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INTRODUCTION

The geochemical characteristics of aquatic ecosys-
tems are influenced regionally by a number of factors,
including land proximity, atmospheric circulation,
water mass physico-chemical characteristics, geology,

degree of urbanization, and agricultural development
(Brown 1976, Goericke & Fry 1994, Painter et al. 1994,
Vitousek et al. 1997, Fry 2006). Geochemical charac-
teristics are reflected to some extent in tissues of bio-
logical components of ecosystems and may be ampli-
fied through the food chain (Outridge et al. 1997,
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tope ratios and concentrations of 14 trace elements can be accurately predicted from dimethyl sulfox-
ide (DMSO)-preserved mammal skin, which would provide equivalent estimates to that from unpre-
served tissue. We tested 3 lipid-correction approaches for applicability to cetacean skin, a largely
unexplored taxon and tissue, and provide a model for evaluating impacts of errors from lipid extrac-
tion or normalization on diet composition estimated using isotopic mixing models. DMSO had unpre-
dictable effects on trace element concentrations, rendering DMSO-preserved samples inefficient for
retrospective studies. However, lipid extraction and DMSO preservation resulted in predictable and
similar, although not identical, effects on isotopic signatures across 4 cetacean species with different
skin structure and thickness, making correction for these effects a potentially viable alternative to
lipid and DMSO extraction. Generally, lipid-normalization models were reliable when applied to
cetacean skin, as errors were similar to those from other species or tissues. Because model fit gener-
ally improved with data specificity, developing tissue- and species-specific parameters and equations
is probably more important than model choice, although the mass-balance model was considered the
most robust across aquatic vertebrates and tissues. The effects of errors associated with the various
treatments and lipid normalization on isotopic mixing results increased as the isotopic distance
among prey sources decreased, suggesting that empirical corrections as an alternative to δ13C deter-
mination from lipid-extracted duplicate samples need to be evaluated a priori relative to study objec-
tives and anticipated results.
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Atwell et al. 1998, Hobson et al. 2002). As a result,
chemical tracers such as naturally occurring carbon (C)
and nitrogen (N) stable isotopes, or trace elements are
increasingly used in ecological studies to examine
trophic relationships, habitat use, and migratory pat-
terns of wildlife species (e.g. Das et al. 2003, Busta-
mante et al. 2006, Crawford et al. 2008). Long-term
changes in these tracers are of particular interest in the
context of global warming and for monitoring trends in
the structure and productivity of ecosystems (e.g.
Schell 2000, Smetacek & Nicol 2005). As a result, there
has been a growing interest in using archived material,
which raises the issue of preservation adequacy (e.g.
Renaud et al. 1995, Barrow et al. 2008). Preservation
techniques vary depending on initial intent for tissue
archival, and generally include immersion in formalin
and/or ethanol, or immersion in dimethyl sulfoxide
(DMSO) saturated with NaCl, as well as freezing.
Accurately predicting effects of solvents on chemical
tracers would allow for the use of archived samples in
long-term studies of trophic ecology and habitat use of
aquatic species.

Studies using isotopes or trace elements with ani-
mals from lower taxa generally rely on the analysis of
the whole body or internal organs (e.g. muscle, liver,
etc.) of dead specimens. In the field of cetacean
research, where captures are often unrealistic, remote
biopsy sampling of skin (and underlying fat or blubber)
represents a common technique for obtaining informa-
tion on trophic ecology, reproductive status, stock
identity, or contamination of individuals (e.g. Borobia
et al. 1995, Parsons et al. 2003, Krahn et al. 2007,
Amaral 2010). Although the recommendation is for
low-temperature cryogenic preservation (Sweeting et
al. 2004, Budge et al. 2006), possibilities for retrospec-
tive ecological studies of marine mammals, and par-
ticularly cetaceans, commonly arise from DMSO-
preserved tissue banks collected for the purpose of
genetic analyses. However, biases in C and N isotope
ratios or trace element concentrations associated with
DMSO preservation are not fully understood (Hobson
et al. 1997, Todd et al. 1997, Wanek et al. 2001, Barrow
et al. 2008).

Over the last 5 yr, there has also been a growing con-
cern that methods traditionally used for preparing
samples for stable isotope analyses may incorporate
significant bias. The 13C depletion of lipids relative to
protein (DeNiro & Epstein 1977, McConnaughey &
McRoy 1979) and biases they may cause to our inter-
pretation of trophic ecology (e.g. Kiljunen et al. 2006,
Murry et al. 2006) led to a growing consensus about
the need to extract lipids or account for their effects
(Post et al. 2007). Until recently, lipid extraction prior to
isotope analyses was the accepted approach. This pro-
cedure was based on the untested assumption that an

absence of nitrogenous components in chemical sol-
vents used for lipid extraction would not significantly
alter δ15N values of tissue. However, recent studies on
a variety of freshwater or marine invertebrates and
vertebrates documented an enrichment in δ15N as a
result of lipid extraction (e.g. Pinnegar & Polunin 1999,
Sotiropoulos et al. 2004, Murry et al. 2006, Sweeting et
al. 2006, Mintenbeck et al. 2008), although other stud-
ies documented negative or no effects of lipid extrac-
tion on δ15N values (Bodin et al. 2007, Ricca et al. 2007,
Barrow et al. 2008, Logan & Lutcavage 2008). The vari-
ability observed in the degree of N enrichment indi-
cated the need to evaluate solvent effects on various
tissues and species (Sotiropoulos et al. 2004). As an
alternative to lipid extraction, some authors have pro-
posed models for lipid normalization of δ13C values
(McConnaughey & McRoy 1979, Alexander et al. 1996,
Fry et al. 2003). However, their applicability across
taxa and tissues has been questioned, and alternative
models have been proposed in some cases (e.g. Satter-
field & Finney 2002, Kiljunen et al. 2006, Sweeting et
al. 2006, Bodin et al. 2007, Post et al. 2007, Smyntek et
al. 2007, Mintenbeck et al. 2008, Logan et al. 2008),
although none were developed in the perspective of
use with marine mammals or skin tissue. Errors intro-
duced by lipids or models to account for them may bias
interpretations of trophic ecology of species, especially
when isotopic sources are not far apart (Post et al.
2007).

Here, we determine whether stable C and N isotope
ratios and concentrations of 14 trace elements can be
accurately predicted and restored from DMSO-
preserved samples so as to provide equivalent esti-
mates as from unpreserved tissue. Lipid-normalization
approaches currently proposed for muscle or whole
body of other aquatic taxa in place of lipid extraction
are tested for their applicability to a tissue and taxon
that have been largely unexplored, the skin of
cetaceans. Errors introduced by correcting for effects
of DMSO and lipid extraction are modeled for their
impacts on diet estimates issued from isotopic mixing
models (Phillips & Gregg 2003, Semmens et al. 2009,
Parnell et al. 2010). Members of the 2 sub-orders of
cetaceans, Odontoceti (beluga and harbor porpoises)
and Mysticeti (bowhead whales and 3 species of Bal-
aenopteridae), are examined to contrast results among
species with different skin structure and thickness
(Sokolov 1982).

MATERIALS AND METHODS

Data collection and sample preparation. Skin sam-
ples (n = 127) were obtained from 6 species of 4 fami-
lies of odontocete or mysticete, including the Mon-
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odontidae (n = 46 beluga whales Delphinapterus leu-
cas), Phocoenidae (n = 20 harbor porpoises Phocoena
phocoena), Balaenopteridae (n = 24, including 19
minke whales Balaenoptera acutorostrata, 4 finback
whales Balaenoptera physalus, and 1 humpback whale
Megaptera novaeangliae), and Balaenidae (n = 37
bowhead whales Balaena mysticetus). A block of tissue
(10 × 10 cm) consisting of skin, full blubber depth, and
underlying muscle was collected post mortem from
well-preserved to moderately decomposed specimens
(codes ≤3, Geraci & Lounsbury 1993) found stranded
(beluga, minke, finback, and humpback whales) or
bycaught in gillnet fisheries (harbor porpoises) in the
Gulf of St. Lawrence, Canada. Samples from stranded
specimens were taken from the side of the animal
unexposed to the sun to ensure maximum freshness.
Skin tissue (~0.25 g wet weight) was also collected
from free-ranging bowhead whales through remote
biopsy sampling, and stored in cryovials. Tissues from
dead whales were wrapped into aluminum foil and
placed in air-tight plastic bags. All samples were
stored at –20°C until analyses.

The pigmented skin (i.e. the epidermis) was excised
from dermis and hypodermis (subcutaneous fat layer)
using a sterile hexane-rinsed scalpel while samples
were still frozen. Each sample was split into 2 pieces
and stored in clean borosilicate glass scintillation vials
(with white urea caps and cork foil liner). Half of the
sample was returned immediately to the freezer,
whereas the second half was immersed in a DMSO
solution (20% vol.) of deionized water saturated with
NaCl and stored at 4°C for 1 yr. All samples were
placed in aluminum cups, freeze-dried to a constant
mass, and ground to a powder (Wig-L-Bug, Crescent
Dental Mfg.). Freeze-drying was preceded by a 3-
wash rinse using deionized water in the case of
DMSO-preserved samples; no rinsing was performed
for frozen samples.

Except for bowhead whale biopsies, which were
used in 1 test only given their small size, samples
stored in DMSO or kept frozen were split into 2 pieces
of ~2 g each. One set of subsamples (i.e. 1 frozen and 1
DMSO-preserved) received no further treatment prior
to isotope and trace-element analyses to test for effects
of the preservative (DMSO). A second set of subsam-
ples from the 3 species group and the bowhead whale
biopsies were lipid-extracted to evaluate effects of this
procedure on frozen and DMSO-preserved samples.
Two subsamples of DMSO-preserved beluga tissue
were used to assess the efficacy of a 3-wash rinsing
versus a 24 h soak in deionized water for the partial
elimination of DMSO prior to lipid extraction.

Lipid extraction was conducted using ~0.2 g of dried
material and a solvent consisting of a mixture of chlo-
roform and methanol (2:1 v/v). Skin tissue was placed

in a glass tube with 10 ml of the solvent mixture, soni-
cated for 10 min, and stored overnight at 4°C with gen-
tle shaking. The sample was centrifuged for 10 min
and supernatant removed (Folch et al. 1957). The
extraction procedure was repeated 3 times, after which
a test for complete extraction was performed using sul-
fophosphovanillin (Barnes & Blackstock 1973). Follow-
ing lipid removal, samples were dried by evaporation,
rinsed with distilled water, dried overnight at 50°C,
and powdered again.

Chemical analysis. Stable-isotope analysis: Samples
were analyzed for stable C and N isotope ratios using a
continuous-flow stable-isotope mass spectrometer cou-
pled to a Carlo Erba elemental analyzer (CHNS-O EA-
1108) (Environmental Isotope Laboratory, University of
Waterloo, Canada). Isotope ratios are expressed in
delta (δ) notation as parts per thousand (or per mil, ‰)
differences from a standard (R standard), i.e. carbonates
from Vienna Pee Dee Belemnite (PDB) limestone
(using the Vienna PDB scale) for δ13C and atmospheric
N for δ15N, following:

δX =  [(Rsample/Rstandard) – 1] × 1000 (1)

where X is 13C or 15N and R is the corresponding
13C/12C or 15N/14N ratio. Analytical error based on
replicate analyses of samples (n = 54) and laboratory
standards was 0.1‰ for both δ13C and δ15N. Values for
C:N ratios are reported based on uncorrected percent-
age element data.

Trace element concentrations: Freeze-dried homog-
enized samples (~0.05 g) were accurately weighed,
and digested in 1 ml of high-purity concentrated HNO3

and 0.5 ml of H2O2 (30% v/v) at 65°C for 2 h. The min-
eralized samples were diluted to 50 ml with nanopure
water. An autosampler (ASX-510 Autosampler Agilent
1100 Series) was used to introduce samples into the
inductively coupled plasma ionizer linked to a mass
spectrometer (ICP-MS, Octopole Reaction System Agi-
lent 7500c) for analysis of 14 elements (beryllium [Be],
vanadium [V], chromium [Cr], manganese [Mn], iron
[Fe], cobalt [Co], nickel [Ni], copper [Cu], zinc [Zn],
arsenic [As], selenium [Se], cadmium [Cd], barium
[Ba], and lead [Pb]). Multielement Standard Solution
IV, in which HNO3 10% was added to 50 ml of nano-
pure water, was used to prepare 7 standard solutions
and develop calibration curves.

Possible contamination during the analytical process
was assessed through the analysis of blank samples,
consisting of a solution of 9 ml of nanopure water and
1 ml of 10% HNO3. Precision and accuracy of the
method were assessed using certified reference mater-
ial (dogfish liver DOLT-2, National Research Council of
Canada). Procedural blanks and standards were dis-
tributed among whale sample batches and submitted
to the same digestion and analytical procedure as skin
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samples. Analyses were done in triplicate for each
sample and coefficients of variation were <5% in all
cases. Concentrations of trace elements are expressed
on a dry-weight (dry wt) basis. Element-specific de-
tection limits were given by samples of low value
and/or blank samples and were <0.01 (Co, As, Mn, Pb,
Be, Cd, Ba, V), 0.03 (Ni, Cr), 0.07 (Cu, Zn), 0.6 (Fe), and
0.1 (Se) µg g–1 dry wt.

Data treatment. Lipid normalization of C isotopic
signatures: Four lipid-normalization models for C iso-
tope ratios were tested using data from all species
groups except bowhead whales. The first model,
developed by McConnaughey & McRoy (M&M) (Mc-
Connaughey & McRoy 1979; see also McConnaughey
1978) for the whole body of various marine vertebrates
and invertebrates, including marine birds and mam-
mals, requires information about 3 parameters: lipid
content L, the proportions of C and N in the untreated
sample (C:N), and the isotopic difference (in ‰)
between pure lipid and pure protein D. This model is
based on the following equations:

(2)

(3)

where δ13C and δ13C’ are the measured and lipid-
normalized values of the sample, respectively, D
defines the slope of the curve, and I is a constant. The
M&M model assumed a D of 6‰ and an I of –0.207
(McConnaughey 1978), using a ‘strong theoretical
background based on biological rationale’ (Kiljunen et
al. 2006). Kiljunen et al. (2006) re-estimated D and I
and concluded that the best fit for their freshwater,
estuarine, and marine fish muscle data was obtained
with D = 7.018‰ and I = 0.048. In the present study, the
parameters D and I were re-estimated by iteratively fit-
ting the original equations of the M&M model (Eqs. 1 &
2) to our observed data, i.e. δ13C of lipid-extracted and
untreated samples, and C:N of untreated samples,
using the least-squares procedures available in R (R
Development Core Team 2009). This was done assum-
ing that Eq. (2), which was determined to be valid for
muscle tissue of marine fish (Kiljunen et al. 2006) and
whole body of a variety of marine species (Mc-
Connaughey & McRoy 1979), was also valid for
cetacean skin. The model was re-estimated using D
and I from the original model and those obtained by
Kiljunen et al. (2006) as initial values. Iterations were
stopped when convergence reached 1.0 × 10–8. Model
performance was assessed using model efficiency
(EF), an estimate of model fit which is more appropri-
ate for the class of non-linear regressions than the coef-
ficient of determination R2, and which is calculated as
follows:

(4)

where yi is the observed and ŷi the predicted value of
the difference between δ13C and δ13C’ (Mayer & Butler
1993).

Another method to lipid-correct δ13C values uses a
mass-balance approach (Fry et al. 2003), and requires
information on the C:N ratio of untreated samples
(CN), pure protein (CNprotein), and depletion of lipids
relative to protein D:

(5)

CNprotein was obtained from frozen lipid-extracted
skin, i.e. the C:N ratio observed when zero extractable
lipids remained in a sample, and were calculated sepa-
rately for beluga, porpoises, and Balaenopteridae (see
‘Results’). Given that D was unavailable for whale skin,
the mass-balance model was estimated using a D of
6‰, as assumed in the M&M model for marine organ-
isms, as well as using D as estimated by the M&M
model for cetacean skin (overall model) and for each
species separately (species-specific models).

Post et al. (2007), using a wide variety of aquatic and
terrestrial animals, developed a simplified model using
the C:N ratio of untreated samples only:

(6)

Finally, we also proposed a simple linear model
developed from our data, using δ13C values of
untreated whale skin alone, and compared accuracy
with the 3 previous models.

Error effects on mixing models: Effects of errors
associated with sample treatment or lipid normaliza-
tion on results from isotopic mixing models were
examined for models with 1 isotope and 2 end sources
(Phillips & Gregg 2003). Differences in percent contri-
bution of end-member x (Δ%x) for a consumer with a
mean error Δerror in its isotopic signature were calcu-
lated for mean errors of 0.1 to 1.5‰ and differences
between end-members Δsources of 0.5 to 10‰ as follows:

Δ%x = Δerror/Δsources (7)

Statistical analyses: Paired t-tests (α = 0.05) were
used to control for individual variation and to test for
effects of the various treatments on isotope ratios and
trace-element concentrations. Results were cross-vali-
dated using a signed rank test on differences when
distributions deviated from normality, as determined
from a Shapiro-Wilk statistic (Mayer & Butler 1993).
Levene’s test for equal variances was used to exam-
ine effects of lipid extraction on sample variances, as
this test is more robust to deviations from normality
than Bartlett’s test (SAS Institute 1990). Original data
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and residuals from regression analyses were tested
for normality and homoscedasticity. Mean and maxi-
mum errors in δ13C associated with lipid-normaliza-
tion models (linear or non-linear) were assessed from
distribution of residuals, by calculating their mean
absolute error (in ‰) and 95% confidence limits (CL
= 1.96 × SD), respectively (Mayer & Butler 1993). For
regression models, we considered the δ13C value of
frozen lipid-extracted samples as the desirable or true
isotopic value for C, and the δ15N value of frozen
untreated samples as the reference for N (Sotiropou-
los et al. 2004, Sweeting et al. 2006, Mintenbeck et al.
2008). All statistical analyses were performed sepa-
rately for δ13C and δ15N using the SAS software (SAS
Institute 1990) or R package (R Development Core
Team 2009).

RESULTS

Effects of lipid extraction

Lipid-extracted samples were enriched in 13C over
untreated samples (Δδ13C) by an average of 1.78 to
2.55‰ depending on species group, with the largest
effects in Balaenopteridae and the lowest effects in
beluga (paired t-tests: ts = 18.2 to 19.2; all p <
0.0001) (Table 1). Enrichment systematically de-
creased with increasing δ13C values, and in a similar
way for the 3 species groups, as indicated by non-
zero but similar regression slopes (all p < 0.0001;
Fig. 1). The progressive reduction in effects of lipid
extraction with increasing δ13C values resulted partly
from a decrease in fat content—inferred from a
decrease in C:N ratios—with increasing δ13C values
(Fig. 2). The y-axis intercepts were similar for harbor
porpoises and Balaenopteridae, but differed from
that of beluga. As a result, species-specific models
were more adequate, i.e. they resulted in reduced

mean and maximum errors relative to the overall
model (Fig. 1, Table 2). Species-specific models had
coefficients of determination of 0.53 to 0.71, and
resulted in lipid-normalized δ13C values with mean
errors of 0.20 to 0.25‰, and maximum errors (95%
CL) of 0.52 to 0.67‰, depending on species group
(Table 2). Lipid extraction also slightly decreased the
variance of δ13C values in all 3 groups, although
significantly only for Balaenopteridae (Levene’s F =
8.66, p = 0.005).

Effects of lipid extraction were smaller but statisti-
cally significant for δ15N values, and were toward a
mean depletion of 0.14‰ in Balaenopteridae, and
mean enrichments of 0.30‰ and 0.22‰ in porpoises
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Taxon n Treatment δ13C δ13C’ δ15N δ15N’

Beluga 46 Frozen –18.1 ± 0.5 –16.4 ± 0.4 16.3 ± 0.8 16.5 ± 0.8
Delphinapterus leucas 46 DMSO rinsed –19.0 ± 0.7 –16.3 ± 0.5 16.9 ± 0.9 16.9 ± 0.9

11 DMSO no rinse –23.2 ± 0.5 nd 15.2 ± 0.7 nd

Harbor porpoise 20 Frozen –20.1 ± 0.5 –18.0 ± 0.3 14.4 ± 0.7 14.7 ± 0.6
Phocoena phocoena 20 DMSO rinsed –20.6 ± 0.5 –18.1 ± 0.3 14.9 ± 0.6 15.0 ± 0.6

Balaenopteridae 24 Frozen –20.9 ±0.9 –18.3 ± 0.5 13.2 ± 1.4 13.1 ± 1.4
24 DMSO rinsed –21.6 ± 1.0 –18.4 ± 0.5 13.5 ± 1.4 13.4 ± 1.4

Bowhead whale 37 Frozen nd –19.5 ± 0.5 nd 13.2 ± 0.5
Balaena mysticetus 37 DMSO rinsed nd –19.6 ± 0.4 nd 13.2 ± 0.5

Table 1. Mean (±SD) stable-isotope values associated with various treatments of cetacean skin samples. Isotopic values of lipid-
extracted samples are indicated as δ13C’ and δ15N’. Reference treatment for each element is indicated in bold. nd: no data
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Fig. 1. Effects of lipid extraction from frozen skin samples on
δ13C values for beluga (h, solid line), harbor porpoise (n,
dashed line), and Balaenopteridae (+, dotted line). Regression 
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and beluga, respectively (paired t s = –2.0 to 6.4; all p <
0.05; Fig. 3). Regression slopes and intercepts were not
statistically different from 1 and 0, respectively, con-
tributing to high model fit for all 3 species groups
(Table 3). Predictions of δ15N values of frozen un-
treated samples from lipid-extracted samples were

associated with a mean error of 0.14 to 0.25‰, and
maximum error (95% CL) of 0.40 to 0.67‰, depending
on groups (Table 3). Lipid extraction had no effect on
variance of δ15N values (Levene’s F, all p > 0.05).
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Fig. 2. Relationships between C:N ratios and δ13C values of
frozen, untreated skin for beluga (h, solid line), harbor
porpoise (n, dashed line), and Balaenopteridae (+, dotted line)

Species group Model Coefficient ± SEM r2 Mean absolute 95% CL
or EF error (‰) of residuals (‰)

Beluga Linear β = –0.572 ± 0.080*
α = –8.599 ± 1.444* 0.53 ±0.22 ±0.56

Non-linear D = 6.531 ± 0.234*
I = 0.003 ± 0.007 0.93a ±0.25a ±0.67a

Harbor porpoise Linear β = –0.573 ± 0.116*
α = –9.393 ± 2.331* 0.55 ±0.20 ±0.52

Non-linear D = 6.705 ± 0.281*
I = 0.005 ± 0.009 0.95a ±0.24a ±0.66a

Balaenopteridae Linear β = –0.588 ± 0.077*
α = –9.742 ± 1.614* 0.71 ±0.25 ±0.67

Non-linear D = 6.219 ± 0.266*
I = –0.002 ± 0.012 0.93a ±0.31a ±0.98a

All species Linear β = –0.331 ± 0.027*
α = –4.334 ± 0.531* 0.62 ±0.28 ±0.71

Non-linear D = 6.386 ± 0.146*
I = 0.004 ± 0.005 0.96a ±0.44a ±0.60a

aCalculated while excluding residuals from lipid-free skin (used to force model curvature)

Table 2. Parameter estimates of linear (y = β × δ13 Cuntreated + α0) and non-linear (McConnaughey & McRoy 1979; Eqs. 1 & 2) mod-
els for lipid normalization of δ13C values of cetacean skin. The predicted term y represents differences in δ13C between lipid-
extracted and untreated skin.*Statistical significance at α = 0.05. CL: confidence limits; D: isotopic difference between pure lipid 

and pure protein; EF: model efficiency; I: a constant; SEM: standard error of the mean
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Fig. 3. Effects of lipid extraction from frozen skin samples on
δ15N values for beluga (h), harbor porpoise (n), and Bal-
aenopteridae (+). The line corresponds to no difference
between lipid-extracted and non-extracted samples. Regres-
sion coefficients for predicting δ15N values of frozen untreated
samples from lipid-extracted samples are presented in 

Table 3
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The lipid normalization of δ13C values using our data
set and the non-linear model of McConnaughey &
McRoy (1979) provided identical results using either
set of initial parameters D and I, with an estimated D =
4.825 and I = 0.120 and a model efficiency EF = 0.62
(Fig. 4a). However, heteroscedasticity of residuals
especially at low C:N ratios indicated that model
assumptions were not met. The fit was improved by
forcing model curvature, D, using C:N ratios of frozen
lipid-extracted samples, i.e. C:N ratios observed when
zero extractable lipids remained in a sample. These
values were highly stable among the 3 whale species
groups (average of means = 3.18; range of means: 3.15
to 3.20), resulting in an overall average of 3.19 ± 0.02
(±95% confidence interval) for lipid-extracted ceta-
cean skin. Using raw values as x-intercepts resulted in
valid overall and species-specific models (as indicated
by uniform residual distributions) and high model effi-
ciencies (EF = 0.93 to 0.96) (Fig. 4b, Table 2). Mean and

maximum errors associated with lipid
normalization of δ13C values (δ13C’) were
similar for M&M models specific to bel-
uga and porpoises, but lower than for
the model specific to Balaenopteridae
(Table 2). Using the overall non-linear
model in place of species-specific models
resulted in mean biases in δ13C’ of
+0.11‰ for Balaenopteridae, –0.11‰ for
harbor porpoises, and +0.03‰ for beluga.
The non-linear M&M models using both
C:N ratios and δ13C values of untreated
samples as input variables resulted in
consistently higher mean and maximum
errors than species-specific linear regres-
sions using δ13C values alone (Table 2).

The model proposed by Post et al. (2007) did not
appropriately predict δ13C values of lipid-free whale
skin (Fig. 5), probably because it assumed a linear
relationship between C:N and Δδ13C, while this rela-
tionship was in fact non-linear for this tissue and
group of species (Fig. 4). In contrast, the mass-balance
model of Fry et al. (2003) tended to underestimate
lipid-free δ13C values by 0.08 to 0.30‰, although less
so for Balaenopteridae (Table 4). Acknowledging this
deviance, mean absolute errors were comparable
among species when using cetacean- or species-
specific D values. Mean errors, however, remained
higher for all 3 species groups than when using the
species-specific linear models based on δ13C alone.
While these results would suggest a better perfor-
mance of the linear model, the latter resulted in larger
errors than the Fry model.
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Species group Coefficient ± SEM r2
adj Mean  95% CL

absolute of residuals
error (‰) (‰)

Beluga β = 0.894 ± 0.056 0.85 ±0.19 ±0.61
α = 1.535 ± 0.919

Harbor porpoise β = 1.037 ± 0.079 0.90 ±0.14 ±0.40
α = –0.847 ± 1.165

Balaenopteridae β = 0.998 ± 0.053 0.94 ±0.25 ±0.67
α = 0.169 ± 0.698

Table 3. Parameter estimates of linear regressions (y = βx + α) to predict δ15N
values of untreated samples (y) from lipid-extracted cetacean skin (x). Note
that neither slopes (β) nor y-intercepts (α) are statistically different from 1
and 0, respectively. CL: confidence limits, SEM: standard error of the mean
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Effects of DMSO preservation

Stable isotopes

Beluga skin treated with DMSO had δ13C and δ15N
values depleted relative to frozen samples (paired
t-tests: df = 10; p = 0.001 and 0.04, respectively)
(Fig. 6). Depletion was on average of 6.6‰ relative to
δ13C of frozen lipid-extracted samples (SD = 0.5‰;
range: –5.8 to 7.6‰), and of 0.7‰ (SD = 1.0‰; range:
–0.3 to –3.2‰) relative to δ15N of frozen untreated
samples (Table 1). Rinsing of DMSO-preserved sam-
ples prior to isotope analyses reduced the depletion in
13C to 2.6‰ (SD = 0.6‰; range: –1.3 to –4.0‰) rela-
tive to frozen lipid-extracted samples, and resulted in
an enrichment of 0.7‰ (SD = 0.7‰; range: –0.4 to
2.5‰) in 15N over values for frozen untreated samples
(df = 45, each p < 0.0001). Similar results were
obtained for harbor porpoises (Δδ13C = –2.6 ± 0.4‰;
Δδ15N = 0.2 ± 0.3‰, df = 19; both p < 0.0001) and Bal-
aenopteridae (Δδ13C = –3.2 ± 0.8‰; Δδ15N = 0.5 ±
0.3‰, df = 23; both p < 0.003) when comparing
DMSO-rinsed samples to frozen standards for each
element (Table 1). Rinsing methods using 3 washes or
a 24 h soak in distilled water prior to DMSO removal
resulted in values of δ13C (t s = 0.89, df = 9, p = 0.40)
and δ15N (t s = 0.86; df = 9, p = 0.41) that were compa-
rable (mean difference: 0.02 and 0.03‰, respectively)
once samples were lipid-extracted.

Lipid extraction from DMSO-preserved samples
restored C isotopic signatures as if samples had been
frozen and lipid-extracted in all 4 species groups,
including bowhead whales (mean difference: –0.10 to
0.09‰, paired t-tests: all p = 0.07 to 0.23; Fig. 6,
Table 1). However, a mean enrichment in δ15N val-
ues of 0.16 to 0.60‰ depending on species groups
persisted after lipid extraction of DMSO-preserved
samples when compared with frozen untreated sam-
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Model D (‰) Mean deviance  Mean absolute error 95% CL
from model (‰) about the mean (‰) about the mean (‰)

Beluga Porpoise Balaen. Beluga Porpoise Balaen. Beluga Porpoise Balaen.

Simple linear 0.00 0.00 0.00 ±0.22 ±0.20 ±0.25 ±0.56 ±0.52 ±0.67

Mass balance 6.0 –0.25– –0.29– –0.06– ±0.32 ±0.38 ±0.26 ±0.52 ±0.42 ±0.43
6.4 –0.14– –0.17– 0.10 ±0.28 ±0.30 ±0.27 ±0.49 ±0.43 ±0.51
7.0 0.01 0.01 0.35 ±0.25 ±0.23 ±0.40 ±0.49 ±0.50 ±0.70

Species-specific –0.12– –0.08– 0.02 ±0.27 ±0.25 ±0.26 ±0.48 ±0.47 ±0.45

Table 4. Comparison of model results for lipid normalization of δ13C values obtained using the linear model based on δ13C bulk
only (Table 2), and the mass-balance approach (Fry et al. 2003) while varying 13C depletion of pure lipid relative to pure protein
(D) according to values proposed by McConnaughey & McRoy (1979) (M&M; 6‰) for muscle or whole body of marine vertebrates
and invertebrates and Sweeting et al. (2006) (7‰) for muscle of aquatic fish, or those obtained through modeling (using the M&M
approach) for cetacean skin (average: 6.4‰) or for skin of specific cetacean species. CL: confidence limits. Porpoise: harbor 
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ples (p < 0.001 for beluga and harbor porpoises; p =
0.08 for Balaenopteridae; Fig. 6, Table 1). The resid-
ual effect from lipid extraction of DMSO-preserved
samples on δ15N values could not be tested for bow-
head whales due to the lack of frozen untreated sam-
ples for this species. The comparison of lipid-
extracted samples that were or were not preserved in
DMSO indicated no effect of the preservative on
sample variance for δ13C or δ15N values (Levene’s F,
all p > 0.05).

The complete restoration of C signatures and near-
complete restoration of N signatures after lipid extrac-
tion was reflected in the linear regressions by a slope
approaching 1 and a lack of statistical significance of
intercepts (not different from zero) for both isotopes
and all species except beluga (Table 4, Fig. 6). Apply-
ing these regressions for restoring C signatures as if
samples had been frozen and lipid-extracted resulted
in mean errors of 0.15 to 0.35‰ and maximum errors
(95% CL) of 0.43 to 0.56‰ in δ13C values (Table 5).
These errors were similar or smaller than those associ-
ated with the lipid normalization of untreated samples
(Table 2), indicating that preservation in DMSO did
not add to errors related to lipid normalization. In con-
trast, restoration of δ15N values of DMSO-preserved
lipid-extracted samples as if samples had been un-
treated were associated with mean and maximum
errors that were larger than for δ13C or lipid-
normalized values at 0.25 to 0.47‰ and 0.56 to 1.16‰,
respectively (Table 5).

Trace elements

For 9 of 15 trace elements, the absence of a relation-
ship between concentrations observed in frozen and
DMSO-preserved samples (i.e. slope not different
from 0; p > 0.05; r2

adj < 0.03) indicated the inability to
accurately predict trace element concentrations from
DMSO-preserved samples that would have been mea-
sured if samples had been frozen directly (Fig. 7). The
predictive power of linear regressions was higher
(r2

adj = 0.17 to 0.48) for the following trace elements:
51V, 59Co, 66Zn, 75As, 82Se, and 111Cd. However, hetero-
scedasticity of residuals was detected in all 6 cases,
thereby violating model assumptions. Concentrations
were larger in frozen samples than in DMSO-pre-
served samples for 51V and 59Co, whereas the converse
was observed for 75As and 82Se and for 6 of the 9 cases
where no significant relationships were observed
between the 2 treatments. In the latter cases, trace ele-
ments were in concentrations several orders of magni-
tude higher in DMSO-preserved samples than in
frozen samples.

Error effects on isotopic mixing models

The effects of errors associated with the various
treatments and normalization models on isotopic mix-
ing results were largely dependent on isotopic dis-
tances between sources (Fig. 8). Simulations indicate
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Species group y Coefficient ± SEM r2
adj Mean absolute 95% CL

error (‰) of residuals (‰)

All species δ13Clipid-free β = 0.917 ± 0.022*
α = –1.463 ± 0.388* 0.93 ±0.27 ±0.67

δ15Nbulk β = 0.904 ± 0.023
α = 1.161 ± 0.349* 0.92 ±0.33 ±0.95

Beluga δ13Clipid-free β = 0.532 ± 0.095*
α = –7.712 ± 1.547* 0.40 ±0.22 ±0.56

δ15Nbulk β = 0.615 ± 0.097*
α = 5.901 ± 1.641* 0.46 ±0.47 ±1.16

Harbor porpoise δ13Clipid-free β = 0.819 ± 0.153
α = –3.180 ± 2.767 0.59 ±0.15 ±0.43

δ15Nbulk β = 0.987 ± 0.110
α = –0.409 ± 1.664 0.81 ±0.25 ±0.56

Balaenopteridae δ13Clipid-free β = 0.911 ± 0.106
α = –1.548 ± 1.963 0.76 ±0.21 ±0.49

δ15Nbulk β = 0.960 ± 0.066
α = 0.371 ± 0.893 0.90 ±0.33 ±0.85

Bowhead whale δ13Clipid-free β = 0.649 ± 0.196
α = –6.782 ± 3.841 0.22 ±0.35 ±0.86

Table 5. Parameter estimates for predicting δ13Clipid-free and δ15Nbulk values (y) from DMSO-preserved lipid-extracted samples (x)
using linear regressions. *Slopes (α) or y-intercepts (β) that are statistically different from 1 and 0, respectively. CL: confidence 

limits, SEM: standard error of the mean
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that errors in the range of the mean absolute errors
observed in the present study, i.e. from 0.14 to 0.47‰,
resulted in biases of >20 to 50% in predicted contribu-
tions when prey sources differed isotopically by 1‰ or
less. Biases decreased to 18% or less when prey occu-
pied distinct trophic levels, i.e. assuming they differed
by ~3‰ or more.

DISCUSSION

Lipid extraction and preservative effects

The effects of lipid extraction and DMSO preserva-
tion on isotope ratios and trace elements depend on tis-
sue composition, as well as chemical properties of ele-
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ments and solvents. Lipids are depleted in 13C relative
to carbohydrates and proteins (Degens et al. 1968,
DeNiro & Epstein 1977, Smyntek et al. 2007). Lipid
extraction caused an enrichment of δ13C values that
was within the range of those from a variety of tissues
and aquatic organisms. The magnitude of 13C deple-
tion varied among studies, primarily as a result of fat
content, with lipid-rich tissues generally showing the
largest depletions (Todd et al. 1997, Pinnegar & Pol-
unin 1999, Kurle & Worthy 2002, Schlechtriem et al.
2003, Sotiropoulos et al. 2004, Kiljunen et al. 2006,
Murry et al. 2006, Sweeting et al. 2006, Bodin et al.
2007, Post et al. 2007, Ricca et al. 2007, Smyntek et al.
2007, Barrow et al. 2008, Logan & Lutcavage 2008,
Logan et al. 2008, Mintenbeck et al. 2008). In these
studies, the effects of lipid extraction on δ15N values
were more variable but were generally toward a mean,
not always significant, enrichment of ≤1.6‰, a range
that encompassed values obtained in the present
study. Mechanisms leading to N loss (Søreide et al.
2006) and δ15N enrichment of tissues require further
investigation. One explanation is leaching of isotopi-
cally light nitrogenous cell components (e.g. amino
acids associated with structural fat or nitrogenous
wastes from cellular respiration of proteins; Bearhop et
al. 2000) through association with extraction solvents
not specific to lipids but to polar and non-polar com-
pounds. The use of less-polar solvents for lipid extrac-
tion was proposed as a means to reduce undesired
leaching of nitrogenous compounds (e.g. Degens et al.
1968, Schlechtriem et al. 2003, Sotiropoulos et al. 2004,
Søreide et al. 2006, Sweeting et al. 2006), but was
recently proven to be inefficient in reaching this goal
(Logan & Lutcavage 2008).

DMSO is a relatively compact molecule and binds to
a variety of tissue constituents including proteins,
carbohydrates, nucleic acids, and ionic substances
(Jacob & Herschler 1975, Szmant 1975). DMSO also

makes hydrogen bonds with water molecules, and
affects cell membrane structure by increasing perme-
ability (Gordeliy et al. 1998). A direct incorporation of
isotopically light C from DMSO (C2H6SO) through
binding with tissue constituents, combined possibly
with a loss of molecules containing the heavier isotope
(see Gearing 1991), may have caused the observed
δ13C depletion of DMSO-preserved samples, an effect
also documented in previous studies (Hobson et al.
1997, Todd et al. 1997, Wanek et al. 2001, Barrow et al.
2008). An assumption underlying this hypothesis,
which could not be verified given that the isotopic sig-
nature of DMSO was not measured in our study, is that
DMSO was isotopically lighter in 13C than skin. In con-
trast with 13C, depletion in 15N was unlikely related to
direct incorporation of DMSO as the latter contains no
N. The 15N depletion, which was also documented for
bird muscle (Hobson et al. 1997) but not as clearly for
turtle epidermis (Barrow et al. 2008), might have been
caused by hydrolysis and leaching of isotopically
heavy cell constituents through a DMSO-induced in-
crease in membrane permeability. The depletion
observed in 13C and 15N was unlikely related to incor-
poration of EDTA into tissue as proposed by Hobson et
al. (1997) because this additive was not used in the pre-
sent study. Water rinsing of DMSO-preserved samples
and lipid extraction probably evacuated isotopically
light compounds, and led to the observed progressive
enrichment of δ13C and δ15N.

The effects of aqueous organic solvents on trace ele-
ment concentrations were not unexpected given the
hydrophilic nature of metal ions; however, they varied
considerably among solvents and elements, and were
previously undocumented for DMSO (e.g. Gibbs et al.
1974, Hamanaka 1981, Renaud et al. 1995, Bischoff et
al. 2008). DMSO had an inconsistent and unpre-
dictable effect on trace element concentrations in
cetacean skin, although in most cases, effects were
towards greater elemental concentrations in DMSO-
preserved than frozen skin, i.e. a positive contamina-
tion. Tissue enrichment in trace elements might have
resulted from various sources of contamination (Renaud
et al. 1995). Trace elements are often used in the pro-
duction of chemical salts such as DMSO or other prod-
ucts. However, the DMSO solution used in the present
study was not analyzed for trace element concentra-
tions, preventing assessment of its relative contribution
as a source of contamination. Trace elements might
also be a constituent of glass vials; addition of an aque-
ous solvent binding to hydrophilic metal ions might
mobilize them and enrich tissues through penetration
of solvent. Our results emphasize the importance of
adequate care at all steps of sample collection, han-
dling, and storage when dealing with trace elements
(Nriagu et al. 1993) and suggest that DMSO-preserved
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tissues are not appropriate for trace element analysis.
These conclusions could be revisited if it was deter-
mined that DMSO salts are not a source of contamina-
tion, in which case, a strict control of other sources of
contamination would be necessary.

Chemical treatment of samples resulted in similar,
although not identical, effects on isotopic signatures
across cetacean species. These variations likely arose
from differences in skin structure and thickness among
species (Sokolov 1982). Skin of Balaenidae, including
bowhead whales, shares characteristics of both odon-
tocetes and Balaenopteridae (Sokolov 1960). The der-
mis (excluding subcutaneous fat), which is composed
mostly of proteins (collagen and elastin fibers), is usu-
ally thin or absent in cetaceans but is particularly thick
in bowhead whales and Delphinapteridae such as bel-
uga reaching 3 to 5 mm in thickness (Bonin & Vla-
dykov 1940, Sokolov 1982, Haldiman & Tarpley 1993).
Similarly, thickness of the epidermis reaches 5 to
12 mm in beluga and 15 to 24 mm in bowhead whales,
compared to 2 to 3 mm in finback and minke whales,
1.5 to 5.5 mm in humpback whales, 1 to 3 mm in harbor
porpoises, and 1 to 8 mm in other odontocetes (Bonin &
Vladykov 1940, Giacometti 1967, Harrison & Thurley
1974, Ling 1974, Sokolov 1982, Haldiman et al. 1985,
Jones & Pfeiffer 1994). Penetration of DMSO as well as
extraction of this salt with lipids (and attached nitroge-
nous compounds) may be facilitated for species with
thinner epidermis and a lesser amount of connective
protein-rich tissue. More complete and homogeneous
extraction of DMSO and lipids probably explained the
smaller errors in corrected δ13C and δ15N values
observed for porpoises and Balaenopteridae, as well as
the lack of residual effect of DMSO on δ13C in these 2
species groups compared with beluga (Table 5). The
slight δ15N depletion of Balaenopteridae skin following
lipid extraction as opposed to enrichment in porpoises
and beluga, and lesser δ15N enrichment following
DMSO extraction compared to the 2 odontocetes,
might result from a combination of phenomena, but
largely from reduced opportunities for leaching of light
proteins.

When and how to account for lipids or preservatives

Lipid extraction and DMSO preservation had pre-
dictable effects on isotope ratios (Tables 2 to 4), sug-
gesting that correction for lipid content or for immer-
sion in preservative might be envisioned as an
alternative to lipid extraction and DMSO extraction.
This is assuming for DMSO that effects are constant
over time. In turtle epidermis, a change in isotope
ratios was documented over a 60 d immersion into
DMSO and EDTA (Barrow et al. 2008). In our case, tis-

sues were immersed in DMSO (no EDTA) for much
longer (1 yr), specifically to ensure full penetration of
DMSO and salt in tissue and equilibrium with the
medium. We cannot rule out the possibility of longer-
term effects of DMSO on isotopic values given that
subsampling was not performed over the course of the
experiment and beyond 1 yr of storage. However,
based on studies on long-term preservation in ethanol
or formalin, we suspect changes in isotope ratios after
1 yr storage to be insignificant (Edwards et al. 2002,
Sarakinos et al. 2002, Syväranta et al. 2008, Carabel et
al. 2009) and correction curves presented here to be
valid beyond 1 yr storage. However, we caution
against using these corrections for tissues other than
skin, species other than cetaceans, or storage periods
<1 yr.

The proposed solution to the δ15N biases induced by
lipid extraction has been to analyze separate aliquots
of samples for C and N isotopes (Sotiropoulos et al.
2004). The doubling of costs associated with this rec-
ommendation triggered multiple investigations of rela-
tionships between lipid content and C isotope ratios
and circumstances when lipid correction of δ13C values
or lipid extraction may be required (e.g. Sotiropoulos
et al. 2004, Murry et al. 2006, Søreide et al. 2006,
Logan et al. 2008). In general for animal species, the
effects of lipid extraction (Δδ13C) increase as tissue
becomes depleted in 13C (Bodin et al. 2007, the present
study) or with lipid content (Tieszen & Boutton 1989,
Focken & Becker 1998, Sweeting et al. 2006, Layman
et al. 2007, Ricca et al. 2007, Smyntek et al. 2007,
Mintenbeck et al. 2008). In turn, tissue lipid content is
also positively correlated with C:N ratio (Mc-
Connaughey & McRoy 1979, Schmidt et al. 2003,
Sweeting et al. 2006, Post et al. 2007, Smyntek et al.
2007, Logan et al. 2008, Mintenbeck et al. 2008). Lipid-
correction models often incorporate C:N ratio as it can
be readily derived from mass percentage of C and N
during determination of isotope ratios. McConnaughey
& McRoy (1979) assumed a C:N ratio of 4.0 as normal
for muscle or whole body of marine invertebrates and
vertebrates, i.e. any tissue with C:N <4.0 required neg-
ative δ13C correction while anything >4.0 required
positive correction. Their method resulted in correc-
tions <1‰ for fish and benthic invertebrates with C:N
ratios of 3.3 to 5.1. Depletions observed in the present
study following lipid extraction for cetacean skin with
C:N ratios within this range were higher than those
predicted by the M&M model (1 to >2‰; Fig. 4), sug-
gesting that relatively large lipid effects occur even at
low C:N ratios, at least for tissues such as skin. Other
proposals, for instance, to not account for lipids when
restricting analyses to a specific tissue, species, or age-
class (Sotiropoulos et al. 2004) or when C:N ratio is
<3.5 (i.e. below ~5% lipids for aquatic species) (Post et
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al. 2007) or when lipid content is <15% (Ricca et al.
2007), are also not supported by our study (Fig. 2).
Errors of the magnitude observed in our study when
not accounting for lipids are equivalent to or greater
than the 1‰ trophic increment in δ13C values observed
for marine food webs (DeNiro & Epstein 1978, Peterson
& Fry 1987, Caut et al. 2009) and so may introduce sig-
nificant biases in interpretation of food-web structure
and relative placement in the isotopic space (Murry et
al. 2006). Circumstances where lipid content or lipid
extraction have little effect on isotope signatures and
our interpretation of trophic ecology or habitat use are
exceptions rather than the norm, although the signifi-
cance of biases depend on the study questions
(Sotiropoulos et al. 2004, Post et al. 2007, Ricca et al.
2007). We therefore recommend extracting lipids or
correcting for them systematically when interested in
δ13C values unless their insignificance is unequivocally
demonstrated for the tissue and species of interest.

Lipid normalization biases and errors

The usefulness of arithmetical correction of δ13C val-
ues for lipids largely depends on their precision and ac-
curacy, and their reliability and robustness when ap-
plied to a variety of tissues or species. A preference is
generally given to models with fewer assumptions, and
using information easily acquirable. While the Post et
al. (2007) and McConnaughey & McRoy (1979) models
were developed for muscle or whole body of a variety of
aquatic vertebrates and invertebrates, the mass-bal-
ance approach of Fry et al. (2003) was a more general
model, theoretically applicable to any tissue, although
it was proposed in the context of a study on shrimp ecol-
ogy. Similar to Logan et al. (2008), we conclude that, ir-
respective of its type, a model specific to a tissue and
species of interest usually typically fits the data best.
Our simple tissue- and species-specific linear model
was the most precise and accurate of those tested in our
study, as it resulted in no deviance (mean of residuals
from predicted versus observed = 0) and the lowest
mean errors about the mean. This simple linear regres-
sion calculated lipid-free δ13C directly from the mea-
sured δ13Cbulk and therefore required no assumptions as
to the value of other parameters. As a result, we recom-
mend the use of this tissue- and species-specific model
when dealing with 1 of the 3 cetacean species groups
tested. However, when generalized to cetacean skin,
this simple model provided results that were less accu-
rate or precise than models developed for a wider range
of species or tissues (Tables 2 & 4). For instance, the
M&M approach fitted to species-specific data per-
formed better than the simple linear model generalized
to cetacean skin for beluga and porpoises. In turn, the

mass-balance model also performed remarkably well
for skin and the 3 cetacean groups, and better com-
pared to the M&M model, regardless of the D value
used, as mean errors were <0.2 to 0.4‰ and maximum
errors were, with 1 exception, <0.5‰.

Despite these variations, all of the lipid-normaliza-
tion models tested, with the exception of the one pro-
posed by Post et al. (2007), might be considered reli-
able when applied to cetacean skin, as they resulted in
errors no greater than when models were applied to
other species or tissues. These performances were
attained only when key parameters are either known
or allowed to be re-estimated. Similar results were
obtained with other species and tissues. For example,
the M&M model underestimated lipid-free δ13C values
for a variety of tissues of aquatic fish or invertebrates
(Kiljunen et al. 2006, Post et al. 2007, Smyntek et al.
2007). However, refitting the model to the data or
using species- or tissue-specific parameters improved
model fit for aquatic fish (Kiljunen et al. 2006, Logan et
al. 2008). Similar conclusions were obtained with the
mass-balance model when applied to most aquatic ver-
tebrates and some zooplankton species while adjusting
model parameters according to species and tissues
(Sweeting et al. 2006, Smyntek et al. 2007, Logan et al.
2008; but see Mintenbeck et al. 2008). Mixed results
were obtained with aquatic invertebrates, preventing
generalization of lipid-normalization models to these
species and promoting, for now, lipid extraction and
separate analyses for C and N determination as the
best way to account for lipids in these species (Kiljunen
et al. 2006, Logan et al. 2008).

These results emphasize the sensitivity of models to
parameter values. For instance, mass-balance correc-
tion is highly sensitive to C:Nprotein (Sweeting et al.
2006, Bodin et al. 2007); a change in this value from 3.2
to 3.5 doubled mean absolute errors in our study. The
mass-balance model varied little with D values of 6 to
7‰, but other studies documented notable effects on
model results when varying this parameter over a
wider range of values (Smyntek et al. 2007). The
M&M approach was sensitive to both C:Nprotein and
D (Kiljunen et al. 2006, the present study). The M&M
approach also assumes a particular relationship be-
tween lipid content and C:Nbulk that is similar for all
marine vertebrates and invertebrates. In the present
study, we used this relationship directly for estimating
lipid content from C:Nbulk as we did not measure sam-
ple lipid content. The relatively good performance of
the M&M approach supports previous observations
that this equation is relatively accurate and might be
used with a variety of species and tissues (Kiljunen et
al. 2006) although developing species- and tissue-
specific relationships from direct lipid measurement of
a subsample is recommended. Most of the models also
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assume a non-linear relationship between the C:N
ratio and lipid content and Δδ13C because of the expec-
tation that Δδ13C will converge on D at high values of
C:N ratios (McConnaughey & McRoy 1979). Although
supportive of this theory, Post et al. (2007) instead
determined that this relationship was linear, at least
over the range of C:N they measured (approximately 3
to 7) for 22 aquatic animals, and used this relationship
to develop their lipid correction. Our data, particularly
those of Balaenopteridae, which span a wider range of
C:N ratios, support non-linearity of the relationship
(Fig. 4). Values of D for cetacean skin (6.2 to 6.7‰)
were well within the range of those from a variety of
aquatic species and tissues (McConnaughey & McRoy
1979, Kiljunen et al. 2006, Smyntek et al. 2007, Logan
et al. 2008). However, the slight underestimation of
lipid-free δ13C values for beluga and porpoises when D
was <7‰ suggest that D, which was obtained via the
M&M model, was probably closer to 7‰ for these 2
species (as denoted by a zero deviance for D = 7‰).
Along the same lines, the near-zero deviance for a D of
6.2‰ for Balaenopteridae and a C:N ratio of 3.2 for
pure protein of cetacean skin indicate that they were
reasonable values.

The mass-balance model of Fry et al. (2003), which
requires fewer assumptions and parameters, and is not
limited by the span of values for C:Nbulk for model fit
(see Post et al. 2007), might be the most widely and
easily applicable lipid-normalization model for aquatic
species, as it performed reasonably well with a range
of aquatic species and tissues (Sweeting et al. 2006,
Smyntek et al. 2007, Logan et al. 2008; but see Minten-
beck et al. 2008), including cetacean skin in the pre-
sent study. However, analysis of a subsample to deter-
mine C:Nprotein is critical for model adequacy. We also
recommend experimentally determining the δ13C off-
set of lipids relative to protein D directly from samples,
as its estimation using the M&M approach might be
somewhat inaccurate (see above).

The decision to lipid-normalize δ13C values, and thus
to tolerate a certain amount of imprecision in results,
over measuring δ13C from an aliquot of lipid-extracted
samples largely depends on study objectives and
expected results. Errors introduced in δ13C values by
correction for lipid or preservative or in δ15N values by
lipid extraction may distort trophic structure and food-
web placement in the isotopic space, and so might limit
comparisons among studies (Murry et al. 2006). The
effects of errors associated with lipid normalization on
isotopic mixing model outputs increase with the reduc-
tion of the isotopic distance between end members
(Pinnegar & Polunin 1999, Post et al. 2007, the present
study). Although a trophic enrichment of 3 to 4‰ is
expected in δ15N (DeNiro & Epstein 1981, Minagawa &
Wada 1984, Peterson & Fry 1987, Post 2002, Caut et al.

2009) and differences of up to 15‰ exist between some
C sources such as C3 and C4 plants (Kelly 2000, Fry
2006), food sources in many studies of the feeding ecol-
ogy of marine species are often closer isotopically than
these values. For instance, in the Estuary and Gulf of
St. Lawrence, Canada, C sources between marine and
estuarine regions and between benthic and pelagic
systems differ in δ13C by 2 to 3.5‰ and 5 to 9‰,
respectively (Lesage et al. 2001). Maximum differ-
ences in δ15N values between major forage species in
the estuary, i.e. euphausiids (Thysanoessa sp.), Ameri-
can sand lance Ammodytes sp. and capelan Mallotus
villosus or Atlantic herring Clupea harengus, do not
exceed 2.4‰. Using the mass-balance species- and
tissue-specific lipid-normalization model (with mean
and maximum errors of 0.26 and 0.47‰, respectively)
with these values would result in biases of 10 to 22% in
diet contributions. Using predicted DMSO-free δ15N
values would result in errors of up to 50% in prey con-
tribution. Although errors introduced by lipid normal-
ization or other processes are often minimized when
similar to analytical errors from isotopic determination,
they are cumulative as are the sum of 2 variances
(Sokal & Rohlf 1981), and can increase the overall bias
in diet estimates (Stenroth et al. 2006). Consequently,
we recommend lipid extraction of separate aliquots of
samples for determination of δ13C and δ15N values
when maximum precision is needed for estimating diet
composition. Our study provides a model for predicting
the impact of errors anticipated from lipid correction or
preservative extraction on mixing model results, which
can be generalized to other tissues, species, or preser-
vatives.
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