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RATIONALE: Bulk stable isotope analysis (SIA) provides an important tool for the study of animal ecology.
Elasmobranch vertebral centra can be serially sampled to obtain an isotopic history of an individual over ontogeny.
The measured total §'°C value, however, may be misinterpreted due to the inclusion of the '*C-rich inorganic portion.
Hydrochloric acid (HCI) is commonly used to remove the inorganic portion of hydroxyapatite structures before
undertaking SIA, but more recently ethylenediaminetetraacetic acid (EDTA) has been recommended for elasmobranch
vertebrae. These acid treatments may introduce uncertainty on measured 3'°C and §'°N values above instrument
precision and the effect of small sample size remains untested for elasmobranch vertebrae.

METHODS: Using a non-dilution program on an isotope ratio mass spectrometer the minimum sample weight of vertebrae
required to obtain accurate isotopic values was determined for three shark species: white (Carcharodon carcharias), tiger
(Galeocerdo cuvier), and sand tiger (Carcharias taurus). To examine if acid treatment completely removes the inorganic
component of the vertebrae or whether the technique introduces its own uncertainty on measured 513C and §'°N values,
vertebrae samples were analyzed untreated and following EDTA treatment.

RESULTS: The minimum sample weight required for accurate stable isotope values and the percentage sample yield
following EDTA treatment varied within and among species. After EDTA treatment, white shark vertebrae were all
enriched in ">C and depleted in N, tiger shark vertebrae showed both enrichment and depletion of >C and '°N,
and sand tiger shark vertebrae were all depleted in '°C and "°N.

CONCLUSIONS: EDTA treatment of elasmobranch vertebrae produces unpredictable effects (i.e. non-linear and non-
correctable) among species in both the percentage sample yield and the measured §'°C and §'°N values. Prior to initiating
a large-scale study, we strongly recommend investigating (i) the minimum weight of vertebral material required to obtain
consistent isotopic values and (ii) the effects of EDTA treatment, specific to the study species and the isotope ratio mass
spectrometer employed. Copyright © 2014 John Wiley & Sons, Ltd.

Bulk stable isotope ratios of carbon (§'°C values) and nitrogen
(8"N values) in animal tissues are commonly used to study
the movement, foraging, and trophic ecology of species,
including elasmobranchs (sharks, skates, and rays).'! For
most organisms, the 513C value of a tissue has been shown
to reflect diet and primary productivity (i.e. indicative of
foraging base)>?! and is often used as a chemical tracer of
species movement.*?! The §'°N values exhibit a more
marked increase between predator and prey, such that the
relative trophic position and feeding behavior of the
individual can be inferred.*®”! Combined quantitative
analysis of 8"°C and 3'°N data for single or multiple species
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has led to novel insights into seasonal migrations,'*! dietary
specialization within a population,’®”! and community-wide
trophic structure.!'"!

Standardized sample storage and preparation methods
prior to stable isotope analysis are important to ensure
consistent results among studies and populations. For
elasmobranch muscle tissue the effects of ethanol
preservation and lipid extraction have been found to alter
8C and 8N values, respectively."'!l Inconsistent effects
on stable isotope values following storage and treatment
methods indicate that these factors need to be addressed on
an individual tissue and species basis. Tissues such as blood
and muscle can be obtained non-lethally, providing valuable
data for an individual, but typically represent a single snapshot
value and, because of relatively fast tissue turnover rates,
indicate only recent feeding behavior."***! Biomineralized
structures in vertebrate species (e.g., whale baleen, turtle scutes,
and elasmobranch vertebrae) are metabolically inert!**'* and
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have the potential to provide important and novel ecological
information, but have received less attention.[*®’]
Elasmobranch vertebrae are biomineralized structures, which
form annual growth rings in many species,' that can be
individually sampled to provide an isotopic history throughout
ontogeny (including pre-natal information formed during
development).

Elasmobranch vertebral centra consist of an inorganic
(mineralized) portion in the form of areolar calcification,™®!
and an organic portion (collagen), but also include
proteoglycans and water.'”) The inorganic portion may have
a different 3'°C value from the organic portion of interest,
which can result in a mixed measured §'°C value,""'®! an
effect previously reported in terrestrial and marine mammal
bones."”! A common technique to address this issue is to
decalcify the structure using hydrochloric acid (HCI), thus
removing the inorganic portion, prior to bulk stable
isotope analysis.?*?! In the first isotopic studies on
elasmobranch vertebrae multiple preparation methods
were used prior to analysis including drying samples!®*!
and decalcifying by HCl with lipid extraction.?*! In an
attempt to standardize these pre-treatment methods,
Kim and Koch™! recommended isolating the collagen
in elasmobranch vertebrae through treatment with
ethylenediaminetetraacetic acid (EDTA), a method that has
successfully been used to isolate collagen in human bone”!
and ostrich eggshells.”! Kim and Koch™! suggested that
EDTA was a more suitable method for removing the inorganic
component of elasmobranch vertebrae rather than HCI due to
rapid decalcification when using the latter. Consequently, a
higher percentage yield of collagen is retained in samples
treated with EDTA than in those treated with HCIl, which is
beneficial when only small amounts of material are available
for analysis."**!

A key advantage of using elasmobranch vertebrae for
stable isotope analysis is the ability to examine retrospective
ontogenetic profiles. Sample size (i.e. weight of individual
sample), however, may be limited due to the size of the
vertebrae (related to the size of the species) and therefore
the width of the growth rings that can be sampled. The extent
to which elasmobranch vertebrae are mineralized, which is
known to vary among species,!'”! will also affect the amount
of untreated sample that is available for analysis, as the
inorganic component contains less carbon per unit volume
than the organic portion."”'**”) Therefore, samples with
more mineralization will require a higher weight of untreated
sample to be analyzed. This, combined with the amount of
sample available from each growth ring, may become a
limiting factor for serial stable isotope analysis of vertebrae
to provide reliable 5'°C and §'°N values. Determining the
appropriate sample mass required for viable isotopic analysis
of elasmobranch vertebrae is therefore warranted.

Typically, samples for 5'°N analysis are untreated based on
the assumption that inorganic N does not contribute to the
total sample N.28 However, with the increased use of dual-
mode stable isotope analysis, which requires the input of only
one sample to determine both 313C and 5'°N values, samples
for both C and N analysis are commonly acid treated. It is
therefore necessary to establish if the 3'°N value of a
sample is affected by EDTA treatment, given that several
studies have reported effects of HCl treatment on measured
3N values.20282]

Considering the global archived collections of elasmobranch
vertebrae for age and growth work, there is vast potential to
undertake stable isotope analysis on these samples to
reconstruct migration patterns and to examine foraging
behavior of sharks over ontogeny. This would allow analysis
of current movement and feeding behaviors of species plus
allow retrospective analysis of historical samples to examine
human and/or potential climate mediated effects. Prior to their
use, an understanding of how acid treatment affects measured
8"C and §"°N values of elasmobranch vertebral material is
required. In this study, the effect of EDTA treatment on stable
isotope values in elasmobranch vertebrae was investigated
in three shark species: white (Carcharodon carcharias), tiger
(Galeocerdo  cuvier), and sand tiger (Carcharias taurus).
Specifically, we examined (i) the minimum starting sample
weight required for viable isotope data (EDTA-treated and
untreated), (ii) the percentage sample yield following EDTA
extraction, (iii) the 3'°C values in the inorganic and organic
portions of the vertebrae, and (iv) the effect of EDTA treatment
on 3"°C and §"°N values.

EXPERIMENTAL

All samples were obtained from individuals that had been
incidentally caught in beach protection nets off KwaZulu-Natal,
South Africa (for further details, see Cliff and Dudley[sol).
Vertebrae were excised from five individuals of each species
(white, tiger, and sand tiger sharks) anterior to the first dorsal
fin during routine dissections by KwaZulu-Natal Sharks Board
staff and stored frozen. Prior to analysis, the samples were
defrosted, cleaned of excess tissue and dried for 48 h at 40 °C.
Bow-tie sections were cut from each vertebral centrum using
an IsoMet® low-speed diamond saw (Beuhler Canada, Whitby,
ON, Canada). The entire corpus calcareum was separated from
the intermediala for each individual and ground into a fine
powder. To create a homogenized mixture and remove any
potential ontogenetic effects on measured stable isotope values
the resulting powder was placed on an orbital shaker (VWR
0S-500, VWR International, Mississauga, ON, Canada) for
8 h. The powder for each individual corpus calcareum was then
split between two treatments: no treatment and EDTA-treated.

EDTA treatment

To compare EDTA-treated samples with untreated samples,
three replicate samples per individual (five individuals per
species) weighing 3 mg each were taken from the
homogeneous mixture and treated following the procedure
outlined in Kim and Koch."! Briefly, sample powder was
placed in a 2 mL cryovial and 1.5 mL of 0.5 M EDTA
(pH 8.0, Fisher Scientific, Waltham, MA, USA) was added.
The samples were then vortexed for 1 min. After allowing
the reaction to proceed for 1 week at room temperature, the
samples were centrifuged for 15 min and the EDTA was
removed, replaced, and the process was repeated. The
samples were washed with Milli-Q water (Milli-Q RG, EMD
Millipore Corporation, Billerica, MA, USA) 10 times and
sonicated for 10 min after the 1%, 5%, and 10" washes. The
samples were soaked overnight after the 5™ and 10™ wash,
then freeze-dried for 48 h, and the remaining sample weighed
into tin capsules.
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Minimum sample weight for isotopic analysis of
elasmobranch vertebrae

Untreated samples were weighed in tin capsules in triplicate
for each individual shark in 200 pg increments from 200 pg
to 1600 pug and analyzed for §'°C and §"°N.

The use of multiple consecutive weights of the homogenized
untreated samples enabled an investigation of (i) the effect of
sample weight on isotope values, and (ii) an appropriate
minimum sample weight for viable isotope data, and also
enabled (iii) a comparison of stable isotope data of untreated
samples with those treated with EDTA.

To investigate the minimum sample weight required for
EDTA-treated vertebrae, 20 mg of the homogenized mixture
from one individual per species was treated with EDTA. After
EDTA treatment multiple consecutive weight samples
increasing in mass from 200 pg to 1200 pg were weighed as
described above. The minimum sample weight to obtain
viable isotopic values for both EDTA-treated and untreated
vertebrae was determined as the point at which the §'°C
and 3N values reached an asymptote.

Stable isotope analysis

All samples were analyzed with an elemental analyzer
(Costech Instruments, Valencia, CA, USA) interfaced to a
Thermo Finnigan Delta™* mass spectrometer (Thermo Finnigan,
San Jose, CA, USA) at the Great Lakes Institute for
Environmental Research, University of Windsor (Windsor,
ON, Canada). Stable isotope ratios are expressed in delta (5)
values as the ratio of an unknown sample to a recognized standard
and are expressed in parts per thousand (or per mil, %) using
the following equation:

"X = [(Rsample/Rstandard )~1] x 1000 (1)

where X is the element, b is the mass of the heavy isotope
(less abundant) and Rgample and Rgtandara are the heavy to
light isotope ratios (e.g.; carbon: 'C/'°C, nitrogen:
>N/™N) of the sample and standard, respectively.”! To
measure analytical precision the standard deviation of a
National Institute of Standards and Technology (NIST)
(Gaithersburg, MD, USA) standard (NIST standard 8414-bovine
liver) and an internal laboratory standard (fish muscle, tilapia
(Oreochromis niloticus)) were used. The standard deviation was
0.2 %o for 8°C values (n1=80) and 0.1 %o for 5°N values
(n=280) for both standards. The accuracy of the NIST standards
for 8'C (NIST 8542 and NIST 8573) was within 0.17 %o
and 0.09 %o of the certified values, respectively, and for
3N (NIST 8547 and NIST 8549) was within 0.12 %o
and 0.10 %o, respectively.

Statistical analysis

The percentage sample yield, a proxy for the amount of collagen
in the vertebrae, was calculated as the amount of vertebral
material present after EDTA treatment compared with the
amount of vertebral material before EDTA treatment, following
Kim and Koch.™! To determine the percent C (%C) in the
inorganic and organic portions of the vertebrae and the 5'°C
value of the inorganic C, a mass balance approach was adopted:

W*Cu = Ct (2)

where W is the bulk sample weight, c, is the total %C in the
untreated sample (organic and inorganic) and C; is the total
amount of C. The amount of organic C in the sample was
calculated as:

Y*Wre, = C, 3)

where Y is equal to the percentage sample yield, c. is the %C
in the EDTA-treated sample (organic) and C, is the amount of
organic C. To determine the amount of inorganic C we
subtracted the organic C from the total C and converted these
values into percentages. The 8'°C value of the inorganic
portion of the vertebrae was calculated as:

Z:Tf(x*p) @)

q

where z is the 5'*C value for inorganic carbon, T is the 53¢
value of the untreated sample, x is the 513C value of the
treated sample, p is the %C in the organic portion, and q is
the %C in the inorganic portion.

Due to replicates and unequal sample sizes between
untreated and EDTA-treated vertebral samples, the effects of
EDTA treatment on measured 8'°C and 8'°N values was
examined using linear mixed effects models (LMEs). Three
models were constructed and contrasted and the model with
the lowest Akaike information criterion (AIC) was selected.
The first model measured the variance in 8'°C and §"°N
values between individuals. The second model included
EDTA treatment as a fixed effect to test between treatments
among individuals, with all individuals assumed to be
equally affected by EDTA treatment. The third model
assumed random EDTA treatment effects (i.e., individuals
respond differently to EDTA treatment). For all species and
for both §'3C and 5'°N values, the third model had the lowest
AIC score in all cases and the results for this are presented.
For the LMEs, no evidence of an effect of EDTA treatment
on measured 3'°C and §"N values in the samples was
indicated by confidence intervals overlapping zero while
evidence of an effect was indicated by confidence intervals that
did not overlap zero. The strength of the effect is shown by the
distance from zero: with a larger value from zero indicating
strong evidence for an effect and a value near zero indicating
modest evidence of a small effect. The global statistic accounts
for the unobserved portion of the population. The difference
in '°C and 8'°N values (+ standard error (SE)) between the
EDTA-treated and untreated vertebral samples for each species
was calculated both for individual sharks and for the species
overall. It was expected that EDTA treatment would decrease
313C values, a result of removing the inorganic mineralized
component, but that 3'°N values would remain consistent
given limited nitrogen in inorganic material. All statistical
analyses were conducted using R version 2.15.1.15!)

RESULTS AND DISCUSSION

Minimum sample weight

Untreated samples had higher measured 813C values with
increasing carbon amplitude until reaching an asymptote at an
amplitude of ~1000 mV (Fig. 1(A)). This value is in agreement
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Figure 1. (A) 3'3C values (+SE) of untreated and EDTA-treated vertebral samples versus isotope ratio mass
spectrometer carbon amplitude from three species of sharks. Samples from individual sharks are represented
by a different color. Black squares represent the EDTA-treated sample. Red vertical line indicates where
values reach an asymptote. (B) Isotope ratio mass spectrometer carbon amplitude versus sample weight
analyzed for untreated and EDTA-treated vertebral samples from three species of sharks. Samples from
individual sharks are represented by a different color. Black squares indicate EDTA-treated sample. Red
dashed lines indicate minimal weight required to obtain a carbon amplitude of 1000 mV.

with the recommendation of the manufacturer of the isotope ~ samples was lower for all species, reflecting the removal of
ratio mass spectrometer for obtaining consistent and  the mineralized component: ~300 pg —white, ~300 pg -tiger,
reproducible results. The minimum untreated sample weight =~ ~350 pg — sand tiger (Fig. 1(B)).

required to obtain a C amplitude of 1000 mV varied by species: In contrast to the 3'°C values, the untreated samples had lower
~800 pg for white shark, ~800 pg for tiger shark and ~1000 pg ~ measured 3'°N values with increasing N amplitude, reaching an
for sand tiger shark vertebrae (Fig. 1(B)). The minimum sample asymptote at an amplitude of ~1500 mV (Fig. 2(A)), a value
weight to obtain an amplitude of 1000 mV for EDTA-treated ~ above the manufacturer’s recommendation of 1000 mV. This
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Figure 2. (A) 5"°N values (+SE) of untreated and EDTA-treated vertebral samples versus isotope ratio mass
spectrometer nitrogen amplitude from three species of sharks. Samples from individual sharks are
represented by a different color. Black squares represent the EDTA-treated sample. Red vertical line indicates
where values reach an asymptote. (B) Isotope ratio mass spectrometer nitrogen amplitude versus sample
weight analyzed for untreated and EDTA-treated vertebral samples from three species of sharks. Samples
from individual sharks are represented by a different color. Black squares indicate EDTA-treated sample.
Red dashed lines indicate minimal weight required to obtain a nitrogen amplitude of 1500 mV.
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trend was observed in all individuals and for all three species
(Fig. 2(A)). To obtain an N amplitude of 1500 mV the minimum
untreated sample weight was ~700 pg for white sharks and
~800 pg for tiger and sand tiger sharks (Fig. 2(B)). For
EDTA-treated samples, ~250 ng of sample material was
required for all three species (Fig. 2(B)).

These results indicate that measured elasmobranch
vertebrae isotopic values may be artificially lower for §'°C
by ~0.6 %o (8'°C values; range 0.3-1.3) or higher for §"°N by
~0.9 %o (8"°N values; range 0.1-1.3) when samples are below
the minimum required weight. This is in agreement with
previous work that reported unpredictable higher and lower
delta values for low weight samples.”?! These observed
trends in measured stable isotope values associated with
sample weight are a result of the total carbon and nitrogen
levels in the sample material being below that of the
instrument baseline, specific to the isotope ratio mass
spectrometer used. Given that the erroneous isotope values
occurred within the manufacturer’s recommended levels
(i.e. 1000 mV for §'°N values), it is necessary to report initial
test runs of sample weight versus vertebrae isotope data, and
to report accurate final sample weights analyzed.

Percentage sample yield

The percentage of vertebral material (i.e. collagen) present
after EDTA treatment varied within and among species
(Table 1). The percentage collagen yields following EDTA
extraction were slightly below previously reported values,™
but in agreement with quantitative collagen measurements.!'”}
Following Kim and Koch,™! this demonstrates that EDTA is
effective at removing the mineralized component within
elasmobranch vertebrae. Due to the inter- and intra-species
variability in percentage sample yield following EDTA
treatment, a starting sample weight of 3 mg of untreated
material is recommended for EDTA extraction of all three
species studied to obtain sufficient collagen weight for viable
isotopic analysis.

Table 1. Mean (+ standard error (SE)) percentage sample
yield after EDTA treatment of vertebrae in three species
of sharks

Mean
percentage
sample yield

(xSE)

Species mean
sample
percentage
yield (+SE)

Species Individual n

16.9+1.36
21.0+2.43
17.1+0.57
17.8 +0.84

7.0+0.99
12.4+1.32
14.2+2.07
14.3+1.64
16.2+1.54
18.4+0.96
10.8£2.42
15.6£0.42
10.8+2.42
14.3+£2.90

72+192

white 16.1+1.24

tiger 15.5+0.78

sand tiger 11.4+1.15

QI WP O QNP O WN -
WWWWWWWWWWWWWWW

On average the %C in the EDTA-treated samples increased,
due to the removal of inorganic carbon, relative to the
untreated samples for each species: white shark %C increased
from 16.6% = 0.1 to 41.8% + 0.1, tiger shark %C increased from
15.2% +0.05 to 42.0% = 0.1, and sand tiger shark %C increased
from 12.5% = 0.1 to 41.4% = 0.1. The level of mineralization in
shark vertebrae is known to vary among species,!'”) such that
shortfin mako (Isurus oxyrinchus) vertebrae have 39.2% dry
mass mineralization, whereas gulper shark (Centrophorus
granulosus) vertebrae have 55.1% dry mass mineralization.!'”)
These differences in mineralization among species account for
different material properties in the vertebrae required to
accommodate different life strategies. As expected, the
variability observed in the percentage sample yield data
suggests good correspondence with the level of mineralization
in the vertebrae, accepting that these structures also include
proteoglycans and water. Following removal of the mineralized
component by EDTA treatment, the %C in all three species was
more similar and less variable, as expected. Sand tiger sharks
had the lowest percentage sample yield of collagen indicating
they had the highest level of mineralization and therefore a
larger untreated sample weight was required for both
untreated and EDTA-extracted samples to obtain accurate
isotope data (as evidenced above). Knowledge of the extent to
which a species” vertebrae are mineralized will help predict
the minimum untreated sample amount required.

Effects of EDTA treatment on 8">C and 8"°N values

EDTA treatment had variable effects on measured 3'°C values
in the vertebrae of the three shark species examined relative
to untreated samples (Table 2). White shark vertebrae treated
with EDTA were enriched in 'C relative to untreated
samples (Fig. 3(A)). The LME found that EDTA treatment
had an overall effect (Global statistic) on 8C values;
however, at the individual level there was no treatment effect
in one individual and the effect was minimal for two
individuals. Tiger shark EDTA-treated vertebral samples
were both enriched and depleted in ">C compared with
untreated samples, indicating that within-species variation
was occurring (Fig. 3(A)). The variation was within machine
precision and therefore cannot be attributed to machine- or
EDTA-induced error. For tiger sharks, the LME found no
overall effect of EDTA treatment on the §'°C values but there
was a minor effect of treatment at the individual level
(Table 2). Alternatively, sand tiger shark EDTA-treated
vertebral samples were all depleted in '*C compared with the
untreated samples (Fig. 3(A)) and the LME detected an effect
of the EDTA treatment (both overall and at the individual level;
Table 2). The enrichment of **C in EDTA-treated vertebrae of
white shark and some tiger shark samples compared with
untreated samples was contradictory. It would be expected that
vertebrae would be depleted in °C due to the removal of the
3C-rich inorganic portion,”! potentially suggesting a bias
caused by the EDTA treatment for these two species and/or
the effect being less than machine precision.

The effects of EDTA as a pre-treatment agent for inorganic
C removal prior to stable isotope measurements in
elasmobranch vertebrae have not been investigated
previously. However, significant effects on stable isotopic
values have been documented for blood and muscle samples
from quail (Coturnix coturnix japonica),® blood from sheep
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Table 2. Results of linear mixed effects model for §'°C and §'°N values between EDTA-treated and untreated vertebral
samples from three species of sharks

Sample Estimate 95% Confidence Interval Sample Estimate 95% Confidence Interval
white shark §'3C white shark §'°N

Global 0.16 0.06, 0.27 Global -0.39 -0.69, -0.09
1 0.28 0.18, 0.36 1 -0.91 -1.02, -0.80
2 0.14 0.05, 0.23 2 -0.22 -0.33, -0.11
3 0.10 0.01, 0.19 3 -0.33 -0.43, -0.22
4* 0.05 -0.04,0.14 4* -0.04 -0.15, 0.07
5 0.25 0.16, 0.34 5 -0.45 -0.56, -0.34
tiger shark 83C tiger shark 315N

Global* -0.27 -1.01, 0.46 Global* -0.27 -0.58, 0.05
1 -0.14 -0.27,-0.01 1 -0.70 -0.83, -0.57
2 0.30 0.18, 0.42 2 -0.27 -0.39, -0.14
3 -1.69 -1.82,-1.57 3 -0.34 -0.46, -0.21
4* -0.08 -0.21, 0.04 4 -0.28 -0.41, -0.16
5 0.26 0.13, 0.38 5 0.26 0.13, 0.38
sand tiger shark §"°C sand tiger shark 3"°N

Global -0.54 ~0.66, -0.43 Global ~0.44 -0.62,-0.27
1 -0.63 -0.69, -0.56 1 -0.38 -0.47,-0.28
2 -0.57 -0.64, -0.51 2 -0.27 -0.37,-0.17
3 -0.49 ~0.55, -0.42 3 ~0.74 ~0.83, -0.64
4 -0.50 -0.56, -0.43 4 -0.47 -0.57,-0.38
5 -0.53 -0.59, -0.46 5 -0.36 -0.45, -0.26
*indicates there is no evidence of an effect of the EDTA treatment on the sample

(Ovis aries),® and epidermis from turtles,®! that were
preserved in dimethyl sulfoxide (DMSO) containing EDTA.
Previously, acid treatment using HCI has resulted in variable
effects by species such that a significant lowering of 3'°C
values in invertebrates’®! and algae and cyanobacteria®*! was
reported, while no significant differences were found in
molluscs,®*! winter flounder (Pleuronectes americanus) or mud
shrimp (Crangon septemspinosa).*> The variable effects of EDTA
treatment on measured stable isotope values in this study
mirror those reported for HCl treatment. The imprecision
associated with the treatment method is typically not reported;
however, if it is higher than the instrument imprecision (which
is normally reported), there could be implications for
interpreting stable isotope values for ecological studies.

The percentage of inorganic and organic C in vertebrae
from all three species was similar (Table 3), indicating that,
while sand tiger sharks had the highest amount of
mineralization, the amount of inorganic C contained within
the mineralized portion was similar to that of white and tiger
sharks. The 8'°C values for the inorganic portion in white and
tiger sharks were similar to those of the organic portion
(Table 3), consistent with the small differences observed in
3'°C values between EDTA-treated and untreated samples
(~0.2 %o (Fig. 4)). This value would not be considered
ecologically significant for most applications, questioning
the need for EDTA treatment in these two species. The sand
tiger sharks, however, had a larger difference between the
8'°C values for organic and inorganic portions (Table 3) than
the white and tiger sharks, which may be caused by
differences in feeding strategies among species. The organic
C in collagen is derived from the proteins of the individual’s

diet, while the inorganic C in the mineralized portion is
derived from the carbohydrates and lipids of an individual’s
diet.’®! Therefore, the observed differences in §'°C values
between the organic and inorganic portions of the vertebrae
may be driven by the individuals” metabolic pathways and/
or growth requirements. There is potential for future research
examining the differences observed between 3'°C values in
the inorganic and organic portions of shark vertebrae to
investigate trophic level effects on the growth and energy
pathways of a species.

When considering 5!°N values, the white shark EDTA-
treated vertebral samples were depleted in '°N relative to
untreated samples (Fig. 3(B)). The LME found an effect of
EDTA treatment both overall and at the individual level in
white shark vertebrae (Table 2). The tiger shark EDTA-treated
vertebral samples were both enriched and depleted in '°N
relative to untreated samples (Fig. 3(B)), but there was no
overall effect of EDTA treatment on the §'°N values. The treated
sand tiger shark samples were depleted in "N relative to
untreated samples (Fig. 3(B)) and the LME found that there
was both an overall and an individual effect of EDTA treatment
on 8N values (Table 2). The §'°N values should not be affected
by the removal of the inorganic component, as it is assumed
that inorganic N does not contribute to the total N.['%%
Brodie et al.”>** however, compared the effects of different
acidification methods on §'°N values in terrestrial and aquatic
organisms and concluded that variability within and among
methods/tissue analyzed complicates comparisons between
species and studies. In addition, depletion and enrichment in
N following acidification of soil samples®! and seagrass,*’!
and shrimp,m] respectively, have been observed.
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Figure 3. Stable isotope values (+SE) of EDTA-treated versus untreated vertebral samples for white,
tiger and sand tiger sharks: (A) 3'°C values and (B) 5'°N values. Black solid line is linear regression of
isotope values between treatments. Black dashed line indicates the one to one relationship.

Table 3. Measured 5'°C values (+ SE) for the total and organic portions and calculated 3'°C values (+ SE) for the inorganic
portion in vertebrae from three species of sharks. The calculated percentage (+ SE) organic and inorganic C is also presented

Difference between

Untreated Organic Inorganic organic and inorganic Organic Inorganic
Species 313C (%o) 313C (%o) 313C (%o) 313C (%o) C (%) C (%)
white -11.9+0.16 -11.7+0.14 -12.0+0.19 0.3 40.6+6.2 59.4+6.2
tiger -12.0+0.33 -12.2+0.26 -11.9+0.39 -0.3 38.6+1.6 61.4+1.6
sand tiger -11.0+0.17 -11.6+0.15 -10.7+0.15 -0.9 40.3+4.3 59.7+43

In this study, EDTA treatment resulted in both the
depletion (white, tiger, sand tiger sharks) and the enrichment
(tiger sharks) of 5N in shark vertebrae. Overall, the mean
difference in 8N values between EDTA-treated and
untreated samples was less than 0.5 %o for all species (Fig. 4),
but the effect of EDTA treatment was variable among species

and larger than the effect of EDTA on measured $13C values
for the white and tiger shark (Fig. 4). This would suggest that
EDTA extraction is not required for these species and might
result in measured 5'°N values with larger uncertainties.
Moreover, following EDTA extraction the 5'°N values did
not show a systematic increase or decrease, indicating that
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Figure 4. Mean difference (+SE) in measured stable isotope
values between EDTA-treated and untreated vertebral
samples for white, tiger and sand tiger sharks. Gray circles
indicate difference for §'>C values and black circles indicate
difference for 8'°N values.

the use of a correction factor is not suitable (i.e. the effect is
non-linear, sensu Brodie et al.[zsl). For the sand tiger shark, it
would appear EDTA extraction is required to correct §'°C
values, but the effect on §'°N values must be acknowledged.
Specifically, for higher trophic level species an increase in the
8'°N values of 1.2-1.8 %o between predator and prey has been
described,®”! indicating that the unpredictable enrichments
and depletions in >N caused by EDTA treatment may cause
the incorrect trophic level to be assigned to a species. In
addition, several studies have used stable isotope analysis
of multiple tissues (e.g. vibrissae, turtle scute, muscle, and
blood)®*13 to investigate the degree of dietary specialization
within a population. If this method were applied to
elasmobranch vertebrae treated with EDTA the degree of
specialization might be misinterpreted. Samples in this study
were run using dual-mode analysis but to correct for the
effect of EDTA treatment on the 3'°N values of sand tiger
vertebrae would require the analysis of paired samples per
individual: one acid-treated sample for C analysis and one
untreated sample for N analysis, again assuming that
inorganic N does not contribute to total N. This approach
might be restricted by the sample weight available (such as
serially sampled elasmobranch vertebrae), as a larger sample
will be required. Consequently, examining fine-scale
ontogenetic changes in isotope values of growth bands may
be limited for certain species, but coarse-level profiles would
be possible.

CONCLUSIONS

The unpredictable enrichment and depletion of "*C and
significant effect on 5'°N values in white, tiger, and sand tiger
shark vertebrae following EDTA treatment raises questions
over the suitability of this approach to remove inorganic C
material from samples prior to bulk stable isotope analysis.
Importantly, to obtain robust stable isotopic data from
untreated and EDTA-treated vertebral material required the
analysis of species-specific weights of starting sample
material. For the white and tiger shark, EDTA treatment
resulted in minimal effects on §'3C values, but had a more
marked change on §'°N values and is therefore not
recommended. A correction factor is not suitable as the effect
of EDTA treatment on measured 3'°C and §'°N values is

non-linear and varies both within and among species. For sand
tiger sharks, there was a consistent effect of EDTA treatment on
§"°C values suggesting that treatment is required, but its effects
on §'°N values must be accounted for. The differences in 5'°C
values between the inorganic and organic portions of the
vertebrae observed among species indicate that there is
potential to use these profiles to investigate metabolic pathways
among species of different trophic levels and phylogeny.

When examining stable isotopes in elasmobranch vertebrae
we recommend preliminary analysis of EDTA-treated and
untreated samples for the study species across different
sample weights to identify (i) if EDTA treatment is required
to obtain viable '°C data and (ii) to determine the sample
weight required (EDTA-treated or untreated) for analytical
precision. For studies where EDTA treatment is required for
C analysis, untreated samples should be analyzed for N.

Acknowledgements

Support for this project was provided in part by the Canada
Research Chair program and the Natural Science and
Engineering Research Council of Canada Ocean Tracking
Network to ATE. HMC was supported in part by scholarships
and graduate assistantships from the University of Windsor.
We thank the KwaZulu-Natal Sharks Board Operations staff
for the dissection of sharks and sample collection. We also thank
Anna Hussey for her assistance in stable isotope processing.

REFERENCES

[1] N. E. Hussey, M. A. MacNeil, J. A. Olin, B. C. McMeans,
M. ]J. Kinney, D. D. Chapman, A. T. Fisk. Stable isotopes
and elasmobranchs: tissue types, methods, applications
and assumptions. J. Fish Biol. 2012, 80, 1449.

[2] M.]. DeNiro, S. Epstein. Influence of diet on the distribution
of carbon isotopes in animals. Geochim. Cosmochim. Acta
1978, 42, 495.

[3] B.]. Peterson, B. Fry. Stable isotopes in ecosystem studies.
Annu. Rev. Ecol. Syst. 1987, 18, 293.

[4] P. B. Best, D. M. Schell. Stable isotopes in southern right
whale (Eubalaena australis) baleen as indicators of seasonal
movements, feeding and growth. Mar. Biol. 1996, 124, 483.

[5] K. A. Hobson. Tracing origins and migration of wildlife
using stable isotopes: a review. Oecologia 1999, 120, 314.

[6] M.]. DeNiro, S. Epstein. Influence of diet on the distribution
of nitrogen isotopes in animals. Geochim. Cosmochim. Acta
1981, 45, 341.

[7] M. Minagawa, E. Wada. Stepwise enrichment of 5N along
food chains: Further evidence and the relation between §'°N
and animal age. Geochim. Cosmochim. Acta 1984, 48, 1135.

[8] S. D. Newsome, M. T. Tinker, D. H. Monson, O. T. Oftedal,
K. Ralls, M. M. Staedler, M. L. Fogel, ]. A. Estes. Using stable
isotopes to investigate individual diet specialization in
California sea otters (Enhydra lutris nereis). Ecology 2009, 90, 961.

[9] H.B. Vander Zanden, K. A. Bjorndal, K. J. Reich, A. B. Bolten.
Individual specialists in a generalist population: results from a
long-term stable isotope series. Biol. Lett. 2010, 6, 711.

[10] C. A. Layman, D. A. Arrington, C. G. Montana, D. M. Post.
Can stable isotope ratios provide for community-wide
measures of trophic structure? Ecology 2007, 88, 42.

[11] S. L. Kim, P. L. Koch. Methods to collect, preserve, and
prepare elasmobranch tissues for stable isotope analysis.
Environ. Biol. Fish. 2012, 95, 53.

Rapid Commun. Mass Spectrom. 2014, 28, 448-456

Copyright © 2014 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal /rcm




Rapid
Communications in

= Mass Spectrometry

H. M. Christiansen et al.

[12] M. A. MacNeil, G. B. Skomal, A. T. Fisk. Stable isotopes [26] B. J. Johnson, M. L. Fogel, G. H. Miller. Stable isotopes in
from multiple tissues reveal diet switching in sharks. Mar. modern ostrich eggshell: A calibration for paleoenvironmental
Ecol. Prog. Ser. 2005, 302, 199. application in semi-arid regions of southern Africa. Geochim.

[13] P. Matich, M. R. Heithaus, C. A. Layman. Contrasting Cosmochim. Acta 1998, 62, 2451.
patterns of individual specialization and trophic coupling [27] M. A. Mateo, O. Serrano, L. Serrano, R. H. Michener.
in two marine apex predators. J. Anim. Ecol. 2011, 80, 294. Effects of sample preparation on stable isotope ratios of

[14] S. E. Campana, L. J. Natanson, S. Myklevoll. Bomb dating carbon and nitrogen in marine invertebrates: implications
and age determination of large pelagic sharks. Can. J. Fish. for food web studies using stable isotopes. Oecologia
Aquat. Sci. 2002, 59, 450. 2008, 157, 105.

[15] G. M. Cailliet, K. J. Goldman, Age determination and [28] C. R. Brodie, T. H. E. Heaton, M. J. Leng, C. P. Kendrick,
validation in chondrichthyan fishes, in Biology of sharks and J. S. L. Casford, J. M. Lloyd. Evidence for bias in measured
their relatives (Eds: J. C. Carrier, J. A. Musick, M. R. Heithaus) 8N values of terrestrial and aquatic organic materials
CRC Press, New York, 2004, pp. 399-447. due to pre-analysis acid treatment methods. Rapid Commun.

[16] M. N. Dean, A. P. Summers. Mineralized cartilage in the Mass Spectrom. 2011, 25, 1089.
skeleton of chondrichthyan fishes. Zoology 2006, 109, 164. [29] S. E. Bunn, N. R. Loneragan, M. A. Kempster. Effects of

[17] M. E. Porter, J. L. Beltran, T. J. Koob, A. P. Summers. acid washing on stable isotope ratios of C and N in
Material properties and biochemical composition of Panaeid shrimp and seagrass: implications for food-web
mineralized vertebral cartilage in seven elasmobranch studies using multiple stable isotopes. Limnol. Oceanogr.
species (Chondrichthyes). J. Exp. Biol. 2006, 209, 2920. 1995, 40, 622.

[18] T.E.Larson, J. M. Heikoop, G. Perkins, S. ]. Chipera, M. A. Hess. [30] G.Cliff, S. F. ]J. Dudley. Reducing the environmental impact of
Pretreatment technique for siderite removal for organic shark control programs: a case study from KwaZulu-Natal,
carbon isotope and C:N ratio analysis in geological samples. South Africa. Mar. Freshwater Res. 2011, 62, 700.

Rapid Commun. Mass Spectrom. 2008, 22, 865. [31] R Core Team. R: A language and environment for

[19] S. D. Newsome, M. T. Clementz, P. L. Koch. Using stable statistical computing. R Foundation for Statistical
isotope biogeochemistry to study marine mammal ecology. Computing, Vienna, Austria, 2012. ISBN 3-900051-07-0.
Mar. Mammal Sci. 2010, 26, 509. http:/ /www.R-project.org/.

[20] U. Jacob, K. Mintenbeck, T. Brey, R. Knust, K. Beyer. Stable [32] K. A. Hobson, H. L. Gibbs, M. L. Gloutney. Preservation of
isotope food web studies: a case for standardized sample blood and tissue samples for stable-carbon and stable-
treatment. Mar. Ecol. Prog. Ser. 2005, 287, 251. nitrogen isotope analysis. Can. |. Zool. 1997, 75, 1720.

[21] S. Carabel, E. Godinez-Dominguez, P. Verisimo, L. Ferndndez, [33] L. M. Barrow, K. A. Bjorndal, K. J. Reich. Effects of
J. Freire. An assessment of sample processing methods for preservation method on stable carbon and nitrogen isotope
stable isotope analyses of marine food webs. J. Exp. Mar. Biol. values. Physiol. Biochem. Zool. 2008, 81, 688.

Ecol. 2006, 336, 254. [34] J. S. S. Ng, T. C. Wai, G. A. Williams. The effects of

[22] C. R. Brodie, M. J. Leng, J. S. L. Casford, C. P. Kendrick, acidification on the stable isotope signatures of marine algae
J. M. Lloyd, Z. Yonggiang, M. I. Bird. Evidence for bias in and molluscs. Mar. Chem. 2007, 103, 97.

C and N concentrations and §'C composition of terrestrial [35] K. L. Bosley, S. C. Wainright. Effects of E)reservatives and
and aquatic organic materials due to pre-analysis acid acidification on the stable isotope ratios (" N:'*N, °C:"*C)
preparation methods. Chem. Geol. 2011, 282, 67. of two species of marine animals. Can. J. Fish. Aquat. Sci.

[23] J. A. Estrada, A. N. Rice, L. J. Natanson, G. B. Skomal. Use of 1999, 56, 2181.
isotopic analysis of vertebrae in reconstructing ontogenetic [36] H. W. Krueger, C. H. Sullivan. Models for carbon isotope
feeing ecology in white sharks. Ecology 2006, 87, 829. fractionation between diet and bone, in Stable Isotopes in

[24] L. A. Kerr, A. H. Andrews, G. M. Cailliet, T. A. Brown, Nutrition. Symposium Series 258, (Eds: T. Turnland,
K. H. Coale. Investigations of AYC, §°C, and 5°N in P. E. Johnson). American Chemical Society, Washington,
vertebrae of white shark (Carcharodon carcharias) from the DC, 1984, pp. 205-220.
eastern North Pacific Ocean. Environ. Biol. Fish. 2006, 77, 337. [37] N. E. Hussey, M. A. MacNeil, B. C. McMeans, J. A. Olin,

[25] N. Tuross, M. L. Fogel, P. E. Hare. Variability in the S. E.J. Dudley, G. Cliff, S. P. Wintner, S. T. Fennessy, A. T. Fisk.

preservation of the isotopic composition of collagen from
fossil bone. Geochim. Cosmochim. Acta 1988, 52, 929.

Rescaling the trophic structure of marine food webs. Ecol. Lett.
2014. DOIL: 10.1111/ele.12226.

wileyonlinelibrary.com/journal /rcm

Copyright © 2014 John Wiley & Sons, Ltd.

Rapid Commun. Mass Spectrom. 2014, 28, 448-456


http://www.R-project.org/



