Oecologia (2007) 152:179–189
DOI 10.1007/s00442-006-0630-x

METHODS

Getting to the fat of the matter: models, methods
and assumptions for dealing with lipids in stable isotope analyses
David M. Post Æ Craig A. Layman Æ
D. Albrey Arrington Æ Gaku Takimoto Æ
John Quattrochi Æ Carman G. Montaña

Received: 21 June 2006 / Accepted: 21 November 2006 / Published online: 16 January 2007
 Springer-Verlag 2007

Abstract Within an organism, lipids are depleted in
13
C relative to proteins and carbohydrates (more negative d13C), and variation in lipid content among
organisms or among tissue types has the potential to
introduce considerable bias into stable isotope analyses
that use d13C. Despite the potential for introduced
error, there is no consensus on the need to account for
lipids in stable isotope analyses. Here we address two
questions: (1) If and when is it important to account for
the effects of variation in lipid content on d13C? (2) If it
is important, which method(s) are reliable and robust
for dealing with lipid variation? We evaluated the
reliability of direct chemical extraction, which physi-
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cally removes lipids from samples, and mathematical
normalization, which uses the carbon-to-nitrogen
(C:N) ratio of a sample to normalize d13C after analysis
by measuring the lipid content, the C:N ratio, and the
effect of lipid content on d13C (Dd13C) of plants and
animals with a wide range of lipid contents. For animals, we found strong relationships between C:N and
lipid content, between lipid content and Dd13C, and
between C:N and Dd13C. For plants, C:N was not a
good predictor of lipid content or Dd13C, but we found
a strong relationship between carbon content and lipid
content, lipid content and Dd13C, and between and
carbon content and Dd13C. Our results indicate that
lipid extraction or normalization is most important
when lipid content is variable among consumers of
interest or between consumers and end members, and
when differences in d13C between end members is
<10–12&. The vast majority of studies using natural
variation in d13C fall within these criteria. Both direct
lipid extraction and mathematical normalization
reduce biases in d13C, but mathematical normalization
simplifies sample preparation and better preserves the
integrity of samples for d15N analysis.
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Stable isotopes have emerged as important tools for
addressing questions of plant and animal physiology
(Peterson and Fry 1987; Gannes et al. 1997; Dawson
et al. 2002), paleoecology (Schwarcz and Schoeninger
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1991; Keeling et al. 1995; Finney et al. 2002), material
cycling (Bilby et al. 1996; Kitchell et al. 1999), animal
migration (Hobson 1999), diet composition (Vandermerwe and Vogel 1978; Phillips 2001), niche shifts (Post
2003) and trophic structure (Ponsard and Arditi 2000;
Post et al. 2000; Finlay et al. 2002; Post 2002; Layman
et al. 2005, 2006). All of these applications take advantage of natural variations in stable isotopes ratios (e.g.,
d13C, which is the ratio of 13C to 12C relative to a reference standard) that result from the chemical or biological processes that cause isotopic discrimination (of
fractionation), where discrimination is a change in the
ratio of heavy to light isotopes in a compound after
uptake, processing or transformation. Carbon is particularly valuable for estimating diet sources, identifying
animal movement patterns, and establishing baselines
to estimate trophic position (Peterson and Fry 1987;
Hobson 1999; Post 2002) because it expresses little
trophic fractionation (DeNiro and Epstein 1978;
Peterson and Fry 1987; Post 2002; McCutchan et al.
2003). While trophic fractionation has received considerable recent attention (DeNiro and Epstein 1978;
Peterson and Fry 1987; Post 2002; McCutchan et al.
2003), the synthesis and accumulation of lipids, which
are depleted in 13C and typically have d13C values that
are more negative than those for proteins and carbohydrates within an individual organism (DeNiro and
Epstein 1977; McConnaughey and McRoy 1979), have the
potential to influence stable isotope analyses using d13C,
but have not been well integrated into current analyses.
The potential for lipids to influence d13C analyses
emerges from two sources of variation. First, fractionation of d13C during lipid synthesis (DeNiro and Epstein 1977) results in differences (D) in d13C between
lipids and other tissues, such as protein and carbohydrates, of around 6–8& (DeNiro and Epstein 1977;
McConnaughey and McRoy 1979). Second, there exists
considerable heterogeneity in lipid content among
aquatic and terrestrial organisms. For example, the
lipid content of muscle tissue of fish found in north
temperate lakes can vary from 3 to >34% (Post 2000),
and between 1 and 55% for animals in the Bering Sea
(McConnaughey and McRoy 1979). This variation in
lipid content derives from differences in foraging
dynamics and life history constraints and is of considerable interest to ecologists and evolutionary biologists
(Schultz and Conover 1997; Gasser et al. 2000; Post
and Parkinson 2001; Arrington et al. 2006). Similar
heterogeneity exists among tissue types within a single
organism (McConnaughey and McRoy 1979; Hobson
and Clark 1992; Sweeting et al. 2006). Considerable
bias in analyses based on d13C could be introduced by
the combination of both relatively large differences in
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d13C between lipids and other tissue types and by the
considerable heterogeneity in lipid content among
samples. For example, assuming a D of 6& and all
other things being equal (same diet, same body size,
etc.), a fish with 36% lipids (e.g., lake trout) would
have a d13C that is 2& more negative than a fish with
3% lipids (e.g., northern pike).
The potential influence of lipids on d13C has caused
some researchers to use either direct chemical lipid
extraction or a mathematical normalization technique
to standardize lipid content (McConnaughey and
McRoy 1979; Hobson and Clark 1992; Kling et al. 1992;
Alexander et al. 1996; Post et al. 2000; Lesage et al.
2001; Fry et al. 2003; Sweeting et al. 2006). Chemical
extraction methods typically use a methanol–chloroform solution to physically remove lipids from samples
(Folch et al. 1957; Bligh and Dyer 1959; Pinnegar and
Polunin 1999), reducing lipid concentrations to a uniformly low level. These techniques are advantageous
because they remove the majority of lipids, creating
uniform samples for comparison; however, they may
cause fractionation in d15N (Pinnegar and Polunin 1999;
Sotiropoulos et al. 2004) and they are time-consuming.
The mathematical normalization technique proposed
by McConnaughey and McRoy (1979) uses the C:N
ratio and an estimate of D to produce a post hoc ‘‘lipidnormalized’’ d13C for each sample. The adjustment
proposed by McConnaughey and McRoy (1979) derives
from the relationship between C:N and percent lipid,
and a relationship between percent lipid and a correction factor for d13C based on the fractionation of d13C
during lipid synthesis. This technique is attractive because it could account for variation in lipid concentration using the C:N ratio of a sample, which is measured
during most analyses for d13C and d15N.
To date, there is no consensus on whether or not
researchers need to address lipids in analyses using
d13C. Some analyses have found an effect of lipids on
d13C, while others have not (McConnaughey and
McRoy 1979; Hobson and Clark 1992; Kling et al.
1992; Pinnegar and Polunin 1999; Chaloner et al.
2002), and many studies using stable isotopes have ignored lipid effects altogether. Neither has there been
any rigorous evaluation of the effectiveness and reliability of the two methods for accounting for variation
in lipid content. In particular, while a number of authors have used versions of the mathematical normalization technique (McConnaughey and McRoy 1979;
Alexander et al. 1996; Lesage et al. 2001; Fry et al.
2003; Schmidt et al. 2003; Sweeting et al. 2006), it
remains poorly developed and virtually untested.
Here we address the questions of: (1) if and when is
it important to remove or account for variation in lipid
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content and the potential effect of lipids on d13C; and
(2) if it is important, which method(s) are reliable and
robust for dealing with lipids? To address these questions we perform direct lipid extraction on plants and
animals with wide variations in lipid composition and
that are drawn from a variety of terrestrial and aquatic
ecosystems. We analyze the relationships between C:N
ratio, lipid concentration, and the difference in d13C
before and after lipid extraction for plants and animals,
and use these data to evaluate lipid-normalized d13C
using mathematical techniques. Finally, we discuss the
advantages and disadvantages of chemical and mathematical methods for lipid normalization and make
recommendations for dealing with lipids in stable isotope studies.

Methods
Samples and analyses
For our analysis, we selected animals and plants that
covered a wide range of lipid concentrations. A full list
of samples can be found in Appendix A, but briefly
they included 16 aquatic animals, 13 terrestrial animals
and 17 plant species drawn from tropical and temperate ecosystems. Samples were either muscle tissue or
whole organisms (which is dominated by muscle tissue
in most cases). We chose these tissues types because
they are the most common samples used for stable
isotope analyses, and the two types of samples most
likely to contain high and variable lipid contents. All
samples were either frozen before processing, or dried
and processed immediately after collection. To account
for potential differences among organisms and ecosystem types, we present separate analyses for animals
found in aquatic ecosystems, animals found in terrestrial ecosystems, and plants (aquatic and terrestrial,
vascular and nonvascular combined). For each sample,
we measured lipid content as percent of dry mass (%
lipid), the d13C and d15N of samples before and after
direct lipid extraction, and the carbon-to-nitrogen
(C:N) ratio by mass of each sample before lipid extraction. The effects of lipid extraction on d13C and d15N
were calculated as Dd13C = d13Cextracted – d13Cuntreated
and Dd15N = d15Nextracted – d15Nuntreated, respectively.
The C:N ratio, % lipid, and Dd13C were used to evaluate the mathematical normalization technique by
testing relationships between (a) the C:N ratio and %
lipid, (b) % lipid and Dd13C, and (c) the C:N ratio and
Dd13C. Percent carbon was also used to evaluate lipid
normalization for plants.
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Lipid extraction and quantification
Lipids were extracted and quantified using methanol
and chloroform following Folch et al. (1957), as revised
by Post and Parkinson (2001) and Arrington et al.
(2006). Briefly, a 0.5 ± 0.0001 g portion of powered
tissue was loaded into a 30 ml test tube, to which 8 ml
chloroform and 8 ml of methanol were added (resulting in a 50:50 methanol–chloroform solution). The
mixture was heated in a 61 C water bath until it
boiled, cooled to room temperature, and increased in
volume to 25 ml through the addition of chloroform.
The entire volume was filtered through a No. 1
Whatman filter paper into a 125 ml separatory funnel,
to which 10 ml of 0.9% saline solution was added. The
separatory funnel and its contents were shaken vigorously, the mixture was allowed to separate, and the
bottom methanol–chloroform layer was drained into a
pre-weighed aluminum dish. These contents were
evaporated on a hot plate at 70 C. The weighing dish
was cooled to room temperature and weighed to the
nearest 0.0001 g. The lipid remaining in the aluminum
dish represented the mass of lipid per 0.5 g of dry
tissue.
Stable isotope analyses
Samples were dried for >48 h at 40–50 C and ground
into a fine powder. Lipids were extracted and quantified from a portion of the sample while another portion
was retained without lipid extraction. Stable isotope
analyses were performed using continuous flow on either a Europa Geo 20/20 isotope ratio mass spectrometer at the Cornell Laboratory for Stable Isotope
Analysis (CLSIA), or on a ThermoFinnigan DeltaPlus
at the Yale Earth System Center for Stable Isotopic
Studies (ESCSIS). All stable isotope values are
reported in the d notation, where d13C or d15N =
[(Rsample/Rstandard) – 1]1000, where R is 13C/12C or
15
N/14N. The global standard for d13C is PeeDee belemnite and for d15N is atmospheric nitrogen. The
CLSIA working standard for animals was CBT
(d13C = –25.1, d15N = 17.4; 12.2% N, 54.9% C) and the
standard deviations of replicate samples of CBT
analyzed at CLSIA were 0.05& for d13C and 0.18& for
d15N. The ESCSIS working standard for animals was
OBT (d13C = –28.3, d15N = 15.2; 13.1% N, 49.9% C)
and for plants it was YGC (d13C = –26.1, d15N = 0.41;
1.9% N, 37.1% C). The standard deviation of replicate
samples of OBT analyzed at ESCSIS were 0.14& for
d13C and 0.22& for d15N, and for YGC they were
0.06& for d13C and 0.15& for d15N.

123

182

Oecologia (2007) 152:179–189

Results
There was a significant positive relationship between
Dd13C and % lipid for plants and animals in both
aquatic and terrestrial ecosystems (Fig. 1; Table 1).
Percent lipid explained nearly 90% of the variation in
Dd13C for aquatic animals and 80% of the variation for
plants (Table 1). Although a positive relationship, %
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Fig. 1a–c Relationship between lipid content and the Dd13C for
a aquatic animals (16 species; filled squares), b terrestrial animals
(13 species; filled circles), and c plants (17 species; filled
triangles). See Methods and the Appendix for more information.
See Table 1 for equations
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lipid explained only 40% of the variation in Dd13C for
animals from terrestrial ecosystems (Table 1) and
there appeared to be little relationship between % lipid and Dd13C at lipid levels below around 15%
(Fig. 1). There were significant differences in the slope
of the relationship between % lipid and Dd13C among
aquatic animals, terrestrial animals, and plants
(ANCOVA, interaction term, F(2,55) = 2.92, P = 0.004),
with aquatic and terrestrial animals having steeper
slopes than plants. There was no significant difference
in slope between aquatic and terrestrial animals
(ANCOVA, interaction term, F(1,38) = 0.22, P = 0.51),
but there was a significant difference in the intercept
between terrestrial and aquatic animals (F(1,39) = 5.71,
P = 0.021) with a more negative intercept for the
relationship between % lipid and Dd13C for terrestrial
animals (Table 1).
There were significant positive relationships between the C:N ratio and % lipid for both aquatic and
terrestrial animals, but no relationship between C:N
and % lipid for plants (Fig. 2; Table 1). The C:N ratio
explained 94 and 91% of the variation in % lipid for
aquatic and terrestrial animals, respectively (Table 1).
The slope of the relationship between the C:N ratio
and % lipid was significantly different for aquatic and
terrestrial animals (ANCOVA, interaction term,
F(1,32) = 12.3, P = 0.001).
There was a significant positive relationship between
the C:N ratio and Dd13C for both aquatic and terrestrial
animals, but not for plants (Fig. 2; Table 1). For
aquatic animals, C:N explained 90% of the variation in
Dd13C (Table 1), but for terrestrial animals, C:N explained only 28% of the variation in Dd13C (Table 1).
The slope of the relationship between the C:N ratio
and Dd13C was similar for both aquatic and terrestrial
animals (ANCOVA, interaction term, F(1,32) < 0.01,
P = 0.97).
For plants, there was an overall significant relationship between % carbon and % lipid, and between
% carbon and Dd13C (Fig. 3; Table 1). These significant relationships were, however, driven by samples
with % lipid >40% (Fig. 3; Table 1). There was little
relationship between % carbon and % lipid, or between % carbon and Dd13C among samples with %
carbon <40% (Fig. 3; all marine algae or seagrass
species). It appears % carbon is the best predictor of
Dd13C for samples with % carbon >40%.
There was a small but significant effect of lipid
extraction on the d15N of animal (paired t test; n = 37,
t = 9.0, P < 0.001) but not plant samples (n = 19,
t = 1.84, P = 0.09). The mean paired difference in d15N
of animal samples before and after lipid extraction was
0.25 (SD = 0.18). For animals, Dd15N was correlated
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Significance
(P values)

Variance
explained (R2)

Aquatic animals
Dd13C = –0.47 + 0.13 · % lipid (Eq. 1)
% lipid = –20.54 + 7.24 · C:N (Eq. 2)
Dd13C = –3.32 + 0.99 · C:N (Eq. 3)

28
22
22

<0.001
<0.001
<0.001

0.898
0.941
0.907

Terrestrial animals
Dd13C = –0.81 + 0.11 · % lipid (Eq. 4)
% lipid = –30.57 + 10.74 · C:N (Eq. 5)
Dd13C = –3.44 + 1.00 · C:N (Eq. 6)

14
14
14

0.016
<0.001
0.069

0.396
0.907
0.250

Plants
Dd13C = 0.20 + 0.07 · % lipid (Eq. 7)
% lipid = 15.23 + –0.001 · C:N (Eq. 8)
Dd13C = 1.25 + –0.00 · C:N (Eq. 9)
% lipid = –35.10 + 1.03 · % Carbon (Eq. 10)
Dd13C = –3.02 + 0.09 · % Carbon (Eq. 11)

19
19
19
19
19

<0.001
0.968
0.919
<0.001
< 0.001

0.801
0.000
0.000
0.534
0.664

Plant samples with carbon >40%
% lipid = –64.16 + 1.56 · % Carbon (Eq. 12)
Dd13C = –5.83 + 0.14 · % Carbon (Eq. 13)
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Fig. 2a–f Relationship
between C:N ratio and lipid
content for a aquatic animals
filled squares, b terrestrial
animals filled circles, and c
plants filled triangles, and
between C:N and Dd13C for d
aquatic animals filled squares,
e terrestrial animals filled
circles, and f plants filled
triangles

Sample
size (n)

Lipid content (%)

Table 1 Linear regression
equations and diagnostic
statistics for aquatic and
terrestrial animals and plants
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with % lipid (n = 34, r = 0.52, P < 0.01) and Dd13C
(n = 34, r = 0.64, P < 0.01). For plants, Dd15N was not
correlated with % lipid (n = 19, r = 0.02, P = 0.94) or
Dd13C (n = 19, r = 0.08, P = 0.74).

Discussion
The strong relationship between lipid content of samples (% lipid) and changes in d13C after lipid extraction
(Dd13C) highlights the concentration dependence of the
lipid bias—the bias introduced by lipids increases as
the concentration of lipids increases (Fig. 1). A sample
with high lipid concentration that has not been lipid-
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Plants
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extracted or normalized would be 3–4& more negative
than an extracted or normalized sample. In contrast, at
low lipid concentrations, lipid extraction has very little
impact on the d13C of animal and plant samples. This
general result appears robust across plants and animals, for organisms from marine, freshwater, and terrestrial ecosystems, and for organisms found in tropical
and temperate environments (Appendix A).
The concentration dependence of the lipid effect
explains the contradictory views in the literature
concerning the necessity of lipid extraction. A number of authors have found differences between lipidextracted or normalized samples and regularly extract
lipids from samples to minimize the potential for
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Fig. 3a–b Relationship between a carbon content and lipid
content, and b carbon content and Dd13C for plants. The least
squares regression is shown for all samples (solid line) and for
samples with carbon content >40% (dashed line). See Table 1 for
equations

lipid-induced biases (e.g., McConnaughey and McRoy
1979; Hobson and Clark 1992; Kling et al. 1992; Post
et al. 2000; Sweeting et al. 2006), while other
researchers have found little effect of lipid extraction
on d13C (Pinnegar and Polunin 1999; Chaloner et al.
2002). It is quite possible that both approaches were
appropriate. Our results indicate that it is important
to account for lipids when lipid content is high, or
when comparing species with variable lipid content.
It is not, however, necessary to account for lipids in
animal samples when lipid content is consistently
low—below around 5% lipid (C:N < 3.5) for aquatic
animals and 10% lipid for terrestrial animals (C:N
around 4; although our sample size is small). For
plants, the intercept for the relationship between %
lipid and Dd13C is positive, suggesting that researchers need to account for lipids in plant samples, even
when lipid content is very low. These observations
apply to all organisms used in the analysis, including
predators, prey, and baseline organisms used to estimate trophic position or diet source.
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The importance of variation in lipid content depends
upon both the organism under study and the scientific
question of interest. In general, the potential bias depends upon the signal-to-noise ratio, where noise is
described by the range of variation in lipid content
among samples and signal is described by the magnitude of difference in d13C among end members (diet
items, food webs, etc.) or processes of interest (e.g.,
spatial and temporal trends in d13C). We provide as an
example the bias introduced when estimating diet
source using a two end-member mixing model: a =
(d13Cconsumer – d13Cem2)/(d13Cem1 – d13Cem2), where a
is the proportion of carbon in a consumer
(d13Cconsumer) derived from end member 1 (d13Cem1).
Versions of this and more complicated multiple endmember mixing models have been used to estimate the
diets of aquatic and terrestrial animals, to estimate the
d15N baselines required to estimate trophic position,
and to evaluate habitat coupling and material flow
(Vandermerwe and Vogel 1978; Peterson et al. 1985;
Hobson 1999; Post et al. 2000; Phillips 2001; Post 2002;
Vander Zanden and Vadeboncoeur 2002). We
calculated the percent error introduced into a twoend-member mixing model as a function of the bias in
d13C due to variation in lipid concentrations (Dd13C
calculated from percent lipid using Eq. 1 in Table 1)
and the absolute value of the difference in d13C
between the two end members (Fig. 4), assuming that
the d13C of the end members is not biased by lipids
(error = 100 · Dd13C/|d13Cem1 – d13Cem2|).
The difference in d13C between end members
13
(|d Cem1 – d13Cem2|) depends upon the question being
asked. For examples, in lakes, d13C is used to address
questions about littoral–pelagic coupling and to produce the d15N baseline required to estimate trophic
position (Post et al. 2000; Post 2002; Vander Zanden
and Vadeboncoeur 2002). Pelagic sources (open water)
are typically more negative than littoral sources (near
shore), and the difference in d13C between littoral and
pelagic is around 7–8& (France 1995; Post 2002).
Across the range of lipid contents commonly found in
the muscle tissue of fish (5–35%), the error could be
greater than 50% (Fig. 4), and even small variations in
lipid concentration would introduce an error of 5–10%.
For example, a fish with 35% lipid (e.g., lake trout;
Appendix A) could have an a of 1 (100% pelagic)
before lipid normalization and an a~0.5 after normalization, while a fish with 5% lipids (e.g., lean lake trout,
northern pike, Appendix A) would have an a of around
0.5 before and after lipid extraction. A similar application is the use of d13C to infer shift in vertebrate diets
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ever, time-consuming (around 10 min per sample for
the Folch method) and can cause small but significant
fractionation in d15N. The average fractionation of
d15N found here (0.25&) is similar to that found
by previous studies (Pinnegar and Polunin 1999;
Sotiropoulos et al. 2004; Sweeting et al. 2006), and is
not much more than the typical analytical error
for d15N analyses using continuous flow techniques
(0.15–0.25&).
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Fig. 4 The percent error introduced into a two-end-member
mixing model (isoclines) as a function of variation in lipid
concentrations and the absolute value of the difference in d13C
between the two end members. Percent error was calculated as
100Dd13C/|d13Cem1 · d13Cem2|, where Dd13C was calculated from
lipid content using Eq. 1 from Table 1

between C3 and C4 plants. C3 plants are more negative
than C4 plants and the difference in d13C between C3
and C4 plants is large (around 12–14&). With this
large difference in end members, even moderate variations in lipid composition would introduce relatively
little error (Fig. 4). In both of these cases, high lipid
content biases the d13C towards estimate of a that
suggest a greater contribution of pelagic carbon or C3
plants. In general, lipid extraction or normalization is
most important when lipid content is variable either
among consumers of interest, between consumer and
end member organisms, or when the difference in d13C
between end members is <10–12&. The vast majority
of ecological studies using natural variation in d13C fall
within these criteria.
Chemical lipid extraction
Chemical lipid extraction is an effective and direct
method for homogenizing lipid content in samples. A
variety of methods are available for chemical lipid
extraction, but most of them derive from the methanol–chloroform method outlined in Folch et al. 1957.
Because we wanted quantitative estimates of % lipid
for our analysis in this paper, we followed closely the
Folch et al. (1957) method which produces reliable
estimates of lipid content and uniformly low lipid
contents. Chemical lipid extraction methods are, how-

First proposed by McConnaughey and McRoy (1979),
mathematical normalization of stable isotopes for lipid
concentration offers some obvious advantages over
chemical lipid extraction. Mathematical normalization
does not require the additional preanalysis step of
chemical extraction, and the information required for
mathematical normalization—the relative concentrations of carbon and nitrogen in the sample—are typically estimated during analyses of d13C and d15N. With
these obvious advantages, why is mathematical normalization not widely adopted? We were initially
skeptical of the mathematical normalization techniques (we suspect like many others) because the
mathematical predictions made by the equations in
McConnaughey and McRoy (1979) did not match our
empirical results. We, like Sweeting et al. (2006), found
that the McConnaughey and McRoy (1979) equations
consistently underestimated the Dd13C of samples
(Fig. 5). Even if the intercept were adjusted (by
increasing the value of D in the McConnaughey and
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C:N ratio
Fig. 5 The relationship between Dd13C and C:N for aquatic
animals filled squares. The lipid normalization equations derived
from that data (Table 1, Eq. 3; solid line) and from equations in
McConnaughey and McRoy (1979; dashed line) are shown
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McRoy equations), the nonlinear form of the
McConnaughey and McRoy (1979) model would still
not fit our estimates of Dd13C, which for animals was
linear over the range of C:N we explored. The lack of
fit between model predictions and our empirical results
indicates that the McConnaughey and McRoy (1979)
model should not be used to mathematically normalize
d13C for lipid concentration.
Despite the shortcoming of the specific model presented by McConnaughey and McRoy (1979), their
observation that C:N predicts % lipid, % lipid predicts
Dd13C, and, therefore, that C:N ratios could be used to
normalize d13C for lipid content, appears correct for
animal samples. At least for aquatic organisms, there is
a strong relationship between C:N and Dd13C. With
that strong relationship, Eq. 3 (Table 1) provides a
reliable method for normalizing estimates of d13C for
lipid concentration where:
d13 Cnormalized ¼ d13 Cuntreated þ Dd13 C:
For aquatic organisms the equation is:
d13 Cnormalized ¼ d13 Cuntreated  3:32 þ 0:99  C:N.
The resulting d13Cnormalized provides an estimate of
d C that is normalized for the effects of lipid concentration on d13C and is comparable to the d13C after
direct chemical lipid extraction.
For terrestrial organisms, the relationship between
C:N and Dd13C was not strong, with C:N explaining
only 33% of the variation in D13C (Table 1). This resulted from a weak relationship between % lipid and
Dd13C, despite the strong relationship between C:N and
% lipid (Figs. 1, 2; Table 1). Indeed, it appears that
there is no relationship between % lipid and Dd13C at
lipid concentrations below 15% because there is no
change in the d13C with lipid extraction at low lipid
concentrations. Our sample size is too small to diagnose the % lipid – Dd13C relationship for samples with
lipid content >15%. We suspect that a larger sample of
terrestrial organisms will indicate that the Dd13C is
around 0 for samples with lipid content <15%
(C:N < 4), and an increasing function of C:N in samples with lipid content >15%. The weak relationship
between % lipid and Dd13C suggests variation in the
discrimination during lipid synthesis and storage for
terrestrial animals, which in this case were mostly
endotherms (birds and mammals).
For plants, there was no relationship between C:N
and % lipid, and therefore no relationship between
C:N and Dd13C. C:N is not a good predictor of lipid
13
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content in plants because of their plasticity in nitrogen
uptake and allocation (Sterner and Elser 2002). Instead, % carbon, particularly for plants with carbon
>40%, is a good predictor of % lipid and Dd13C
(Fig. 3). Percent carbon explained nearly 85% of the
variation in Dd13C for plants with % carbon >40%
(Table 1).
Caveats
There are few caveats to our analysis that are worth
noting. First, all of our analyses were performed on
muscle tissue or whole organisms (which is dominated
by muscle tissue in most cases). These are the most
common samples used for stable isotope analyses, and
two of the types of samples most likely to contain high
and variable lipid contents. They are not, however, the
only tissues used in isotopic studies. For example, liver
is used for some questions because of its relatively
short turnover time. Preliminary data suggest that the
relationships among C:N, lipid content, and Dd13C are
different for liver than for muscle tissue (see also
Sweeting et al. 2006). Differences in the relationship
between C:N and % lipid likely emerge from tissuespecific differences in the C:N ratios of lipid-free tissue
(typically assumed to be pure protein). We see little
differences in the C:N ratios of lipid-free tissue when
using muscle or whole body samples, but greater variation in lipid-free C:N for specific tissue types. Tissuespecific studies should use our results with caution.
Second, our terrestrial animal samples are primarily
from endothermic species and further work is needed
for terrestrial animals, particularly terrestrial ectotherms which are underrepresented in our dataset.
Finally, extrapolating the relationships presented
here beyond the measured range of lipid contents and
C:N ratios should be done with caution. Previous
models have predicted a nonlinear relationship between C:N and Dd13C because of the expectation that
Dd13C will converge on D, the discrimination in d13C
between lipids and lipid-free tissues (typically assumed
to be 6–8&), at high C:N ratios (McConnaughey and
McRoy 1979; Alexander et al. 1996). Either that
expectation is flawed or, more likely, our samples sit
within the region of C:N ratios that is essentially linearly related to Dd13C. Our maximum C:N, 6.9, and lipid
content, 32%, were found in lake trout, which can be a
very lipid-rich fish. McConnaughey and McRoy (1979),
working with lipid-rich animals in the Bering Sea,
found that most animals (whole animal or muscle tissue) had C:N ratios of between 3 and 6, with a maximum C:N ratio of 9.
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Other applications
Besides lipid normalization of d13C for stable isotope
analyses, the strong relationship between C:N and lipid
content found here should prove useful for studies of
energy allocation and lipid storage (e.g., Schultz and
Conover 1997; Post and Parkinson 2001). For animals,
C:N provides a strong predictor of lipid content. The
use of C:N ratios to estimate lipid content for studies of
energy allocation and lipid storage will have many of
the same inherent advantages as the use of C:N to
estimate lipid-normalized values of d13C. In particular,
C:N ratios can be easily measured on an elemental
analyzer, used either a standalone unit or as part of a
continuous flow isotope ratio mass spectrometer. The
equations presented in Table 1 are for lipid content as
a percentage of dry mass, so adjustments must be made
to calculate lipid content as a percentage of wet weight
if that is the measurement of interest (e.g., Post and
Parkinson 2001). The use of C:N to predict lipid content is similar to using dry weight to estimate energy
density (Hickman and Pitelka 1975; Hartman and
Brandt 1995), and the strong relationship between C:N
and lipid content found here (Table 1; Fig. 2) suggests
that C:N ratios can provide reliable estimates of lipid
content in a wide variety of animals.
Recommendations
In light of our findings, we make the following recommendations for dealing with lipids in analyses using
d13C at natural abundance levels.
1.

2.

The first step is to take stock of your samples and
question. For animals, if the lipid content or C:N
ratio of all of the samples is low (% lipid < 5% or
C:N < 3.5 for aquatic animals; % lipid <10% or
C:N < 4 for terrestrial animals), our data indicate
that lipid concentrations are already uniformly low
and extraction or normalization will have little
influence on the d13C values. Lipids need to be
accounted for when making comparisons among
animals with variable lipid concentrations (or C:N
ratios), where end members have variable lipid
content, or where end members and animals of
interest differ in lipid concentrations. These recommendations apply to all predators and prey,
baseline organisms, etc., used to reconstruct diets
and trophic position.
If you are working with aquatic organisms, which
are well represented in this study, the C:N of your
sample and Eq. 3 can be used (Table 1) to correct
samples for lipid bias. As long as samples have

3.

4.

been weighed carefully (we recommend a balance
with a resolution of 0.001 mg), and an appropriate
reference standard is used (similar composition,
well-quantified carbon and nitrogen concentrations), the carbon and nitrogen concentrations
provided during d13C and d15N analysis are sufficient to calculate C:N ratios and perform lipid
normalization.
When working with a group of organisms or specific tissue types that are not well-represented in
this study (e.g., terrestrial ectotherms, liver),
chemical extraction should be used to estimate the
relationship between Dd13C and C:N for samples.
This is particularly important because variation
among taxonomic groups in the C:N ratio of lipidfree tissue (Sweeting et al. 2006) will influence the
empirically derived relationship between Dd13C
and C:N. We further recommend that % lipid be
estimated in some samples to check the relationships among C:N, lipid content, and Dd13C, although this step is not essential for normalization.
Our results suggest that lipid extraction or normalization should generally be performed on plant
samples, but that % carbon, rather than C:N,
should be used to normalize lipid content. Our
results also suggest that the equations for Dd13C
versus % carbon for plants with carbon concentration > 40% should be used (Table 1; Eq. 13)

The above recommendations do not apply to samples that have been chemically preserved in ethanol or
formalin, which can have variable and relatively large
effects on the d13C and d15N of tissue samples (Arrington and Winemiller 2002; Sarakinos et al. 2002;
Sweeting et al. 2004). We do not generally recommend
using chemically preserved samples for stable isotope
analyses. However, if they are the only option, we
recommend using direct chemical lipid extraction to
deal with lipids because it is not clear how chemical
preservation affects the relationships between C:N, lipid content, and Dd13C that make mathematical normalization possible. These recommendations also
assume that, when needed, inorganic carbon has already been removed from samples by acidification.
We conclude that, while variation in lipid content
among organisms is of considerable interest and
importance to ecologists and evolutionary biologists, it
is a source of error that must be accounted for when
using natural abundance measures of d13C. It is not the
absolute lipid content that matters, but variability in
lipid content among samples that introduces bias. Both
direct lipid extraction and mathematical normalization
are effective techniques for homogenizing lipid content
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and eliminating lipid-related biases in d13C; however,
mathematical normalization simplifies sample preparation and can better preserve the integrity of samples
for d15N analysis. The strong relationship between C:N
ratio and lipid content at the center of the mathematical normalization technique may also provide a useful
method for estimating lipid contents for studies of
energy allocation and lipid storage. Because our results
derive from plants and animals drawn from a wide
variety of ecosystems (tropical rivers, arctic and temperate lakes and streams, coastal marine, and temperate and tropical terrestrial ecosystems) and they
represent many of the taxonomic groups most wellstudied by ecologists, we believe mathematical normalization is widely applicable; however, we encourage
others to test the relationship among C:N, lipid content, and Dd13C in other study systems.
Acknowledgments We thank Linda Puth for comments and
suggestions that improved this research, and N. Bottomley, A.
Walters, and A. Wright for sample collection. We thank Gerry
Olack and the Yale Institute for Biospheric Studies’ Earth Systems Center for Stable Isotopic Studies for technical and financial assistance with stable isotope analyses. This research was
supported by the Yale Institute for Biospheric Studies, the Japan
Society for the Promotion of Science, a Howard Hughes Medical
Institute Undergraduate Science Education Program grant to
The University of Alabama, the Acorn Alcinda Foundation, and
the National Science Foundation (DEB #0316679). This research
complies with current laws of the countries in which it was
performed.

References
Alexander SA, Hobson KA, GrattoTrevor CL, Diamond AW
(1996) Conventional and isotopic determinations of shorebird diets at an inland stopover: the importance of invertebrates and Potamogeton pectinatus tubers. Can J Zool
74:1057–1068
Arrington DA, Davidson BK, Winemiller KO, Layman CA (2006)
Influence of life history and seasonal hydrology on lipid storage
in three venezuelan fish species. J Fish Biol 68:1–16
Arrington DA, Winemiller KO (2002) Preservation effects on
stable isotope analysis of fish muscle. Trans Am Fish Soc
131:337–342
Bilby RE, Fransen BR, Bisson PA (1996) Incorporation of
nitrogen and carbon from spawning Coho salmon into the
trophic system of small streams: evidence from stable
isotopes. Can J Fish Aquat Sci 53:164–173
Bligh EG, Dyer WJ (1959) A rapid method of total lipid
extraction and purification. Can J Biochem Physiol 37:911–
917
Chaloner DT, Martin KM, Wipfli MS, Ostrom PH, Lamberti GA
(2002) Marine carbon and nitrogen in southeastern alaska
stream food webs: evidence from artificial and natural
streams. Can J Fish Aquat Sci 59:1257–1265
Dawson TE, Mambelli S, Plamboeck AH, Templer PH, Tu KP
(2002) Stable isotopes in plant ecology. Ann Rev Ecol Syst
33:507–559

123

Oecologia (2007) 152:179–189
DeNiro MJ, Epstein S (1977) Mechanism of carbon isotope
fractionation associated with lipid synthesis. Science
197:261–263
DeNiro MJ, Epstein S (1978) Influence of diet on the distribution
of carbon isotopes in animals. Geochim Cosmochim Acta
42:495–506
Finlay JC, Khandwala S, Power ME (2002) Spatial scales of
carbon flow in a river food web. Ecology 83:1845–1859
Finney BP, Gregory-Eaves I, Douglas MSV, Smol JP (2002)
Fisheries productivity in the northeastern pacific ocean over
the past 2,200 years. Nature 416:729–733
Folch J, Lees M, Stanley GHS (1957) A simple method for the
isolation and purification of total lipids from animal tissues.
J Biol Chem 226:497–509
France RL (1995) Differentiation between littoral and pelagic
food webs in lakes using carbon isotopes. Limnol Oceanogr
40:1310–1313
Fry B, Baltz DM, Benfield MC, Fleeger JW, Gace A, Haas HL,
Quinones-Rivera ZJ (2003) Stable isotope indicators of
movement and residency for brown shrimp (Farfantepenaeus aztecus) in coastal Louisiana marshscapes. Estuaries
26:82–97
Gannes LZ, O’Brien DM, del Rio CM (1997) Stable isotopes in
animal ecology: assumptions, caveats, and a call for more
laboratory experiments. Ecology 78:1271–1276
Gasser M, Kaiser M, Berrigan D, Stearns SC (2000) Life-history
correlates of evolution under high and low adult mortality.
Evolution 54:1260–1272
Hartman KJ, Brandt SB (1995) Estimating energy density of fish.
Trans Am Fish Soc 124:347–355
Hickman JC, Pitelka LF (1975) Dry weight indicates energy
allocation in ecological strategy analysis of plants. Oecologia
21:117–121
Hobson KA (1999) Tracing origins and migration of wildlife
using stable isotopes: a review. Oecologia 120:314–326
Hobson KA, Clark RG (1992) Assessing avian diets using stable
isotopes. 2. Factors influencing diet–tissue fractionation.
Condor 94:189–197
Keeling CD, Whorf TP, Wahlen M, Vanderplicht J (1995)
Interannual extremes in the rate of rise of atmospheric
carbon dioxide since 1980. Nature 375:666–670
Kitchell JF, Schindler DE, Herwig BR, Post DM, Olson MH,
Oldham M (1999) Nutrient cycling at the landscape scale:
the role of diel foraging migrations by geese at the Bosque
del Apache national wildlife refuge, New Mexico. Limnol
Oceanogr 44:828–836
Kling GW, Fry B, O’Brien WJ (1992) Stable isotopes and
planktonic trophic structure in arctic lakes. Ecology 73:561–
566
Layman CA, Arrington DA, Montaña CG, Post DM (2006) Can
stable isotope ratios provide for community-wide measures
of trophic structure? Ecology (in press)
Layman CA, Winemiller KO, Arrington DA, Jepsen DB (2005)
Body size and trophic position in a diverse tropical food
web. Ecology 86:2530–2535
Lesage V, Hammill MO, Kovacs KM (2001) Marine mammals
and the community structure of the estuary and gulf of St
Lawrence, Canada: evidence from stable isotope analysis.
Mar Ecol Progr Ser 210:203–221
McConnaughey T, McRoy CP (1979) Food-web structure and
the fractionation of carbon isotopes in the Bering Sea. Mar
Biol 53:257–262
McCutchan JH, Lewis WM, Kendall C, McGrath CC (2003)
Variation in trophic shift for stable isotope ratios of carbon,
nitrogen, and sulfur. Oikos 102:378–390

Oecologia (2007) 152:179–189
Peterson BJ, Fry B (1987) Stable isotopes in ecosystem studies.
Annu Rev Ecol Syst 18:293–320
Peterson BJ, Howarth RW, Garrett RH (1985) Multiple stable
isotopes used to trace the flow of organic matter in estuarine
food webs. Science 227:1361–1363
Phillips DL (2001) Mixing models in analyses of diet using
multiple stable isotopes: a critique. Oecologia 127:166–170
Pinnegar JK, Polunin NVC (1999) Differential fractionation of
delta c–13 and delta n–15 among fish tissues: implications for
the study of trophic interactions. Funct Ecol 13:225–231
Ponsard S, Arditi R (2000) What can stable isotopes (d15n and
d13c) tell about the food web of soil macro-invertebrates?
Ecology 81:852–864
Post DM (2000) Food-chain length and food web links: testing
and expanding food-chain theory. PhD thesis, Cornell
University, Ithaca, NY
Post DM (2002) Using stable isotopes to estimate trophic
position: models, methods, and assumptions. Ecology
83:703–718
Post DM (2003) Individual variation in the timing of ontogenetic
niche shifts of largemouth bass. Ecology 84:1298–1310
Post DM, Pace ML, Hairston NG (2000) Ecosystem size
determines food-chain length in lakes. Nature 405:1047–
1049
Post JR, Parkinson EA (2001) Energy allocation strategy in
young fish: allometry and survival. Ecology 82:1040–1051
Sarakinos HC, Johnson ML, Vander Zanden MJ (2002) A
synthesis of tissue-preservation effects on carbon and
nitrogen stable isotope signatures. Can J Zool 80:381–387
Schmidt K, Atkinson A, Stubing D, McClelland JW, Montoya
JP, Voss M (2003) Trophic relationships among southern

189
ocean copepods and krill: some uses and limitations of a
stable isotope approach. Limnol Oceanogr 48:277–289
Schultz ET, Conover DO (1997) Latitudinal differences in
somatic energy storage: adaptive responses to seasonality
in an estuarine fish (atherinidae: Menidia menidia). Oecologia 109:516–529
Schwarcz HP, Schoeninger MJ (1991) Stable isotope analyses in
human nutritional ecology. Yearb Phys Anthropol 34:283–
321
Sotiropoulos MA, Tonn WM, Wassenaar LI (2004) Effects of
lipid extraction on stable carbon and nitrogen isotope
analyses of fish tissues: potential consequences for food
web studies. Ecol Freshw Fish 13:155–160
Sterner RW, Elser JJ (2002) Ecological stoichiometry. Princeton
University Press, Princeton, NJ
Sweeting CJ, Polunin NVC, Jennings S (2004) Tissue and fixative
dependent shifts of delta C-13 and delta N-15 in preserved
ecological material. Rapid Commun Mass Spectrom
18:2587–2592
Sweeting CJ, Polunin NVC, Jennings S (2006) Effects of
chemical lipid extraction and arithmetic lipid correction on
stable isotope ratios of fish tissues. Rapid Commun Mass
Spectrom 20:595–601
Vander Zanden MJ, Vadeboncoeur Y (2002) Fishes as integrators of benthic and pelagic food webs in lakes. Ecology
83:2152–2161
Vandermerwe NJ, Vogel JC (1978) C-13 content of human
collagen as a measure of prehistoric diet in woodland North
America. Nature 276:815–816

123

