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Ethanol storage and lipid extraction can alter the isotopic composition of animal tissues, which can bias dietary 
estimates calculated by stable isotope mixing models (SIMMs). We examined the effects of ethanol storage and 
lipid extraction on δ13C, δ15N, and δ34S values measured in brown bear (Ursus arctos) muscles and livers. We 
also used isotopic data from our experiment to understand the effect of ethanol storage and lipid extraction on 
dietary contributions calculated by SIMMs. We found that ethanol storage and lipid extraction caused small 
increases in δ13C values for both muscles (ethanol storage: +0.4 ± 0.5‰, lipid extraction: +0.4 ± 0.4‰) and liver 
(ethanol storage: +0.6 ± 0.3‰, lipid extraction: +0.8 ± 0.5‰). In contrast, δ15N and δ34S values did not change 
when stored in ethanol or when lipids were extracted from tissues. Ethanol storage and lipid extraction had 
negligible effects on estimated dietary contributions. We show that a relatively high lipid content in the muscles 
and livers of some large-bodied terrestrial omnivores do not necessarily have an effect on dietary estimates that 
rely on carbon stable isotopes. Our results suggest that ethanol storage could be a valuable alternative method 
for preserving animal tissue prior to stable isotope analysis when freezing or drying is impractical. Nevertheless, 
further research is needed on the mechanisms that control changes in stable isotope composition in tissues stored 
in ethanol. We recommend investigating the effects of ethanol on stable isotope values in species and tissues of 
interest before storing samples in ethanol.
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Stable isotope analysis has become a standard method in mam-
malian ecology (Ben-David and Flaherty 2012a; Walter et al. 
2014). Carbon (13C/12C), nitrogen (15N/14N), and sulfur (34S/32S) 
stable isotope ratios (hereafter expressed as δ13C, δ15N, and 
δ34S values, respectively) are often used to estimate the die-
tary contributions of plant- and animal-based foods as well as 
marine versus terrestrial food sources (Newsome et al. 2007; 
Ben-David and Flaherty 2012b). The main assumption of such 
studies is that stable isotope values measured in animal tissues 
reflect those from their foods during a particular time period 
(DeNiro and Epstein 1978). Unfortunately, this assumption 
is not always met, as stable isotopes in animal tissues can be 

altered by many factors, including storage methods and lipid 
content (Boecklen et al. 2011).

Ethanol is commonly used as a preservative to store animal 
tissues (Von Endt 1994). Results from past studies suggest that 
ethanol storage can affect δ13C and δ15N values in animal tis-
sues, including elasmobranchs, squids (e.g., Ruiz-Cooley et al. 
2011; Olin et  al. 2014; Stallings et  al. 2015), and dolphins 
(Delphinus delphis—Kiszka et  al. 2014). In contrast, other 
studies reported that ethanol storage had no effect on δ13C 
or δ15N values of muscle, blood, eggs, and epidermis of rep-
tiles, birds, and terrestrial mammals (e.g., Hobson et al. 1997; 
Gloutney and Hobson 1998; Barrow et al. 2008).
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Lipids in animal tissues formed in de novo lipid biosynthesis 
are depleted in 13C, and consequently, have lower δ13C values 
compared to other cell compounds and dietary sources from 
which they were formed (DeNiro and Epstein 1977). High lipid 
contents in some tissues may therefore alter the dietary contri-
butions estimated by stable isotope mixing models (SIMMs) 
(Post et  al. 2007). To avoid this unwanted effect, lipids are 
typically extracted from tissues with chemical extraction prior 
to conducting stable isotope analyses (Boecklen et al. 2011). 
Experimental studies that compared lipid-extracted to non-
lipid-extracted samples found that the magnitude that lipids 
affect δ13C values is positively correlated to the lipid content 
and carbon to nitrogen ratio of the tissue (hereafter, C:N; e.g., 
Post et al. 2007; Ruiz-Cooley et al. 2011; Skinner et al. 2016). 
Unfortunately, lipid extraction is a time-consuming process and 
can cause unwanted shifts in δ15N values (Elliott and Elliott 
2016). Instead of extracting lipids from tissues, some research-
ers use C:N as an indicator of lipid content to correct δ13C 
values (known as mathematical or lipid normalization; e.g., 
Kiljunen et al. 2006; Ehrich et al. 2011).

Few studies have focused on understanding the effects of 
ethanol storage and lipid extraction on δ13C and δ15N values 
of marine (skin and bone: e.g., Lesage et al. 2010; Kiszka et al. 
2014; Wilson et  al. 2014; Tatsch et  al. 2016) and terrestrial 
(blood, muscles, and livers: domestic sheep [Ovies aries], red 
deer [Cervus elaphus], lemmings [Dicrostonyx spp.], and artic 
fox [Vulpes lagopus]—Hobson et  al. 1997; Post et  al. 2007; 
Ehrich et al. 2011; Yurkowski et al. 2015) mammals. To our 
knowledge, no studies have investigated the effects of ethanol 
storage and lipid extraction on δ34S values. The use of sulfur 
stable isotopes in the study of mammals is gaining popularity 
(e.g., Hopkins et al. 2014b, 2017; Mowat et al. 2017), reinforc-
ing the need to understand the impact of storage and lab prepa-
ration techniques such as these on δ34S values.

The purpose of this study was to understand the effect of 
ethanol storage and lipid extraction on δ13C, δ15N, and δ34S val-
ues of brown bear (Ursus arctos) muscle and liver. We con-
centrated our investigation on muscle and liver because these 
tissues are commonly collected from large mammals (Boecklen 
et al. 2011) and are often stored in ethanol. Bears also express 
high reliance for dietary fats and their metabolism largely 
depends on storage fats (triglycerides—Erlenbach et al. 2014). 
We therefore expect to find high triglyceride content (hereafter 
lipid content) in muscles and livers of bears, leading to signif-
icant increases in δ13C values in these tissues following lipid 
extraction. We also tested if potential differences in δ13C values 
between lipid-extracted and non-lipid-extracted samples can be 
explained by C:N, as suggested by other studies (e.g., Kiljunen 
et  al. 2006; Ehrich et  al. 2011), and demonstrated the effect 

of ethanol storage and lipid extraction on dietary contributions 
for brown bears estimated by SIMMs. Lastly, we provide some 
general guidelines for storing tissues in ethanol and extracting 
lipids from tissues of mammals, especially omnivores and car-
nivores that depend on fat in their diets and often have high 
lipid content in their tissues.

Materials and Methods
Sample collection and preparation.—We used muscle and 

liver samples from 26 brown bears either harvested by hunters 
(n = 20) or killed by vehicles (n = 6) in the Dinaric Mountains 
of southern Slovenia (45°15′–46°15′N, 13°30′–15°15′E) in 
February–November 2016. Trained personnel of the Slovenian 
Forestry Service collected ~50 g of both rectus abdominis mus-
cle and liver within a few hours following death. At the time of 
collection, each sample of muscle and liver was cut in half. One 
part was stored in a plastic bag and frozen at −20°C. The other 
part was stored for 5 to 296 days (median: 252 days) at −20°C 
in a 50-ml self-standing centrifuge tube filled with 30  ml of 
96% ethanol-water solution (v/v).

In the lab, we removed any visible adipose tissue, and rinsed 
all samples with distilled water and freeze-dried them for 24 h. 
We had two treatment groups and a control group for both mus-
cle and liver (Table 1). We divided frozen muscle and liver 
samples in two parts: one part was left untreated, representing 
the control group (hereafter, muscle or liver control), and the 
other part underwent lipid extraction (hereafter, muscle or liver 
lipid treatment). Tissues stored in ethanol represented the eth-
anol treatment (hereafter, muscle or liver ethanol treatment). 
We extracted lipids using a Soxhlet method (AOAC, 991.36). 
We weighed freeze-dried samples and transferred them from 
glass vials into extraction glass microfiber thimbles (649106; 
Macherey-Nagel SARL, Hoerdt, France) where lipids were 
removed over the course of 12 h at 97°C using 120 ml of hex-
ane. After extraction, samples were dried overnight. Once the 
sample weights stabilized, they were transferred into glass 
vials. We then determined lipid content gravimetrically by cal-
culating changes in sample weight. Lastly, prior to stable iso-
tope analysis, we ground and homogenized all samples using a 
ball mill (TissueLyserLT; Qiagen, Hilden, Germany).

In fall 2016 and winter 2017, we collected samples of the most 
important food sources for bears in our study area, as determined 
by Kavč ič  et al. (2015; Supplementary Data SD2). Prior to stable 
isotope analysis, we freeze-dried all samples for 24 h, cut them 
into smaller pieces using a scalpel, and homogenized all pieces 
into a fine paste using a mortar and pestle (beech and hazel nuts) 
or to a fine powder using a ball mill (all other samples).

Table 1.—Treatments applied to brown bear (Ursus arctos) muscle (n = 26) and liver (n = 26) samples.

Treatment Treatment description

Control Stored at −20°C, rinsed with distilled water, freeze-dried for 24 h
Lipid treatment Stored at −20°C, rinsed with distilled water, freeze-dried for 24 h, lipid extraction
Ethanol treatment Stored at −20°C in 30 ml of 96% ethanol-water solution (v/v), rinsed with distilled water, freeze-dried for 24 h

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jm
a
m

m
a
l/a

rtic
le

-a
b
s
tra

c
t/1

0
0
/1

/1
5
0
/5

3
0
0
2
3
6
 b

y
 U

N
M

 H
e
a
lth

 S
c
ie

n
c
e
s
 L

ib
ra

ry
 a

n
d
 In

fo
rm

a
tic

s
 C

e
n
te

r u
s
e
r o

n
 0

5
 M

a
rc

h
 2

0
1
9



152 JOURNAL OF MAMMALOGY 

Stable isotope analysis.—We performed stable isotope and 
elemental concentration analysis using a continuous flow iso-
tope ratio mass spectrometer Isoprime 100 (Isoprime Ltd, 
United Kingdom, now Elementar GmbH, Hamburg, Germany), 
coupled with a Vario Pyro Cube elemental analyser (Elementar 
GmbH). For carbon and nitrogen stable isotope and elemen-
tal concentration analysis, we weighed the following into tin 
capsules: 1.0  ± 0.05  mg of animal tissues, 2.0  ± 0.05  mg of 
beechnuts, and 3.5 ± 0.05 mg of all other plant material. For 
sulfur stable isotope analysis of muscle and liver, we weighed 
5.0  ± 1.0  mg of tissue into tin capsules. All stable isotopes 
values are expressed in δ notation as: δj/iX  =  (jX/iX)sample/
(jX/iX)international standard − 1; where δj/iX is δ13C, δ15N, or δ34S value, 
jX is heavier isotope (13C, 15N, or 34S), and iX is lighter isotope 
(12C, 14N, or 32S). We reported all δ values versus international 
standards (VPDB for carbon, air for nitrogen, and VCDT for 
sulfur). We measured a series of certified and in-house refer-
ence material to calibrate and control for measured values. For 
carbon and nitrogen stable isotope analysis, we used USGS-40, 
USGS-41, and IAEA-N-1 (for nitrogen only) certified refer-
ence materials for calibration of measurements. The following 
in-house reference materials were also used as controls: oak 
leaves (δ13Crecommended  =  −28.4‰, δ13Cmeasured  =  −28.5  ± 0.1‰; 
δ15Nrecommended  =  −1.4‰, δ15Nmeasured  =  −1.4  ± 0.1‰), spruce 
needles (δ13Crecommended = −27.1‰, δ13Cmeasured = −27.2 ± 0.1‰; 
δ15Nrecommended = −4.1‰, δ15Nmeasured = −4.1 ± 0.1‰), and tobacco 
leaves (δ13Crecommended  =  −27.1‰, δ13Cmeasured  =  −27.1  ± 0.1‰; 
δ15Nrecommended  =  +3.8‰, δ15Nmeasured  =  +3.8  ± 0.1‰). For the 
calibration of sulfur stable isotope measurements, we used 
NBS 127, IAEA SO-5, and IAEA SO-6 certified reference 
materials. We also used certified (Sercon Ltd, Crewe, United 
Kingdom) isotope reference materials as controls: sorghum 
flour (δ34Srecommedned  =  +10.1‰, δ34Smeasured  =  +9.7  ± 0.8‰), 
protein (δ34Srecommended  =  +6.3‰, δ34Smeasured  =  6.3  ± 0.6‰), 
and wheat flour (δ34Srecommended  =  −1.4‰, δ34Smeasured  =  −1.2  ± 
0.4‰). Finally, we used acetanilide from Merck KGaA, 
Germany (%  Crecommended  =  71.1%, % Cmeasured  =  71.1  ± 0.4%; 
% Nrecommended = 10.4%, % Nmeasured = 10.4 ± 0.1%) and USGS-
40 (%  Crecommended  =  40.8%, % Cmeasured  =  40.9  ± 0.2%; % 
Nrecommended = 9.5%, % Nmeasured = 9.5 ± 0.1%) for the calibration 
and control of elemental concentration analysis, respectively.

Data preparation and analysis.—We calculated the lipid 
content of each sample as a percent of its dry mass. We calcu-
lated C:N for each sample as the ratio between their measured 
carbon (%  C) and nitrogen (%  N) concentrations. We calcu-
lated isotopic differences between each treatment (Table 1) and 
control (∆δXtreatment-control  =  δXtreatment − δXcontrol) and between 
lipid and ethanol treatments (∆δXlipid-ethanol = δXlipid − δXethanol). 
We reported the mean ± SD for each group. We then conducted 
the following four analyses.

We used general linear models to examine the effects of each 
treatment on stable isotope values and C:N. We considered stable 
isotope values and C:N as our dependent variables, and treatment, 
tissue type, an interaction between treatment and tissue type, and 
bear identity (bear ID) as independent variables. We formulated 
all possible models (n  =  10; Supplementary Data SD3–SD6).  

We used the Akaike information criterion corrected for small 
sample size (AICc) for model selection. We considered the best 
model with the lowest AICc and potentially any other model with 
∆AICc score < 2 as informative (Burnham and Anderson 1998, 
2002). If treatment was included in the best model, a Tukey’s post 
hoc test was performed on the treatment variable to determine 
how ethanol and lipid treatment affected stable isotope values 
or C:N. We visually inspected distribution of residuals for each 
model to verify the normality and homoscedasticity of the data.

We used a Spearman’s correlation test to determine if differ-
ences between ethanol treatment and control (∆δ13Cethanol-control) 
depend on storage time in ethanol.

We used general linear models to investigate the relationship 
between δ13C differences between lipid treatment and control 
(∆δ13Clipid-control as dependent variable) with both C:N and tissue 
type as explanatory variables. We removed liver data for two 
bears from the analysis because they were extreme outliers with 
C:N of 9.4 and 11.6 (lipid content of 48.9% and 58.7%), and 
∆δ13Clipid-control of 1.8‰ and 2.4‰, respectively. We then used 
the same model selection procedure and visual diagnostics as 
described in the first analysis.

Lastly, we demonstrated the impact of treatment-caused 
stable isotope shifts on dietary contributions estimated by 
SIMMs. We used one-isotope (δ13C), two-endmember models 
(Supplementary Data SD2) to represent the native- (C3 foods) 
and corn-based (C4 foods) diets of brown bears in Slovenia. 
These two isotopically distinct food sources are known to be 
regularly consumed by bears in Slovenia (Kavč ič  et al. 2013, 
2015). This simple one-isotope model could potentially be used 
in the future to estimate the consumption of corn by brown 
bears in Slovenia and other parts of Europe. We used discrim-
ination factors from Kurle et  al. (2014) to estimate the δ13C 
signature of both endmembers (Supplementary Data SD2). We 
used the R package IsotopeR (Hopkins and Ferguson 2012) to 
estimate the dietary contributions of each food source. For all 
models, we used uninformative priors, and ran three MCMC 
chains with a burn-in of 103 draws followed by 104 draws from 
the posterior. We reported the mean, SD, and 95% credible 
interval for each mean marginal posterior density distribution 
for each food source (i.e., dietary contributions). We then esti-
mated the probability of similarity (POS), defined as the prob-
ability that two corn contributions are the same between two 
treatment groups (i.e., the higher the POS, the greater similarity 
between diet contributions—Hopkins et al. 2014a).

Results
Treatment effects on stable isotope values.—We found that 

both treatment and bear ID were included in the best δ13C model 
(Table 2; Supplementary Data SD3). We did not consider other 
models in the candidate set because their ∆AICc scores were > 
2 (Supplementary Data SD3). Bear ID explained nearly all the 
variance associated with δ13C values (~99%), meaning that dif-
ferences between bears contributed much more to the observed 
δ13C variability than the treatment (Table 2). Results from our 
post hoc test suggest that δ13C values increased after ethanol 
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(P  =  0.01) and lipid treatments (P  <  0.01) for both muscle 
(∆δ13Cethanol-control = +0.4 ± 0.5‰; ∆δ13Clipid-control = +0.4 ± 0.4‰) 
and liver (∆δ13Cethanol-control = +0.6 ± 0.3‰; ∆δ13Clipid-control = +0.8 ± 
0.5‰). We found no differences between lipid and ethanol treat-
ments (P = 0.87; muscle: ∆δ13Clipid-ethanol = −0.1 ± 0.3‰; liver: 
∆δ13Clipid-ethanol = −0.2 ± 0.7‰; Fig. 1; Supplementary Data SD1).

The best δ15N model (Supplementary Data SD4) included 
tissue type and bear ID. We did not consider other mod-
els in the candidate set because their ∆AICc scores were > 2 
(Supplementary Data SD4). This was expected, as both treat-
ments caused negligible shifts in δ15N values for both muscles 
(∆δ13Cethanol-control = +0.1 ± 0.1‰; ∆δ13Clipid-control = 0.0 ± 0.1‰) 
and livers (∆δ13Cethanol-control = 0.0 ± 0.2‰; ∆δ13Clipid-control = −0.1 ± 
0.2‰; Fig. 1).

We found that treatment, bear ID, and tissue type were 
included in the best δ34S model (Table 2; Supplementary Data 
SD5). We did not consider other models in the candidate set 
because their ∆AICc scores were > 2 (Supplementary Data 
SD5). Similar to the δ13C model, bear ID explained nearly all 
the model variance (~93%), compared to tissue type (~5%) and 
treatment (~2%; Table 2). Following lipid extraction, δ34S val-
ues were higher on average (0.2‰) than the control (P = 0.01) 
and ethanol treatment (P  =  0.02), although these shifts are 
within the analytical precision (≤ 0.8‰) of our reference mate-
rials. No difference in δ34S values were found between ethanol 
treatment and control (P = 0.97; Fig. 1).

Finally, we found that all factors were included in the best 
C:N model (Supplementary Data SD6 and SD7). We did not 
consider other models in the candidate set because their ∆AICc 
scores were > 2 (Supplementary Data SD6). Liver samples 
(C:Ncontrol  =  5.3  ± 1.6) had higher C:N compared to mus-
cles (C:Ncontrol  =  3.8  ± 0.4; P  <  0.01). The Tukey’s post hoc 
test revealed that both lipid (P < 0.01) and ethanol (P < 0.01) 
treatments reduced C:N in muscle (∆C:Nlipid-control = −0.4 ± 0.4; 
∆C:Nethanol-control = −0.2 ± 0.4) and liver (∆C:Nlipid-control = −0.7 ± 
0.3; ∆C:Nethanol-control = −0.5 ± 0.2).

Effects of storage time in ethanol and lipid normalization 
of carbon stable isotope values.—Differences in δ13C values 
(∆δ13Cethanol-control) did not increase with the duration of ethanol 
storage for muscle (rs = 0.22, S = 2277.4, P = 0.28) or liver (rs = 
0.32, S = 1979.7, P = 0.11). The best model for explaining the 

differences in δ13C values between lipid treatment and control 
(∆δ13Clipid-control) included C:N, tissue type, and their interaction. 
We did not consider other models in the candidate set because 
their ∆AICc scores were > 2 (Supplementary Data SD8). This 
result suggests that the relationship between ∆δ13Clipid-control and 
C:N differs for both tissue types (Supplementary Data SD8). 
While there was a linear relationship between ∆δ13Clipid-control 
and C:N for bear muscles, there was no such relationship for 
bear livers (Fig. 2; Supplementary Data SD9).

Effects on estimated dietary contributions.—We found that 
corn was a major contributor to the diets of brown bears (Table 
3). Although we found that estimated mean population-level 
dietary contributions for bears were slightly higher for both eth-
anol and lipid treatment groups compared to the control, over-
all differences in dietary contributions among treatments and 
controls were small, ranging < 5% of estimated values (Table 
3). For livers, we found that the proportions of corn in bear 
diets were more similar between both treatments (lipid treat-
ment versus ethanol treatment; POSliver = 0.81) than between 
treatments and the control (ethanol treatment versus control; 
POSliver = 0.54; lipid treatment versus control; POSliver = 0.56). 
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Fig. 1.—Observed differences (mean ± 1 SD) in stable isotope values 
(∆δX = ∆δ13C, ∆δ15N, or ∆δ34S) between each treatment and control 
and between treatments for brown bear (Ursus arctos) muscles (A) 
and livers (B). Asterisks denote significant differences.

Table 2.—Analysis of variance (ANOVA) table for the best δ13C and δ34S models. We did not consider other models in the candidate set 
because their ∆AICc scores were > 2 (Supplementary Data SD3–SD5).

Source of variation d.f. Sum of squares Mean square F P

δ13C model
 Bear ID 25 810.1 32.40 40.906 < 0.01
 Treatment 2 11.1 5.54 6.999 < 0.01
 Error 128 101.4 0.79   
 Total 155     
δ34S model
 Bear ID 25 28.8 1.2 18.340 < 0.01
 Tissue type 1 1.5 1.5 24.664 < 0.01
 Treatment 2 0.7 0.3 5.388 < 0.01
 Error 127 8.0 0.1   
 Total 155     
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In contrast, for muscle, we found that the proportions of corn 
in bear diets were more similar between both treatments (lipid 
treatment versus ethanol treatment; POSmuscle  =  0.81) and 
between lipid-extracted samples and the control (lipid treatment 
versus control; POSmuscle = 0.82) compared to ethanol treatment 
and control (ethanol treatment versus control; POSmuscle = 0.56).

Discussion
We investigated the isotopic effects of storing brown bear mus-
cle and liver in ethanol and extracting lipids from these tissues. 
We made three important discoveries. First, we found evidence 
for small increases of similar magnitude in δ13C values follow-
ing both ethanol storage and lipid extraction (Fig. 1); this was 
not the case for δ15N or δ34S values (Fig. 1). Next, we learned 
that differences in muscle δ13C values between lipid-extracted 
and non-lipid-extracted samples were positively correlated to 
C:N of non-lipid-extracted samples, suggesting that research-
ers could lipid-corrected δ13C values in bear muscle based on 
C:N measurements (Fig. 2). Lastly, δ13C values increased in 
tissues following both treatments, but these changes had little 
effect on estimated dietary contributions (Table 3). Correcting 

for ethanol storage or lipids prior to SIMM analysis may not 
be necessary when differences between endmembers are large 
(e.g., ~15‰), as in our case for brown bears in Slovenia.

Effects of ethanol storage.—We found that ethanol and lipid 
treatments caused similar increases in δ13C values for both mus-
cle and liver (Fig. 1), and C:N decreased in these tissues fol-
lowing ethanol storage. Increases in δ13C values and decreases 
in C:N following ethanol storage have also been reported in 
other studies, which suggests that such changes are likely due 
to ethanol extraction of 13C-depleted, carbon-rich (contributing 
to high C:N) lipids from tissues (Kaehler and Pakhomov 2001; 
Sweeting et al. 2004). A study that analyzed the organic com-
pounds leaching from mammal tissues stored in ethanol found 
a variety of lipids and their constituent fatty acids in the ethanol 
storage media, showing that some polar lipids, such as triglyc-
erides, are extracted by ethanol (Von Endt 1994). Although we 
did not extract lipids from ethanol-stored samples, which could 
have provided stronger evidence that ethanol actually extracts 
lipids, we suspect, based on our results and those from past 
studies, that at least some lipids were extracted from samples 
stored in ethanol (Kaehler and Pakhomov 2001; Sweeting et al. 
2004). Further research is required to understand the mecha-
nisms behind ethanol-induced changes in δ13C values. For 
instance, highly (96%) concentrated ethanol used in our study 
could also contribute to observed changes, and results could be 
different using a less-concentrated ethanol (Ponsard and Amlou 
1999; Sweeting et al. 2004). We recommend a study that exam-
ines the effects of different concentrations of ethanol on the 
isotope values of numerous animal tissues.

Unlike fish and squid muscle (Sweeting et al. 2004; Ruiz-
Cooley et al. 2011; Olin et al. 2014; Stallings et al. 2015), eth-
anol storage did not affect δ15N values of brown bear muscle 
and liver in this study or tissues sampled from other mammals, 
birds, and reptiles (Hobson et al. 1997; Gloutney and Hobson 
1998; Barrow et al. 2008). We also found that the isotopic effect 
of ethanol storage was within the measurement error limits for 
δ34S values, indicating that storing mammal tissues in ethanol 
prior to stable isotope analysis did not alter their δ34S values.

Similar to past studies, we did not find a correlation between 
increases in δ13C values and storage time in ethanol (Kaehler 
and Pakhomov 2001; Sarakinos et  al. 2002). Sweeting et  al. 
(2004) and Kiszka et  al. (2014) reported that shifts in δ13C 

0.0
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C:N of control

∆δ
13
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 (

‰
)
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Fig. 2.—Relationships between differences in δ13C values between 
lipid extracted and frozen (control) samples (∆δ13Clipid-control) and C:N 
of control (frozen samples) for brown bear (Ursus arctos) muscles 
(black triangles and line with 95% confidence band) and livers (gray 
points and line with 95% confidence band). Estimates for model coef-
ficients are presented in Supplementary Data SD9.

Table 3.—Proportional dietary contributions (%) for brown bears (Ursus arctos) harvested or killed in Slovenia in February–November 2016. 
Analyses were conducted using liver or muscle tissue, in three treatments prior to analysis (control, ethanol storage, lipid extraction; see Table 1 
and text for descriptions).

 Liver Muscle

Mean 1 SD 2.5% 97.5% Mean 1 SD 2.5% 97.5%

Control
 Corn 25.3 4.5 16.2 34.3 25.7 3.2 19.5 31.9
 C3 foods 74.7 4.5 65.7 83.8 74.3 3.2 68.1 80.5
Ethanol treatment
 Corn 29.5 5.2 16.5 38.3 28.8 3.0 23.0 34.4
 C3 foods 70.5 5.2 61.7 83.5 71.2 3.0 65.6 77.0
Lipid treatment
 Corn 31.9 4.4 23.2 40.7 28.1 3.2 21.8 34.0
 C3 foods 68.1 4.4 59.3 76.8 71.9 3.2 66.0 78.2
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values for fish tissues and dolphin epidermis following etha-
nol storage were independent of storage duration, and increases 
in δ13C values of fish, octopi, and freshwater clams occurred 
within days when they were stored in ethanol (Kaehler and 
Pakhomov 2001; Sarakinos et al. 2002).

Effects of lipid extraction.—Some studies suggest that 
increases in δ13C values are positively correlated to lipid content 
in tissues (e.g., Post et al. 2007). We observed smaller increases 
in δ13C values following lipid extraction than expected, accord-
ing to the high lipid content measured in both muscles (mean ± 
SD; 11.9 ± 5.5%) and livers (17.9 ± 11.5%—Post et al. 2007). 
It is therefore likely that not only lipid content, but also species-
specific factors, including metabolic pathways, could influence 
changes in δ13C values following lipid extraction. For instance, 
Rode et al. (2016) found evidence that some carbon from lipids 
is routed for biosynthesis of nonessential amino acids in brown 
bears. In our study, small difference in δ13C values following 
lipid extraction also could be attributed to carbon from lipids 
being routed to the biosynthesis of certain amino acids.

We found that our lipid extraction method did not have an 
effect on δ15N and δ34S values of brown bear muscle and liver 
tissues. The reported effects of lipid extraction on δ15N values in 
the literature vary significantly in magnitude and direction, and 
these discrepancies can likely be attributed to the method used 
for lipid extraction (Boecklen et al. 2011). A number of meth-
ods have been used to extract lipids from tissues prior to stable 
isotope analysis, but there is currently no consensus to stand-
ardize this lab procedure (see Wilson et al. 2014 for review). 
Unlike hexane and other lipid extraction solvents (e.g., Bodin 
et al. 2007), polar solvents, such as chloroform-methanol, have 
been found to increase δ15N values in tissues (e.g., Yurkowski 
et al. 2015; Gimenez et al. 2017). Strong polar solvents extract a 
substantial amount of non-lipids (≤ 35%—Dobush et al. 1985), 
including some hydrophobic essential amino acids, which are 
not enriched in 15N with each trophic level (Elliott and Elliott 
2016). However, such solvents are commonly used for lipid 
extraction as they extract both nonpolar lipids (e.g., triglycer-
ides) and polar lipid compounds (e.g., phospholipids and free 
fatty acids—Schlechtriem et  al. 2003; Doucette et  al. 2010). 
It is likely that no change in δ15N (and possibly δ34S) values 
following lipid extraction could be attributed to the method we 
used, and that other lipid extraction methods could yield differ-
ent results.

C:N has generally been described as an indicator of lipid 
content in animal tissues (Post et al. 2007), but growing evi-
dence, including results from this study, suggests otherwise. 
Similar to other experimental studies of mammals, we found 
that there is a linear relationship between the difference in δ13C 
values following lipid extraction and C:N for muscles; how-
ever, we did not find such relationship for liver (Ehrich et al. 
2011; Yurkowski et al. 2015; Fig. 2). It is incorrect to assume 
that lipid content in the tissue is the only factor contributing to 
the variability of C:N. For example, glycogen can contribute 
to high elemental concentrations of carbon in tissues, such as 
liver, leading to high C:N (Kiljunen et al. 2006; Patterson and 
Carmichael 2016). In summary, our results indicate that C:N is 

not a good indicator of lipid content in brown bear livers, espe-
cially when lipid content is ≤ 25%.

We found that the liver lipid contents of two large, adult 
males were very high (48.9% and 58.7%). Measurement error 
may not be responsible for these two outliers because of cor-
respondingly high liver C:N (9.4 and 11.6), differences in 
δ13C value following lipid extraction (∆δ13Clipid-control: 1.8‰ 
and 2.4‰), and a much lower water content in these samples 
(54.4% and 48.9%; mean ± SD water content for all other 
samples: 67.4 ± 2.4%). To our knowledge, this is the highest 
liver lipid content measured in a bear (Ursus spp.—Gebbink 
et al. 2008). We suspect that high lipid content in livers could 
be attributed to the consumption of energy-rich foods that are 
high in fat and carbohydrates. Further research to determine 
what causes such high lipid content in bear livers would be 
interesting, as such lipid content has a strong effect on their 
δ13C values (∆δ13Clipid-control ~ 2‰). Nevertheless, such sam-
ples can be detected due to their high C:N (> 9; either fro-
zen or ethanol-stored samples) and can be either excluded or 
lipid-extracted and measured again.

Ethanol storage and lipid extraction had negligible effect 
on estimated dietary parameters. Both ethanol storage and 
lipid extraction yielded similar dietary contributions (Table 3) 
because differences in δ13C values were small between both 
treatments (Fig. 1). The smaller the difference in stable isotope 
values between treatments relative to the differences in sta-
ble isotope values between endmembers, the smaller the error 
introduced to estimated dietary contributions (Lesage et  al. 
2010; Giménez et al. 2017). In our study, the difference in δ13C 
values between endmembers was large (~15‰; Supplementary 
Data SD2) compared to the difference in δ13C values between 
treatments (Fig. 1). It is therefore expected that the differences 
between treatment dietary contributions were small (~3% for 
muscle ethanol and lipid treatment and ~6% for liver ethanol 
and lipid treatment; Table 3; see Post et al. 2007), suggesting 
that ethanol storage and lipid content had negligible effects on 
population-level dietary contributions estimated by one-isotope 
(δ13C) two-source (C3 and C4) SIMMs.

Guidelines for storing and extracting lipids from mammal 
tissues.—Ethanol storage is a valuable storage technique, 
especially when freezing or drying tissue samples is imprac-
tical (e.g., working in remote areas or when samples are col-
lected and stored by volunteers, such as hunters—Ponsard and 
Amlou 1999; Skrbinšek et al. 2012) or when samples need to 
be archived (Sarakinos et al. 2002). Ethanol does not affect 
δ15N (Hobson et al. 1997; Kiszka et al. 2014; this study) or 
δ34S (this study) values in mammal tissues. However, it likely 
extracts lipids from those tissues, which can increase sample 
δ13C values, but this mechanism is not fully understood (e.g., 
Kaehler and Pakhomov 2001; Sweeting et  al. 2004; Ruiz-
Cooley et  al. 2011; this study). Therefore, we suggest con-
ducting a similar study as presented here to verify the extent 
in which ethanol affects δ13C values in tissues of specific 
species of interest before storing samples in ethanol. We also 
recommend that researchers avoid using highly concentrated 
ethanol for tissue storage when lipid extraction is unwanted 
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prior to stable isotope analysis, as ethanol may extract lipids 
from stored samples (Von Endt 1994).

Lipids are an important dietary macronutrient for car-
nivorous and omnivorous mammals; they are used not only 
for energy metabolism but also for biosynthesis of tissues 
(Newsome et al. 2014; Rode et al. 2016). Prior to conducting 
stable isotope analyses, we suggest researchers carefully con-
sider if lipid extraction or mathematical normalization is nec-
essary. Although we found little change to estimated dietary 
parameters generated by SIMMs following lipid extraction, 
differences could have been significant if δ13C values between 
endmembers were smaller (< 10‰—Post et al. 2007; Lesage 
et al. 2010; Giménez et al. 2017).
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