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Stable isotope analysis is often used to determine dietary origin in ecological studies. Lipids are depleted in >C
compared with protein and, so, variation in lipid content can confound interpretations of diet. To avoid this
issue, lipids can be extracted from samples prior to stable isotope analysis. The most common solvent used for
lipid extraction, chloroform-methanol, is toxic and cannot be used in some laboratories. Here, the use of chloro-
form-methanol as a solvent was compared with an alternative method that uses petroleum ether as a solvent
(N = 32 eggs from seven species). The 5'3C values using both methods were highly correlated (R? = 0.99) but
values derived from samples that were lipid-extracted using chloroform-methanol were enriched in 'C by
0.90 £ 0.07%. compared with samples that were lipid-extracted using petroleum ether. The C:N ratio was
3.60 £ 0.02 (s.e.) for chloroform-methanol and 4.25 4 0.03 for petroleum ether implying that chloroform-
methanol (which is more polar) more completely extracted lipids than petroleum ether. Furthermore, §'°N
values derived from samples that were lipid-extracted using chloroform-methanol were enriched in >N by
0.41 4 0.05%. compared with samples that were lipid-extracted using petroleum ether. In conclusion, lipid
extraction by chloroform-methanol more thoroughly removes lipids than lipid extraction by petroleum ether
and consequently 6'3C is higher after lipid extraction by chloroform-methanol than after lipid extraction by
petroleum ether. An algebraic correction formula for each method is provided.
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1. Introduction

Stable isotopes can be used as tracers for the dietary origin of tissue
in wild animals (Rubenstein and Hobson, 2004; Inger and Bearhop,
2008). In particular, stable isotope ratios are often used to disentangle
variation in contaminant levels associated with diet from variation asso-
ciated with environmental factors (Elliott and Elliott, 2013; Braune et
al., 2014, 2015; Miller et al., 2014, 2015). However, lipids are depleted
in '>C compared with protein and variation in lipid content can con-
found interpretation of diet (De Niro and Epstein, 1977; Post et al.,
2007; Ricca et al,, 2007; Oppel et al., 2010). It is therefore usually neces-
sary to chemically extract lipids from samples used to measure stable
isotope ratios, or to algebraically account for such effects (Sotiropoulos
et al., 2004; Sweeting et al., 2004, 2006; Post et al., 2007; Bodin et al.,
2007; Kojadinovic et al., 2008; Mintenbeck et al., 2008; Kaufman et al.,
2014).

Several methods have been used to chemically extract lipids from
tissues. The most common method uses chloroform-methanol as a sol-
vent (Folch et al., 1957; Bligh and Dyer, 1959). However, because
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chloroform is toxic, those methods cannot be used in some laboratories,
and petroleum ether, hexane and ethyl acetate/alcohol are used as alter-
native solvents (Chambellant et al., 2008; Elliott et al., 2014). As both
chloroform-methanol and ethyl acetate are more polar than petroleum
ether or hexane, those compounds extract a greater proportion of polar
compounds, including proteins, than petroleum ether or hexane
(Dobush et al., 1985). As a result, stable isotope values on tissue extract-
ed with polar solvents tend to be more enriched in '3C and '°N than tis-
sue extracted with non-polar solvents (Logan and Lutcavage, 2008).
However, some studies have found no difference between techniques
(Schlechtriem et al., 2003; Chambellant et al., 2008). To be able to com-
pare among studies, it is important to understand whether different
chemical extraction methods affect stable isotope values. To the best
of our knowledge, no study has compared different lipid extraction
techniques on lipid-rich tissue, such as avian egg tissue, which would
be expected to be particularly susceptible to such bias.

An alternative to chemical extraction is algebraic correction where-
by the effect of lipids is accounted for algebraically based on the ratio
of carbon to nitrogen in the sample (Post et al., 2007; Logan et al.,
2008; Lesage et al., 2010). Although such corrections are up to five
times less precise (Ehrich et al., 2010; Tarroux et al., 2010; Yurkowski
etal., 2015), algebraic corrections are common in the literature because
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of the time, cost and logistics required for chemical lipid extraction, and
because chemical extraction alters nitrogen and sulfur stable isotope ra-
tios (reviewed for avian egg tissue in Elliott et al., 2014) necessitating
two sets of analyses. Furthermore, for analyses of lipophilic contami-
nants, that are principally stored within lipids, the dietary origin of
lipids may be more important than the dietary origin of proteins. Alge-
braic correction methods may be more useful for such datasets (Elliott
et al., 2014). Regardless, if different extraction methods influence stable
isotope ratios, then different algebraic correction formulae will be need-
ed for each method and the comparability of the different equations
needs to be considered (Logan and Lutcavage, 2008).

The current manuscript compares the carbon and nitrogen stable
isotope values derived from two methods of chemical extraction: chlo-
roform-methanol and petroleum ether. Values in lipid-rich eggs were
measured from the suite of aquatic birds used as indicator species for
monitoring of environmental contamination by Environment Canada
on the Pacific coast of Canada (Elliott et al., 1989; Elliott et al., 1992).
As chloroform-methanol is more polar than petroleum ether, it was hy-
pothesized that chloroform-methanol would extract more lipids while
at the same time removing a higher proportion of proteins, such as
membrane-bound proteins and proteins with a high proportion of hy-
drophobic amino acids. As such, it was predicted that chloroform-
methanol would lead to enriched 3C and >N and lower C:N ratio rela-
tive to petroleum ether.

2. Methods

Egg homogenates were obtained from the Environment Canada's
Specimen Bank for seven species of aquatic birds: osprey (Pandion
haliaetus, N = 1), double-crested cormorant (Phalacrocorax auritus,
N =5), Leach's storm-petrel (Oceanodroma leucorhoa, N = 9), rhinocer-
os auklet (Cerorhinca monocerata, N = 8), pelagic cormorant
(Phalacrocorax pelagicus, N = 4), great blue heron (Ardea herodias,
N = 3) and ancient murrelet (Synthliboramphus antiquus, N = 2). The
suite of species included species that foraged over a range of habitats,
from off the continental shelf (storm-petrels) to freshwater lakes (os-
preys). As part of Environment Canada's contaminant monitoring pro-
gram, many samples were lipid-extracted via petroleum ether in the
past (petroleum ether was the primary option available at the Pacific
Wildlife Research Centre, Ottawa, Canada, due to health and safety con-
cerns with chloroform) while more recent samples were processed at
the National Wildlife Research Centre using chloroform-methanol.

In each case, eggs were collected in the field, homogenized in the lab,
frozen, thawed for the current analyses, freeze-dried, lipid-extracted,
dried again and encapsulated for stable isotope analyses. One sub-sam-
ple was left non-lipid-extracted, one sub-sample was lipid-extracted
using a Soxhlet apparatus with petroleum ether as the solvent, and
one sub-sample was lipid-extracted using 2:1 chloroform:methanol.
For the Soxhlet extractor, a thimble filled with dried sample was placed
in the extractor and washed with petroleum ether at 94°C for 8 h. For the
chloroform-methanol, approximately 2 mL of 2:1 chloroform:methanol
was added to the samples and removed until the supernatant was clear,
indicating that lipids had been extracted (Bligh and Dyer, 1959). The sol-
vent was then distilled off and the residue dried for 60 min in a drying
oven. Stable isotope analysis on encapsulated samples occurred at the
Hatch laboratory (University of Ottawa) via combustion on a Cube ele-
mental analyzer (Elementar, Hanau, Germany) followed by “trap and
purge” separation and on-line analysis by continuous-flow with a
DeltaPlus Advantage isotope ratio mass spectrometer coupled with a
ConFlo III (both from Thermo Fisher Scientific, Waltham, USA). Internal
standards covering the natural range of carbon and nitrogen isotope ra-
tios were (8'°N, & '3C): C-51 Nicotiamide (0.07%., — 22.95%.), C-52 mix
of ammonium sulfate + sucrose (16.58%., — 11.94%), C-54 caffeine
(—16.61%., —34.46%.) and blind standard C-55: glutamic acid
(—3.98%., —28.53%.). All 5'°N values are reported relative to air and
normalized to internal standards calibrated to international standards

IAEA-N1 (+0.4%.), IAEA-N2 (+20.3%.), USGS-40 (—4.52%.) and
USGS-41 (47.57%.). All 8'3C values are reported relative to Pee Dee Bel-
emnite and normalized to internal standards calibrated to international
standards IAEA-CH-6 (—10.4%.), NBS-22 (—29.91%.), USGS-40
(—26.24%.) and USGS-41 (37.76%). The blind C-55 standards (N =
3), not used for calibration, had an average value of 5"°N = —3.97 (ex-
pected value of —3.89) and §'C = —28.57 (expected value of 28.50).
The analytical precision on the standards was 0.05 (s.d.) for 6'C and
0.10 for 5'°N and on egg duplicates was 0.11 for 6'C and 0.15 for
5'°N. Samples were included in the same set of eggs used by Guigueno
et al. (2012) and Elliott et al. (2014), and more details are described
therein. All of the stable isotope raw data used in this manuscript are
in the Data Appendix, which also provides the location of collection.
Linear regressions (R 3.0.3) were used to correlate lipid-extracted
values of 5'C and 6!°N using petroleum ether as a solvent with lipid-ex-
tracted values using chloroform-methanol as a solvent. Pairwise t-tests
were used to test for significant differences between the lipid-extraction
methods at an a-value of 0.05. All values shown are mean + SE.

3. Results

Carbon isotope values (6'3C) for petroleum ether-extracted tissue
were highly correlated with values for chloroform-methanol extracted
tissue (linear regression: tzo = 54.85, P < 0.0001, R?> = 0.99). Nitrogen
isotope values (6'°N) petroleum ether-extracted tissue were also highly
correlated with values for chloroform-methanol extracted tissue (linear
regression: tzp = 29.12, P<0.0001, R? = 0.97). However, the '3C values
for petroleum ether-extracted tissues were significantly lower than &'3C
values for chloroform/methanol-extracted tissues by 0.90 + 0.07%. for
813C (pairwise t3o = 12.92, P < 0.0001) and 0.41 & 0.05%. for 6'°N
(pairwise t3p = 8.91, P <0.0001; Fig. 1). The C:N ratio was higher for pe-
troleum ether-extracted tissue (4.26 + 0.03) than chloroform-methanol
extracted tissue (3.61 + 0.02; pairwise t3p = 15.60, P = 0.04; Table 1).
There was no relationship between C:N ratio after lipid-extraction and
the change in 8'3C (petroleum ether: t;; = —0.06, P = 0.95, R?> =
0.00; chloroform-methanol: t3; = — 1.46, P = 0.15,R* = 0.09) implying
that lipids were uniformly extracted.

5
O Chloroform-Methanol

® Petroleum ether

13 13
& cll|:m‘.|-extrac‘ted"5 cnon-extracted

4 6 8 10 12
C:N Ratio

Fig. 1. The effect of lipid extraction method on carbon stable isotope ratios as a function of
the C:N ratio. For petroleum ether (solid line): 8"*Ciipid-extracted = 8'~Cron-extracted + 3.35 *
Ln(C:N Ratio) - 4.89. For chloroform-methanol (dashed line): 8"*Ciipig-extracted = 8" *Cnon-
extracted + 3.94 = Ln(C:N Ratio) - 5.21.
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Table 1.

The carbon and nitrogen stable isotope values and bulk mass ratios for seven species of
seabird eggs collected in British Columbia that had either not been extracted or lipid ex-
tracted with chloroform-methanol or petroleum ether.

Non-extracted Chloroform-methanol Petroleum ether

C:N ratio’ 7.91 + 0.26 3.61 +0.02 4.26 + 0.03
Average 5'>C —21.14+069  —18.26 +0.63 —19.16 + 0.66
Average 6'°N 13.57 4+ 0.27 14.69 + 0.24 14.28 + 0.24

1 According to the chicken albumin sequence from McReynolds et al. (1978), pure al-
bumin consists of 1746 carbon atoms and 458 nitrogen atoms for a C:N ratio of ~3.3.

4. Discussion

Lipid extraction method influenced the stable isotope values with
both §'3C and '°N being enriched in the heavier isotopes when using
the polar solvent (chloroform-methanol) compared with the non-
polar solvent (petroleum ether). Logan and Lutcavage (2008) likewise
found that polar solvents caused increases in 6'C and 6'°N compared
with non-polar solvents. Given the influence on 6'°N and the C:N
ratio, it is likely that, compared with non-polar solvents, polar solvents
extract a greater degree of nitrogenous waste products (i.e. uric acid),
hydrophobic proteins, including membrane-bound proteins, and hy-
drophobic free amino acids, as well as lipids (Bearhop et al., 2000;
Hussey et al., 2012). Specifically, polar solvents remove proteins rich
in hydrophobic amino acids (Dobush et al., 1985), some of which,
such as phenylalanine, do not enrich with trophic level and therefore
have a low value of 8'°N. Given that values derived from both polar
and non-polar solvents were highly correlated, either method is likely
reliable for studies that rely on relative 6'>C/6'°N values, such as toxico-
logical studies that simply correlate contaminant levels against 6'3C/
51°N values. However, the absolute 8'3C/6'°N values derived from
each method cannot be directly compared. For instance, it is not reliable
to estimate diet of predators using 6'3C values for predators derived
using one lipid extraction method and §'3C values for prey derived
using another lipid extraction method, as such diet reconstruction relies
upon absolute 5'>C values.

Due to the differences between the methods, two different arithmetic
correction equations for bird eggs are available dependent on solvent:

Petroleum ether: 8" Clipid-extracted = 8'>Chon-extracted + 3-35 * Ln(C:N
Rationonfextracted) -4.89.

Chloroform-methanol: 8">Ciipid_extracted = 8'>Cron-extracted + 3.94 *
LH(CIN Rationon—extracted) -5.21.

Provided such equations are applied uniformly, either equation can
be used. The C:N ratio for chloroform-methanol-extracted tissue was
only 8% above the expected value for pure albumin, whereas the C:N
ratio for petroleum-ether-extracted tissue was 28% above the expected
value for pure albumin. As the C:N ratio correlates with percent lipid in
tissue (Post et al., 2007; Logan et al., 2008; Yurkowski et al., 2015), it is
clear that chloroform-methanol extracted almost all lipids whereas pe-
troleum ether did not extract all lipids—which is also to be expected be-
cause petroleum ether is less polar than chloroform-methanol and
therefore will not extract polar lipids. Although chloroform-methanol
may appear to be a better choice because it more completely extracted
all lipids, the goal of lipid extraction is to provide a homogeneous ma-
trix, and in that case petroleum ether may perform equally well; the pe-
troleum ether equation explained more of the variance, implying that
the end result was more homogeneous.

The discrepancy between the two solvents explains why the slope in
the equation for petroleum ether is lower than that proposed by other
researchers using chloroform-methanol (Fig. 1D Elliott et al., 2014),
and may also explain discrepancies among the different equations pres-
ent in the literature (Ehrich et al., 2010; Yurkowski et al.,, 2015).
Sardenne et al. (2015) found little correlation between §'>C values in
tuna muscle lipid-extracted using dichloromethane and &'>C estimated
using arithmetic correction factors derived from experiments using
chloroform-methanol, and concluded that “published estimates from

other species cannot be used”. The difference may be partially due to
variation in solvent rather than species-specific differences. Within
studies that use chloroform-methanol as a solvent, the ratio of chloro-
form to methanol varies from 2:1 to 9:1, and some of the variation in
the transferability of equations from one study to another may be due
to variation in solvent ratio.

No extraction technique extracts all lipids and leaves all non-lipids
intact, and ‘lipid extraction’ is an approximate term (Bearhop et al.,
2000; Hussey et al., 2012). Indeed, some studies have found a weak re-
lationship between percent lipids and the C:N ratio because lipid extrac-
tion techniques extract more than just lipids (Yurkowski et al., 2015).
The polar solvents presumably removed a larger proportion of lipids
and non-lipids alike and the simpler matrix provided by chloroform-
methanol extraction would therefore be more appropriate for quantita-
tive diet studies.

Arithmetic correction may be preferable to chemical extraction for
many contaminants studies because it is the dietary origin of lipids
that determines the tissue burden of many contaminants (Elliott et al.,
2014). For instance, the brominated flame retardants measured in an-
cient murrelet eggs likely originated from winter feeding off Asia
(Miller et al., 2014, 2015). If murrelets switched their winter, but not
pre-breeding, diet from invertebrates to fish over the course of several
years, with a consequent increase in flame retardant levels associated
with a change in carbon isotope signature, the association with a dietary
switch would not be detected in the stable isotope values measured on
lipid-extracted egg samples because the remaining protein would be
derived from pre-breeding diet in British Columbia. In that case, re-
searchers would erroneously conclude that flame retardant levels
were increasing when, in fact, they may have been stable while it was
diet that changed. Although chemical extraction is more precise than ar-
ithmetic correction (e.g. 95% of average triplicate values within 0.1%. in-
stead of 0.3%. within the current dataset), it is not clear that it is more
accurate as >N and '3C may be incorporated into different compounds,
including hydrophobic amino acids, between diet and consumer. Given
that most researchers do not know exactly what compounds are re-
moved by the solvents they are employing, arithmetic correction is a
useful alternative to chemical extraction.
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