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1 | INTRODUCTION

Carbone (83C) and azote (61°N) stable isotope analysis is a common
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Abstract

Rationale: Carbon (613C) and nitrogen (5'°N) stable isotope analysis is a powerful
tool to investigate diverse questions in fish ecology, such as their trophic position or
migration strategies. These questions appear particularly important to protect
endangered European eel. However, elevated lipid content in eel muscle can bias
83C values, as lipids are **C-depleted compared to proteins and carbohydrates.
Methods: We measured &*3C and 8*°N values of bulk and lipid-free samples of eel
muscle. Lipid-free samples were obtained after the extraction of lipids with
cyclohexane. Lipid-corrected &'°C values, using five different mathematical
equations based on bulk §*3C values, were compared to lipid-free 6*3C values. We
also evaluated the effect of lipid extraction on 8'°N values. The analyses were based
on linear regression performed on 333 individuals captured in nine lagoons and four
rivers.

Results: Independently to the capture site or habitat (river or lagoon), the
predicted lipid-corrected 63C values were highly consistent with the measured
lipid-free 63C values (R? > 0.90). The application of specific equations for each
habitat or capture site only slightly increases these R? (1.5% or less). The lipid
extraction treatment significantly decreased by 0.2%o the &*°N values compared to
bulk samples.

Conclusions: Given the excellent prediction of mathematical equations and the small
decrease of 6N values after lipids extraction, we propose to use mathematical
correction to estimate 6'3C values of eel muscle. As the habitats or sites did not
strongly influence the results, the coefficients from our study can be applied to other

studies on European eel.

strategies.*® These question are of pivotal importance in fish
populations dynamic as they can be related to individuals growth and

survival,”® to their sensitivity of contamination by several
0

and powerful method to investigate diverse ecological questions in
fish ecology, such as their trophic position in food webs,! the intra-

specific variability of the trophic niche,>® or habitat use and migration

anthropogenic pollutants’ and to their parasites infestation.®
However, in species with an elevated lipid content in the studied

tissues, the measures of §*3C can be biased as lipids are naturally *3C
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depleted compared to proteins and carbohydrates.*? Individuals with
a high lipid content will have lower &3C values, regardless of their
trophic behavior, leading to erroneous interpretation of stable isotope
data. Two methods are currently used to remove the effect of lipid
content on &'3C values. The first method consists to chemically
extract lipids from the sample prior to measuring lipid-free §°C
values.?>1* However, many different protocols including several
solvents are currently used with a diverse degree of lipid extraction
that impact 8*3C values. Moreover, this method is costly and time-
consuming due to the pretreatment associated with lipid extraction.
Additionally, lipid extraction can modify the *°N values by removing
protein compounds linked to lipids.’®> An alternative method to
chemical extraction is mathematical correction to predict lipid-
corrected 613C values. Many species- and tissue-specific models have
been developed in literature to accurately estimate §3C values from
various environments.!® All models are based on empirical
relationship between bulk and lipid-free &'3C values to predict
corrected 6*3C values. >’

European eel (Anguilla anguilla, referred to as eel hereafter) is a
facultative catadromous species'® which migrate from its growing
habitat in the coastal and continental waters of Europe and North
Africa to its breeding ground in the Sargasso sea.'”?° Eel complex
life cycle exposes it to a variety of anthropogenic impacts,2* which
led to a drastic decrease of its population?? and its classification as
critically endangered on the IUCN red list.2>?* Several ecological
questions are yet to be disentangle to help the implementation of
efficient conservation and restauration measures?® such as the
description of eel trophic ecology and movements between
habitat?®2?” which can be assessed using 6'°C and &*°N analyses. In
eels, the use of stable isotopes implicates to deal with the high
content of lipid in muscle tissues. Indeed, the main energetic fuel
used by the future genitors (silver eels) to migrate from their growing
habitats to the Sargasso sea is the lipids stored in their muscle.?® As
a consequence, the percentage of lipids in eel muscle can frequently
reach 20% to 30%2%°° and consequently C:N ratios are higher than
3.5%1 which is the threshold above which the effect of lipid content
on &3C values has to be removed.!® In eel tissues, the use of
mathematical correction needs to be further investigated as the best
models, including the equation and/or the parameters used, have not
been calibrated for this species.32 Moreover, mathematical correction
of eel 8'3C values can be further complicated by the variety of
growing stages as well as habitat inhabited by eels such as coastal
waters, estuaries, rivers, lakes, or Iagoons.33 This variety of habitat is
related to extended 8'3C values®* and lipid content in eel muscle
tissues.3°

In this context, our study aims at (1) evaluating the performances
of commonly used mathematical equations to predict the lipid-
corrected &*3C values from the bulk 81°C values, (2) determining the
equations parameters specific to eel and investigating the necessity to
use different equations and/or parameters depending on eel growing
habitat or capture site, (3) evaluating the effect of lipid extraction on
8N values, and (4) recommending the best method to measure e

and 8%°N in eel muscle tissues.

2 | MATERIALS AND METHODS

21 | Fish collection

A total of 333 silver eels were sampled between 2016 and 2023 in
four rivers from the French Atlantic coast and nine coastal French
Mediterranean lagoons (Table S1). The number of eels sampled per
site ranged from five in the Canet lagoon to 64 in the Sélune river
(Table S1). All captured eels were euthanized with an overdose of
anesthetic (iso-eugenol in lagoons and benzocaine in rivers) in
accordance with the European Union regulations concerning the
protection and welfare of experimental animals (European directive
91/492/CCE). The total length (TL, mm) and body weight (BW, g) of
eels were measured (Table S1). Eels were then frozen at —20°C until
dissection at the laboratory.

For each collected eel, a sample of dorsal muscle tissue was
dissected, freeze-dried, and manually grounded. Prior to stable
isotope analyses, the samples were separated into two aliquots of
approximately 10 mg. The first aliquot was kept untreated for bulk
analyses of stable isotopes. The second aliquot was treated with
cyclohexane®® to remove lipids (lipid-free sample). The cyclohexane
method was preferred to other commonly used methods such as the
chloroform-methanol  or  dichloromethane-methanol  methods
because cyclohexane did not affect the §'°N values compared to
bulk samples in a previous study.>> The 10-mg aliquots were placed
in a glass vial and submerged with 4 mL of cyclohexane during 1 h.
The samples were centrifuged (1200 g, 10 min, 10°C), and the
supernatant was discarded before repeating the procedure another
time. The samples were then dried in a sand bath at 45°C during at
least 2 h.

For stable isotope analyses, approximately 0.3 mg of each aliquot
was weighted and packed into a tin capsule for simultaneous analysis
of carbon and nitrogen stable isotopes. 8'°C and &'°N values were
analyzed by a Euro EA3000 (Pavia, Italia) elemental analyzer coupled
with a GVI Isoprime (Manchester, England) isotope ratio mass
spectrometer used in continuous-flow mode. The ¥C/%2C or 1N/N
ratios are expressed in conventional delta notation in per mil (%o)
relative to the levels of 13C in Vienna Pee Dee Belemnite and **N in
atmospheric air. Repeated measurements on alanine exhibited a
0.11%0 and * 0.12%o for §*3C and &'°N values,
respectively. Commercial standards, including alanine, wheat flour,

precision of *

and corn flour from IsoAnalytical Lab (Crew, UK), as well as IAEA-N-1,
IAEA-N-2, IAEA-CH3 cellulose and USGS24 graphite from National
Institute of Standard and Technology (Gaithersburg, USA), were used

for a multipoint calibration.

2.2 | Mathematical corrections of 6§3C values

Five different mathematical equations, previously published, were
used to estimate 61°C (623Corrected) from the 8*°C measured in bulk
samples (8*3Cy). The first equation (Equation 1) was this described

in Kiljunen et al.®¢:
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where D is the isotopic difference between proteins and lipids, here
estimated to 7.018%%, I is a constant (0.048%¢), and L is the percentage

of lipid in the sample estimated from Equation (1'):

93
L= 1 (1)
1+(0.246 x (C: Npyk) —0.775)

where C:Np is the C:N ratio of the bulk sample.
The second equation (Equation 2) was an equation for aquatic

organisms from Post et al.%:

883 Ceorrected = 83 Chuik — 3.32+0.99 x C: Npui (2)

The third equation (Equation 3) was described by Shipley et al.®”:

613Ccorrected:a +px 613Cbulk (3)

where « is the intercept and § the slope of the linear regression
between 8*3Corrected and 53Cpyi estimated from our data.

Finally, the fourth (Equation 4) and fifth (Equation 5) equations
were described by Logan et al'” with Equation (4) and Equation (5):

613Ccorrected = 613Cbulk +rtex In(C : Nbulk) (4)

where y is the intercept and ¢ the slope of the linear regression
between 8°Corected — 6 Cpuk and C:Npu estimated from our
data.

axC:Npyk+b

8'°C = 5" Chur +
corrected bulk C. Nbulk Tc

(5

where a is the difference in carbon isotopic composition between

.Y and b and c are

|l7

proteins and lipids, estimated to 6 by Logan et a
two constants estimated from our data as described in Logan et a

2.3 | Statistical analyses

First, the effect of the lipid extraction treatment on 8'°C, §'°N, and
C:N values was evaluated by comparing the lipid-free values to the
bulk values using a paired t-test of student. When a significant
difference between 8'°C, §'°N, and C:N values of the lipid-free and
bulk samples was observed, the lipid extraction treatment was
considered to affect the §*3C, §°N, and C:N values.

The effectiveness of each mathematical equation was evaluated
using linear models between the §'°C measured after lipids extraction
(613C|ipid_f,ee) and the five different §*3Ceorected €Stimated from the
8%3Cpuic With mathematical equations. Two criteria were used to
evaluate the effectiveness of each mathematical equations. First, the

percentage of deviance explained by the linear model (R?) with values
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closest to 1 reflecting highest concordance between 613C|ipid,free and
8¥3C orrected- Second, when the values of the slope and intercept of
the linear models did not significantly differ from 1 and O respectively,
the 8*3C orrected Was considered robust as it did not systematically
under- or over-estimate the §**Ceorrected cOmpared to 8*Cipig-free In
the whole range of variation of 8§*3C.o/rected. TO evaluate the potential
effect of habitat (river versus lagoon) and capture site on the
estimation of 83Corecteds these two variables were added in the
model as covariates.

Two different approaches were developed for the different
mathematical equations. For Equations (1) and (2), the equation
parameters were constants and estimated from the literature. In this
case, 6%C orected Was calculated using these constants and C: Npui
ratio for every samples and then compared to 613C“pid_f,ee as
explained above. For Equations (3), (4), and (5), the equations
parameters were estimated from our data. This estimation was
performed on a subset of our data representing 70% of our total data.
The subset was selected using a stratified sampling strategy by
sampling site. Finally, the 8*C.orected Was estimated from the
estimated parameters and compared to the 613C|ipid_free on the
remaining 30% of our data.

All statistical analyses were performed in the R environment

(version 4.1.2).%8

3 | RESULTS

3.1 | Effects of lipid extraction

For all habitats considered together, lipid extraction resulted in
significantly higher 6C values than those obtained from bulk
samples (paired t-test; ta3, = —69.6; p < 0.001; Figure S4; Table S2).
The mean increase of 63C values was 3.3%o. Similarly, the C:N ratios
of the bulk samples were significantly higher than those of lipid-free
samples (paired t-test; tzz, = 36.9; p < 0.001); the mean C:N ratio of
the bulk samples was 7.8 compared to 3.4 for the lipid-free sample.
Finally, lipid extraction also had a small, yet significant, increase of
8°N values between the bulk and the lipid-free samples (paired t-
test; ta3p = —14.1; p < 0.001; Figure 1A). The mean increase of §*°N
values was 0.23%o (Table S2; Figure 1A).

3.2 | Evaluation of mathematical corrections

The five mathematical models used to estimate &*3Ccoprecteq Values
were very accurate (Figure 1B-F; Table S3) with R? of the linear
regression between 6"3Corrected and 8*Ciipig-free Values ranging from
0.92 for Equation (2) (Figure 1C) to 0.98-0.99 for the four others. The
habitat type (lagoon or river) significantly influenced the 8°C orected
values in Equation (2) and Equation (4) (p < 0.03), while its effect
remained unsignificant for the other three equations (p = 0.11).
Conversely, the site-specific effect was significant on 6*3Ceoyrecteq fOr

all equations (p < 0.03), but only slightly improved the models with a



4of7 W Z) Rapid LAGARDE eT AL.
l LEY Mass Spectrometry
(A) ()
— o S |
n | N =333 i
o~
— ﬂ7
s’ £
R * Rl
= S
xX 53]
s o
o € a1
Z, B
&3 2
© £ R
O
o | )
- « ﬂ‘ 13
* ' 8 Copmctea = 052+ 0.99x8" Cipig e
o
g 2 R>=0.99
wn T T T T ! T T T T T T T
10 15 20 25 -40 -35 -30 -25 -20 -15 -10
15
8" Niipid-free (%0) 613Clipid-free (%o)
(9] (D)
o o
w1 N=333 . R =4 N=101
. .
. /'
N
S . e 0]
a [} . =R
2 H R A 2
s * =
=2 R g K & 81
=) osee o
S 3 o
X o X A
< 0 < 9
< ®e . o
3 ]
£9 43 £ R
O O
% g % % 5
™ e PCoamseed = 0.64 +0.98x6" i e G BCmeaea = 030+ 1.02567Chig e
I
) rd
24, R*=0.92 2 R>=0.98
T T T T T T T T T T T T T T
-40 -35 -30 -25 -20 -15 -10 -40 -35 -30 -25 -20 -15 -10
13 13
(E) 8 Clipid-free (%o) (F) 8 Clipid-frcc (%o)
o o
1 N=101 -1 N=101
P
o5
< ] w0 -
g = 46°
2 2 o
= g=
g o = o .o .
5 N1 g " d
53] M 7 d
2 n 2 In o
E ¥ E 3 "
3 B :‘; . ’
E g 7 g 9’. - 7
8 8 %
~ o -
~ In . o 0 e
© 7 8"Coomecied = 1.23 + 1.06x8"Cpig.free © 0 7 BCcorrcc\cd = 038+ 1.06x8"Ciipg ice
7
° =0.99 ol R*=0.98
5 < .
! T T T T T T T ! T T T T T T T
-40 -35 -30 -25 -20 -15 -10 -40 -35 -30 -25 -20 -15 -10

13
8 Clipld—free (%0)

FIGURE 1

13
8 Clipidvfree (%0)

8N values of the lipid-free samples («Slanpid,free) compared to the bulk samples (52°Npi) (A) and lipid-corrected 613C values

(53Ceorrected) estimated with the mathematical Equations (1) (B), (2) (C), (3) (D), (4) (E) and (5) (F) compared to the lipid-free §*3C values (§**Cipia-
free). The black lines represent the estimate of the linear models between 8*3Ceorected and 613C|ipid_f,ee for both habitats, and including all sites, the
intercept slope and R? of each regression are specified in the panels. The dashed red lines represent the 1:1 line. (N) is the number of eels
integrated in the linear model and/or the panel. [Color figure can be viewed at wileyonlinelibrary.com]

percentage of deviance explained by the site effect ranging from 0.3%
to 1.5%. For all linear regressions, the slope of the linear models did
not significantly differ from 1 (p = 0.09; Table S3). The intercept of
the linear models was significantly different from O in Equation (1) and
Equation (4) (p < 0.04) but not in other equations (p = 0.33). Finally,
the values of the slope and intercept of the linear models did not

significantly differ from 1 and O respectively only for Equations (3)

and (5). These two equations had an R? of 0.98 which was very close
to the maximum R? of 0.99 for Equations (1) and (4). With the values
estimated from our test dataset, Equation (3) was:

613Ccorrer:ted =2.5+0.97 x 613Cbulk.

and Equation (5) was:


http://wileyonlinelibrary.com
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7.018 x C:Npy+35.3

13 =13
5 Ccorrected =0 Cbulk + C- Nbulk +26.9

4 | DISCUSSION

4.1 | Lipid extraction method and effect on §'°N

In our study, cyclohexane was chosen to extract lipids from samples
because of its lower toxicity compared to other commonly used
solvents such as chloroform-methanol or dichloromethane-methanol.
Lipid extraction with cyclohexane was also supposed to prevent the
impact on 8'°N values observed with other mixtures.**>3> C:N ratio is

t1637 stored in eel muscle. Our results

a good proxy of lipid conten
support the efficiency of lipids extraction with cyclohexane because
an important and significant decrease of C:N ratio of 4.4 was
observed between the bulk and the lipid-free samples. Additionally,
the mean C:N value of our samples after the lipid extraction treatment
(3.4) was below the 3.5 threshold above which lipid content in tissues
do not influence 8'3C values.r® However, the hypothesis that lipid
extraction using cyclohexane does not affect §!°N values was not
confirmed with our data, as a significant, although small, decrease of
0.2%o was observed in §*°N values between the bulk and the lipid-
free samples. This impact on 6*°N values may be explained by a small
loss of proteins during lipids extraction even if apolar solvents such as
cyclohexane are not supposed to alter proteins.*® This increase is
slightly superior to the analytical precision estimated to 0.12%o with
repeated measurements on internal standard. The increase of 6°N
values after cyclohexane lipid extraction is probably negligeable to
interpret ecological processes. Trophic enrichment factor between a
consumer and its food sources is usually 3.4%o,**? and in this study,
81°N values ranged from 6.2%o to 26.6%o.. To conclude, the 51°N
values are slightly biased by cyclohexane lipid extraction and, even if
this bias could be acceptable, a rigorous estimate of 8'°N should be

measured on bulk samples.*®

4.2 | Mathematical lipid correction of §3C values
The five tested mathematical equations to estimate lipid-corrected
83C values performed very well. The R? of the linear models between
lipid-corrected 86'3C and lipid-free §*3C was higher than 0.92. The
habitat type (lagoon or river) had little if any effect on the precision of
the mathematical corrections. Conversely, the different sampling sites
significantly improved the precision of the mathematical corrections
with all tested equations. This result support the conclusion of Van
Der Merwe et al.** who suggested a site-specific calibration of the
mathematical equations to estimate lipid-corrected §3C values.
However, site-specific calibration had only improved §*3C values of
1% or less for most of the equation. This improvement is within the
analytical precision (0.11%o) of our mass spectrometer.

Finally, two mathematical corrections fulfilled the two criterion

used to evaluate the effectiveness of the mathematical correction:

Rapid 50f7
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Equations (3)*” and (5).” The linear models between the 6°Corrected
and 8%3Cy, for the two equations had the second highest values of
R? (0.98) and their slopes and intercepts did not differ from 1 and
0, respectively. These two equations can be used to estimate §°C
from the bulk samples. However, Equation (3) appears to be more
robust as there are only two parameters estimated from the data
compared to two parameters estimated from the data plus one
theoretical constant for Equation (5). The greater number of
parameters in Equation (5) probably reduce the robustness of this
equation as the potential effect of measurements error on &3C

estimates are higher.

43 | Recommendations

To conclude, we recommend the use of Equation (3) with the
following parameters to estimate the values of 8'3C from the bulk
samples in European eel:

613Ccorrectecl =25+0.97 x 613Cbulk

The 8N values and C:N ratios can also be measured from the
bulk samples and remain unbiased. These estimates are very robust
among the different study sites in our study. Consequently,
Equation (3) can be used in others study sites within the geographical
repartition of European eel not included in our study with a high
degree of confidence. In addition to eels, this equation could be
widely applied to other species, even if calibration studies similar to
ours would be necessary to confirm this hypothesis. Further
methodological studies on European eel should focus on the
development of non-lethal methods to estimate §'°C and &'°N. The
reduction of scientific sampling on wild population of critically
endangered species is today essential. The sampling of non-lethal
tissues could include muscle biopsies, blood, fins, or mucus.*®
However, the use of alternative tissues in isotopic ecology requires
more laboratory experiments to understand the dynamics of isotopic

incorporation, trophic discrimination factors, and routing in eels.

AUTHOR CONTRIBUTIONS

Raphaél Lagarde: Conceptualization; methodology; software;
investigation; formal analysis; funding acquisition; writing - original
draft. Christophe Menniti: Methodology; data curation; investigation;
writing - review and editing. Nils Teichert: Conceptualization;
methodology; investigation; writing - review and editing. Elsa
Amilhat: Investigation; funding acquisition; writing - review and
Elisabeth Faliex:

writing - review and editing. Sarah Nahon: Conceptualization;

editing. Investigation; funding acquisition;

investigation; validation; data curation; writing - review and editing.

ACKNOWLEDGMENTS
We would like to thank all the persons who assisted us on the field or
in the lab and especially Aurélie Cante and the fishers that collected

the eels during the silver eel releases program in Mediterranean



LAGARDE ET AL.

7 L WILEY-R%%

Mass Spectrometry

lagoons of Occitanie. We also thank Dr Roland Bol and an anonymous
reviewer of this article for providing feedback that improved the
manuscript. This study received financial support from the French
Ministry of Ecology, sustainable development and Energy (MEDDE).
Some samples were collected as part of the Sélune River restoration

program (https://programme-selune.com), which is supported by

funding from the Seine-Normandy Water Agency (AESN) and the
French Biodiversity Agency (OFB).

PEER REVIEW

The peer review history for this article is available at https://www.
webofscience.com/api/gateway/wos/peer-review/10.1002/rcm.
9924,

DATA AVAILABILITY STATEMENT
The data that supports the findings of this study are available in the
supplementary material of this article (Table S5).

ORCID

Raphaél Lagarde "= https://orcid.org/0000-0001-9809-1673

REFERENCES

1. Vizzini S, Savona B, Chi TD, Mazzola A. Spatial variability of stable
carbon and nitrogen isotope ratios in a Mediterranean coastal lagoon.
Hydrobiologia. 2005;550(1):73-82. doi:10.1007/s10750-005-4364-2

2. Bearhop S, Adams CE, Waldron S, Fuller RA, Macleod H. Determining
trophic niche width: a novel approach using stable isotope analysis.
J Anim Ecol. 2004;73(5):1007-1012. do0i:10.1111/j.0021-8790.2004.
00861 .x

3. Teichert N, Lizé A, Lepage M, et al. Hydro-morphological features and
functional structure of fish assemblages mediate species isotopic
niches in estuaries. Estuar Coast Shelf Sci. 2024;299:108686. doi:10.
1016/j.ecss.2024.108686

4. Reis-Santos P, Tanner SE, Franca S, Vasconcelos RP, Gillanders BM,
Cabral HN. Connectivity within estuaries: an otolith chemistry and
muscle stable isotope approach. Ocean Coast Manag. 2015;118:51-
59. d0i:10.1016/j.ocecoaman.2015.04.012

5. Teichert N, Lizé A, Tabouret H, et al European flounder foraging
movements in an estuarine nursery seascape inferred from otolith
microchemistry and stable isotopes. Mar Environ Res 2022;182:
105797. 10.1016/j.marenvres.2022.105797

6. Lizé A, Teichert N, Roussel JM, Acou A, Feunteun E, Carpentier A.
Isotopic niches of diadromous fishes inform on interspecific
competition in an obstructed catchment. Front Ecol Evol. 2023;11.
Accessed November 29, 2023. https://www.frontiersin.org/articles/
10.3389/fev0.2023.1242452

7. Brodeur RD, Smith BE, McBride RS, Heintz R, Farley E. New
perspectives on the feeding ecology and trophic dynamics of fishes.
Environ Biol Fishes. 2017;100(4):293-297. doi:10.1007/s10641-017-
0594-1

8. Capoccioni F, Leone C, Giustini F, et al. §13C and 615N in yellow and
silver eels (Anguilla anguilla, 1758) from different Mediterranean local
stocks and their variation with body size and growth. Mar Freshw Res.
Published online March 22. 2021. doi:10.1071/MF20144

9. Cabana G, Rasmussen JB. Modelling food chain structure and
contaminant bioaccumulation using stable nitrogen isotopes. Nature.
1994;372(6503):255-257. doi:10.1038/372255a0

10. Welicky RL, Demopoulos AWJ, Sikkel PC. Host-dependent
differences in resource use associated with Anilocra spp. parasitism in
two coral reef fishes, as revealed by stable carbon and nitrogen

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

isotope analyses. Mar Ecol. 2017;38(2):e12413. doi:10.1111/maec.
12413

DeNiro MJ, Epstein S. Mechanism of carbon isotope fractionation
associated with lipid synthesis. Science. 1977;197(4300):261-263.
doi:10.1126/science.327543

Folch JML, Stanley GHS. A simple method for the isolation and
purification of total lipides from animal tissues. J Biol Chem. 1957;
226(1):497-509. doi:10.1016/50021-9258(18)64849-5

Chouvelon T, Spitz J, Cherel Y, et al. Inter-specific and ontogenic
differences in 613C and 615N values and Hg and Cd concentrations
in cephalopods. Mar Ecol Prog Ser 2011;433:107-120. 10.3354/
meps09159

Bodin N, Budzinski H, Le Ménach K, Tapie N. ASE extraction method
for simultaneous carbon and nitrogen stable isotope analysis in soft
tissues of aquatic organisms. Anal Chim Acta. 2009;643(1):54-60. doi:
10.1016/j.aca.2009.03.048

Sotiropoulos MA, Tonn WM, Wassenaar LI. Effects of lipid extraction
on stable carbon and nitrogen isotope analyses of fish tissues:
potential consequences for food web studies. Ecol Freshw Fish. 2004;
13(3):155-160. doi:10.1111/j.1600-0633.2004.00056.x

Post DM, Layman CA, Arrington DA, Takimoto G, Quattrochi J,
Montafna CG. Getting to the fat of the matter: models, methods and
assumptions for dealing with lipids in stable isotope analyses.
Oecologia. 2007;152(1):179-189. doi:10.1007/s00442-006-0630-x
Logan JM, Jardine TD, Miller TJ, Bunn SE, Cunjak RA, Lutcavage ME.
Lipid corrections in carbon and nitrogen stable isotope analyses:
comparison of chemical extraction and modelling methods. J Anim
Ecol. 2008;77(4):838-846. doi:10.1111/j.1365-2656.2008.01394.x
Daverat F, Limburg KE, Thibault I, et al. Phenotypic plasticity of
habitat use by three temperate eel species, Anguilla anguilla,
A. japonica and A. rostrata. Mar Ecol Prog Ser 2006;308:231-241. 10.
3354/meps308231

Johs S. The breeding places of the eel. Philos Trans R Soc. 1923;
211(382-390):179-208. doi:10.1098/rstb.1923.0004

Wright RM, Piper AT, Aarestrup K, et al. First direct evidence of adult
European eels migrating to their breeding place in the Sargasso Sea.
Sci Rep 2022;12(1):15362. 10.1038/s41598-022-19248-8

Drouineau H, Durif C, Castonguay M, et al. Freshwater eels: a symbol
of the effects of global change. Fish Fish. 2018;19(5):903-930. doi:10.
1111/faf.12300

ICES. Report of the Joint EIFAAC/ICES/GFCM Working Group on Eels
(WGEEL). ICES Scientific Reports; 2023. doi:10.17895/ices.pub.
24420868.v1

Jacoby D, Gollock M. Anguilla anguilla The IUCN Red List of Threatened
Species. Published online 2014. Accessed April 23, 2019. https://
www.iucnredlist.org/en

Pike C, Crook V, Gollock M. IUCN red list of threatened species:
Anguilla anguilla. IUCN Red List of Threatened Species. Published online
2020. doi:10.2305/IUCN.UK.2020-2.RLTS.T60344A152845178.en
European Council. Council Regulation (EC) No 1100/2007 of
18 September 2007 establishing measures for the recovery of the stock
of European eel. Published online 2007.

Righton D, Piper A, Aarestrup K, et al. Important questions to
progress science and sustainable management of anguillid eels. Fish
Fish. 2021;n/a(n/a). doi:10.1111/faf.12549

Durif CMF, Arts M, Bertolini F, et al. The evolving story of catadromy
in the European eel (Anguilla anguilla). ICES J Mar Sci. Published online
September 27. 2023;fsad149. doi:10.1093/icesjms/fsad149

Boétius |, Boétius J. Lipid and protein content in Anguilla anguilla
during growth and starvation. Dana. 1985;4:1-17.

Amilhat E, Fazio G, Simon G, et al. Silver European eels health in
Mediterranean habitats. Ecol Freshw Fish. 2014;23(1):49-64. doi:10.
1111/eff.12077

Capoccioni F, Conto M, Failla S, Cataudella S, Ciccotti E. Fatty acid
profiles of migrating female silver eel from Mediterranean coastal


https://programme-selune.com
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/rcm.9924
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/rcm.9924
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/rcm.9924
https://orcid.org/0000-0001-9809-1673
https://orcid.org/0000-0001-9809-1673
info:doi/10.1007/s10750-005-4364-2
info:doi/10.1111/j.0021-8790.2004.00861.x
info:doi/10.1111/j.0021-8790.2004.00861.x
info:doi/10.1016/j.ecss.2024.108686
info:doi/10.1016/j.ecss.2024.108686
info:doi/10.1016/j.ocecoaman.2015.04.012
info:doi/10.1016/j.marenvres.2022.105797
https://www.frontiersin.org/articles/10.3389/fevo.2023.1242452
https://www.frontiersin.org/articles/10.3389/fevo.2023.1242452
info:doi/10.1007/s10641-017-0594-1
info:doi/10.1007/s10641-017-0594-1
info:doi/10.1071/MF20144
info:doi/10.1038/372255a0
info:doi/10.1111/maec.12413
info:doi/10.1111/maec.12413
info:doi/10.1126/science.327543
info:doi/10.1016/S0021-9258(18)64849-5
info:doi/10.3354/meps09159
info:doi/10.3354/meps09159
info:doi/10.1016/j.aca.2009.03.048
info:doi/10.1111/j.1600-0633.2004.00056.x
info:doi/10.1007/s00442-006-0630-x
info:doi/10.1111/j.1365-2656.2008.01394.x
info:doi/10.3354/meps308231
info:doi/10.3354/meps308231
info:doi/10.1098/rstb.1923.0004
info:doi/10.1038/s41598-022-19248-8
info:doi/10.1111/faf.12300
info:doi/10.1111/faf.12300
info:doi/10.17895/ices.pub.24420868.v1
info:doi/10.17895/ices.pub.24420868.v1
https://www.iucnredlist.org/en
https://www.iucnredlist.org/en
info:doi/10.2305/IUCN.UK.2020-2.RLTS.T60344A152845178.en
info:doi/10.1111/faf.12549
info:doi/10.1093/icesjms/fsad149
info:doi/10.1111/eff.12077
info:doi/10.1111/eff.12077

LAGARDE ET AL.

Rapid
L

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

lagoons as integrative descriptors of spawners biological quality.
Estuar Coast Shelf Sci. 2018;210:87-97. doi:10.1016/j.ecss.2018.
06.017

Boardman RM, Pinder AC, Piper AT, Roberts CG, Wright RM,
Britton JR. Variability in the duration and timing of the estuarine to
freshwater transition of critically endangered European eel Anguilla
anguilla. Aquatic  Sci. 2023;86(1):18. doi:10.1007/s00027-023-
01033-y

Sardenne F, Raynon T. Munaron JM, et al lipid-correction models for
613C values across small pelagic fishes (Clupeiformes) from the
Atlantic Ocean. Mar Environ Res. 2023;192:106213. doi:10.1016/j.
marenvres.2023.106213

Williamson MJ, Jacoby DMP, Piper AT. The drivers of anguillid eel
movement in lentic water bodies: a systematic map. Rev Fish Biol Fish.
Published online January 9. 2023. doi:10.1007/s11160-022-09751-6
Denis J, Rabhi K, Loc'h FL, et al. Role of estuarine habitats for the
feeding ecology of the European eel (Anguilla anguilla L.). PLoS ONE.
2022;17(7):e0270348. doi:10.1371/journal.pone.0270348
Chouvelon T, Chappuis A, Bustamante P, et al. Trophic ecology of
European sardine Sardina pilchardus and European anchovy Engraulis
encrasicolus in the Bay of Biscay (north-east Atlantic) inferred from
613C and &15N values of fish and identified mesozooplanktonic
organisms. J Sea Res. 2014;85:277-291. doi:10.1016/j.seares.2013.
05.011

Kiljunen M, Grey J, Sinisalo T, Harrod C, Immonen H, Jones RI. A
revised model for lipid-normalizing &13C values from aquatic
organisms, with implications for isotope mixing models. J Appl Ecol.
2006;43(6):1213-1222. doi:10.1111/j.1365-2664.2006.01224 .x
Shipley ON, Olin JA, NVC P, et al. Polar compounds preclude
mathematical lipid correction of carbon stable isotopes in deep-water
sharks. J Exp Mar Biol Ecol. 2017;494:69-74. doi:10.1016/j.jembe.
2017.05.002

R Core Team. R: a Language and Environment for Statistical Computing.
R Foundation for Statistical Computing; 2021. https://www.r-
project.org/

McConnaughey T, McRoy CP. Food-web structure and the
fractionation of carbon isotopes in the Bering sea. Mar Biol. 1979;
53(3):257-262. doi:10.1007/BF00952434

Sweeting CJ, Polunin NVC, Jennings S. Effects of chemical lipid
extraction and arithmetic lipid correction on stable isotope ratios of

41.

42.

43.

44,

45.

5 WILEY-—”

= Mass Spectrometry

fish tissues. Rapid Commun Mass Spectrom. 2006;20(4):595-601. doi:
10.1002/rcm.2347

Cucherousset J, Acou A, Blanchet S, Britton JR, Beaumont WRC,
Gozlan RE. Fitness consequences of individual specialisation in
resource use and trophic morphology in European eels. Oecologia.
2011;167(1):75-84. doi:10.1007/s00442-011-1974-4

Barry J, Newton M, Dodd JA, Evans D, Newton J, Adams CE. The
effect of foraging and ontogeny on the prevalence and intensity of
the invasive parasite Anguillicola crassus in the European eel Anguilla
anguilla. J Fish Dis. 2017;40(9):1213-1222. doi:10.1111/jfd.12596
Parzanini C, Arts MT, Power M, et al. Trophic ecology of the
European eel (Anguilla anguilla) across different salinity habitats
inferred from fatty acid and stable isotope analysis. Can J Fish Aquat
Sci. 2021;78(11):1721-1731. doi:10.1139/cjfas-2020-0432

van der Merwe A, Myburgh A, Hall G, Kaiser A, Woodborne S.
Validation of lipid extraction and correction methods for stable
isotope analysis of freshwater food webs in southern Africa. Afr J
Aquatic  Sci. 2022;47(4):462-473. doi:10.2989/16085914.2022.
2109576

Boardman RM, Pinder AC, Piper AT, Roberts CG, Wright RM,
Britton JR. Non-lethal sampling for the stable isotope analysis of the
critically endangered European eel Anguilla anguilla: how fin and
mucus compare to dorsal muscle. J Fish Biol. 2022;n/a(n/a). doi:10.
1111/jfb.14992

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Lagarde R, Menniti C, Teichert N,
Amilhat E, Faliex E, Nahon S. Mathematical lipid correction of
83C and effect of lipid extraction on 8*°N of European eel
(Anguilla anguilla) muscle. Rapid Commun Mass Spectrom. 2024;
38(24):€9924. doi:10.1002/rcm.9924


info:doi/10.1016/j.ecss.2018.06.017
info:doi/10.1016/j.ecss.2018.06.017
info:doi/10.1007/s00027-023-01033-y
info:doi/10.1007/s00027-023-01033-y
info:doi/10.1016/j.marenvres.2023.106213
info:doi/10.1016/j.marenvres.2023.106213
info:doi/10.1007/s11160-022-09751-6
info:doi/10.1371/journal.pone.0270348
info:doi/10.1016/j.seares.2013.05.011
info:doi/10.1016/j.seares.2013.05.011
info:doi/10.1111/j.1365-2664.2006.01224.x
info:doi/10.1016/j.jembe.2017.05.002
info:doi/10.1016/j.jembe.2017.05.002
https://www.r-project.org/
https://www.r-project.org/
info:doi/10.1007/BF00952434
info:doi/10.1002/rcm.2347
info:doi/10.1007/s00442-011-1974-4
info:doi/10.1111/jfd.12596
info:doi/10.1139/cjfas-2020-0432
info:doi/10.2989/16085914.2022.2109576
info:doi/10.2989/16085914.2022.2109576
info:doi/10.1111/jfb.14992
info:doi/10.1111/jfb.14992
info:doi/10.1002/rcm.9924

	Mathematical lipid correction of δ13C and effect of lipid extraction on δ15N of European eel (Anguilla anguilla) muscle
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Fish collection
	2.2  |  Mathematical corrections of δ13C values
	2.3  |  Statistical analyses

	3  |  RESULTS
	3.1  |  Effects of lipid extraction
	3.2  |  Evaluation of mathematical corrections

	4  |  DISCUSSION
	4.1  |  Lipid extraction method and effect on δ15N
	4.2  |  Mathematical lipid correction of δ13C values
	4.3  |  Recommendations

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	PEER REVIEW
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


