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INTRODUCTION

Fish identification markers, whether artificial or
natural, are an essential tool for population-based
ecological research, particularly for studies of popu-
lation connectivity (Swearer et al. 1999, Thorrold et
al. 2006, Almany et al. 2007), stock identification
(Campana 2005, Barnett-Johnson et al. 2007), fish
migratory patterns (Kalish 1990, Jones et al. 1999,
Kennedy et al. 2002, Elsdon & Gillanders 2004,
Walther & Limburg 2012) and stock discrimination
(Adey et al. 2009, Glover 2010). However, the relia-
bility of a mark or marker-based data can be uncer-
tain depending on the type of identification used. For
example, uncertainty may arise due to poor mark re -
tention, mark misidentification, low recapture rates,

or marker-related effects on growth and survival. As
no single marking technique is suitable for all situa-
tions, it is important to choose a marker that mini -
mises the uncertainty in fish identification for the
particular research question and application.

Markers may be categorised into 2 general groups:
natural or artificial. Natural markers include genetic
sequences (Glover et al. 2008), elemental composi-
tion of otoliths (Kennedy et al. 2000, 2002, Gillanders
2005, Barbee & Swearer 2007) or scales (Adey et
al. 2009), or differences in fish morphology. Natural
markers are most suited for investigating population
structure in fish species that have enough spatial,
biological or environmental variability to effectively
differentiate among groups of fish. Natural markers
are effective in that they already exist within a fish
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tion. Atlantic salmon (Salmo salar) parr were injected in either the abdominal cavity or muscle
with a combination of enriched 137Ba, 86Sr and 26Mg, using 1 of 3 carrier solutions (water, vaccine,
vaccine mimic). Laser ablation inductively coupled plasma mass spectrometry of the otoliths indi-
cated that 137Ba and 86Sr isotope enrichment treatments achieved 100% mark success, with 0 to
34% success for 26Mg, compared to experimental controls. Mark strength was greater when
enriched isotopes were injected into the abdominal cavity compared to muscle. Isotope markers
did not affect fish condition or survival. Marks could be differentiated with 100% success from the
background levels present in wild parr collected from 22 Norwegian rivers. Stable isotope mark-
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mised, could allow for cost-effective differentiation of wild and escaped farmed fish for each inde-
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population; however, identification and discrimina-
tion of groups of fish using natural markers is often
limited by the requirement of a large and compre-
hensive baseline data library to accurately discrimi-
nate among groups (e.g. Glover et al. 2008).

Artificial markers, in contrast, require intervention
to create the mark and are most suited for marking
small numbers of fish (<1000 individuals). These
include physical markers that are inserted into fish
(e.g. anchor: Serafy et al. 1995; disk: Collins et al.
1994; and coded wire tags: Munro et al. 2003) or
removal of some part of the fish that does not regrow,
e.g. barbels (Collins et al. 1994) and adipose fins
(Vander Haegen et al. 2005). These marking tech-
niques, however, can cause physical stress, lesions
and compromised swimming ability, with subsequent
increases in mortality (Collins et al. 1994, Serafy et al.
1995, Buckland-Nicks et al. 2012). In addition, they
are costly and labour-intensive to apply.

The alternative to marking fish individually is to
mass-mark. Mass-marking is preferable when mark-
ing large numbers of fish (>1000 individuals) is a
high priority, as it is less labour-intensive and reduces
individual handling stress for fish. Mass-marking has
been achieved through otolith thermal marking (Volk
et al. 1999); chemical marking by immersion in fluo-
rescent dyes such as tetracycline (Jones et al. 1999),
calcein and alizarin red S (Crook et al. 2009); and ele-
mental marking (Farrell & Campana 1996, Bath et al.
2000). These marking techniques also have issues,
such as poor longevity of some chemical dyes (Crook
et al. 2009), and up to 40% inaccuracy in identifica-
tion of multiple thermal marks (Volk et al. 1999).

Marking with enriched stable isotopes (Thorrold et
al. 2006) is a relatively new mass-marking method
that can create unique single and multiple markers
with 100% accuracy. Artificial stable isotope ‘finger-
print’ marks can be created when enough enriched
isotope is introduced to significantly change the rela-
tive isotopic abundance in the otolith compared to
the natural background isotope ratio. Stable isotopes
have been used to successfully mark fish embryos
(Thorrold et al. 2006, Williamson et al. 2009b), larvae
(Woodcock et al. 2011a), and juveniles (Munro et al.
2008, Smith & Whitledge 2011) by changing the iso-
topic ratios of barium (Ba) and strontium (Sr) in their
otoliths. Stable isotopes of Ba and Sr occur naturally
in aquatic ecosystems and are detectable in wild fish
in ratios that are largely invariant (see reviews by
Campana 2005, Gillanders 2005). The one exception
is Sr, where low levels of variation in isotope ratios
within otoliths have been used to trace movement
patterns of fish within freshwater catchments (Kalish

1990, Kennedy et al. 2000, 2002, Elsdon & Gillanders
2004, Barnett-Johnson et al. 2005). Stable isotope fin-
gerprint marking using Ba and/or Sr isotopes can be
applied to the individual, or groups of fish, and has
been validated in both marine and freshwater fish
species using a variety of delivery methods, e.g. via:
(1) maternal transfer, where enriched stable isotopes
injected into brood stock is passed on to the offspring
(Thorrold et al. 2006, Munro et al. 2009, Huelga-
Suarez et al. 2012); (2) immersion of larvae or juve-
niles in an isotope-enriched solution (Smith & Whit -
ledge 2011, Woodcock et al. 2011a,b); or (3) delivery
via isotope-enriched feeds (Woodcock et al. 2013).
Marking with enriched stable isotopes of magnesium
(Mg) has shown poor mark success via immersion
and dietary uptake (Woodcock et al. 2011a, 2012).
However, the incorporation of Mg-enriched stable
isotopes via direct injection has yet to be investigated
and may provide a more successful marking applica-
tion for Mg isotopes.

To date, there are no studies on marking with
 stable isotopes of individual fish during vaccination,
or on how injection site or carrier solution affects
marking success. Current isotope marking techniques
indicate that the delivery method, duration of expo-
sure, and the amount of isotope received influence
the uptake of enriched isotopes, and consequently,
mark success (Munro et al. 2009, Williamson et al.
2009b, Woodcock et al. 2011a). In addition to vali -
dating a stable isotope mark delivery method, knowl-
edge of the natural variability in isotopic ratios for a
given species and study system is required before a
stable isotope fingerprinting method can be con -
sidered to be an effective and accurate individual- or
mass-marking tool.

Here, we tested a novel enriched stable isotope
marking technique by investigating whether stable
isotope otolith fingerprint markers can be combined
with routine vaccination of Norwegian farmed Atlantic
salmon Salmo salar. We explored this delivery method
because escaped fish from aquaculture are a signifi-
cant environmental problem (Jensen et al. 2010), and
accurate methods to differentiate escaped farmed
fish from wild fish and the farm of origin would en-
hance compliance measures. In addition, all ~300+ mil-
lion farmed salmon grown in the sea in Norway each
year (Jensen et al. 2010) are vaccinated in the
abdominal cavity with an oil-adjuvant vaccine. Hence,
during vaccination, isotope markers may be adminis-
tered in a controlled amount, to individual fish at a
specific point in the life history stage, with no extra
manual handling in the production process. Conse-
quently, all marking issues, such as the period of iso-
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tope enrichment, the amounts of isotope re -
ceived, and mark effectiveness, have the po -
tential to be controlled and evaluated at a
whole-of-industry scale.

First, we tested whether we could create
unambiguous marks through introducing
enriched stable isotopes during routine vac-
cination via 2 injection sites, using a vaccine,
a vaccine mimic, or water as a carrier solution
to determine whether mark success and
strength varied with injection site and carrier
solution. Second, we determined if otolith
fingerprinting via injection had any adverse
side effects by comparing condition and sur-
vival of injected fish 10 wk after marking.
Finally, we generated a baseline database of
variation in the isotopic ratios of Ba, Sr and
Mg by sampling Atlantic salmon parr from 22
rivers across the latitudinal extent of Norway,
which we could use to assess if the artificial
otolith fingerprint marks we created could be
unambiguously detected relative to wild fish.

MATERIALS AND METHODS

Enriched stable isotope otolith fingerprinting
during vaccination

Experimental location and fish

The experiment was conducted at the Institute of
Marine Research field station, at Matre, in Masfjor-
den, western Norway (60° N). Atlantic salmon (Aqua-
Gen strain) parr (standard length: 16.2 ± 0.02 cm
[mean ± SE]; mass: 57.1 ± 0.07 g) were used in the
experiment. All fish were passive integrated
transponder (pit) tagged with 11 mm Trovan ID 101
tags (BTS Scandinavia AB) 2 mo prior to the experi-
ment and reared in standard commercial hatchery
conditions. Fish in all treatments were in similar con-
dition (Fulton’s condition factor K; F11,71 = 0.9, p = 0.5)
at Day 1 of the experiment. All work was conducted
in accordance with the laws and regulations of the
Norwegian Regulation on Animal Experi mentation
1996.

Experimental design

We tested if the level of stable isotope enrichment,
carrier solution and injection location affected oto -
lith mark success and detectability of Ba, Sr and Mg

 isotope  fingerprints (Table 1). Atlantic salmon parr
were injected with either no isotope, or a combina-
tion of 3 enriched stable isotopes, 137Ba, 86Sr and 26Mg
(Oak Ridge National Laboratory; www. ornl. gov), each
at a concentration of 2 µg of isotope per gram of parr
average mass. One of 3 carrier solutions was used: (1)
water-based (W) carrier solution, which consisted of
100% Milli-Q water; (2) oil-based vaccine (V) carrier
solution, which consisted of 3.5% Milli-Q water and
96.5% multi vaccine MINOVA 6 (NORVAX®

MINOVA 6, Global Aquatic Animal Health, Thor-
møhlensgate 55, 5008 Bergen, Norway); and (3) oil
emulsion-based vaccine mimic (VM) carrier solution,
which consisted of 50% Milli-Q water and 50%
paraffin oil. Stable isotopes in powder chloride form
used for the isotope enrichment treatments were first
dissolved in water and then mixed into the final car-
rier solutions. The VM final carrier solution required
the addition of soy lecithin (130 mg ml−1 VM solution)
and vortexing for 1 min at 13 000 rpm (Ultra-Turrax
T25, IKA©-Labortechnik) to obtain a stable emulsion.
Injections were given into the abdominal cavity (AC),
approximately 20 mm behind the pectoral fin on the
ventral side of parr, or into the musculature (M), ap -
proximately 10 mm below the dorsal fin on the left-
hand side of each fish. Parr were injected with a hypo -
dermic syringe using a 5 mm, 27 gauge vaccination
needle with a standard vaccination volume of 0.1 ml.

Fish were anaesthetised with Benzoak VET (dose
0.2 ml l−1 of clean hatchery water), identified by
their PIT tag number, then weighed, measured
(fork length) and injected. After injection, fish were
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—————— Factors —————— ———— Sample sizes (n) ————
Injection Carrier Isotope Fish per Growth Otolith
location solution enrichment treatment analysis analysis

M W Y 12 6 6
M W N 12 6 6
M V Y 12 6 6
M V N 12 6 5
M VM Y 12 6 6
M VM N 12 6 5
AC W Y 12 6 6
AC W N 12 6 6
AC V Y 12 6 6
AC V N 12 6 6
AC VM Y 12 6 6
AC VM N 12 6 6

Table 1. Design of the experiment to test mark success and strength
through introducing enriched stable isotopes during routine vaccina-
tion of Salmo salar via 2 injection sites (muscle [M] or abdominal
 cavity [AC]), using a vaccine (V), a vaccine mimic (VM), or water (W) 

as a carrier solution. Enrichment: yes (Y) or no (N)
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placed into one of three 1000 l tanks with equal
inter spersion of individuals among treatments within
each tank (i.e. 4 fish from each treatment per tank).
The fish were reared under a 12 h light:12 h dark
photoperiod for the first 2 wk post-injection before
being switched to 24 h continuous light for the
next 8 wk to induce smoltification. Two weeks after
in jection, a randomly selected sub-sample of 6 parr
per treatment were anaesthetised and identified by
their PIT tag number before being weighed, meas-
ured (fork length) and then euthanised by anaes-
thetic overdose. Sagittal otoliths from each fish
were dissected and removed, mechanically cleaned
of any adhering tissue, air-dried, and stored indi -
vidually in plastic tubes. The remaining fish (n = 6
per treatment) were grown for a further 8 wk before
they were anaesthetised, weighed, and measured
(fork length) to test for differences in growth and
condition among treatments. Remaining fish were
euthanised by anaesthetic overdose at the final
 endpoint of the experiment (10 wk post-injection
date).

Baseline isotope ratios for Atlantic salmon in
 Norwegian rivers

Samples of Atlantic salmon parr from 22 rivers
spanning the latitudinal extent of Norway were used
to determine natural baseline variation in the ratios of
134Ba:138Ba, 135Ba:138Ba, 136Ba:138Ba, 137Ba:138Ba, 86Sr:88Sr,
87Sr:88Sr and 26Mg:24Mg. These samples had been
collected by the Norwegian Institute for Nature
Research between 1986 and 2010 and preserved in
ethanol. In addition to determining spatial variability,
temporal variability was assessed between 1990 and
2010 using samples from 6 randomly selected years
from each of the Saltdalselva and Strynselva rivers.
Sagittal otoliths from 3 parr per location or year were
used for the assessment of baseline ratios.

Otolith preparation

Sagittal otoliths were cleaned of any remaining
organic tissue by immersing in a solution of ultrapure
15% H2O2 buffered with 0.1 M NaOH. Following
immersion, otoliths were ultra-sonicated (Sonic
Clean 250HT) for 5 min and then left for 6 h in the
cleaning solution. The cleaning solution was then
aspirated off and the otoliths were transferred through
3 Milli-Q water rinses, each of which consisted of
5 min of ultra-sonification and 30 min resting time.

Otoliths were then air-dried in a laminar flow bench
for at least 24 h. Once dry, 1 otolith per fish was fixed,
sulcus side down, onto gridded microscope slides
using quick-dry cyanoacrylate glue.

Otolith analysis

Stable isotope analyses were done on a Varian
7700x inductively coupled plasma mass spectrometer
(ICP-MS) fitted with a HelEx (Laurin Technic and the
Australian National University) laser ablation (LA)
system constructed around a Compex 110 (Lambda
Physik) excimer laser operating at 193 nm. National
Institute of Standards and Technology (NIST) 612
and 610 glass standards doped with trace elements
at known concentrations were used to calibrate the
system. External precision estimates (%RSD, Rela-
tive Standard Deviation) based on 20 analyses of a
MACS3 microanalytical carbonate standard were as
follows: 134Ba:138Ba = 7.37; 135Ba:138Ba = 0.81,
136Ba:138Ba = 4.51, 137Ba:138Ba = 0.72, 86Sr:88Sr = 0.94,
87Sr:88Sr = 1.16 and 26Mg:24Mg = 0.60. Otoliths were
run in blocks of 16 samples selected randomly from
all treatments and bracketed by analyses of the stan-
dard. Samples and standard were analysed in time-
resolved mode, using a spot size of 157 µm, a laser
energy setting of ~60 mJ and a laser repetition rate of
5 Hz. Spot ablation was  performed under pure
helium (He) (200 ml min−1) to minimise re-deposition
of ablated material, and the sample was then
entrained into the argon (Ar) (0.95 ml min−1) carrier
gas flow to the ICP-MS. Using this method, we were
able to quantify the concentrations of 134Ba, 135Ba,
136Ba, 137Ba, 138Ba, 86Sr, 87Sr, 88Sr, 24Mg, 26Mg and 43Ca
in the outer region of salmon parr otoliths. Data were
processed off-line using a specialised MS Excel tem-
plate which involved a low-pass filter to remove any
spikes (a single scan value >2× the median of the
adjacent scans), smoothing (a running average of 3
scans) and blank subtracting functions. A correction
factor (C = Rtrue/Robs, where Rtrue is the naturally
occurring isotope ratio and Robs is the average isotope
ratio measured in either the NIST 612 or NIST 610
standard run before and after each set of 16 samples)
was applied to all sample scans to correct for mass
bias. NIST 612 was used for 137Ba, 135Ba, 87Sr, 86Sr and
26Mg, and NIST 610 for 134Ba and 136Ba. Isotope ratios
are expressed as the en riched isotope divided by the
most commonly abundant isotope for each element
used, so that the measure of enrichment is always
expressed as an increase in the enriched isotope rel-
ative to the most common isotope.
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Statistical analysis

Mark detection limits for the isotope ratios
137Ba:138Ba, 86Sr:88Sr and 26Mg:24Mg were calculated
from the average isotope ratios of fish across all con-
trol treatments (i.e. non-enrichment treatments). To
ensure a correct classification probability of 99.94%,
mark detection limits were set at 3.3 standard devia-
tions (SDs) above the mean observed ratio in all con-
trol fish for each enriched isotope used. Because of
the inherent instability in isotopic ratios measured
on single-detector, ICP-based mass spectrometers,
we conservatively set the criteria for detecting a suc-
cessful mark in the otolith as at least 3 consecutive
scans with ratios above the detection limit.

The effects of isotope enrichment (0 and 2 µg iso-
tope g−1 fish), carrier solution (W, V and VM) and in -
jection location (AC and M) on the ratios 137Ba:138Ba,
86Sr:88Sr and 26Mg:24Mg were analysed using 3-factor
ANOVAs with data standardised for initial fish
weight. The response variable used was the maxi-
mum isotope ratio observed in each fish otolith.

Strength of 137Ba:138Ba, 86Sr:88Sr and 26Mg:24Mg mark
success for only the isotope enrichment treatments
(2 µg isotope g−1 fish) was assessed by testing the ef-
fects of carrier solution (W, V and VM)
and injection site (AC and M) with 2-fac-
tor ANOVAs using data stan dardised for
initial fish weight. The response variables
used for each fish were the total number
of scans with ratios above the detection
limit and the average isotope ratio of all
scans above the detection limit. A scan is
defined as a single laser ablation data
point.

The effect of treatment on change in
fish condition over the experimental
period was analysed with a factorial
ANOVA. Carrier solutions (W, V and
VM), injection location (AC and M) and
stable isotope enrichment (0 and 2 µg iso-
tope g−1 fish) were treated as fixed fac-
tors. The response variable used was
change in fish condition and was esti-
mated using Fulton’s condition factor K.
Statistical significance was determined at
α = 0.05 for all ANOVAs.

The baseline ratios 134Ba:138Ba, 135Ba:
138Ba, 136Ba:138Ba, 137Ba:138Ba, 86Sr:88Sr,
87Sr:88Sr and 26Mg:24Mg for each of the 22
rivers in Norway were expressed as the
isotope ratio value (mean ± SE) analysed
from 3 fish from each river and each year.

RESULTS

Mark success

A mark success of 100% was achieved with the
 stable isotopes 137Ba and 86Sr across all enriched
 isotope treatments, irrespective of injection location,
or carrier solution (Figs. 1 & 2). Mark success for 26Mg
in the enriched treatments was poor by comparison.
26Mg mark success ranged from 0 to 34% and varied
among injection location and carrier solutions (Fig.
3). No aberrant 137Ba, 86Sr or 26Mg isotope marks were
observed above the threshold limit in the non-
enriched (control) treatments.

Effect of treatment on isotope ratios

Maximum recorded isotope ratios were 22 times
higher for 137Ba:138Ba and 2.4 times higher for 86Sr:88Sr
in the enriched treatments compared to the non-
enriched treatments (137Ba enrichment ratio: 4.84 ±
0.05 [mean ± SE], non-enrichment ratio: 0.22 ± 0.05,
F1,69 = 4164, p < 0.001; 86Sr enrichment ratio: 0.33 ±
0.02, non-enrichment ratio: 0.14 ± 0.02, F1,69 = 80, p <
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0.001). Maximum ratios did not differ
between enriched and non-enriched
treatments for 26Mg: 24Mg (26Mg en -
richment ratio: 0.19 ± 0.02,  non-
enrichment ratio: 0.16 ± 0.02, F1,69 =
1.2, p = 0.3).

An effect of carrier solution was
found for 137Ba:138Ba (F2,69 = 3.5, p =
0.04), with maximum ratio values
higher for VM compared to V (VM:
2.75 ± 0.06; V: 2.53 ± 0.06; W: 2.60 ±
0.06; post hoc Tukey HSD: VM > V; p =
0.04). Conversely, there was no effect
of carrier solution on 86Sr:88Sr (F2,69 =
0.34, p = 0.7) or 26Mg:24Mg ratios
(F2,69 = 0.6, p = 0.6).

Injection location influenced the maxi -
mum isotope ratios values for 86Sr:88Sr
and 137Ba:138Ba (F1,69 = 12, p = 0.001;
and F1,69 = 5.3, p = 0.03; respectively).
For Sr, the maximum ratio was 1.4
times higher in otoliths from AC- than
M-injected fish (AC: 0.27 ± 0.02; M:
0.20 ± 0.02). For Ba, the maximum
ratio was 1.07 times higher for AC-
compared to M-injected fish (AC: 2.61
± 0.05; M: 2.44 ± 0.05). There was
no difference in maximum ratios be -
tween injection locations for 26Mg:
24Mg (F1,69 = 0.03, p = 0.9).

Several 2-way interactions occurred
between factors for the Sr and Ba max-
imum ratios. An Enrichment × Injec-
tion location interaction occurred for
both 86Sr:88Sr (F1,69 = 12, p = 0.001) and
137Ba: 138Ba (F1,69 = 5.9, p = 0.02), with
AC-injected enrichment treatments
re turning higher ratios compared to
M-injected enrichment treatments
(Figs. 4 & 5). In addition, there was
an Enrichment × Carrier solution inter-
action for 137Ba:138Ba (F2,69 = 4.1, p =
0.02), with higher maximum ratios
occurring in enrichment treatments for
carrier solutions VM and W compared
to V.

Strength of isotope enrichment

Analysis of the number of scans and
average ratio of scans above the detec-
tion limit were only analysed for 137Ba:
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138Ba and 86Sr:88Sr, as the 26Mg:24Mg enrichment did
not produce enough scans with ratios above the
detection limit to warrant further analyses. For the
number of scans above the detection limit, carrier
solution and injection location affected the strength
of the 137Ba:138Ba isotope enrichment (carrier solu-
tion: F2,35 = 6.4, p = 0.005; injection location: F1,35 =
5.6, p = 0.03; Fig. 4). AC returned a greater number of
scans above the detection limit than M injection, and
the VM and W carrier solutions returned a greater
number of scans above the detection limit compared
to V (post hoc Tukey HSD: VM > V, p = 0.02; W > V,
p = 0.006). No difference was found for the number of
scans between enrichment treatments for carrier
solution or injection location for 86Sr:88Sr (carrier
solution: F2,35 = 0.1, p = 0.09; injection location: F1,35 =
3.1, p = 0.09; Fig. 5).

Average ratios for scans above the detection limit
highlighted the importance of injection location when
using Sr isotope enrichment; AC produced a higher
mean ratio than M injection for 86Sr:88Sr (AC: 0.26 ±
0.11 [mean ± SE]; M: 0.19 ± 0.11; F1,35 = 18, p < 0.001).
In addition, an interaction between carrier solution
and injection location for 86Sr:88Sr (F2,35 = 3.7, p =
0.04) showed there was higher average isotope up -
take for VM and V compared to W with AC com-
pared to M injection (Fig. 5). No differences in the
average ratio for scans above the detection limit were
found between carrier solutions or injection locations
for 137Ba:138Ba (carrier solution: F2,35 = 1.3, p = 0.3;
injection location: F1,35 = 3.2, p = 0.09) (Fig. 4).

Effect of treatment on mortality and condition

No signs of morbidity or mortalities were recorded
during the experiment and there were no detectable
changes in fish condition due to isotope enrichment,
injection location, or carrier solution (Fulton’s condi-
tion factor K: enrichment: F1,71 = 0.4, p = 0.5; injection
location: F1,71 = 1.2, p = 0.3; carrier solution: F2,71 =
0.9, p = 0.4).

Baseline isotope ratios for Atlantic salmon in
Norwegian rivers

Baseline ratios for 137Ba:138Ba, 86Sr:88Sr and 26Mg: 24Mg
varied little across the 22 rivers surveyed (Fig. 6;
Table A1 in the Appendix). Among-river ratios
ranged from 0.156 to 0.159 for 137Ba:138Ba, 0.108 to
0.121 for 86Sr:88Sr, and 0.086 to 0.136 for 26Mg:24Mg.
In addition, baseline ratios varied little among the 6
random years between 1990 and 2010 analysed from
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each of the Saltdalselva and Strynselva rivers
(Table A2 in the Appendix). Among-year ratios
ranged from 0.157 to 0.158 for 137Ba:138Ba, 0.109 to
0.121 for 86Sr:88Sr, and 0.094 to 0.131 for 26Mg:24Mg.
The range of baseline ratios, among rivers and years,
were all within the mean ± 2.5 SD of control ratios
observed in the vaccination trial (vaccine control
ratios: 137Ba:138Ba: 0.158 ± 0.037; 86Sr:88Sr: 0.121 ±
0.012; 26Mg:24Mg: 0.103 ± 0.035). This suggests that
unmarked farmed Atlantic salmon parr have similar
isotopic ratios to that of wild Atlantic salmon in the
rivers of Norway. Therefore, all wild salmon had oto -
lith isotope ratios that would be scored as unmarked
using our method.

DISCUSSION

Injecting with enriched 137Ba and 86Sr was 100%
effective in significantly changing the 137Ba:138Ba and
86Sr:88Sr ratios in the otoliths of farmed Atlantic
salmon parr for both injection locations (AC and M)
and with all 3 carrier solutions (W, V and VM). In
addition, stable isotope enrichment appears to have
no short-term effects on fish condition or survival
rate. Furthermore, the Ba and Sr isotope ratios cre-
ated in marked experimental farmed fish in this

study were uniquely different from observed natural
ratios of Ba and Sr in wild salmon parr from the 22
rivers across Norway. These findings indicate that
mass-marking with Ba and Sr stable isotopes via
 vaccination injection has the potential to be a 100%
effective fish-identification technique. Furthermore,
this technique could be developed to produce multi-
elemental fingerprint codes in otoliths. If adopted at a
whole-of-industry scale, this technique could be used
to differentiate farmed and wild fish and to identify
the source farm of escaped Atlantic salmon.

Mark success

An unambiguous mark is critical for accurate fish
identification, particularly when low numbers of
tagged fish are caught during mark-recapture sur-
veys. Here, 100% mark success was achieved using
enriched 137Ba and 86Sr at a concentration of 2 µg
of isotope per gram of average fish weight. Other
research has shown 100% mark success can be
achieved using lower concentrations of stable isotope
when using a transgenerational isotope marking
technique, such as 0.5 µg of 137Ba per gram brood fish
in brown-marbled groper Epinephelus fuscoguttatus
(Williamson et al. 2009b) and 0.3 µg of 137Ba per
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gram brood fish in brown trout Salmo trutta (Huelga-
Suarez et al. 2012). Hence, it may be possible to use
137Ba and 86Sr isotopes at 10 to 100 times lower con-
centrations and still achieve 100% mark success via
vaccination, which would greatly reduce the amount
of isotope, and thus cost, required for marking.

Mark success for 26Mg was poor and varied greatly
across treatments (0 to 34%), indicating that 26Mg
enrichment is not suitable for marking parr. The
mark success rate for Mg observed in this experiment
is lower compared to that of Woodcock et al. (2011a),
who tagged golden perch Macquaria ambigua with
26Mg and achieved approximately 60% mark success
using a larval immersion technique. Mg appears to
be self-regulated in salmonids and may be sourced
from either food or water (Shearer & Åsgård 1992). In
addition, Mg has a slow exchange rate in body tissue
compared to calcium, and only 1 to 2% of Mg ions
are transported into the endolymph fluid (Maguire &
Cowan 2002) in which otoliths are encapsulated. A
combination of these factors and the likelihood that
farmed fed salmon parr used in our experiment were
not deficient in total Mg suggests that either a con-
centration of 2 µg g−1 fish mass of 26Mg was insuffi-
cient for achieving 100% mark success, or the time
between injection and sampling of the otoliths may
have been too short (14 d) for sufficient uptake of
26Mg to occur.

Mark strength

We quantified the strength of the isotope markers
by comparing the average ratio and total number of
scans above the threshold ratio in each enrichment
treatment. Overall, injection into the abdominal cavity
returned stronger and more consistent marks for 137Ba
and 86Sr compared to injecting into the musculature.
This may simply be due to better retention of the
 carrier solutions in the abdominal cavity compared to
the musculature. Leakage of the solution from the
musculature injection site was observed post-injection,
whereas no visible leakage occurred for the abdomi-
nal cavity injection site (F. Warren-Myers & T. Demp-
ster pers. obs.). An alternate possibility is that the bio-
logical pathways for Ba and Sr ion transport from the
abdominal cavity to the endo lymph fluid surrounding
the otolith may be more efficient or direct compared
to ion transport from musculature tissue.

The strength of mark uptake for 137Ba and 86Sr en -
richment was influenced by carrier solution in addi-
tion to injection location by the number of scans with
ratios above detection, but not the average ratio of

scans above detection. The number of scans with
ratios above the detection limit suggests carrier solu-
tions that contained 50% (VM) and 100% (W) water
produced a stronger mark than V (3.5% water) for
137Ba:138Ba, which may imply that water is a more
efficient medium for delivering barium isotopes via
injection. However, the opposite effect was found for
86Sr:88Sr, with carrier solutions showing no difference
in number of scans with ratios above the detection
limit, but average ratios indicating carrier solutions
with lower water content (VM: 50%, and V: 3.5%)
may enhance strontium isotope enrichment.

Fish condition and survival

A mass-marking method that does not compromise
fish health or growth rate is an ideal prerequisite for
a marking programme. Parameters monitored in this
trial to assess fish health (Fulton’s condition factor
K, survival rate) indicated there were no negative
health effects of enriched stable isotope marking on
Atlantic salmon parr 70 d post-injection. Previous
experiments that have used stable isotopes to mark
fish by other delivery methods, such as trans -
generational and immersion, have similarly detected
no negative short-term effects of stable isotope treat-
ments on survival and growth (Munro et al. 2009,
Williamson et al. 2009a, Woodcock et al. 2011a,b),
although possible effects may occur for different fish
species (Starrs et al. 2014). While we have no a priori
reason to expect that stable isotope marking via vac-
cination injection should have any detrimental long-
term effects on fish growth and condition in salmon,
longer-term, larger-scale trials are required before
the technique can be adopted as a mass-marking
method for use on millions of fish.

Baseline ratio comparisons

Isotope ratios of 137Ba:138Ba, 86Sr:88Sr and 26Mg:24Mg
are typically highly conserved in natural waters. This
was reflected in the ratios observed in wild salmon
parr collected from Norwegian rivers in both space
(22 rivers) and time (1990 to 2010; Saltdalselva and
Strynselva). Ratios varied by less than 2% for 137Ba:
138Ba and less than 10% for 86Sr:88Sr. As natural vari-
ation of less than 3% in the isotope ratios of 86Sr:87Sr
has been used to separate natal habitats in some fish
species with up to 80% correct assignment (e.g.
Kennedy et al. 2000, 2002, Veinott & Porter 2005), our
results suggest that Sr isotope ratios could be a useful
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tool for investigating migratory behaviour and the
degree of philopatry in wild Atlantic salmon popula-
tions in Norway. Importantly, all natural background
ratios were within 2.5 SDs of control fish analysed in
the vaccination trial, indicating that no wild salmon
would have been falsely assessed as being a marked
farm-reared escapee. Conservatively, to ensure an
artificial isotopic mark is not mistaken for a natural
isotopic signature, the ratios in marked fish otoliths
should be well above that of natural background
variation to guarantee correct fish identification.

Optimisation of enriched stable isotope otolith
fingerprinting during vaccination

In the present study, the enriched isotope treat-
ments shifted the isotopic ratios of 137Ba:138Ba and
86Sr:88Sr by 2 to 3 orders of magnitude compared to
the experimental controls and the natural baseline
ratios. This is well above the conservative threshold
of 3.3 SDs which we set as the level to determine
mark success with 100% accuracy, which suggests
the amount of isotope used for enrichment could be
reduced. Optimisation of the minimum required con-
centration of isotopes needed to create a marker is
required to confirm if this method is cost-effective for
mass-marking, while still ensuring marks are uniquely
different from wild salmon. Further investigation
using the commercial vaccine MINOVA 6 with other
isotopes, e.g. 134Ba, 135Ba, 136Ba and 87Sr, would deter-
mine the feasibility of creating multiple combinations
of stable isotope markers (e.g. Munro et al. 2008,
Woodcock et al. 2011a,b) using the vaccination-
based delivery method.

Application of enriched stable isotope otolith
fingerprinting during vaccination

Farmed fish, including salmon escape from aqua -
culture facilities and enter the wild (Ø. Jensen et al.
2010, Jackson et al. 2012, A. J. Jensen et al. 2013),
with subsequent ecological and/or evolutionary
effects on wild fish populations (Fleming et al. 2000,
McGinnity et al. 2003). A marking technique that
enabled tracing of escapees back to the farm of origin
would provide greater insight into the causes of
escape events (Jensen et al. 2010), better capacity for
regulatory bodies to determine the level of under-
reporting, and improvement of enforcement of com-
pliance measures (Fiske et al. 2006). An ideal mark-
ing technique should meet the following criteria: (1)

sufficient unique marks to be useful at a whole-of-
industry scale; (2) 100% correct mark detection; (3)
an efficient and cost-effective method of application;
and (4) no negative side effects on production para -
meters or fish health. The stable isotope marking via
vaccination technique trialled in this study has the
potential to meet these criteria. If all fish in the
salmon farming industry were vaccinated, isotope
markers could be added during the vaccine produc-
tion phase prior to being delivered to commercial
farms, thus ensuring no extra manual labour costs to
fish farmers for the purpose of marking and monitor-
ing all farmed Atlantic salmon.
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