, & Zabel, 2013). In particular, the developmental
stages associated with hatching and first exogenous feeding, both of
which are represented as visual marks on otoliths (Barnett-Johnson
et al., 2007; Campana, 1992), are often used as landmarks on the
otolith coinciding with the shift from maternally to environmen-
tally derived isotopes (Barnett-Johnson et al., 2008). Recent work
by Hegg et al. (2018) using trace element and stable isotope otolith
analyses of juvenile Chinook salmon provided evidence supporting
the shift to an environmentally derived source of isotopes occurring
at the hatching and first exogenous feeding stages. Specifically, they
observed a shift in strontium (87Sr/86Sr) and several elemental ratios
(i.e., Mn/Ca and Ba/Ca) at a distance from the otolith core of 150 and
225pum respectively.

The objective of this study was to identify, through an experi-
mental approach, the portion of the otolith representing the transi-
tion to environmentally derived isotopes (e.g., strontium isotopes).
Knowing where this transition occurs is important because studies
increasingly rely upon detailed early life-history information. In this
study, we conducted an exposure experiment in which developing
hatchery fall Chinook salmon (Oncorhynchus tshawytscha) from the
Snake River of Idaho (a tributary of the Columbia River in the U.S.

Pacific Northwest) were placed in four treatments of water of known
strontium isotope ratio (¢7Sr/8¢Sr) and raised for over three months
from fertilised eggs to fry. Our experimental design permitted us
the opportunity to investigate the assumption that a developing egg
is a chemically closed system prior to yolk sac absorption and first
feeding (Volk et al., 2000). If the egg is a closed system, then we ex-
pect stable isotope values to be constant in the portion of the otolith
formed prior to yolk sac absorption and first feeding, and we would
expect similarity in stable isotope values among treatments because
the eggs used in our experiment were taken from females collected
in the same river. We hypothesised that individual otolith transects
would show &7Sr/8%Sr values that shift towards the 8Sr/8Sr values
of each water treatment at approximately 150pm from the otolith
core, and reach equilibrium after 250 pum (as was reported by Hegg
et al., 2018). The overarching goal of this project was to increase
our understanding of the accurate interpretation of otolith chemical
records that are being increasingly employed for questions of fish
natal origin and early life history. For species that are threatened or
endangered under the Endangered Species Act (ESA), such as Snake
River fall Chinook salmon, answers to these questions can inform

both conservation actions and management decisions.

2 | METHODS

2.1 | Experimental setup

On November 20, 2017, we obtained milt and approximately 5000
unfertilized eggs of fall-run Snake River Chinook salmon from two
sacrificed adult males and females, respectively, that were col-
lected as part of spawning operations at Lyons Ferry Hatchery,
Idaho (Oakerman et al., 2020). On the same day, we also collected
approximately 130L of water from each of three rivers known to
differ in their water strontium isotope composition (Hegg, Kennedy,
Chittaro, & Zabel, 2013): Tucannon River (latitude: 46.547413° and
longitude: -118.177632°), Lower Snake River (latitude: 46.598604°
and longitude: -118.234640°) and Columbia River (latitude:
46.231026° and longitude: -119.191049°). Vessels containing eggs
or milt were placed on ice and together with the water were trans-
ferred to the hatchery at the Northwest Fisheries Science Center
(NWFSC), Seattle, WA. Water collected from these three rivers, plus
approximately 130L of water from NWFSC hatchery, was stored
separately and used as the four treatments in our experiment (see
below). NWFSC hatchery water was dechlorinated water from the
city of Seattle, WA, and was recirculated and filtered with UV light
and biofiltration.

At the NWFSC, eggs and milt from all adults were mixed for sev-
eral minutes, and fertilised eggs were disinfected in an iodine solu-
tion (50mg/L) for 30 min following procedures outlined by U.S. Fish
and Wildlife Service (1995). Approximately 250 fertilised eggs were
randomly selected and transferred into each of four replicate emer-
gence chambers within each of our four water treatments (Figure 1a).
Emergence chambers were built of PVC (12.7 cm diameter) following



CHITTARO ET AL.

40

(@)

Tucannon
R. water

30

Fork length (mm)
20

Emergence /—

chamber

10

chamber

Ecology of 109
SN WILEY

-
e
3
‘@400
o

- 300 &
s
o -3 o
g £
1)
>
! 200 ?
a8 B
o
(@)

— 100

T T T T T T T T T T
49 53 60 68 78 84 93 98 102 113

Days post-fertilization

FIGURE 1 (a) Representation of the experimental setup for a treatment. Arrows show the direction of water flow from the Tucannon
River holding container to emergence and trap chambers and then its return. (b) Boxplot of fork length (mm, black boxplot and left y-axis)
and otolith radius (um, red boxplot and right y-axis), pooled across treatments, with respect to days postfertilisation. Each circle corresponds
to an individual, and we collected 3-15 fry from each treatment every 4-10days starting at day 49 and ending on day 113. Arrows at days
53 and 78 indicate when 100% of the surviving eggs hatched and when the yolk sac was absorbed respectively. Inset pictures of lateral and
ventral views of Chinook salmon (taken by A. Fuhrman) indicate the degree of yolk present at approximately days 53 and 78

the design used by (Steel et al., 2012). We filled each emergence
chamber with 20 biofilter media (bio balls with a diameter of 20 mm)
on top of which we poured our fertilised eggs. At the top of each
emergence, chamber was an opening that permitted hatched fry to
move into an adjacent trap chamber also built of PVC (7.6 cm diame-
ter). Water drained from each of the four trap chambers via a mesh-
covered outlet into a treatment-specific trough. An aquarium pump
was used to pump water from the treatment-specific trough to each
of the four replicate emergence chambers.

The experiment began on November 21, 2017, when fertilised
eggs were placed in the emergence chambers, and continued for
113days until March 2, 2018. During the experiment, emergence
and trap chambers were inspected daily and dead eggs and fish
were removed. Early in the experiment (day 12), the Columbia River
treatment was unintentionally diluted with NWFSC hatchery water
and on day 13 the water in this treatment was replaced with water
collected from Lake Washington (latitude: 47.644600° and lon-
gitude: -122.307822°) (Table 1). This Lake Washington water was
used as an emergency source of water for this treatment until day
88 of the experiment, at which point we replaced it with newly col-
lected Columbia River water. We chose to refill this treatment with
Columbia River water, instead of continuing to use Lake Washington
water, because the strontium isotope ratio for the former is sub-
stantially different from both Tucannon and Lower Snake Rivers.

We refer to this treatment as the Columbia River/Lake Washington
treatment. On day 88, we also replaced the water in Tucannon River
and Lower Snake River treatments with newly collected water from
Tucannon River and Lower Snake River, respectively, while the water
in the NWFSC treatment was replaced with NWFSC hatchery water.
Lastly, on day 94 we replaced the water in all treatments with water
from their respective sources.

Over the course of the experiment, average temperature, across
treatments, was 10.7°C (ranged between 7.1 and 14.1°C). We did not
design our experiment to mimic temperatures that might be found
either in the free-flowing river or in the hatchery. Fish were reared
according to standard hatchery protocols (Stickney, 1991).

We collected 3-15 fry from each treatment every 4-10days
starting at day 49 (i.e., January 8, 2018) (Table 1). Fish were eutha-
nized using MS-222 (Argent Chemical Laboratories, Redmond, WAl)
and placed in a freezer at the NWFSC. At day 53, 100% of the sur-
viving eggs hatched, and by day 78, we observed complete yolk sac
absorption across treatments. Complete yolk sac absorption was
defined as the lack of yolk sac visible upon inspection of the ventral
portion of a fish's abdomen. On day 84, we transferred all surviving
fish from their emergence and trap chambers into their treatment-
specific troughs, removed the pumps, added an aerator and initiated
daily feeding (BioVita Fry, Bio-Oregon, Longview, WA). Water qual-
ity soon deteriorated across treatments because of excretion and
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TABLE 1 Number of otoliths processed per treatment and day of the experiment along with when water samples were collected for

875r/88Sr analysis (indicated as a “W”)

Treatments

Day # Tucannon River L. Snake River NWFSC
12 0 0 0

13 0 0 0

15 0(W) 0 (W) 0 (W)
44 0 (W) 0 (W) 0 (W)
49 1 0 1

53 2 2 0

60 3 3 3

68 3 3 3

78 3 3 3

84 3 3 3

88 0 0 0

93

94 0

98 10 7 7

1022 5(W) 5(wW) 5(W)
113° 12° (W) 14° (W) 14° (W)

Note: Treatment-related changes to water are also indicated.
Abbreviation: NWFSC, Northwest Fisheries Science Center.

Columbia River/L.

Washington Changes to treatments

0 Columbia R. treatment
partially filled with
NWEFSC water

0 Columbia R. water replaced
with L. Washington water

0 (W)

0 (W)

0

2

3

3

3

3

0 Water replaced in all
treatments; L. Washington
water replaced with
Columbia R. water

5

0 Water replaced in all
treatments

8

5(W)

12° (W)

aWater samples between days 102 and 113 were pooled within a treatment for &Sr/8Sr analysis.

b8751/86Sr and Sr/Ca were analysed for these otoliths.

undigested food despite daily removal of this material using aquar-
ium nets. Therefore, on day 88, and again on day 94, we exchanged
the water within each treatment with treatment-appropriate fresh-
water (Table 1). Lastly, for the purpose of evaluating how water
875r/805r changed through time within each treatment, we analysed
20ml of water collected from each treatment at days 15, 44, 102
and 113.

2.2 | Otolith analyses

We measured fork length (mm), removed otoliths (Table 1) from
collected fish and prepared otoliths using methods described
by Chittaro et al. (2020). Specifically, left sagittal otoliths were
mounted on glass microscope slides using thermoplastic cement
(Crystal Bond, http://www.crystalbond.com). Each otolith was pol-
ished on both sides in a sagittal plane using slurries (600-grit silicon
carbide, 5.0 aluminium oxide and 1.0 micropolish; http://www.buehl
er.com) and a grinding wheel with Buehler© 1500 micropolishing

pads. Polishing ceased when the core was visible. We photographed
polished otoliths using a digital camera (Leica DFC450) mounted on
a compound microscope (Zeiss©) and measured otolith radius using
Image Pro software (version 7.0; MediaCybernetics®©). Otolith radius
was measured along a transect perpendicular to the longitudinal axis
on the dorsal side of the otolith. Along the same transect, we also
measured otolith radius to the hatch and exogenous feeding checks,
which are identified by a prominent dark band and are formed during
the transition from embryo to fry and following yolk sac depletion
respectively (Barnett-Johnson et al., 2007; Zhang et al., 1995).

We chemically analysed 12-14 fish per treatment that were
collected on day 113. These polished otoliths were simultane-
ously analysed for 85r/8Sr and Sr/Ca at the Radiogenic Isotope
and Geochronology Laboratory at Washington State University
(Pullman, WA, USA) using a novel laser ablation split-stream method.
Specifically, the surface of each otolith was ablated using a Teledyne
193 nm ArF laser, and the ablated material was divided and intro-
duced, with helium as the carrier gas, to two independent mass spec-
trometers: ThermoFisher Neptune Plus multicollector inductively
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coupled plasma mass spectrometer (MC-ICPMS) and ThermoFisher
Element2 sector-field (ICPMS) for determining &/Sr/8%Sr and Sr/Ca
respectively. Further details about the split-stream configuration
can be found in Hegg et al. (2020) and Hegg et al. (2021). The laser
ablation sampling system was operated at a frequency of 20Hz, a
35pum spot size, and the laser beam moved at a speed of 10 um/s
using an automated microscope stage. The laser ablated the polished
otolith along a transect from the otolith edge to its core (the transect
was perpendicular to the longitudinal axis on the dorsal side of the
otolith). This edge-to-core scan line on the otolith corresponds to the
entire life of the fish.

Data acquisition during the LA-MC-ICPMS/LA-ICPMS analysis
lasted 50s, 14s of which were designated for instrument calibra-
tion and gas background counts prior to the start of each ablation.
Data were recorded with a 0.262s integration time. Measurement
of the ratio of Sr and 8°Sr was calculated and corrected through
simultaneous measurement of 83Kr, 84Sy, 85Rb and #Sr and followed
procedures outlined in Chittaro et al. (2019). Specifically, measure-
ments were mass-bias corrected and corrected for interferences
in 8Kr, 8Rb and Ca dimers using natural ratios, similar to Barnett-
Johnson et al. (2005). To evaluate measurement accuracy, we anal-
ysed a marine shell standard that was assumed to be in equilibrium
with the global seawater value of ®Sr/8¢Sr = 0.70918 (Faure &
Mensing, 2004). The marine shell standard was analysed 3-4 times
every 15-20 otolith samples. During the course of this study, the av-
erage 875r/86Sr value for the marine shell was 0.70919 (SD = 0.00004,
n = 14). Values of otolith 87Sr/%°Sr were adjusted using a correction
factor calculated each analysis day from the average deviation of the
shell standard to the marine value (Hegg, Kennedy, & Fremier, 2013).
LA-ICPMS measured #Sr was normalised to the National Institute
of Standards and Technology (NIST-610) standard, which was anal-
ysed at the beginning and end of each set of 15-20 otoliths. Calcium
was used as an internal standard and strontium was reported as a
ratio to calcium. 87Sr/8Sr and Sr/Ca data were reduced using a cus-
tomised data reduction scheme (available from the seventh author;
Fisher et al., 2017) written for the lolite software platform (Paton
etal., 2011).

2.3 | Water analyses
Water 875r/8%Sr was analysed using an Isotopx Phoenix thermal
ionisation mass spectrometer (TIMS) at the Kennedy Laboratory of
Integrated Fish Ecology, University of ldaho. Water samples were
dried and prepared in a positive pressure particulate clean room
under a HEPA filtered laminar flow hood. After drying, water sam-
ples were acidified and loaded in Savillex Teflon™ microcolumns con-
taining approximately 0.21ml strontium resin (i.e., Eichron Sr Spec
ion exchange resin; 100-150um) to separate Sr and eluted first with
0.5 ml 8N HNO, and then 2.8 ml 3N HNO,. Resin-bound strontium
was then collected with 2 ml of 0.05mI HNO; in clean Teflon™ vials.
Baseline samples were run between data blocks to correct for
any within-analysis noise on the detectors and analytical blanks
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were run every 3-4 samples to ensure that no detectable Sr was
measured on the tantalum filament with activator gel and phos-
phoric acid. Lastly, procedural blanks are periodically prepared
using the same Sr-specific resin and elution scheme to ensure that
lab materials contain no background Sr. We analysed water samples
collected on days 15 and 44, and due to limited sample volume, we
pooled water collected on days 102 and 113 (Table 1). Throughout
the analyses of water samples, a replicate analysis of the National
Institute of Standards and Technology standard reference material
(SRM-987) yielded mean &7Sr/%éSr of 0.710248 (SD = 0.000004,
n=11).

2.4 | Statistical analyses

To assess if growing conditions varied among treatments we used an
analysis of variance (ANOVA) to test whether fork length and otolith
radius differed among treatments for fish collected at the end of the
experiment (i.e., day 113). Next, we evaluated the extent to which
otolith core ®/Sr/%¢Sr and Sr/Ca varied among treatments using
the Kruskal-Wallis one-way analysis of variance. The otolith core
875r/85Sr and Sr/Ca were defined as the average from the core to a
radius of 25, 50, 75, 100 and 125 um. We did not expect a significant
difference in otolith core 8Sr/%Sr and Sr/Ca among treatments,
particularly for the smaller radii, since the otolith values would be
maternally derived and the product of the same females whose fer-
tilised eggs were randomly distributed among treatments.

To identify the otolith radius corresponding to a shift in 875y/86sy
and Sr/Ca we treated each edge-to-core transect of Sr/8Sr and
Sr/Ca as a separate timeseries and performed change-point analy-
sis on each. A change-point is an instance in time where the sta-
tistical properties before and after this time point differ (Killick &
Eckley, 2014). We used the change-point package available for R
(R Core Team, 2021) from the Comprehensive R Archive Network
(CRAN) at http://CRAN.R-project.org/ package = change-point
(Killick & Eckley, 2014).

The change-point analysis uses a likelihood ratio-based approach
to test the hypothesis of no change-point (null) and a change-point
(alternative). If a change-point is detected (i.e., null hypothesis is re-
jected) its position in the timeseries was then estimated (Killick &
Eckley, 2014). Our analysis focused on identifying a shift in mean
875r/86Sr and Sr/Ca for each individual and then determining the oto-
lith radius at which this shift occurred.

For all edge-to-core transects of 8/Sr/%¢Sr and Sr/Ca we used a
binary segmentation algorithm (method = “BinSeg”) included within
the change-point package, which first applies a single change-point
test statistic to the timeseries data. If a change-point is identified the
data are divided into two at the change-point location. The change-
point procedure is then repeated on the two new data sets, before
and after the first identified change-point, and the process contin-
ues until no additional change-points are found or if an insufficient
amount of data is available within a segment to evaluate if a change-
point is present.
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We set the maximum number of change-points to 15 (Q = 15) for
875r/86Sr and Sr/Ca data of fish from all treatments, except L. Snake
River (see below). Fifteen was chosen because it was the maximum
number of possible change-points, given the length of 87Sr/8Sr and
Sr/Ca data for our smallest otolith and the number of segments that
could be accommodated between change points. Because the first
change-point to be identified represents the largest shift in mean
875r/86Sr and Sr/Ca values within a timeseries, we assumed that this
change-point corresponded to the transition from maternally to en-
vironmentally derived ®Sr/8Sr and Sr/Ca in an otolith. Finally, we
excluded the L. Snake River treatment from the change-point analy-
sis of 875r/8¢Sr data because 875r/8¢Sr levels in the otolith and water
were expected to be similar as a result of residence of the adult fe-
males from which eggs were extracted.

We evaluated the extent to which otolith radius at the first
change-point varied among treatments, separately for 875r/8%Sr and
Sr/Ca data, using Kruskal-Wallis one-way analysis of variance. To es-
timate fish age and fork length at change-point, we used the average
otolith radius at the first change-point together with relationships
we generated between days postfertilisation and otolith radius, and
fork length and otolith radius respectively.

To estimate the portion of the otolith representing natal origin,
we identified the otolith radius that corresponded to when otolith
875r/8%Sr converged with water 87Sr/8%Sr of the treatment in which
the fish resided. We defined this convergence as the otolith radius
of the core-to-edge transect in which the otolith 8Sr/%¢Sr was rel-
atively similar (i.e., within +/-0.00075) to that of water 875y/86sr
and remains within this range to the edge of the otolith. The water
875r/8%Sr used as the basis for assessing this convergence was col-
lected on days 102 and 113 for the NWFSC and Columbia R./Lake
Washington treatments, while day 44 was used for the Tucannon R.
treatment since we did not have sufficient water collected on days
102 and 113 (see Results) to yield water 875r/88Sr. We assumed that
the water 87Sr/8%Sr from day 44 was similar to that from day 102 and
113 given the stability in water 8 Sr/8¢Sr observed in the L. Snake
River and NWFSC treatments (see Results). L. Snake River was ex-
cluded from this analysis because the Sr/8¢Sr levels in the otolith
and water were expected to be similar as a result of the residence of
the adult females from which eggs were extracted. Although stud-
ies have indicated a 1:1 relationship between water 875r/8%Sr and
otolith 87Sr/8Sr (Kennedy et al., 2000) we did not expect otolith
875r/8%Sr to match that of the water in which the fish resided in our
study because of the dietary contribution of a marine-based feed to
otolith 85r/8%Sr that would have a marine 85r/8%Sr signature (Janak
et al., 2021; Kennedy et al., 2000).

3 | RESULTS

Visual observation of fish among treatments indicated that surviv-
ing eggs hatched no later than day 53 of the experiment and yolk
sac absorption occurred no later than day 78 (mean fork length of
22 and 30 mm respectively). Fork length and otolith radius ranged

TABLE 2 Water &Sr/8¢Sr values (and standard error) per
treatment and day of experiment

Day of
Treatment experiment 875r/86sr +2SE
Tucannon River 15 0.707236 0.000004
Tucannon River 44 0.707329 0.00001
Tucannon River 102 and 113 - -
Lower Snake River 15 0.709611 0.000004
Lower Snake River 44 0.709447 0.000004
Lower Snake River 102 and 113 0.709648 0.00001
NWESC 15 0.707571 0.000004
NWEFSC 44 0.707567 0.000004
NWESC 102 and 113 0.707523 0.000004
Columbia R./Lake 15 0.706751 0.000004
Washington
Columbia R./Lake 44 0.706917 0.000004
Washington
Columbia R./Lake 102 and 113 0.711791 0.000004
Washington

Note: Insufficient water was available for analysis for the Tucannon
River treatment on days 102 and 113.

from 13 to 40 mm and 64 to 315 pm, respectively, for fish collected
throughout the experiment (Figure 1b). ANOVA's did not reveal
significant differences among treatments in terms of body size nor
otolith radius for fish collected at day 113 of the experiment. Of
52 fish collected at day 113, we identified hatch and exogenous
feeding checks for 49 and 40 individuals respectively (Table S1).
We had difficulty discerning the exogenous feeding check for nine
individuals, which may be a result of this check being less promi-
nent in hatchery fish as reported by Barnett-Johnson et al. (2007).
For the remaining three individuals, we had difficulty discerning
the hatch and exogenous feeding checks because of poor image
quality.

Water 8Sr/86Sr ratios were relatively stable across the three
sampling events within each treatment except for Columbia River/
Lake Washington, which showed a change we attributed to the ad-
dition of water from Lake Washington (Table 1). Specifically, water
8751/8Sr went from 0.7067 at day 15 and 0.7069 at day 44 to 0.7117
at days 102 and 113 (Table 2). Our water 87Sr/8Sr from the Columbia
River/Lake Washington treatment collected on days 102 and 113
was lower than Columbia River water reported by other studies
(0.713-0.717; Janak et al., 2021, Miller et al., 2011). We suspect that
our lower value was due to a residual amount of Lake Washington
water that resulted in a diluted Columbia River/Lake Washington
water 87Sr/8Sr. We did not report water 85r/8°Sr for days 102 and
113 from Tucannon River because we had an insufficient amount of
water for analysis. Lastly, our Kruskal-Wallis test comparing otolith
core &7Sr/%%Sr among treatments indicated nonsignificant differ-
ences at otolith radii of 25, 50 and 75, but significant differences at
100 (K-W chi-squared = 13.7, df = 3 and p-value<.01) and 125um
(K-W chi-squared = 20.4, df = 3 and p-value <.001), while the same
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analysis for otolith core Sr/Ca did not show significant differences

among treatments for any otolith radius.

3.1 | Change-point analysis
Otolith ®Sr/%Sr ratios trended towards water 875r/%Sr values
within each treatment and otolith Sr/Ca values decreased with in-

creasing distance from the core (Figure 2). Multiple change-points
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were identified for each fish, and with the exception of the first
identified change-point, we assumed them, for the purpose of this
study, to be uninformative and not necessarily associated with an
actual change in the fish's exposure to relevant elements (Figures 3
and S1-S8).

Fish that reared within the Tucannon River treatment (n = 12) had
otolith &Sr/8%Sr that trended towards the average water 87Sr/8%Sr
of 0.7072 (Table 2, Figure 2a). According to change-point analysis,
a shift in 87Sr/%¢Sr and Sr/Ca (i.e., the first identified change-point)
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FIGURE 2 Boxplots of otolith 8Sr/8Sr and Sr/Ca with respect to sections (~30 pm) of the edge-to-core transect for each individual
and averaged across individuals within a treatment: (a and b) Tucannon River, (c and d) Lower Snake River, (e and f) NWFSC hatchery and
(g and h) Columbia River/Lake Washington. Median, the 25th and 75th percentile, and range are represented by thick horizontal line, top
and bottom of box, and whiskers respectively. Black dots correspond to individual 875r/8%Sr and Sr/Ca data. Water 87Sr/8%Sr values are
represented as the horizontal orange (day 15 of the experiment), purple (day 44) and blue (pooled days 102 and 113) lines. The blue line
is absent from Tucannon River (plot a) because insufficient water was available for analysis. For NWFSC (e), the three lines are difficult to
visually discern due to the similarity in water 8 Sr/8¢Sr values (see Table 2). Y-axes differ among plots of 85r/8¢Sr values
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(g and h) Columbia River/Lake Washington (fish 113.D.12). Red horizontal lines correspond to the portions of the otolith before and after
the first identified change-point (CP; red vertical line), and grey vertical lines indicate the otolith radius of four subsequent change-points. To
improve visual clarity, only the first five change-points are displayed. Water 875r/88Sr values are represented as the horizontal orange (day
15 of the experiment), purple (day 44) and blue (pooled days 102 and 113) lines. The blue line is absent from Tucannon River (plot a) because
insufficient water was available for analysis. For NWFSC (plot e), three lines are difficult to visually discern due to the similarity in water
875r/86Sr values (Table 2). Vertical black line corresponds to the otolith radius at which otolith and water 875r/885r values converged (CV). We
defined this convergence as the otolith radius of the core-to-edge transect in which the otolith 8Sr/8¢Sr was relatively similar (i.e., within
+/-0.00075) to that of water 8Sr/8¢Sr and remains within this range to the edge of the otolith. Estimates of otolith radius at convergence
were not calculated for fish from the Lower Snake River treatment because their 8Sr/%¢Sr levels in the otolith and water were expected to

be similar for the entire core-to-edge transect
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occurred at an average otolith radius of 147 and 143 um respectively
(Figures 3a,b, S1 and S2, and Table 1). Otolith 875r/86Sr before and
after the first change-point averaged 0.7092 (0.0002 standard devi-
ation) and 0.7082 (0.0002 standard deviation) respectively. Otolith
Sr/Ca before and after the first change-point averaged 0.3925
(0.019 standard deviation) and 0.2845 (0.01 standard deviation)
respectively.

Fish that reared within the Lower Snake River treatment (n = 14)
had otolith 8Sr/8Sr that remained aligned with the average water
value of 0.7095 (Table 2, Figures 2c and S3). According to change-
point analysis, a shift in Sr/Ca occurred at an average otolith radius
of 126 pm (Figures 3d, S4 and Table 1). Otolith Sr/Ca before and after
this first identified change-point averaged 0.3999 (0.011 standard
deviation) and 0.3448 (0.02 standard deviation) respectively.

Fish that reared within the NWFSC treatment (n = 14) had oto-
lith 87Sr/86Sr that trended towards the average water &7Sr/8%Sy of
0.70755 (Table 2, Figure 2e). According to change-point analysis, a
shift in 8Sr/8Sr and Sr/Ca occurred at an average otolith radius of
108 and 123 um respectively (Figures 3e,f, S5 and Sé, and Table 1).
Otolith 87Sr/8%Sr before and after the first identified change-point
averaged 0.7094 (0.0002 standard deviation) and 0.7086 (0.0001
standard deviation) respectively. Otolith Sr/Ca before and after the
first identified change-point averaged 0.3877 (0.0362 standard de-
viation) and 0.2612 (0.0126 standard deviation) respectively.

8sr I*°sr
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Fish that reared within the Columbia River/Lake Washington
treatment (n = 12) had otolith 8Sr/%¢Sr that trended first towards
the average water 875r/%¢Sr of 0.7068 from days 15 and 44 and
then towards water 8/Sr/8Sr of 0.7117 from days 102/113 (Table 2,
Figure 2g). According to change-point analysis, a shift in 8Sr/8¢sr
and Sr/Ca occurred at an average otolith radius of 143 and 113pum
respectively (Figures 3g,h, S7 and S8, and Table 1). Otolith 875r/86sy
before and after the first identified change-point averaged 0.7091
(0.0003 standard deviation) and 0.7102 (0.0007 standard devi-
ation) respectively. Otolith Sr/Ca before and after the first identi-
fied change-point averaged 0.3851 (0.0223 standard deviation) and
0.3011(0.0156 standard deviation) respectively.

Otolith radius at the first identified change-point did not dif-
fer significantly among treatments for otolith 85r/8¢Sr and Sr/Ca
data (Figure 4). Across treatments, our results indicated a shift in
875r/86Sr and Sr/Ca occurred, on average, at 132 um (+50 pm stan-
dard deviation) and 127 um (+29 pm), respectively, from the otolith
core. We estimated that the shift in otolith 8 Sr/2Sr occurred at
day 70 postfertilisation and at a fork length of 26 mm when using
the average otolith radius at the first identified change-point to-
gether with the relationships we generated between days postfer-
tilisation and otolith radius and between fork length and otolith
radius (Figure S9a,b). Further, the otolith radius at the first identi-
fied change-point for 87Sr/3¢Sr and Sr/Ca was, on average, 69 and

Sr/Ca
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FIGURE 4 Boxplot of otolith radius at the first identified change-point in 8’Sr/2°Sr and Sr/Ca for each treatment. Each circle represents
an individual. The red horizontal line indicates the mean otolith radius at change-point (CP) across treatments for 8Sr/2°Sr (132 um; £50 um

standard deviation) and Sr/Ca (127 pm; +29 um)



CHITTARO ET AL.

116 Ecology of
MAIBAG -rSHWATER FISH

74 um less, respectively, than the otolith radius to the exogenous
feeding check (average 202 pum and standard deviation 19.5 pm;
Table S1).

By the end of the 113-day experiment, approximately 39% (i.e.,
15 of 38) of the analysed otoliths had &Sr/¢Sr that converged with
that of their water treatment (Figures 3, S1, S5 and S7). For these 15
fish, otolith radius was estimated to be, on average, 244 pum (+23 um
standard deviation), which corresponded to day 106 postfertilisa-
tion and a 34mm fork length, when using the average otolith ra-
dius at convergence together with the mathematical relationships
we generated between days postfertilisation and otolith radius and
between fork length and otolith radius (Figure S9a,b). We did not
include fish from the Lower Snake River treatment (n = 14) in this
analysis because their otolith 8Sr/2°Sr overlapped with that of their
treatment water for the entire otolith core-to-edge transect. This
lifetime equilibrium for fish from the Lower Snake River treatment
was likely due to the fact that the adult females used in this experi-
ment resided in Snake River prior to collection and incorporated and

transferred the 87Sr/2%Sr from the river into their developing eggs.

4 | DISCUSSION

Identifying the natal origin of fish is often necessary for effective
species management and conservation. In this study, we sought to
identify the portion of the otolith formed during an early develop-
mental stage, representing the transition to environmentally de-
rived strontium isotopes, so as to accurately investigate questions
of natal origin for a threatened population of fall Chinook salmon
(Oncorhynchus tshawytscha). Our results indicated that the tran-
sition from maternally to the environmentally derived source of
875r/88Sr and Sr/Ca occurred, on average, at an otolith radius of 132
and 127 pm, respectively, which corresponded to the developmental

time between hatching and exogenous feeding.

4.1 | Stability of otolith core 8Sr/%%Sr and Sr/ca

Our findings of nonsignificant differences in 875r/8¢sy among treat-
ments, with respect to an otolith radius of <75um, were not surpris-
ing given that the fish used in this experiment were the offspring
of two adult females, both of which were collected after migrating
through the same river (i.e., Lower Snake River). This similarity in
otolith core 87Sr/8%Sr for otolith radius of <75 pm, despite the devel-
opment of fish within treatments that differed with respect to water
875r/88Sr (Table 2), supports the notion of the egg being a chemi-
cally closed system prior to and at this stage of development. The
limited exchange between the environment and the growing otolith
was further supported by the elevated otolith Sr/Ca levels in the
core region (<90um; Figure 2) that are likely the product of mater-
nal marine residency. The fact that the otolith Sr/Ca levels did not
differ significantly among treatments was also not surprising given
that salinity, which is known to be positively related to otolith Sr/Ca

levels (Zimmerman, 2005), was expected to be uniform among our
freshwater treatments.

Our otolith &7Sr/%%Sr data suggested that, in general, this portion
of the otolith core (i.e., an otolith radius<75um) is a good marker
of maternal contribution and thus can be used to indicate maternal
anadromy (Courter et al., 2013). However, research has shown that
the effectiveness of using the otolith core as an indicator of mater-
nal anadromy declines with longer freshwater migration (Donohoe
et al., 2008; Miller & Kent, 2009). For example, studies have shown
that an anadromous isotope signal was detected in the core of oto-
liths from juvenile Chinook salmon that hatched in close proximity
to the ocean (i.e., <200km), yet no signal was observed for individ-
uals sampled over 1000km inland (Bacon et al., 2004). In fact, Hegg
et al. (2018) reported that for females with a substantial freshwater
migration, the egg 75r/8¢Sr could shift up to 0.00086 within the
first 80 h after being laid and as much as 0.00091 at hatching. Their
findings therefore conflict with the idea that the egg is a chemically
closed system and caution against the use of the otolith core as a
marker of maternal anadromy for certain species. It should be noted
that eight individuals in our study showed shifts in otolith &7Sr/8Sr
or Sr/Ca at an otolith radius less than 75 um (e.g., change-point anal-
ysis for fish #113.C.15 indicated the first identified change-point
occurred at 67 and 74 um, respectively; Figures 4 and S5). The shifts
in 85r/8Sr or Sr/Ca for these eight fish occurred prior to hatching
and thus challenge the notion of the egg being a chemically closed
system at this developmental stage; an otolith radius of 75um
was estimated to correspond to an age of 40days postfertilisation
(Figure S9a), which was approximately when we observed hatching
start across treatments, while 83 pum was the average otolith radius
at hatch check (Table S1).

4.2 | Environmentally derived 8’Sr/8¢Sr and Sr/ca
The dissimilarity in otolith core 87Sr/8¢Sr among treatments, with
respect to an otolith radius of 2100um, suggested that treatment-
specific strontium isotopes were being sequestered into the grow-
ing otoliths at this stage of larval development. In fact, fish reared
in each of our four treatments showed otolith 875r/8%Sr that shifted
towards the water 8/Sr/8%Sr in which they resided (Figure 2).
According to the change-point analysis, a shift in the otolith
875r/85Sr and Sr/Ca occurred, on average, at an otolith radius of
132pum and 127pm, respectively, across treatments (Figure 4
and Table S1). We assumed this first identified the shift in oto-
lith 8Sr/%Sr and Sr/Ca corresponded to the transition from a
maternally to environmentally derived source of strontium. Our
estimate of where this transition in otolith 8Sr/2Sr occurred, av-
eraged across treatments, was similar to that of Hegg et al. (2018)
who reported it at an otolith radius of approximately 150 um and
which they associated with hatching. In our study, we estimated
that this average otolith 875r/8%Sr shift likely occurred between
hatching and exogenous feeding since the otolith radii for these
two developmental stages were, on average, estimated to be 83
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and 202um, respectively (Table S1); we also observed hatch-
ing and yolk sac absorption to have occurred no later than day
53 and 78, respectively, which corresponded to an estimated
otolith radius of 93 and 177 um respectively (Figure S9c). In con-
trast, Hegg et al. (2018) reported the shift occurred later, approx-
imately 225 um, with respect to otolith elemental signatures (i.e.,
Mn/Ca, Ba/Ca and Sr/Ca), and thus suggested that this transition
represented an ontological change within the developing fish
separate from hatching and possibly related to fish emergence.
Interestingly, work on a related salmonid (Oncorhynchus nerka) by
Janak et al. (2021) reported shifts in otolith 85r/8Sr and Sr/Ca
associated with hatching and yolk sac absorption that occurred
at an average otolith radius of 67 and 118 um, respectively, which
was comparable to this study.

Although we detected an environmentally derived source of
875r/88Sr in the otolith, the timing of which likely occurred between
hatching and exogenous feeding, convergence between otolith and
water 87Sr/8Sr was only observed in 39% of our otoliths (i.e., 15
of 38) by the end of the experiment at day 113 (Figures 3, S1, S5
and S7). These 15 fish had an otolith radius at convergence that
ranged from 190 to 278 um and the fact that this convergence oc-
curred after exogenous feeding (Table S1) supports the assumption
made by Barnett-Johnson et al. (2007, 2008) that this life stage is
an important marker of the uptake of environmentally derived iso-
topes within the otolith. Hegg et al. (2018) reported otolith &7Sr/2Sr
reaches a stable period at approximately 250 to 300 um, which for
the purposes of reconstructing natal origin, would ensure that the
otolith 8Sr/8¢Sr attains equilibrium with that of the water in which
the fish reared. Given that a substantial proportion of our otoliths
did not show convergence between otolith and water 85r/8¢Sr in
our experiment, which was likely due to the dietary contribution of
marine-based feed, we are unable to recommend an otolith radius
to target for the reconstructing natal origin apart from one that is

greater than approximately 130 um.

5 | CONCLUSION

The application of strontium isotopes in the otoliths of anadromous
fishes, like salmonids, has been a powerful tool in understanding the
extent to which different natal and rearing rivers to contribute in-
dividuals to the adult population (Brennan et al., 2015; Brennan &
Schindler, 2017; Hegg, Kennedy, Chittaro, & Zabel, 2013; Kennedy
et al., 1997). Complicating this work, however, is the fact that during
an individual's larval stage, there is a shift in the source of strontium,
from maternally to environmentally derived, that is deposited onto
their growing otolith. The results of this experiment corroborate ear-
lier work that indicated a period between hatching and exogenous
feeding as an important point in larval development representing
the transition from maternally to environmentally derived strontium
isotopes in otoliths, and that the period following exogenous feeding
likely corresponds to the equilibration of environmentally derived
strontium isotope signature in otoliths.
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As otolith studies of juvenile life history have increased in tem-
poral and spatial resolution, it is increasingly important to under-
stand this transition from maternal to juvenile chemistry in the
early otolith record to avoid biasing natal origin determinations. It
is also critical to exclude chemical signatures of the natal reach from
studies of maternal anadromy. While Sr/Ca as a marker of mater-
nal anadromy has been a staple of the otolith literature for some
time (Kalish, 1990), the use of 87Sr/®Sr as a marker for maternal
anadromy is relatively recent (Courter et al., 2013). Despite this, the
mechanisms of when and how this isotopic change from maternal
to natal sources of strontium occur in the developing fish have only
recently been investigated (Hegg et al., 2018), and controlled exper-
iments demonstrating these changes are lacking (Janak et al., 2021).
This work provides experimental evidence of the transition from
maternally to environmentally derived isotopic signatures in the de-
veloping otolith. These results confirm many of the circumstantial
conclusions from the prior literature while providing evidence of the
timing of this transition in 8Sr/2¢Sr and Sr/Ca in Chinook salmon and

a template for future studies in other species.
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