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Dear Editor,

Analysis of d15N values in mollusk shell organic matrix by
elemental analysis/isotope ratio mass spectrometry without
acidification: an evaluation and effects of long-term
preservation

Nitrogen stable isotope ratios (d15N) have successfully been
applied in the study of trophic linkages,[1–3] as well as of
human impacts in aquatic ecosystems. Anthropogenic
wastewater input typically elevates d15N values in dissolved
inorganic nitrogen and this 15N enrichment subsequently
propagates throughout the food chain.[4–7] Bivalve mollusks
are of interest for studies of this human influence since they
are primary consumers and are known to trace environmen-
tal d15N variability.[8,9] The d15N values of their soft tissues
have, for example, been found to correlate with the fraction of
residential development in watersheds around lakes and salt
marshes.[10,11] To determine the ’undisturbed’ d15N values in
an ecosystem, before anthropogenic nitrogen input, d15N
records need to be extended into the past. Bivalve shells can
be useful for this, since they are often abundant in
archaeological deposits as well as historic museum collec-
tions. A predictable relationship has been demonstrated
between the d15N values of shell organic matter and soft
tissues[12] and d15N values of this organic matrix indeed trace
anthropogenic influences.[13–15]

Various sample preparation techniques have been used to
analyze d15N values of skeletal organic matter, such as
acidification[12–16] or simple combustion of whole skeletal
material (without prior acidification).[17–19] These methods
are also used in analysis of organic matter (e.g., soft tissues,
particulate organic matter). Animal soft tissue samples
contain varying amounts of CaCO3, which will introduce a
bias in d13C measurements. Therefore, samples are generally
treated with an HCl solution before analysis.[13,14,20,21]

However, the acidification process in itself may influence
d15N values,[22–25] although some authors found no effect of
acidification on d15N values.[26] Nevertheless, authors
typically avoid acidification of samples for d15N analysis
andwill run one set of non-acidified samples for d15N and one
for d13C (e.g., Bouillon et al.[21]). If there are no effects of
CaCO3 on d15N analysis, then avoiding acidificationwould be
the method of choice for d15N analysis of shell organic matter.
Moreover, direct combustion of shell material is easier and
less time-consuming than acidification.
In museum collections bivalve shells are traditionally

dry-stored, whereas soft tissues are preserved in 70% ethanol,
sometimes after fixation with 10% formalin. However, often
the whole animal is preserved in ethanol and shells are not
stored separately. For the application of these preserved
specimens in the investigation of past d15N values it is
essential to know if liquid preservation methods have an
effect on the d15N values of bivalve shells and if this effect is
predictable. The effects of liquid preservation on the d15N
values of biological tissues have been examined in a variety of

animals. Syväranta et al. [27] found that neither formalin nor
ethanol had a significant effect on d15N values of preserved
zooplankton and macroinvertebrates. However, in fish
muscle, enrichments of 0.5 to 1.4% have been found after
fixation in formalin and subsequent preservation in etha-
nol[26,28,29] (Table 1). Results on mollusks differ among
studies, but generally preservation effects on tissue d15N
values are small in short-term studies. Sarakinos et al.[30]

found that ethanol preservation lowered d15N values of the
soft tissues of the freshwater bivalve Corbicula fluminea by
�0.39% after 6 months. Similarly, in the freshwater mussel
Amblema plicata, ethanol preservation for 1 year caused a
change of �0.23% in tissue d15N values[31] (Table 1). In
contrast, some other workers found higher d15N values for
liquid-preserved mollusk tissue samples in comparison to
frozen or dried samples. Ethanol preservation for 12 weeks
resulted in a non-significant enrichment in octopus and
Littorinid tissues.[32] In Mytilus galloprovincialis and Patella
vulgata, tissue d15N values increased up to 1.1% and 1.0%,
respectively, after treatment with formalin for 2 days and
ethanol for 6–24 months[33] (Table 1). In summary, wet
preserved specimens typically exhibit a small enrichment in
15N, but this effect is variable between studies (Table 1).
We report herein the evaluation of the method of simple

combustion without acidification by testing the influence of
CaCO3 content on d15N values of different mixtures of
acetanilide [C6H5NH(COCH3)] and synthetic pure CaCO3.
We also investigate the fractionation between tissue and shell
organic matrix in the bivalve Mytilus edulis. Finally, we
examine the effects of long-term (73 years) ethanol preser-
vation on d15N values of bivalve shell organic matrix.
For the comparison of d15N values of mantle tissue and

shell organic matrix, three specimens of the blue mussel
Mytilus edulis were collected in 2002 in Knokke, Belgium
(salinity �30; see Gillikin et al.[34] for site description). For the
investigation of the long-term effect of ethanol preservation,
six shells from the Royal Belgian Institute of Natural Sciences
collected at Dudzele (Belgium, from a canal linked to the
North Sea) on 27March 1936were selected. Three individuals
were stored dry and three individuals were preserved in
ethanol along with whole soft tissues. In addition, dry-stored
shells from three individuals collected at a nearby site at
Lissewege on 22 November 1938 were obtained from the
same museum and one shell, collected on 3 June 1935 at
Knokke, was obtained from the Dutch National Museum of
Natural History, Naturalis.
All shell samples were rinsed with deionized water

(>18MV/cm) and left to dry. The periostracum was
completely removed with a Dremel abrasive buff. Calcite
samples were taken from the outside of the shell with a hand
drill; the inner aragonite layer was avoided. Between 10 and
20mg of calcite powder was collected, covering an area of at
least 1 year of the most recent growth. The mantles from the
ethanol-preserved specimens were dissected, rinsed with
Milli-Q grade water and dried overnight at 608C and pooled.
An aliquot of the ethanol these specimens were preserved in
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was dried and the residue was analyzed. For testing the
influence of CaCO3 content on d15N measurements, different
mixtures of acetanilide [C6H5NH(COCH3)] with inorganic
pure CaCO3 (Merck pro analysis) were made, containing
between 0 and 10.4 weight %N (or 100 to 0 weight % CaCO3).
Powder calcite samples were loaded into 4� 6mm tin cups

and weighed. d15N values were measured using an elemental
analyzer (EA, Flash 1112 EA; ThermoFinnigan) coupled via a
CONFLO III to a ThermoFinnigan Delta Vþ isotope ratio
mass spectrometer (IRMS). An inline soda lime CO2 trap was
used to scrub CO2 from the gas stream entering the gas
chromatography column of the EA. IAEA-N1 was used as a
standard, with an accepted value of 0.4� 0.2%.[35] Long-term
standard reproducibility is better than 0.1% for samples
larger than 30mgN (this typically increases to 0.2 or 0.3%
with smaller samples between 10 and 30mgN). d15N values
are expressed in % vs. atmospheric nitrogen.
Pure synthetic CaCO3 (without acetanilide) had peaks

similar to empty tin cups (pure CaCO3 yielded 0.43� 0.03 Vs
(n¼ 4, see Supporting Information); empty tin cup¼ 0.49 Vs)
and therefore did not contribute much to the calculated delta
values. The acetanilide standard had a d15N value of
�2.12� 0.13% (n¼ 5; area¼ 14 to 38 Vs) when it was run
without synthetic CaCO3 and was �2.02� 0.11% (n¼ 14;
area¼ 11 to 39 Vs for data above 15mg N; data between 5 and
15mg N¼�2.11� 0.36%, n¼ 7) when it was run with 98.4 to
66.8% CaCO3 (Fig. 1; see Supporting Information). These
values are not significantly different (p¼ 0.080). In addition,
during a preliminary trial, we ran 0.4mg of the IAEA N1
ammonium sulfate ((NH4)2SO4) standard (certified d15N
value¼ 0.4� 0.2%) in 15.72mg CaCO3 and found no offset
from N1 standards run without CaCO3 (d15N¼ 0.33%;
equivalent to 84.8mgN or 0.5% N). Our results show that
samples with as little as 20mgN (or 1.6% N) can provide
accurate d15N values (Fig. 1). Prior acidification is not
required to eliminate the carbonate matrix to produce
accurate results, as has been previously reported.[14] It
should be noted that mollusks with very low organic matrix
in their shells may require a pre-concentration step to reduce
the poorer precision of small samples. However, considering
the large fractionations associated with nitrogen isotopes in

nature, even samples between 5 and 15mg N provided
reasonable data (1s¼ 0.36). There is also an upper limit to the
amount of shell material that can be loaded into the EA, but
this was not evaluated here.
This method is robust because calcium carbonate com-

pletely decomposes around 8258C and the flash combustion
in the EA was around 10208C; therefore, all N should be
released from the matrix and carried to the IRMS. Moreover,
previous studies have used an EA-IRMS system to combust
carbonates for d13C analysis.[36] It is clear from the traces in
Fig. 2 that the narrow and near-symmetrical peak shapes are
similar for both shell carbonate and syntheticmixtures, which
suggests that both matrices are reacting similarly in the
EA-IRMS. We therefore argue that it is possible to measure
d15N values of CaCO3-rich samples by simple combustion,

Table 1. Effects of formalin-ethanol and ethanol-only preservation on different animal tissues

Reference Taxon/tissue Preservation method
Effect on d15N
values (%)

Syväranta et al.[27] Zooplankton, macroinvertebrates whole Ethanol (12 months) None
Arrington et al.[28] Fish muscle Formalin (2 weeks)þ ethanol

(6 weeks)
þ0.62 (�0.04)

Bosley & Wainright[26] Pleuronectes Americanus muscle Formalin (2 months)þ ethanol
(2 months)

þ1.41 (�0.22)

Edwards et al.[29] Fish muscle Formalinþ ethanol (12–15 years) þ0.5
Sarakinos et al.[30] Corbicula fluminea all soft Ethanol (6 months) �0.39
Delong & Thorp[31] Amblema plicata muscle Ethanol (12 months) �0.23 (�0.03)
Kaehler & Pakhomov[32] Octopus (arm), Littorinid (foot) Ethanol (12 weeks) Non-significant

increase
Carabel et al.[33] Mytilus galloprovincialis

Patella vulgata muscle
Formalin (2 days)þ ethanol
(6–24 months)

þ1.1
þ1.0

This study Mytilus edulis shell Ethanol (73 years) �5.2 to �5.9

Figure 1. d15N values for acetanilide mixed with 66.8 to 98.4
weight % synthetic CaCO3 powder (open symbols) and pure
acetanilide (closed symbols). The solid line represents the
mean value of�2.02% (1s¼ 0.11; n¼ 14) for data above 15mg
N (the average for data between 5 and 15mg N is �2.11%,
1s¼ 0.36, n¼ 7). The error bar represents the 1s of �0.11%.
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avoiding any possible adverse effects[22,23] and the increased
sample preparation time of the acidification step.
In order to reconstruct historical environmental d15N

values, we need to compare d15N values from shell organic
matrix with those from soft tissues to determine if an offset
needs to be applied. This will allow the application of our
knowledge of tissue nitrogen dynamics to be applied to
shells, such as the 3 to 4% trophic enrichment associated with
d15N values in animals (see O’Donnell et al.[12]). The three
modern shells for which we measured both shell and soft
tissues show that shell organic matter had on average 2.2 %
higher d15N values thanmantle tissue (Dtissue–shell¼�2.2� 1.5%).
Between individuals, shell organic matter d15N values varied
by only 0.2%, while mantle tissue d15N values varied by 3%
(Table 2). This is probably due to the fact that the mantle

tissue is subject to metabolic turnover and is thus repre-
sentative for a specific time window, see e.g., Paulet et al.[37],
while the shell samples averaged at least 1 year of growth.
This makes comparing soft tissues with shell organic matrix
difficult. However, as shown in Delong and Thorp,[31] tissues
with slower turnover rates, such as the adductor muscle, are
better for comparisons with metabolically inactive shells.
Most previous studies that report differences between
skeletal d15N and soft tissue d15N (i.e. D values) do not take
the different amounts of time being averaged into consider-
ation. Moreover, many studies compare whole body tissue
d15N data to shell data (see Table 3) while it is known that
different organs can have quite different d15N values,
sometimes as much as 5% in the same animal.[8] This may
explain why Dtissue-shell values for the same species of clam
(Mercenaria mercenaria) range from 0.2 to 2.4%, see O’Donnell
et al.[12] (Table 3). Soft tissue d15N data from M. edulis
specimens collected at three different periods in 2002 from
Knokke show significant changes throughout the year
(March¼ 12.9� 0.2%, n¼ 3; May¼ 10.6� 0.6%, n¼ 8;
Sept.¼ 12.3� 0.5%, n¼ 14; Gillikin, unpublished data),
which would be averaged in the shell samples we analyzed.
Taking the average of these 25 soft tissue data (11.9� 1.0%)
results in a Dtissue–shell value of �1.5� 1.0%. In the future it is
important to compare tissues and shells that represent the
same time period.
To extend d15N values back in time, museum specimens

have the largest potential to provide unaltered d15N values.
Ethanol-preserved shells had significantly different d15N
values from dry-stored specimens, being 15N depleted by
5.2� 2.3% (p¼ 0.018; Fig. 3). There was no significant
difference in d15N values between the dry-stored specimens
of 1936 and 1938 (the difference between storage methods
when shells from these years are combined is 5.9� 2.2% (p
<0.001)). The difference between dry and wet preserved
specimens could be due to bacterial decay of dry stored
specimens (or some other processes altering the dry shells)
thereby enriching the organic matrix in 15N, or due to the
ethanol altering the d15N value of the shell organic matrix.
While we cannot prove either process caused the shift, we
suggest that the ethanol-preserved shells are altered and the
dry-stored shells are not. We hypothesize that the soft tissues,
with abundant N, leached 14N into the ethanol solution (the
ethanol residue was about 0.4% lighter than the tissues;
Fig. 3), which was then taken up into the shell shells soaking
in this solution for more than 70 years. It is possible that the
shell organic matrix incorporated 14N more readily thereby
making the shells more negative than the ethanol residue.
Previous studies have found that preserved tissues may shift
toward the isotopic value of the preservative, see Sarakinos
et al.,[30] and references cited therein. Moreover, dry museum
storage is generally considered to preserve original d15N

Figure 2. Example IRMS responses of combusted shell
material (A; 17.54mg) and synthetic CaCO3/acetanilide mix-
ture (B; 8.36mg CaCO3 and 0.44mg acetanilide; 46mgN or
0.5% N). The raw traces for both masses are very similar
between the two sample types (e.g., peak centers both at
249 s). The three rectangular peaks (peaks 1, 2 and 4) are the
reference gas peaks supplied by the Conflo interface. The
upper trace is m/z 28 and the lower is m/z 29.

Table 2. Shell and mantle tissue d15N values for three shells from Knokke, Belgium

Name Collection date
Shell d15N

(%)
Mantle tissue d15N

(%)
Dtissue–shell

(%)

K2 17 March 02 13.4 12.7 �0.7
K7 3 May 02 13.3 10.9 �2.3
K10 3 May 02 13.5 9.8 �3.7
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values in organic matter, e.g. Delong et al.[31] This suggests
that ethanol-preserved shells without tissues may not be as
altered as the shells analyzed here.
Due to the scarcity of these old museum specimens we

could only analyze a limited number of shells. More work on
these long-term stored samples is desirable to determine if
this 15N depletion is caused bywet or dry storage and also if it
occurs in other bivalve tissues and animal taxa, and with
other liquid preservation methods. Until the precise effect of
ethanol preservation on shell samples is known, d15N values
of museum specimens should be treated with caution. This
also highlights the fact that detailed studies on the effect of
diagenesis on d15N values in shell organic matrix are needed
before this proxy can confidently be applied to archeological
or geological specimens.
In summary, simple combustion of bivalve shells is a

robust method for analyzing d15N values of Mytilus shell
organic matter. Direct calculations of differences between
shell and soft tissue d15N values are difficult due to
differences in time scales over which the isotopic signal is
integrated in these different substrates. The large sample size
needed for shell material results in significant time-averging,
while tissues can averageweeks tomonths, e.g. Paulet et al.[37]

and Fukumori et al.[38] Different mollusk species probably
have different amounts of organic matter and thus %N; some
concentration method (e.g., acid dissolution of shell carbon-
ate) may be required for species with very low %N in their
shells when very precise d15N data are needed. Moreover,
although d15N values of shell organic matter have the
potential to provide a wealth of information, more infor-
mation regarding the effects of long-term storage and
diagenesis needs to be investigated.

SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article.
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Figure 3. Shell organic matrix d15N values for dry-stored
(filled circles) and ethanol-preserved (open circles) M. edulis
shells. Mantle tissue d15N values for the ethanol-preserved
specimens are also shown (pooled tissues, open triangle), as is
the residue from a dried aliquot of the ethanol they were
preserved in (X symbol). Ethanol-preserved shells are
depleted in 15N by 5.2� 2.3% on average compared to
dry-stored shells (p¼ 0.018). Note that there are two data
at 11.3% for the filled 1936 circles.
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Two new organic reference materials for d13C and d15N
measurements and a new value for the d13C of NBS 22
oil. Rapid Commun. Mass Spectrom. 2003, 17, 2483.

[37] Y.-M. Paulet, A. Lorrain, J. Richard, S. Pouvreau. Exper-
imental shift in diet d13C: A potential tool for ecophysiolo-
gical studies in marine bivalves. Org. Geochem. 2006, 37,
1359.

[38] K. Fukumori, et al. Bivalve tissue as a carbon and nitrogen
isotope baseline indicator in coastal ecosystems. Estuar.
Coast. Shelf. Sci. 2008, 79, 45.

[39] R. H. Carmichael, C. J. Kovacs, Comment onWatanabe et al.
(2009). Mar. Pollut. Bull. 2010, 60, 314.

wileyonlinelibrary.com/journal/rcm Copyright � 2011 John Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2011, 25, 675–680

Letter to the Editor

6
8
0


