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Abstract Bull sharks Carcharhinus leucas use estua-
rine and riverine systems as nursery habitat. The Shark
Reef Marine Reserve (SRMR) on the southern coast of
Viti Levu, Fiji, is well-known for its adult bull shark
population. The species’ seasonal departure from
the SRMR is related to reproductive activity, but nursery
grounds have not yet been identified on the southern
coast of Viti Levu. In order to further identify and
characterise bull shark habitats in Fiji, 49 teeth were
collected from bull sharks encountered at the SRMR
and measured for their trace element concentrations, and
22 of them for oxygen isotopic composition in the
phosphate group of bioapatite. The trace element anal-
yses yielded relatively high Na, Mg, Sr, and F and low
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Ba concentrations for all the teeth supporting formation
in marine environment. The phosphate oxygen isotope
data concur with this result and the data evidently show
that these teeth developed under marine condition relat-
ing to the temperature and oxygen isotopic composition
of Fiji’s coastal waters. Therefore, the investigated teeth
show no signs of freshwater habitat. Our results do not
support the hypothesis that bull sharks enter freshwater
habitats, at least not for longer time periods, during their
absence from the SRMR. Additionally, the bull shark
teeth had unexpectedly high zinc concentration at the
very edge of the enameloid. This cannot be explained by
environmental factors; therefore the high Zn content is
interpreted here as a result of biological process, a
reflection of enzyme (i.e., KLK4) related organic matter
removal and enhanced crystallization during tooth
maturation.

Keywords Shark teeth - Trace elements - Oxygen
isotopes in phosphate - Zinc concentration - Shark Reef
Marine Reserve

Introduction

Organisms actively interact with their environment
when developing soft and hard tissues by, for example,
taking up elements and compounds as nutrients from
their habitat. Hence, organic and inorganic compounds
can be used as archives that provide information about
the conditions under which tissues were formed. In the
case of aquatic animals, chemical and isotopic

@ Springer


http://dx.doi.org/10.1007/s10641-015-0386-4

1610

Environ Biol Fish (2015) 98:1609-1622

compositions of skeletal parts (teeth, scales, bones, oto-
liths) or soft tissues (muscle, collagen) can be used to
trace habitats or discern migration (Edmonds et al. 1996;
Gillanders et al. 2001; Vennemann et al. 2001; Outridge
et al. 2002; McMeans et al. 2007; Shephard et al. 2007,
MacKenzie et al. 2011; Tsukamoto et al. 2014).
Diadromous fish can both live in freshwater and in the
ocean (Daclusi and Kerebel 1980; Koch et al. 1992;
Tillett et al. 2011). Due to the large compositional dif-
ferences (elemental and isotopic) between seawater and
freshwater (Epstein and Mayeda 1953; White 1998;
Bruland and Lohan 2003; Gaillardet et al. 2003; Hoefs
2004), mineralized tissues such as teeth of individuals of
diadromous species may record different trace elements
and be of different isotopic composition depending on
the type of habitat they were formed in.

An example of a diadromous elasmobranch spe-
cies is the bull shark Carcharhinus leucas. Bull
sharks are widespread in tropical and subtropical
seas, and the only wide-ranging shark species that
penetrates far into freshwater rivers and apparently
is able to exist there at length (Compagno 1984).
The reproductive biology of the bull shark is little
understood. Both sexes reach maturity at ~200 cm,
gestation time is suggested to be 10—-11 months, and
parturition occurs in spring to summer (Cruz-
Martinez et al. 2005). Like numerous other
carcharhinid sharks, bull sharks use coastal areas,
including estuaries and river systems, as nursery
habitat (Heupel et al. 2010; Curtis et al. 2011;
Tillett et al. 2012).

All shark species have multiple rows of teeth in
both upper and lower jaws. Functional teeth are
erect at the outer margin of the jaw. Replacement
teeth are recumbent against the jaw surface (Kemp
1999). Teeth are anchored in the connective tissue
covering the jaw cartilage but are continually being
pulled forward as they mature. Functional teeth
eventually become detached and are replaced by
the generation of teeth next in line behind them
(Kemp 1999). Although no data are currently avail-
able for the bull shark, sharks generally replace their
teeth rapidly (e.g., Motta and Wilga 2001). This in
principle allows recording changes in chemical/
isotopic signals of teeth formed under different en-
vironmental conditions.

Shark teeth are made up of biologically synthe-
sized apatite crystals formed in an organic matrix.
The crown of the teeth is covered by an outer
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enameloid layer of larger crystal size with low or-
ganic matter content (~1 weight %), while the inter-
nal part and the root consist of dentine with smaller
crystallites and an organic matrix of up to 20 wt.%
(Elliott 2002; Skinner and Jahren 2007). The miner-
alogy of enameloid is fluor-apatite [Cas(POy4);F]
(Moller et al. 1975; Daclusi and Kerebel 1980), with
only minor amounts of hydroxyl- and carbonate-ion
substitution for the fluorine and phosphate sites,
respectively (Miake et al. 1991; Dahm and Risnes
1999). Calcium is the major cation but it can be
replaced by many other elements (e.g., Na, Sr, Ba,
Mn) and some can reach concentrations of several
1000 ppm in modern teeth (e.g., Vennemann et al.
2001; Elliott 2002; Skinner and Jahren 2007). Some
of these elements can be enriched and/or depleted in
the apatite matrix depending on the ambient envi-
ronment and for example higher Sr and lower Ba
concentration would be expected in case of marine
habitat compare to freshwater one.

The oxygen isotope composition of phosphate in
fish teeth is a function of the oxygen isotopic com-
position of the ambient water and temperature (e.g.,
Longinelli and Nuti 1973; Kolodny et al. 1983). The
average oxygen isotope composition (5'%0) of sea-
water is rather stable but it can be relatively enriched
in the heavier oxygen isotopes due to evaporation or
relatively depleted therein due to freshwater input.
Hence, teeth mineralized in marine waters will also
have a higher '®O-content compared to those that
were formed in freshwater-influenced environments
(e.g., Kocsis et al. 2007; Klug et al. 2010; Fischer
et al. 2011).

In Fiji, as part of a small-scale conservation pro-
ject, adult bull sharks have been studied at a shark
feeding site in the Shark Reef Marine Reserve
(SRMR) on the southern coast of Viti Levu
(Brunnschweiler 2010, Fig. 1). The bull shark pop-
ulation encountered at the SRMR shows a female-
biased sex ratio (Brunnschweiler and Baensch 2011).
Direct diver observations confirmed that bull shark num-
bers increased over the years (Brunnschweiler and
Baensch 2011; Brunnschweiler et al. 2014), but numbers
decrease over the course of a calendar year
(Brunnschweiler and Baensch 2011). The species’ sea-
sonal departure from the feeding site is related to repro-
ductive activity (Brunnschweiler and Baensch 2011).

Shark fishing is banned in the so-called Fiji Shark
Corridor on the southern coast of Viti Levu
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Fig. 1 Geographic positions of
the sites from where shark teeth
were obtained. (a) Map of Fiji.
Star shows the Shark Reef Marine
Reserve where the bull shark teeth
were collected. Water samples
came from the following rivers: /.
Nadi; 2. Sigatoka; 3. Navua; 4.
Rewa; 5. Ba; 6. Vitogo; 7.
Dreketi. (b) World map. /. Fiji
Islands; 2. Tonga; 3: Brisbane
River, Australia; 4. South Africa;
5. Florida; 6. Lake Nicaragua; 7.
Budapest — aquarium specimens.
See also Supplementary Tables 4
and 5 in Online Resource 2

4000 km

(Brunnschweiler 2010). But in order to fully protect
the species, all stages of its life-cycle must be
protected. Hence, it is of utmost importance that
pupping and nursery areas are known. Such infor-
mation is currently lacking for bull sharks in Fiji.
Similar to other geographic populations, they may
use riverine or estuarine waters that offer a suitably
protected habitat for juveniles (Simpfendorfer et al.
2005; Heupel and Simpfendorfer 2008; Heupel et al.
2010; Rasalato et al. 2010; Curtis et al. 2011). Here,
we test the hypothesis that bull sharks enter fresh-
water rivers when they are mostly absent from the
SRMR at the end of a calendar year by examining

their teeth for signs of a compositional indicator for
freshwater tooth mineralization.

Materials and methods

Bull sharks are offered whole fish heads by a feeder in
the SRMR (Brunnschweiler 2010). When the bull
sharks feed on fish heads, they sometimes lose one or
several teeth in the process of feeding as shown in the
animation (Online Resource 1). A total of 49 such teeth
were collected in the months of January to March in
2005 (n=2), 2009 (n=42) and 2010 (n=5). During these
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months of the year, bull sharks reappear at the feeding
site in the SRMR, presumably returning from reproduc-
tion sites (Brunnschweiler and Baensch 2011). For com-
parative purposes, teeth of adult and juvenile bull sharks
were obtained from Tonga (n=1), Florida (n=1), Lake
Nicaragua (n=1), Brisbane River (»=2) and from South
Africa (n=1), together with additional teeth from other
species held in the aquarium of the Tropicarium in
Budapest, Hungary (a tooth of a sandbar shark
Carcharhinus plumbeus and three teeth of sandtiger
sharks Carcharias taurus). All samples are also listed
in Supplementary Tables 1 and 4 in Online Resource 2.

To analyse the chemical compositions of the teeth,
they were washed in distilled water and their tips were
cut off and embedded in resin and polished to provide a
flat surface (Fig. 2). The major-element concentrations
were determined using wavelength-dispersive analysis
of an electron microprobe (EMPA), while trace element
compositions were analysed by laser-ablation-
inductively coupled plasma-mass-spectrometry (LA-
ICP-MS, for details see Online Resource 3). For stable
isotope analyses, the enameloid was grated off the sur-
face of the teeth by a micro-drill and for some teeth the
root was also sampled for comparison. The fine-grained
powder was pre-treated following the methods of Koch
et al. (1997) in order to remove organic matter. The
cleaned powder was dissolved in HF and the PO,>~
group was precipitated as silver-phosphate (e.g.,
Crowson et al. 1991; Dettman et al. 2001). The oxygen
isotope measurement was made using a high-
temperature conversion elemental analyzer coupled to
an isotope ratio mass spectrometer (for details see
Online Resource 3). Oxygen isotope compositions are

expressed in the familiar d-notation relative to Vienna
Standard Mean Ocean Water (VSMOW) and are
expressed as variations in parts per thousand (%o) as

180/160)
follows %0 = ((—/_1> % 1000.
(180/160) VSMOW

Waters from the feeding site at the SRMR as well as
from several Fijian rivers were collected and measured
for their oxygen isotope composition and trace element
content (Fig. 1a). Some water samples were also obtain-
ed from the Tropicarium, where the tanks are filled by
local freshwater and to which the salts are added, and
one sample came from the Brisbane River in Australia
(see Supplementary Tables 4 and 5 in Online Resource
2, and for analytical details see Online Resource 3).

Results
Fiji bull shark teeth

The major element concentrations of tooth enameloid
have a limited range with averages of 53.5+0.4 wt.%,
41.3+£0.3 wt.% and 3.8+0.2 wt.% for CaO, P,Os and F,
respectively. Sixteen trace elements (Li, B, Na, Mg, S,
Mn, Fe, Ni, Cu, Zn, Rb, Sr, Y, Ba, La, U) were analysed
for and all have concentrations above their detection
limits. The results are listed in Supplementary Table 1
in Online Resource 2. Most of the data represent the
average of 2-5 spot measurements. In some teeth, ele-
ment concentrations can differ within individual speci-
mens, giving a high relative standard deviation (rsd%).
Elements that may likely be discriminative between

1) teeth are cut
by micro-saw

2) Teeth are embedded in resin

3) major and trace element analyses

LA-ICP-MS spots
60-80um
trace element
contents

EMPA
major element contents
&

Intensity (1/1,,,)

_ Na |
WA W YT
Wi "i‘,« M\

en \

quantitative element
profiles and maps

60 100 140
Distance

Fig. 2 Preparation of the teeth for major and trace element compositions. Abbreviation: en enameloid, de dentine
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Fig. 3 (a) Box-plots of standardized concentrations of seven, pos-
sibly the most discriminative elements (F, Na, Mg, Mn, Fe, Sr, Ba,)
for different habitats, in the Fiji shark teeth. Grey shaded area for
Mn, Fe and Ba; these are expected to have higher concentration in

marine and freshwater environments include F, Na, Mg,
Sr, Mn, Fe, and Ba, and their variations are shown as
boxplots in Fig. 3a. Some teeth have unexpectedly high
Zn concentrations (>1300 ppm), and similar to other
elements (e.g., Li, Na, Mg, Mg) larger internal varia-
tions. Elements with sufficiently high concentrations
were mapped by electron microprobe and differences
in concentration between enameloid and dentine were
measured. Na and Mg are more enriched, while Ca, F
and Zn are relatively depleted in the dentine when

Fig. 4 Microprobe element
distribution maps (Ca, P, F, Na,
Mg and Zn) on the example of
tooth F28. All analysed teeth
yielded similar distributions. The
brighter the image is the higher
the concentration of the given
elements. Note that enameloid is
more enriched in Ca and F, while
dentine has higher Na and Mg
concentrations. Zn is only
enriched at the edge of the tooth.
Scale bar is 1 mm

a freshwater related environment opposite to the other elements. (b)
log St/Ba vs. Mn/Fe plot. Note the clear separation of the teeth
according to their origin

compared to enameloid (Fig. 4). Zn has the highest
concentrations at the extreme outside of the teeth and
its concentration decreases exponentially towards the
inside of the teeth (Fig. 5). The enameloid at the extreme
outside has the highest concentration, which is best
reflected by analyses at the tooth serrations (Fig. 6).
Laser-ablation analyses also indicate that besides Zn,
Li and Mn are also more enriched in this part.

A log-normalized correlation matrix for 18 variables
of major and trace elements is shown in Supplementary
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Fig. 5 Microprobe element maps of Ca and Zn with intensity profiles from four examples of Fiji teeth. Red lines show where the intensity
profiles were obtained by ImagelJ software. Abbreviation: en enameloid, de dentine. Scale bar is | mm

Table 2 in Online Resource 2. Positive correlations (r*>
0.6) exist between the CaO-P,0s, Rb-Sr and B-S, while
moderate-weak correlations (*=0.4-0.6) between the
Li-Mg, Zn-Cu-Mn and Rb-U element pairs. Whereas a

@ Springer

negative correlation is obtained between Li and Na,
moderate-weak negative correlations exist between the
Li-S, B-CaO and Na-Sr element pairs. Principal compo-
nent analyses on the correlation matrix yielded eigen-
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Li 7.7
Mn 4.6
Zn 1193

Li 23
Mn 3.1
Zn 1053

Li

Mn 5.5
Zn 1069

Li 7.2
Mn 12.4
Zn 1025

D S

Li 0.39 Li 0.56
Mn 15.0 Mn 19.1
Zn 614 Zn 1278

Fig. 6 Variation in trace element concentrations of Li, Mn and Zn.
Note that all the teeth from the different localities are more
enriched in these elements at the lateral edge where serration
occurs, relative to other part of the enameloid. This may imply
that Li and Mn may also play a role in tooth formation similarly to

values from which the first three can explain only 48 %
of the variations. However, regarding the covariance,
the principal components describe 74 % of the variation.
Therefore, covariance matrix was further used for clus-
ter analyses, which suggests six groups at 0.68 distance
level (Online Resource 4). Teeth were chosen from each
group for oxygen isotope analyses. The 5'%0 values of
enameloid have a range between 19.4 and 21.3 %o

BRI 2 u/a

0.38 Li 0.59 Li 0.67
Mn 19.5 Mn 20.5 Mn 21.5
616 Zn 483 Zn 989

Zn (see text). Samples: F28, F34, F42, F45 are from Fiji. SA-L6/1
and U6/1 are different teeth of the same specimen from South
Africa; UCR-B3 tooth from Lake Nicaragua; BRI 2u/a tooth from
Brisbane River (Australia)

(n=22) (see also Supplementary Table 1 in Online
Resource 2).

Bull shark teeth from other locations
Also bull shark teeth from South Africa, Lake

Nicaragua, Brisbane River, Tonga and Florida were
analysed for trace element compositions (see also
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Supplementary Table 3 in Online Resource 2).
Enameloid values represent the average of 2-3 spot
analyses, while dentine was analysed only once for each
tooth. For these teeth the more sensitive sector-field LA-
ICP-MS was used (see Online Resource 3), hence a
lower detection limit and better precision is given for
elements at low concentrations. Therefore, these teeth
were also analysed for the whole rare earth element
(REE) series. The results of total REE concentrations
reported here are between 2.3 and 22.8 ppb. These teeth
also have differences in concentrations between
enameloid and dentine, which is most apparent in the
cases of Na, Mg, and Zn. Some elements clearly show
variations that relate to the given locality (Fig. 3b). The
most notable differences relative to the Fiji teeth are
higher Ba and lower, barely detectable Ni concentra-
tions in all of these samples.

The oxygen isotopic compositions of the bull shark
teeth cover a range between 18.0 and 22.5%o. Analyses
for both enameloid and dentine have been made for
teeth from the different localities (for details see also
Supplementary Table 4 in Online Resource 2).
Interestingly, multiple analyses of the teeth from the
same individuals give different results. For the South
African and Lake Nicaragua specimens, enameloid and
dentine have the same values (21.9£0.6%o, n=14 vs.
22.0+0.3%0, n=7, and 18.5+0.7%o, n=4 vs. 18.6+
0.1%o0, n=2, respectively). In contrast, teeth of the two
juveniles from the Brisbane River have one permil
offsets with dentine always more enriched in '*0 (20.8
+0.0%o, n=2 vs. 21.7+0.2%o, n=2 and 21.2+0.5%o, n=
4 vs. 22.240.3%0, n=4). For the other sharks kept in the
aquarium, where local freshwater was used, lower 5'*0
values of between 14.1 and 15.4 %o have been measured

(Fig. 7).
Water samples

The water samples from Fiji clearly reflect differences
between seawater and freshwater with respect to their
trace element and oxygen isotopic compositions.
Seawater and waters from rivers close to the river mouth
have higher Li, Na, Mg, Ca, Sr concentrations, while
most of the river samples were higher in Ba, Mn, and
Zn.

Seawater oxygen isotope composition was measured
at 0%o, while in some lagoons the water values have a
range between —1.5 and —1.7%o. River water 5'%0
values are between —2.8 and —6.0%.. Water samples
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from the Budapest aquarium have a range between
—5.3 and —7.6%o, while the Brisbane River has a value
of 1.4%o (see Supplementary Tables 4 and 5 in Online
Resource 2).

Discussion
Major and trace element compositions

The major element content (CaO and P,0Os) and the Ca/
P ratios of the Fiji teeth are in the general range of
concentrations for bio-apatite (Elliott 2002; Skinner
and Jahren 2007), but as a major element, F is present
too. This latter is common for shark teeth and it agrees
with their mineralogical composition of fluor-apatite
(Moller et al. 1975; Daclusi and Kerebel 1980).

The measured elemental variations in the Fiji teeth,
including the higher Na, Mg, but lower F, Ca, and Zn in
the dentine (Fig. 4) can be related to the different organic
matter contents and different crystals and crystal size
between the enameloid and dentine. This may also
explain the relatively large rsd% within individual teeth,
where the different laser-ablation spots could have inte-
grated parts with different organic matter content. This
is likely the case for Zn, which is enriched only at the
very external part of the enameloid and its concentration
decreases exponentially towards the inside of the teeth
(Fig. 5). The positive correlation between Zn, Cu, and
Mn would indicate similar behaviour for these elements
(Supplementary Table 2 in Online Resource 2), however
the low concentration of Cu and Mn did not allow
elemental mapping by EMPA, but this was possible
for Zn.

Seawater in general has higher F, Na, Mg, and Sr
content compared to freshwater, while Ba, Mn, and Fe
may have higher concentration in river waters (White
1998; Bruland and Lohan 2003; Gaillardet et al. 2003).
The water analyses from Fiji’s natural waters generally
confirm this, although the F content was not analysed
for, and Fe and Mn had larger variation in the river
waters. Nevertheless, these elements can be discrimina-
tive between habitats in marine and freshwater environ-
ments. Some studies, however, showed that F concen-
tration in enameloid for certain species decouples from
the environment and both marine and freshwater spec-
imens may have high F content as it is an element
essential for the bioprecipitation of fluor-apatite
(Daclusi and Kerebel 1980; LeGeros and Suga 1980;
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Fig. 7 (a) Oxygen isotopic
composition of shark teeth. Red
and open triangles are enameloid
and dentine analyses,
respectively, while grey triangles
are data from literature with some
fossil examples too (Vennemann
et al. 2001; Kocsis et al. 2007,
2009; Zacke et al. 2009; Klug

et al. 2010). The vertical grey bar
indicate a general transition
between expected marine (high)
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Suga et al. 1986; Miake etal. 1991). Moreover, F and Fe
concentrations in enameloid were found to vary as a
function of species, which links these elements to the
phylogeny of the fish (Suga et al. 1983, 1993). In
contrast, many studies successfully used the Sr/Ba ratio
in otoliths (e.g., McCulloch et al. 2005) and shark
vertebra (Tillett et al. 2011) to trace a diadromous

habitat, and higher ratios were reported for specimens
from marine environments.

Boxplots of these discriminative elements for the Fiji
teeth are given in Fig. 3a and while there are some
specimens that clearly differ in value and might indicate
different environments of teeth formation, for none of
the teeth was a good positive correlation found between
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F, Na, Mg, Sr, nor a negative correlation of F with Ba,
Mn, or Fe concentrations. However, other teeth from
bull sharks of different places are clearly distinct from
the Fiji data, as is clearly exemplified by a Sr/Ba versus
Mn/Fe plot (Fig. 3b). The high Sr/Ba and low Mn/Fe
ratios in the Fiji teeth are due to their extremely low Ba,
high Fe and relatively low Mn concentrations compared
to the other teeth. With these values, the Fiji teeth
represent one end member of the data spread, while
the teeth likely formed while the sharks were in rivers
and lakes are expectedly on the other end of this line
(Fig. 3b). Based on these data together with the high F
and Na concentrations in the Fiji teeth, any clear indi-
cation for freshwater habitat can be discarded for these
sharks.

The cluster-analyses of the eighteen elements suggest
six groups of teeth among the Fiji teeth (Online
Resource 4). Whether these groups can be related to
different nursing or feeding grounds during the months
of absence of the sharks at the SRMR needs further
investigations. The measured trace element content
from the different rivers, lagoons, and seawaters unfor-
tunately does not allow a link between the cluster-
groups and the different localities. Detailed study is
necessary on potential lagoons, bays, and river mouths
in order to assess possible connections to different
breeding/dwelling grounds.

Oxygen isotope compositions

From each trace element-derived cluster group, shark
teeth were prepared for oxygen isotope analyses in order
to check whether compositions different from those in
equilibrium with seawater can be detected. The natural
waters in Fiji vary from seawater with a value of 0%o to
river samples of —6%o (Supplementary Table 4 in Online
Resource 2). The climate is tropical and warm most of
the year with precipitation of about 2900 mm/year, with
higher average rainfall between December and April
during the wet-warm season (Singh and Aung 2008).
The seawater temperature at this time varies between 27
and 30.5 °C degrees at the coast, while during the dry-
cool season it decreases to 24 — 25.5 °C degrees (Singh
and Aung 2008).

By plotting the oxygen isotope compositions of
phosphate versus water with the calculated temperature
isotherms following the equation of Lécuyer et al.
(2013) [T (°C)=117.4 — 4.5%(5"*Opnosphate -
5"%0yater)] (Fig. 7b) it becomes clear that most of the
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Fiji teeth were grown in a marine environment.
Moreover, no relationships have been recognized be-
tween the oxygen isotopic composition of the teeth and
their trace element clusters. Only one tooth (F4) had
slightly lower isotopic composition compared to the
rest. This might have developed when the shark migrat-
ed closer to a river mouth, where the water isotopic
composition could be as low as —2%o, but it could
equally be related to tooth formation in warmer waters
(cf.,, Fig. 7b). There is no indication for a freshwater
habitat from the trace element analyses of this tooth
either.

By comparing the 5'%0 values of the Fiji teeth with
those of other sharks it becomes apparent that their
values are similar to those of sharks that lived in seawa-
ter (Fig. 7a, Vennemann et al. 2001). This is true for
other bull shark teeth from Tonga, South Africa and
Florida. Exceptions are the teeth that were sampled from
juvenile sharks in the Brisbane River in Australia, where
the obtained 5'%0 values are in the range of expected
marine habitat (Fig. 7a). This can be explained by either
formation in seawater, even if the sharks were caught in
the river, or also by freshwater origin as the Brisbane
River water yielded positive §'*0 value of 1.4%o at the
time of sampling (Supplementary Table 4 in Online
Resource 2). Here the offset in §'0 values between
enameloid and dentine may reflect the rapid short-term
changes in environmental conditions (i.e., influence of
tide).

Teeth from the juvenile bull shark from Lake
Nicaragua have lower values indicating a freshwater or
at least brackish habitat. Not surprisingly the lowest
5180ph05phm values were measured for teeth of sharks
that were kept in an aquarium, clearly reflecting the low
"¥0-source of freshwater used for preparing “seawater”
for these tanks (Fig. 7). For some fossil shark teeth even
lower élgOphosphate values were measured, which are
clearly compatible with a freshwater habitat (Kocsis
et al. 2007; Klug et al. 2010; Fischer et al. 2011) or
indicate large amounts of freshwater influx into ancient
seas (Zacke et al. 2009; Fischer et al. 2012) (Fig. 7a).

Zinc concentrations

The relatively large variation in the Zn content between
the teeth is likely related to the concentration decline
from the edge of the enameloid towards the inner parts.
Hence it is due to measurement spots enclosing different
parts of this gradient. The element maps and profiles
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however, show that the teeth with different Zn concen-
trations at the outside have very similar Zn distributions
in their enameloid (Fig. 5). The high Zn concentrations
(up to 1330 ppm) in the external layers of the enameloid,
found both in teeth from bull sharks from Fiji and other
locations, are a surprising finding because at first these
may link to freshwater habitat.

Several studies have investigated trace metal contents
of different types of sharks, many focussing on soft
tissues such as muscle, liver or kidney and they reported
concentrations that varied from species and regions but
generally were under 100 ppm (Marcovecchio et al.
1991; Turoczy et al. 2000; Domi et al. 2005; Cornish
et al. 2007; McMeans et al. 2007). A similar concentra-
tion range was measured from jaw cartilage (Edmonds
et al. 1996). In contrast, Zn concentrations in freshwater
fish vary much more depending on the local Zn source.
Fish from lakes that were affected by mining industry or
other anthropologic activity have values as high as
600 ppm in their soft tissues and bones (Kraemer et al.
2005; Staniskiene et al. 2006).

Zn is an essential micronutrient for organisms, but it
can be toxic for water organisms when environmental
concentrations are high (e.g., Frassinetti et al. 2006). Zn
in fish either derives from direct contact with the ambi-
ent water or from dietary uptake. For waterborne Zn,
gills and intestines are the two major sites for the uptake.
As the extreme concentrations are observed at the very
edge of the teeth (Fig. 5), one explanation may be the
contact with the ambient water. However, relative to the
analysed water samples from Fiji (seawater 12 ppb and
the max. river water 235 ppb) the teeth would indicate
an enrichment factor of 10°~10° and 10° relative to
seawater and river water, respectively. Hence, again
the origin of waterborne Zn in the teeth would be more
realistic for the freshwater environment. Assuming a
major dietary source for Zn would involve prey highly
enriched in Zn as well as higher Zn concentration in
dentine, which is not the case here.

In Fiji Zn concentrations of sediments and shellfish
were measured in Laucala Bay and Great Astrolabe
Lagoon (Morrison et al. 1997, 2001; Morrison and
Nagasima 1999) in order to examine the effects of
anthropologic pollutions. However, these studies
showed no real impact on the environment and Zn
concentrations were found to be below 160 ppm in
shellfish. These values are too low compared to the Zn
concentrations of the Fiji shark teeth. Long term accu-
mulation of Zn could not resolve the dilemma as shark

teeth are replaced very quickly. Therefore, waterborne
or dietary Zn cannot explain the high Zn content.

The most plausible explanation for the high Zn con-
centration in Fiji teeth is the maturation process of teeth
in general. In higher vertebrates it was shown that dur-
ing enamel matrix development two protease enzymes
were secreted: at first enamelysin (MMP-20) and at later
stage kallikrein 4 (KLK4) (Lu et al. 2008). Both en-
zymes are required for the growth of apatite crystallites
(Lu etal. 2008; Goettig et al. 2010). Especially, KLK4 is
imperative for the formation of large, well-mineralized
enamel crystals (Simmer et al. 2009) and it degrades the
organic matrix following the cessation of enamel protein
secretion (Lu et al. 2008). The interesting fact is that
human KLK4 induces crystallization in the presence of
zinc (Debela et al. 2006). Therefore, the high Zn con-
centration only at the edge of shark tooth enameloid
could indicate similar enzyme related processes. This
is in agreement with the fact that the most mineralized
enameloid part appears at the serrations, which has the
highest Zn concentrations (Fig. 6). Here, Li and Mn are
also more enriched, hence these elements may also be
related to the organic removal and crystallization pro-
cesses by the KLK4 enzyme or some of its precursor
existing in the cartilaginous fish (i.e., chondrichthyans).

Conclusions

Previous attempts that used electronic tagging methods
to find habitats where adult bull sharks encountered at
the SRMR go for parturition at the end of a calendar
year were not successful in that regard (Brunnschweiler
et al. 2010; Brunnschweiler and Barnett 2013). Here we
focused on the trace element and oxygen isotopic com-
positions of adult bull sharks’ teeth that also did not
pinpoint exactly where the species goes for reproduc-
tion. However the data clearly confirm a marine habitat
for these specimens, at least during the time when the
teeth analysed in this study were formed. Given the
rapid tooth replacement rate in sharks it remains, how-
ever, possible that adult bull sharks penetrate freshwater
habitats for short time periods (hours to days) that do not
allow detecting a freshwater signal in their teeth.

Trace element compositions of the 49 Fiji teeth
analysed showed relatively high Na, Mg, Sr, and F and
low Ba concentrations supporting a marine environment
without any signs of freshwater habitat. Cluster-analyses
of 18 chemical variables indicated the presence of six
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different groups of teeth from Fiji, which may be related
to different nursing or feeding grounds. The small num-
ber of water samples analysed did not allow a further
distinction of such sites, and future studies are required
to verify this hypothesis. Analyses of the phosphate
oxygen isotopic compositions of a representative set of
teeth from each cluster-group are compatible with for-
mation in the marine environment of Fiji (i.e., tempera-
ture and seawater isotopic composition). No direct rela-
tionship is apparent between trace element clusters and
the oxygen isotope data.

Surprisingly, all bull shark teeth had unexpected-
ly high Zn concentration, which is likely to be
related to enzyme-mediated enameloid maturation.
Comparison of the Fiji data to chemical and isotopic
compositions of other bull shark teeth around the
world and to teeth of other sharks kept in aquarium
supports further the interpretations presented here.
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