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Transgenerational marking of embryonic otoliths
in marine fishes using barium stable isotopes

Simon R. Thorrold, Geoffrey P. Jones, Serge Planes, and Jonathan A. Hare

Abstract: We describe a new technique for transgenerational marking of embryonic otoliths that promises significant
advancements in the study of larval dispersal and population connectivity in marine fishes. The approach is based on
maternal transmission of '3’Ba from spawning females to egg material that is ultimately incorporated into the otoliths
of embryos produced by an individual after exposure to the isotope. We injected females of a benthic-spawning clown-
fish (Amphiprion melanopus) and a pelagic-spawning serranid (Centropristis striata) with enriched '*’BaCl, and then
reared the resulting progeny through to settlement. Barium isotope ratios in the cores of larval otoliths were quantified
using laser ablation inductively coupled plasma mass spectrometry. Larval otoliths from both species contained un-
equivocal Ba isotope signatures over a wide range of doses (0.8-23 g *’Ba-g female™!). Female A. melanopus contin-
ued to produce marked larvae over multiple clutches and for at least 90 days after a single injection. The ability to
administer different combinations of stable Ba isotopes provides a new means of mass-marking larvae of benthic- and
pelagic-spawning fishes from multiple populations over extended spawning periods.

Résumé : Nous décrivons une nouvelle méthode pour marquer d’une génération a 1’autre les otolithes des embryons
chez les poissons marins qui laisse entrevoir des progres significatifs dans I’étude de la dispersion des larves et de la
connectivité des populations. Le principe de la méthode repose sur la transmission maternelle de la femelle reproduc-
trice a la substance des oeufs de '3’Ba qui est éventuellement incorporé dans les otolithes des embryons produits par
les individus exposés a I’isotope. Nous avons injecté du '3"BaCl, enrichi i des femelles de poissons-clowns (Amphi-
prion melanopus) a reproduction benthique et de mérous (Centropristis striata) a reproduction pélagique et nous avons
ensuite élevé les rejetons produits jusqu’au moment de leur établissement. Les rapports des isotopes de baryum dans
les noyaux des otolithes des larves ont été mesurés par spectrométrie de masse couplée a un plasma induit avec abla-
tion laser. Les otolithes des larves des deux espeéces contiennent des signatures isotopiques de baryum claires sur une
gamme étendue de doses (0,8-23 ug '*Ba-g de masse femelle™'). Les femelles d’A. melanopus continuent de produire
des larves marquées pendant plusieurs pontes successives, durant au moins 90 jours aprés une seule injection. La possi-
bilité d’administrer des combinaisons différentes d’ions stables de baryum fournit une nouvelle méthode pour faire des
marquages massifs de larves de poissons a reproduction benthique ou pélagique dans plusieurs populations sur des
périodes de reproduction prolongées.
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Introduction

Quantifying larval dispersal and connectivity remains a
major challenge when applying spatially explicit models to
the management of marine fish populations (Sale et al. 2005).
Coupled biophysical models are providing insights into po-
tential connectivity among reef fish populations (Cowen et
al. 2006), but there are remarkably few direct estimates of
larval dispersal. Our current lack of knowledge is primarily
due to the difficulty of conducting mark-recapture studies
for species characterized by the production of large numbers
of small pelagic offspring that are quickly diluted in large
volumes of water while suffering high mortality rates.
Thorrold et al. (2002) recently reviewed a range of chemical
markers that have been used to mark marine fish larvae.
They noted that only fluorescent compounds have been suc-
cessfully applied in situ to label fish embryos (Jones et al.
1999, 2005).

We describe a new technique for mass marking fish larvae
that relies on transgenerational transfer of a Ba isotope spike
from gravid females to the embryonic otoliths of their off-
spring. To test the effectiveness of the new approach, we
addressed the following specific questions. Can Ba isotope
labels be detected in otoliths from larvae of both demersal-
and pelagic-spawning fishes? Are departures from natural
isotope ratios in larval otoliths correlated with maternal dose
rates? Will females continue to transfer Ba isotopes to the
offspring of subsequent clutches after the initial exposure?
And finally, is the mark restricted to the core of the otolith,
providing unequivocal evidence that the chemical mark is
maternally transmitted? If successful, isotope labeling via
maternal transmission will provide fish ecologists with a
powerful new method for empirical tests of larval dispersal
in aquatic environments.

Materials and methods

We examined transgenerational marking of embryonic oto-
liths in the fire clownfish (Amphiprion melanopus), a
benthic-spawning coral reef fish that broods eggs for 8-
10 days before hatching, and in black seabass (Centropristis
striata), a pelagic-spawning temperate reef fish. Adult
spawning pairs of A. melanopus were maintained in 100 L
plastic tanks at James Cook University’s Marine Aquarium
Facility (Townsville, Queensland, Australia). The feeding re-
gime consisted of ad libitum feeding once daily with tropical
marine flakes and an occasional feeding of frozen squid and
pilchards. Water temperature and salinity in the tanks ranged
between 22.8 and 31.0 °C and between 32%o0 and 36%o, re-
spectively. Terracotta pot plant holders were provided as a
suitable artificial surface for egg laying.

A solution of 0.55 mg BaCl,-g water™!, containing 81.9%
137Ba and 17.4% '*¥Ba obtained from Oak Ridge National
Laboratory (Oak Ridge, Tennessee), was injected into the
abdominal cavity of female A. melanopus. We injected fe-
males with '3"Ba at dose rates of 0.45 (n = 3), 2.3 (n = 2),
4.5 (n = 2), and 23 (n = 2) pug '¥’Ba-g female™!, along with
two controls in which females were injected with the same
volume of a 0.9% NaCl solution as that administered to the
highest '¥’Ba dose treatment. Females were first anaesthe-
tized in a bucket containing 10 mL of clove oil mixed with
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50 mL ethanol and diluted with 500 mL seawater and then
electronically weighed to determine the injection volume of
BaCl, for each fish. The Ba solution was administered using
a hypodermic needle, and each fish was then revived in aer-
ated salt water and returned to its initial tank. Females were
maintained for up to 87 days after injection, and all clutches
spawned following the injections were reared to settlement.
Unfortunately spawning behaviour of females after the in-
jection was inconsistent, leading to a lack of replication for
the 4.5 and 23 ug-g female™ treatments.

At the end of an 8§-10 day gestation period, pre-hatch egg
clutches were removed from the brooding adults at dusk and
taken to an indoor, controlled environment hatchery. Larvae
were reared in the same hatching tank until settlement at ap-
proximately 14 days using standard greenwater methods (re-
viewed by Wilkerson 1998). Sampling of larvae occurred
approximately 14 days after hatching, when all surviving
larvae were removed from the rearing tubs. The saggital
otolith pairs were extracted from the larvae and stored dry in
1.5 mL plastic centrifuge vials.

Adult C. striata were collected in the Newport River estu-
ary and held at the National Marine Fisheries Service’s labo-
ratory in Beaufort, North Carolina. Three females and two
males were conditioned for 1 year on artificial diet and then
allocated to a separate tank where the temperature was main-
tained with a flow-through, filtered seawater system at ap-
proximately 20 °C and 32%o salinity. Females were injected
with human chorionic gonadotropin to induce spawning. The
fish were also injected subcutaneously with a 0.55 mg BaCl,-g
water™! solution at a dosage rate of 0.8 ug '3’Ba-g female™ at
the same time. Eggs were collected 8 days later, and viable
eggs were distributed to two tanks and incubated at a density
of 100 eggs-L™!. Larvae from one of the tanks experienced
high mortality, and therefore all individuals used subse-
quently came from a single tank. We also obtained C. striata
larvae from Great Bay Aquaculture in Portsmouth, New
Hampshire, that were spawned and reared for approximately
60 days using standard procedures at the facility. Otoliths
from these larvae were used as analytical controls for the Ba
isotope analyses.

In preparation for laser ablation inductively coupled plasma
mass spectrometry (ICP-MS) analysis, larval otoliths from
A. melanopus and C. striata were scraped clean with acid-
washed glass probes, ultrasonically cleaned in ultrapure wa-
ter for 5-7 min, rinsed with ultrapure H,O,, and then rinsed
three times with ultrapure water. After drying, otoliths were
mounted singly on clean petrographic slides with cyano-
acrylic glue. One randomly chosen otolith was ground to the
midplane on 3 um lapping film and then sonicated for 5 min
to remove surface contamination. After triple rinsing with
ultrapure water, otoliths were left to dry in a class 100 lami-
nar flow hood for 24 h. Once dry, otoliths were remounted
on petrographic slides using double-sided tape for Ba isoto-
pic analyses

We analysed Ba isotope ratios in otolith cores using a
New Wave Research UP213 laser ablation system coupled to
a Thermo Finnigan Element2 ICP-MS located at the Woods
Hole Oceanographic Institution (Woods Hole, Massachusetts).
Instrument setup incorporated the use of a wet aerosol for
both laser and solution analyses as outlined by Thorrold et
al. (2001). We measured '*’Ba and '3®Ba in otolith samples,
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Fig 1. (a) Mean (+ standard deviation, SD) '3¥Ba/!*’Ba ratios in
larval otolith cores from individual clutches of Amphiprion
melanopus (open squares) and from otoliths in Centropristis
striata larvae (solid squares), spawned by females injected with
enriched '3"BaCl, at several dosage rates and control otoliths (+3
SD; dashed line indicates the natural '3*Ba/'*’Ba ratio). (b) Mean
(+SD) 38Ba/'3"Ba ratios in larval otolith cores from clutches
produced by of A. melanopus females initially injected with
137BaCl, at dosage rates of 0.45 ug '*’Ba-g female™' (open
squares), 2.3 pug '*’Ba-g female™' (solid diamonds), 4.5 ug '*’Ba-g
female™! (open circles), and 23 ug '’Ba-g female™" (solid trian-
gles) and then left to spawn at natural intervals. The shaded box
represents mean (+3 SD) '3¥Ba/'3"Ba ratios in control otoliths

(n = 20). (¢) Laser ablation inductively coupled plasma mass
spectrometry was used to analyze Ba isotope ratios from a 50 um x
50 um raster centered on the nucleus of otoliths from

A. melanopus (shown in the photomicrograph) and C. striata.

a dissolved otolith reference material (Yoshinaga et al.
2000), and a 2% HNOj; instrument blank. Ba isotope ratios,
expressed as '3®Ba/!'3’Ba, were then calculated from blank-
corrected abundances following correction for instrument
mass bias. The mass bias correction was calculated from the
otolith reference material, dissolved in 2% HNO;, and di-
luted to a final Ca concentration of 40 pg-g~!, that was run
after every three otoliths. We assumed that the otolith refer-
ence material contained the natural isotope ratio for
138Ba/13"Ba of 6.385. Isotopic analysis of a single otolith
using our method takes approximately 2 min, and over 100
otoliths can be processed in a single day.

Results and discussion

Barium isotope ratios in otolith nuclei of larvae (n = 5)
from the first egg clutch spawned by A. melanopus females
between 3 and 21 days after injection with enriched '*’Ba
differed considerably from '*®Ba/!*’Ba ratios in otoliths of
control larvae (Fig. la). '3¥Ba/'*’Ba ratios in otoliths (n =
20) from control larvae (mean + standard deviation, 6.37 +
0.07) were, in turn, indistinguishable from natural
138Ba/'3"Ba ratios of 6.385. Enriched '*’Ba was clearly
transmitted from females to their offspring, presumably via
incorporation of Ba from maternal yolk. We also found con-
siderable variability among clutches within treatments, sug-
gesting that either there were individual differences in the
movement of Ba ions among different tissues of the spawn-
ing females or that dosages were unevenly administered.
Nonetheless, '®Ba/!3"Ba ratios (2.6 = 1.3) at the lowest dos-
age rate of 0.45 ug '’Ba-g female™! were still clearly distinct
from the natural ratios (Fig. la).

Turnover rates of Ba in A. melanopus tissues will presum-
ably determine the usefulness of Ba isotope labeling in field
applications where it is necessary to release labeled larvae
over a period of weeks to months. We therefore reared clutches
that were spawned up to 87 days after initial '*’Ba injections
to estimate the length of time over which females continue
to produce marked individuals. Spawning durations after
injections differed among females; nonetheless, Ba isotope
ratios in larval otoliths remained clearly distinguishable
from controls for at least 3 months after initial injections
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(Fig. 1b). Females injected with lower amounts of '*’Ba
approached isotopic equilibrium with the environment more
quickly than those females given higher doses, even though
initial '¥¥Ba/'3"Ba ratios in larval otoliths were quite similar.

Maternal transmission of enriched isotopes to embryonic
otoliths is more likely to occur in benthic-spawning fishes
than in species that produce pelagic eggs with smaller
amounts of yolk. We found, however, that '3’Ba was suc-
cessfully transmitted from spawning females to embryonic
otoliths of a pelagic-spawning serranid, C. striata (Fig. 1a).
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138Ba/!37Ba ratios (n = 20) in otoliths from larvae (0.6 = 0.5)
reared from females injected with enriched '*’Ba at a dosage
rate of 0.8 pug '’Ba-g female™! were substantially different
from control larvae (6.4 = 0.1, n = 10). Barium isotopes in
the control larvae were again indistinguishable from natural
138Ba/!37Ba ratios (Fig. la). The '*®Ba/'*’Ba ratios were,
therefore, lower in otoliths of C. striata larvae than in oto-
liths from larvae spawned by A. melanopus females given a
similar 13"Ba dose. However, we cannot say if the difference
in effectiveness of the '’Ba injections was due to
interspecific variability in Ba metabolism or because injec-
tions were administered in different body tissues. Finally,
we examined Ba isotope profiles across several otoliths from
control and treatment groups to determine if the enriched
137Ba signature was restricted to the pre-hatch region of oto-
liths. Isotope ratio profiles showed that the isotopic label
was confined to an area no more than ~50 um from the cen-
ter of treatment otoliths (Fig. 2). The profiles were, how-
ever, not symmetrical, presumably because of the time
required to wash out the enriched '*’/Ba signal from the sam-
ple introduction system of the ICP-MS. As expected, the
control otolith showed little variation in '**Ba/!*’Ba ratios at
any point along the profile.

Ba is found naturally in otoliths at concentrations typi-
cally ranging from 1 to 10 pg-g”! (Campana and Thorrold
2001). The element is, however, toxic and likely to be poi-
sonous to fishes at high concentrations. Although there are
no data available for fishes, researchers have noted increased
mortality of juvenile and adult rats to a single acute expo-
sure of BaCl, at doses of 100-200 pg Ba-g body mass™
(Borzelleca at al. 1988). None of the adult females in the
treatment or control groups died during our experiment, and
most of the females continued to spawn after we adminis-
tered the injections, indicating that the dosages (0.2-23 ug
137Ba-g female™") were below lethal levels for A. melanopus.
To examine if Ba exposure had an effect on larval
development, we tracked embryo development times and
measured the diameter of larval otoliths to quantify otolith
precipitation rates. Embryos from treatment females took the
same amount of time to hatch (mean + SD = 8 + 0.9 days)
as those from control groups (mean = § days). Mean precipi-
tation rates of larval otoliths in treatment groups (17.2 + 1.3
um-day~') were also similar to those from control groups
(18.6 + 1.2 pg-day™"). Otolith precipitation rates are typically
correlated with somatic growth (Campana and Thorrold
2001), suggesting that growth rates were similarly unaf-
fected by maternal effects of Ba exposure.

The use of enriched isotopes to label embryonic otoliths
via maternal transmission is a promising new in situ method
of marking larvae from benthic- and pelagic-spawning fish
species. Once captured and injected with an isotope, a single
female will potentially produce millions of marked larvae
during a spawning season. The isotopic label then remains
indelibly locked in the core of otoliths for the life of the
tagged individual. The commercial availability of four stable
isotopes of Ba (13 Ba, '3°Ba, '3"Ba, and '**Ba), used individ-
ually or in combination, allows for 13 unique tags that can
be applied to different individuals or subpopulations. Alter-
native methods for chemical marking of marine fishes and
invertebrates require exposure of the embryos or early stage
larvae to fluorescent compounds that are incorporated into
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Fig. 2. (a) *®Ba/'*"Ba profiles across a control otolith from a
Centropristis striata larva (dashed line indicates the natural
138Ba/!37Ba ratio) and (b) otoliths from two larvae (open and
solid squares) spawned by treatment females injected with en-
riched ¥"BaCl,. Arrow shows direction of laser movement along
the profile. (¢) Laser ablation inductively coupled plasma mass
spectrometry was used to analyze Ba isotope ratios from profiles
(a line is shown in the photomicrograph of a sectioned otolith
from a C. striata larva) through the otolith nucleus.
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calcified tissues (Levin et al. 1993; Thorrold et al. 2002).
This, in turn, means that the eggs have to be easily handled
in the field, as in the case of some damselfishes (Jones et al.
1999, 2005), or alternatively that the species of interest is in
culture and larvae can be marked in the lab before release
(Moran and Marko 2005). Transgenerational marking of em-
bryos using enriched isotopes provides a new mechanism for
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generating large numbers of known origin larvae that are re-
leased in situ and under natural conditions by spawning fe-
males. Information from these releases will, in turn, generate
empirical estimates of larval dispersal that can be used to
test the ability of coupled biophysical models to accurately
capture connectivity patterns in fish populations.
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