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ABSTRACT 
 
 Two sample preparation methods, acid pretreatment and no pretreatment, for δ15N 

analysis in mollusk shells were compared on sample splits from three common Gulf of Mexico 

and North Atlantic mollusks (Mercenaria spp., Crassostrea virginica, and Mytilus edulis). In all 

but one sample, no statistically significant difference (2σ) in δ15N values was measured between 

these two preparation techniques. However, sample splits that were not acid pretreated produced 

lighter δ15

 

N values than their acidified counterparts in 82% of samples studied, and lower N 

content in small samples correlated with greater differences in method results. In addition, shell 

biomineralogy directly affected the %N of the samples; calcitic shell material contained greater 

%N, and produced data with higher analytical precision than aragonitic shell in the analyzed 

taxa. These data suggest that shell N content controls analytical data precision and that 

biomineralogy controls shell %N and N content. Within a singe species, N shell content varied as 

much as 30µg in C. virginica and 24µg in Mercenaria spp., likely as a result of differences in 

available food supply and N sources to grow-out locations. Because %N can vary greatly among 

and within species, preliminary analyses are recommended to determine the expected N content 

in samples and to establish whether omitting acid pretreatment of samples will result in sufficient 

analytical data precision. N content should also be reported along with analytical error to 

demonstrate that results are robust. 
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1.  Introduction 
 

The study of nitrogen stable isotopes (δ15N) in mollusk shells is increasingly being 

utilized in environmental science (e.g. O’ Donnell et al., 2003; Carmichael et al., 2008; Daskin 

et al., 2008; Watanabe et al., 2009; Bouillon et al., in press). δ15

Many previous studies have utilized measurements of δ

N in mollusk soft tissues and the 

organic portion of the shell are affected by anthropogenic influences such as wastewater and 

fertilizer pollution (e.g. McClelland et al., 1997; Carmichael et al., 2008; Watanabe et al., 2009) 

and by natural factors such as trophic level (Stapp et al., 1999; Post, 2002), and thus may be used 

as a proxy for these environmental parameters.  

15N in mollusk soft tissue (e.g. 

Post, 2002; Weiss et al., 2002; Daskin et al., 2008), but this is not a well-preserved 

environmental record over deeper time.  More recent studies developed a method of analyzing N 

isotopes in the acid insoluble portion of the organic portion of mollusk shells (e.g. O’Donnell et 

al., 2003; Carmichael et al., 2008; Daskin et al., 2008; Kovacs et al., 2010), which is more 

commonly preserved over long periods of time, often deposited in distinguishable time-

dependent increments, and is less susceptible to metabolic turnover (Carmichael et al., 2008). 

Analyzing δ15N in accreted shell also creates the opportunity for time series based δ15

Preparations for shell δ

N research 

(Hansen et al., 2009).  

15N determinations often include decalcification of the shell via 

acidification prior to analysis. Because shell material typically contains extremely low percent N, 

reducing the shell powder to its organic components ensures the presence of sufficient N for 
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precise isotopic measurement and reduces the complications of the overwhelming amount of 

CO2

A comparison between these sample preparation methods has not previously been 

published, but is needed to facilitate correlations of data between studies. For example, it is 

necessary to determine if both methods are analyzing the same sources of shell N. In the acid-

pretreatment method, as noted by Carmichael et al. (2008), only the acid-insoluble component of 

the organic matrix is analyzed, whereas whole shell analysis includes all possible organic and 

mineral components. As N does not commonly exchange with Ca in aragonite or calcite, it is 

assumed that the principle measurable source of N in mollusk shells is the organic matrix. 

However, previous research into time series δ

 that would otherwise be released during sample combustion. The pre-treatment process is 

comparatively complex, may use upwards of 300-500mg of sample powder, and may require up 

to one week to complete (Carmichael et al., 2008; Carmichael and Kovacs, 2010). Therefore, 

recent research omitted the acidification step and introduced the bulk sample powder into the 

elemental analyzer (EA) and isotope ratio mass spectrometer (IRMS) for analysis (Dietz, 2008; 

Hansen et al., 2009; Rowell et al., 2010; Versteegh et al., 2011).  

15N profiles of Peruvian Trachycardium procerum 

clam shells noted a synchronous increase in %N and a distinct decrease in the apparent organic 

phase (as measured by Raman spectroscopy), which may suggest that N exists in more than one 

location in the shell. Although considered negligible, N is present in the acid soluble aspartic 

acid-rich (aspartic acid formula: C4H7NO4) glycoproteins in the organic portion of the shell 

(Weiner and Hood, 1975; Risk et al., 2007). Performing both sample preparation techniques on 

splits of the same shells, one which analyzes only acid insoluble organic components (acid 

pretreated) and one which analyzes the bulk shell (non-acid pretreated), will help determine if 

these methods yield comparable results. 
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Furthermore, due to the extremely low N content in most mollusk shells, the difference in 

sample size between the acid pretreatment (up to 1000mg shell powder) and the no pretreatment 

method (up to ~40mg shell) may have a profound effect on the ability to recover sufficient N in 

small samples, and thus may affect analytical precision and the practicality of each preparation 

technique. In addition, it is not yet known whether mineralogy may play a role in shell N content. 

To address these concerns, this study performs both sample preparation methods on splits 

of three of the most commonly-studied mollusk species found along the coast of North America; 

Mercenaria spp. (quahog or hard clam), Mytilus edulis (blue mussel), and Crassostrea virginica 

(Eastern oyster). The main goals are to determine: 1) Whether the preparation technique affects 

the determined δ15

 

N values; 2) the impacts of small sample size and limited N content, and 3) the 

effects of shell biomineralogy on shell organic matter and %N content. 
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2. Experimental 

2a. Species 

Mercenaria spp. is an infaunal, filter-feeding clam which prefers soft substrates such as 

mud or soft sand. Its range extends along the eastern coast of the United States to the Gulf of 

Mexico (Kraeuter and Castagna, 2001). Two species (M. mercenaria and M. campechiensis) and 

a natural hybrid exist. All three have aragonitic shells and are visually indistinguishable. 

Mercenaria spp. have previously been used for several isotopic and geochemical studies (e.g. 

Jones and Quitmyer 1996; Elliot et al. 2003; Surge and Walker 2006; Gillikin et al., 2005; 2007; 

Andrus and Crowe, 2008), including some of the first efforts to analyze shell δ15N (e.g. 

O’Donnell et al., 2003; Carmichael et al., 2004; Carmichael et al., 2008). 

 M. edulis is an epifaunal filter feeding mussel found along the north Atlantic coast of 

North America and Europe. Its shell is coated by a comparatively thick periostracum and 

contains two distinctly different layers; the outer layer is composed of calcite which is often blue 

or purplish in color, and the inner layer is composed of pearly white aragonite (Vander Putten et 

al., 2000). The boundary (miostracum) between these layers is typically crisp. Much chemical 

and sclerochronological work has previously been conducted on this species. (e.g. Versteegh et 

al., 2011; Dalbeck et al., 2006; Gillikin et  al., 2006; Wanamaker et al., 2006; 2007).  

C. virginica is an epifaunal filter feeding oyster found along the Atlantic seaboard. It 

requires harder substrates such as firm mud, sand, rock, or other shells. Its shell is largely 

composed of calcite except in areas near muscle attachments where aragonite occurs 
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(Stenzel, 1963). Previous isotopic research has also been completed on the shell of this species 

(e.g. Kirby et al., 1998; Andrus and Crowe, 2000; Surge et al., 2001; Thompson and Andrus, 

2011).   

 C. virginica, Mercenaria spp., and M. edulis are all common in archaeological sites, 

many North Atlantic estuaries, and in sub-fossil deposits and museum collections, making them 

useful as potential historical archives (O’Donnell et al., 2003; Andrus, in press).  

 

2b. Collection sites 
 

Mercenaria spp. were collected from two different locations (Figure 1). Several 

specimens were obtained from marshes adjacent to Sapelo Island, GA, a largely undeveloped 

barrier island. Samples of Mercenaria spp., previously analyzed by Carmichael et al. (2008), 

were collected from four estuaries in Cape Cod, MA with varying percent wastewater 

contribution to N loads (Sage Lot Pond, 4%; Green Pond, 54%; Snug Harbor, 59%; and Childs 

River, 63%). M. edulis samples were raised in open water aquaculture in Orwell Cove off of 

Prince Edward Island, Canada (Figure 1) and were purchased live from a seafood dealer. C. 

virginica samples, previously analyzed for soft tissue δ15

 

N by Daskin et al., (2008), were 

collected from four locations at varying distances (0.07km, 0.50km, 2.18km, and 5.68km) from 

the Clifton C. Williams wastewater treatment plant in Mobile Bay, AL (Figure 1). 
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Figure 1. Sample locations for C. virginica, Mercenaria spp., and M. edulis. 
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2c. Sample preparation 

Whole shells were cleaned of soft tissues and any periostracum (M. edulis) by abrading 

the shell surface with a stiff wire brush and variable speed drill. Mercenaria spp. shells from 

Cape Cod, MA and C. virginica shells were ground with an agate mortar and pestle to a fine 

powder. Mercenaria spp. samples from Sapelo Island, GA were milled to 1-2mm depth over the 

entire ontogeny using a variable speed drill. Two splits were created from each shell sample, and 

one split was treated with acid prior to isotopic analysis. M. edulis shells were bisected and 

examined in cross-section to determine the depth of the miostracum; as much of each layer as 

possible was then separately milled with a variable speed drill. Two splits of each layer were 

created, and one of each pair of splits was treated with acid prior to analysis.  

i. Acid Pretreatment 

A solution of 1% PtCl2

M. edulis samples ranged in size from 250-400mg for the calcitic layer and 300-400mg 

for the aragonitic layer. Samples were treated with 1N HCl added in 1ml increments, with more 

acid added when effervescence became minimal. All samples were gently agitated between acid 

additions. The finer particle size increased the speed of the reaction, and the time required for 

total acid digestion was decreased to 1-2 days.  

 in 1N HCl was added gradually to powdered C. virginica and 

Mercenaria spp. samples (300mg and 400-550mg, respectively). After each addition, the 

reaction was allowed to completely finish before more acid was added. Acid digestion was 

deemed complete when little-to-no carbonate particles remained and no bubbling was observed. 

The time needed for total acid digestion varied from 3 days for drilled samples to 6 days for 

hand-ground samples. 
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Once acid digestion was complete, the remaining spaces in the sample vials were filled 

with nanopure H2O and decanted onto pre-ashed glass microfiber filters, with vacuum suction 

set at approximately 5 psi to avoid pulling small organic particles through the filter. Filters were 

rinsed with a minimal amount of ultra pure water. Samples were then dried for at least 8 hours at 

50-60°

ii. No Pretreatment   

C. The back layer of the filter was peeled and removed, and the remaining filters with the 

organic materials were folded and packed in tin capsules for elemental and isotope ratio analysis.  

For each species, 34-35mg of ground sample was weighed and packed into tin capsules 

for analysis. Each powdered sample was weighed from the same individual as the corresponding 

acid-pretreated sample. 

iii. Isotopic Analysis 
 

All samples were analyzed for N isotopes using a Costech ECS Elemental Analyzer with 

"zero-blank" autosampler coupled to a Thermo (Finnigan) Delta V 3 keV isotope ratio mass 

spectrometer (IRMS) at the University of South Florida. For non-acidified samples, a carbon trap 

was fitted between the EA column and IRMS to capture the CO2 produced by the combustion of 

shell carbonate, allowing the smaller N peaks to be clearly detected. Three standards were used: 

Acetinalide for %N, a sediment standard (B2151) for δ15N controls on non-acidified shell and 

tissue samples, and a protein standard (B2155) for δ15N control on acidified samples. A range of 

samples sizes was used for isotope standard B2155 (~0.4 to 0.9mg, correlating to ~40 to 140μg 

N, respectively) to capture the variation in analytical precision based on total N content. For 

small sample sizes with low N content (defined by standards with N contents of 48-67 µg), one 

sigma error was ±0.71‰. For larger samples with high N content (includes acidified samples, 

calcite samples, and standards with N content 115-140µg), one sigma error was ±0.09‰. 
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3. Results 
 
 
3a. Effect of Pretreatment on δ15

 
N 

No significant difference in δ15N was measured between the acid pretreated and the non 

acid pretreated samples of C. virginica, Mercenaria spp., or M. edulis. δ15

Across all species, δ

N values of sample 

splits were within 2σ error of each other with only one exception (Figures 2- 4).  At 1σ, however, 

there were significant differences between results of the two pretreatment techniques in 10 of 21 

Mercenaria spp. and 3 of 6 aragonite layer samples of M. edulis (Table 1).  

15

 

N values measured using the non acid pretreatment method were 

lighter (within 2σ) than for their acidified counterparts in 82% of samples.  

3b. Effect of N Content on δ15

Low sample N content resulted in a greater difference between δ

N  

15N results of each 

pretreatment technique (Figure 5); 100% of samples which recorded a significant difference 

between pretreatment techniques (at 1σ) contained less than 50μg N. Measurements of sample N 

content were made only in non-acid pretreated samples, as final sample weights (after 

acidification) were not known for acid pretreated samples. Although %N affected the analytical 

accuracy and precision of shell δ15N measurements, there was no distinct linear correlation 

between %N and δ15N (r2

 

=0.022) (Figure 6).  
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3c. Effect of Biomineralogy on %N and Pretreatment Comparisons  

Calcite shells contained a greater %N than aragonite across all species (Table 2). Calcite 

samples therefore yielded higher recovered N content and correspondingly lower differences in 

δ15N results between the two pretreatment methods; all paired calcite δ15

 

N results are within 1σ 

error (see Table 1). 

3d. Anthropogenic Influences on δ15

Increasing distance from the Clifton Williams WTP correlated with increasingly heavy 

δ

N 

15N in the C. virginica collected near the treatment plant in Mobile Bay, AL (Table 3). 

Increasing percent contribution to total estuarine N load correlated with heavier δ15

 

N in the 

Mercenaria spp. collected from four estuaries in Cape Cod, MA (Table 4). 

3e. Sample Combustion and Analytical Precision 

During analysis, observed samples in the elemental analyzer showed flash combustion. N 

peaks were sharp, and blanks that were run directly after unacidified samples had N levels below 

the detection limit of 50mV (Appendix A), indicating complete combustion. It should be 

reiterated that two estimates of analytical precision were made as described in Methods to 

account for variations in overall N content of the samples, and that non acid pretreated samples 

contain the least N and are therefore associated with the greatest error. 
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Figure 2. Measured δ15N values for both acid pretreatment (squares) and non acid pretreatment 
(diamonds) methods for C. virginica. 2σ error bars are shown on unacidified samples. Acid 
pretreated sample error bars are omitted as they are the same size as the symbols (2σ = 0.18‰) 
Note the overlap of δ15N values measured using each technique at the 2σ level.
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Figure 3. Measured δ15N values for both acid pretreatment (squares) and non acid pretreatment 
(diamonds) methods for Mercenaria spp. 2σ error bars are shown for non acid pretreatment 
samples. Acid pretreated sample error bars are omitted as they are nearly the same size as the 
symbols (2σ = 0.18‰). Note the overlap of δ15

 

N values measured using each technique at the 2σ 
level. 
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Figure 4. Measured δ15N values for both acid pretreatment (squares) and non acid pretreatment 
(diamonds) methods for M. edulis calcite (samples 1-6) and aragonite (samples 7-12) layers. 2σ 
error bars are shown for non acid pretreatment samples. Acid pretreated sample error bars are 
omitted as they are the same size as the symbols (2σ = 0.18‰). Note the overlap of δ15

 

N values 
measured using each technique at the 2σ level. 
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Table 1. %N and N content for non acid pretreated samples and δ15N values for both methods. 
The right-hand column denotes whether δ15

Sample I.D. 

N values for both methods are within 1σ error. N 
content is approximate and was calculated using a mass of 35mg but actual mass varies as 
35±1mg.  

δ15 δN (Air)(‰) 
No Pretreatment 

15
%N N (Air)(‰) 

Acid pretreatment 
N Content 

(μg) 
Within 1σ? 

Mercenaria 1 6.91 8.16 0.04 14 No 
Mercenaria 2 6.17 7.38 0.04 14 No 
Mercenaria 3 7.32 7.77 0.05 18 Yes 
Mercenaria 4 5.98 6.63 0.11 39 Yes 
Mercenaria 5 7.54 7.72 0.06 21 Yes 
Mercenaria 6 7.61 8.36 0.07 25 No 
Mercenaria 7 7.56 7.68 0.10 35 Yes 
Mercenaria 8 7.86 7.70 0.06 21 Yes 
Mercenaria 9 8.53 9.03 0.07 25 Yes 

Mercenaria 10 7.00 7.81 0.05 18 No 
Mercenaria 11 8.74 7.58 0.07 25 No 
Mercenaria 12 7.11 7.91 0.07 25 No 
Mercenaria 13 6.01 6.66 0.08 28 Yes 
Mercenaria 14 7.22 8.44 0.04 14 No 
Mercenaria 15 8.52 8.70 0.07 25 Yes 
Mercenaria 16 5.48 Lost 0.07 25 Yes 
Mercenaria 17 4.60 5.42 0.06 21 No 
Mercenaria 18 8.00 9.13 0.08 28 No 
Mercenaria 19 8.77 8.64 0.05 18 Yes 
Mercenaria 20 8.52 9.72 0.06 21 No 
Mercenaria 21 9.23 9.18 0.07 25 Yes 
C. virginica 1 5.49 5.41 0.24 84 Yes 
C. virginica 2 5.46 5.10 0.29 102 Yes 
C. virginica 3 6.61 6.68 0.27 95 Yes 
C. virginica 4 6.66 6.95 0.26 91 Yes 
C. virginica 5 8.38 8.70 0.33 116 Yes 
C. virginica 6 8.75 9.01 0.31 109 Yes 
C. virginica 7 8.90 8.97 0.27 95 Yes 
C. virginica 8 8.52 8.63 0.25 88 Yes 
M. edulis 1C 8.80 9.12 0.20 70 Yes 
M. edulis 2C 8.31 Lost 0.20 70 Yes 
M. edulis 3C 8.70 9.10 0.15 53 Yes 
M. edulis 4C 8.63 9.12 0.21 74 Yes 
M. edulis 5C 8.91 9.51 0.15 53 Yes 
M. edulis 6C 8.28 8.77 0.18 63 Yes 
M. edulis 1A 8.44 9.26 0.10 35 No 
M. edulis 2A 8.62 9.18 0.09 32 Yes 
M. edulis 3A 8.43 9.15 0.09 32 No 
M. edulis 4A 7.86 9.59 0.08 28 Yes 
M. edulis 5A 9.46 9.36 0.10 35 Yes 
M. edulis 6A 8.14 9.34 0.10 35 No 
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Figure 5. Differences in measured δ15

 

N between acid pretreatment and non-acid pretreatment 
methods plotted against recovered N content of each sample for all species.  
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Table 2. Mean %N, mean N content, and mean difference between δ15N results for each method, 
for C. virginica, Mercenaria spp., and each layer of M. edulis. Only sample pairs in which 
unacidified samples are lighter than non-acid pretreated samples are accounted for in δ15

 

N 
statistical data.  

 C. virginica Mercenaria spp. M. edulis 
aragonite 

M. edulis 
calcite 

Mean %N (unacidified 
samples) 0.28 0.07 0.09 0.18 

Mean N content (unacidified 
samples) 95μg 22μg 33μg 

 63μg 

Range of differences between 
δ15 0.07-0.32‰ N results for each method 0.12-1.25‰ 0.56-1.73‰ 0.32-0.60‰ 

Mean difference between δ15
0.19‰ N 

results for each method 0.74‰ 1.01‰ 0.46‰ 
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Figure 6- δ15N plotted against %N for all samples across all species. No pronounced linear 
correlation between δ15N and %N is observed for combined species (r2=0.022). R-squared values 
for each species alone are as follows: Mercenaria spp. r2=2e-5; C. virginica r2

M. edulis r
=0.150;  

2

 
=0.042. 
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Table 3. Average δ15

Sample Name 
(Sample I.D. #) 

N of C. virginica samples collected from Mobile Bay, AL as compared to 
distance from the Clifton C. Williams wastewater treatment plant. 

Distance from Clifton Williams 
WTP 

Average δ15N of Acid Pretreated 
Samples (‰) 

Site 1 (1-2) 0.07km 5.25 
Site 2 (3-4) 0.50km 6.82 
Site 3 (5-6) 2.18km 8.85 
Site 4 (7-8) 5.68km 8.80 
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Table 4: Average δ15

Sample Location 
(Sample I.D. #) 

N of Mercenaria spp. samples collected from Cape Cod, MA as compared 
to percent wastewater contribution to total estuarine N load. Sample I.D. numbers correlate to 
Table 1. 

Wastewater Contribution to 
Total N Load 

Average δ15N of Acid Pretreated 
Samples (‰) 

Childs River (20) 63 % 9.72 
Snug Harbor (21) 59 % 9.18 
Green Pond (18-19) 54 % 8.89 
Sage Lot Pond (16-17) 4 % 5.42 
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4. Discussion 

There are two trends discovered here to consider: 1) the δ15N of the unacidified split (low 

N content) is lighter than its acidified counterpart in 82% of samples (Table 1), and 2) lower N 

content results in a greater difference in measured δ15N between methods (Figure 5). It has been 

previously established that low N content can contribute to analytical errors of anomalously light 

δ15

 

N values (e.g. Carmichael et al., 2008 working on samples similar to those described here). 

Because analytical error in this study is larger for those samples with low N content, and those 

samples with large error are lighter than those with less error (high N content samples, i.e. acid 

pretreated), analytical error associated with low N samples is likely the source of both of these 

trends. In addition, since N content was lower in the aragonite samples than in calcite samples, 

the different responses to the methods comparison (at the 1σ level) of the calcite versus aragonite 

species may be attributed to variations in %N, and consequently analytical error, between 

species.  

4a. Analytical Precision  

Analytical precision is greatest when N content of samples is well within the accepted 

detection range of the IRMS (minimum 50mV). In the no-pretreatment preparation method, low 

sample volume becomes an issue because the sample is introduced as the complete powder with 

low %N. Limits to sample size may vary between laboratories due to combustion efficiency (e.g. 

Dietz, 2008 uses 40-90mg ground bivalve shell sample, although does not address the 

combustion question);
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however in most cases, low N content must be a serious concern when using the no-pretreatment 

preparation method. In addition,  the sensitivity of the IRMS used will have an effect on 

precision, and recent publications  have obtained reasonable analytical precision using the non 

acid pretreatment method with samples containing ~20µg N (Versteegh et al., 2011). However, 

previous studies on Mercenaria spp. found that a N content of at least 70-80μg is necessary for 

accurate δ15N results (Carmichael et al., 2008). The data presented here more closely agree with 

this N content requirement as sample pairs containing at least 50μg of N have measured δ15

Analytical precision is generally greater for the acid-pretreatment method because the 

dissolution of carbonate removes the majority of the sample’s volume and leaves only a greatly 

decreased amount of more N-rich organics for analysis. Studies using up to 1000mg of pre-

dissolution sample have been completed successfully (Kovacs et al., 2010).  

N 

values within one sigma error.  

 

4b. Shell N  

Due to the lack of exchange between Ca and N, it is currently assumed that the only 

significant source of N resides in the organic content of the shell. However, key details regarding 

biomineralization processes and physical distributions of organic matter are not completely 

understood (e.g. Cusack and Freer, 2008; Pouget et al., 2009). For instance, if a measurable 

source of N is located in shell components other than the acid insoluble fraction, it is possible 

that different pathways and fractionation patterns between different organic phases would result 

in disparate δ15N signatures between acid pretreatment and non acid pretreatment methods of 

shell analysis. Recent research has raised the question of whether N may reside in shell 

components other than the acid insoluble organic portion (Hansen, 2009).  
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For example, previous time series δ15N  on two analogous Peruvian Trachycardium 

procerum shells found an increase in %N at the same time as a decrease in apparent organic 

content as determined by Raman spectroscopy (Hansen et al., 2009; Etayo et al., 2010) 

(Appendix A). These data may at first suggest that the distribution of N and organic matter in the 

shell is more complex than previously thought. However this study, which compares δ15N   

values of the organic portion with the bulk shell, does not find any difference in measured δ15N 

signatures between methods. These results indicate that either both methods capture all sources 

of N in the shell or that all N sources in the shell record a similar δ15

It should be noted that the mollusks in this study did not seem to undergo any stresses on 

the magnitude of El Niño which the T. procerum shells survived, and it is not yet known whether 

major stresses can affect the incorporation of N into organic shell material. It is worth noting that 

the %N curve follows the shape of organic content curve prior to El Niño, but deviates afterward, 

suggesting that the stress of El Niño could be the reason for the anomalous pattern seen after El 

Niño in the T. procerum shells.  

N signature.  

In contrast to a natural explanation for the anomalies in the T. procerum %N curve, the 

results of this methods comparison highlight another possibility; since it was a time series 

analysis and sample was therefore limited, the T. procerum data was obtained using the non-acid 

pretreatment method and small sample volumes of approximately 40-45mg. If one examines the 

%N curve and calculates the N content of the samples, one will notice that even when %N is 

reported at its highest, the N content of the samples falls well below the ~50μg minimum. The 

contrast between the expected relationship between %N and apparent organic content may 

therefore be partially a result of analytical error.  
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The T. procerum study is an excellent example of why it will be necessary for future 

authors to report the N content of their samples in order to allow the reader to establish accuracy 

of data. 

 

4c. Variations in %N 

 Predicting the N content of a given sample requires comparing shell %N and sample 

weight.  However, the amount of organic material in bivalve shells can vary to up to 5 wt% of 

the shell (Marin and Luquet, 2004; Bouillon et al., in press), and preliminary analysis may be 

required for species in which an average %N has not already been established.  

Furthermore, the variation in %N within a single species seen here (0.08-0.21% in M. 

edulis, 0.04-0.11% in Mercenaria spp., and 0.24-0.33% in C. virginica) indicate that it may be 

prudent to determine %N of each sample pool regardless of whether an average %N for the 

particular species has been established. Percent N may also vary as a function of anthropogenic 

N load and eutrophication effects on food quantity and quality, such as was found in the previous 

work on the Mercenaria spp. and C. virginica used in this study (Carmichael et al., 2008; Daskin 

et al., 2008), further complicating the issue of predetermining expected N content. 

For species in which more than one mineralogy is present (as in M. edulis), the %N of 

each should be determined as it may be sufficient in one mineralogy but not in the other. For 

instance in the species in this study, aragonite is shown to contain as little as half the %N of the 

calcite portion of the same shell (as in M. edulis).  

In some cases, %N may be expected to vary within a single individual and single 

mineralogy. This was the case for the Peruvian T. procerum shell discussed above. Previous 

research has also shown that changes in food quantity and quality throughout a clam’s life can 
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result in changes in %N throughout ontogeny (Carmichael et al., 2004). In a situation where %N 

and expected N content cannot be pre-determined, it is recommended to use the acid 

pretreatment method. Although recent studies use several hundred milligrams powder per sample 

(Kovacs et al. 2010, this study), it is possible to use less sample if necessary (such as to allow for 

time series data from a single shell). Functional δ15

 

N values have been obtained using as little as 

80 mg of sample from Mercenaria spp. (Carmichael et al., 2008). 

4d. Influence of Anthropogenic Pollution  

The influence of anthropogenic pollution on shell δ15N found here is the same as noted in 

previous research; the closer the proximity to the wastewater treatment plant and the greater the 

wastewater contribution to total estuarine N load, the more the shell δ15N values trend  toward 

the δ15N signature of the contamination (Tables 4 and 5). In Mercenaria spp., the wastewater 

contaminating the shell estuaries was conveyed through groundwater and had a heavier than 

ambient δ15N signature (Carmichael et al., 2008), and shell δ15N became heavier with greater 

percent wastewater contribution. In C. virginica, the pollution was largely raw discharged 

sewage and therefore had lighter than ambient δ15N (Daskin et al., 2008), and samples collected 

close to the treatment plant recorded lighter shell δ15

 

N than those collected further away.  

4e. Possible Sources of Error 

i. Complete Combustion 

In unacidified samples with low %N, large sample volumes will yield the greatest N 

content and accuracy. However, sample size is limited by the simple mechanics of how much 

powder will fit in the capsules and by the concern of complete combustion. Incomplete 
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combustion could result in analysis of different fractions of the shell samples, thus biasing the 

results. The possibility of incomplete combustion was assessed in these analyses because the 

large samples in this study (non acid pretreated) display more negative δ15N values than their 

smaller acid-pretreated splits. However it does not seem likely that incomplete combustion is the 

cause of the consistent negative δ15

 

N offsets in the non-pretreated samples. Measured N peaks 

were sharp and blanks that were run directly after unacidified samples had N levels below the 

detection limit of 50mV (Appendix A), indicating that all sample material was combusted before 

admission into the IRMS. 

ii. Sample preparation 

In addition to the difference in acid application between methods, there is one other 

preparation step that varied between samples: the method of powdering the shells. C. virginica 

and Mercenaria spp. from Cape Cod, MA, were powdered using a glass blender and mortar and 

pestle, whereas M. edulis and Mercenaria spp. from Sapelo Island, GA were powdered using a 

variable speed hand drill. This second powdering technique produces greater friction and heat, 

and breaks down the powder into smaller particles, and may therefore create a possibility of 

greater fractionation associated with the mechanical breakup of the shell and localized 

combustion at the point of drilling. However, the fact that all the samples with sufficient N to 

overcome analytical precision errors exhibit no significant change in δ15N values between 

methods suggests that there is at least no detectable difference in δ15

 

N resulting from the 

variation in powdering procedure. 
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4f. Selecting a Method 
 

Current research into δ15N of mollusk shells focuses largely on changes in δ15N over time 

or as compared between two sample populations. Therefore, although the non-acid pretreatment 

method results in δ15

Determining which method is most appropriate also depends upon the requirements and 

goals of a given study. Since samples containing sufficient N content have similar δ

N values generally lower than the acid pretreatment method, it still may be 

valid for relative comparisons when i) The method used for each sample within the study is 

consistent, ii) the minimum N content requirement is met (50μg in this study) and iii) analytical 

standards used are of a similar size to best assess precision. The results of this study show a 

distinct, significant decrease in the precision and accuracy of the non-acid pretreatment 

technique in samples containing less than ~50μg N, indicating that this method should not be 

used in studies where expected N content is below this limit.   

15N for both 

methods, the results here suggest that the application of 1N HCl does not significantly affect 

measured δ15

However for studies where sample availability is limited and small sample volumes are 

necessary regardless of analysis method (e.g. to obtain time-series data from a small shell), it 

may be preferable to use the non-pretreatment method to avoid the time, cost, and increased 

steps (and thus potential for human error) of the acidification technique. In this case, it becomes 

vital to determine the expected N content of samples and to use an appropriate variety of 

standard volumes to scale analytical precision to reflect N content, and to therefore measure the 

robustness of resultant data.  

N, but does eliminate the concern of low N content by allowing larger sample 

volumes. Therefore for research in which large sample volumes are possible, the acid 

pretreatment method is recommended to avoid the complications of analytical error.  
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4g. Comparing Data Sets Across Studies and Methods 

 Perhaps of equal importance to delineating the advantages and pitfalls of each technique, 

this study also illustrates the caution that must be used when comparing results between studies 

which used different analysis techniques. For example, there has been much research into the 

effects of anthropogenic pollution on shell δ15N (e.g. McClelland et al., 1997; Carmichael et al., 

2008; Daskin et al., 2008; Watanabe et al., 2009). The discovered correlation between pollution 

and shell δ15N will undoubtedly lead to many future studies, some of which may analyze shells 

from the same location as previous research and attempt to corroborate data. In such a case, it 

will be vital to know the method used to obtain δ15N of the shell. A difference in analysis 

technique may eliminate or create offsets in δ15

 On a similar note, it is essential for authors to report recovered N content of their shells. 

If sample volume is not known and %N and N content cannot be calculated (as is often the case 

in the most recent development of the acid-pretreatment method), authors should report the N 

peak voltage of their samples and relate it to the detection limit of the IRMS used. In either case, 

some stringent measurement of accuracy and precision should be included in publications. 

N which have little to do with natural 

fractionation processes. 
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5. Conclusions 
 

Comparison of the non-acid pretreatment and the acid pretreatment methods of analyzing 

δ15N in the shells of C. virginica, Mercenaria spp., and M. edulis revealed almost no significant 

difference at the 2σ level between methods results. However, the two techniques recorded 

significantly different δ15N values in approximately half of the aragonite samples at the 1σ level. 

In addition, a distinct trend exists in which 82% of total samples resulted in lighter δ15N values in 

non-acid pretreated samples than in their acid pretreated pairs. These trends are interpreted as 

being due to insufficient N content in small sample sizes (such as required in non acid pretreated 

samples) and in aragonite samples, causing increased analytical error (previously determined to 

often be expressed as an artificial lightening of δ15

Analytical error in the non acid pretreated method is of lesser concern in samples with 

sufficiently high N content (e.g. in this study, samples with ≥0.50µg N had δ

N values).  

15N values for both 

methods within 1σ error). There is a clear correlation in the species analyzed here between shell 

biomineralogy and %N, where calcite contains greater %N than aragonite. Therefore, although 

roughly half of the aragonite shells had different δ15

Since low N content greatly decreases analytical precision and accuracy and leads to 

significant differences in measured shell δ

N reported for each method at the 1σ 

significance level, none of the calcite samples showed any difference even at 1σ. This indicates 

that biomineralogy may play an important role in %N of shells and thus on the extent of 

analytical error. 

15N between the acid pretreatment and non-acid 
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pretreatment methods, it is essential to determine expected sample N content prior to selecting an 

analysis technique. Low N samples should be analyzed with the acid pretreatment method, which 

concentrates N-bearing proteins in the shell by dissolving the calcium carbonate. When 

attempting to corroborate research, it will be crucial to know which analysis technique was used 

for each project as well as the N content of samples so that there can be an accurate assessment 

of potential causes for any differences in shell δ15

Results from species which were collected from estuaries with varying levels of influence from 

wastewater confirm that shell δ

N.  Consequently, authors are strongly 

encouraged to report both details of analysis techniques and recovered sample N content. 

15N is a valid proxy for anthropogenic pollution. Higher percent 

wastewater contribution to total estuarine N load resulted in δ15N signatures in shells that were 

skewed toward the wastewater values. This correlation reinforces the importance of shell δ15N 

studies in upcoming pollution monitoring research, and the determination of analysis techniques 

and associated precautions is a necessary step in developing the potential of shell δ15

 

N research. 
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Appendix  
 
Table 1A. Summary of δ15

 

N, %N, and sample mass data for all species and standards presented 
in order of analysis. 

Sample I.D. Method Sample Mass 
(mg) 

δ15
%N N 

(Air)(‰) 
B2155 Standard Untreated 1.32 5.96 13.36 
B2155 Standard Untreated 1.07 5.94 13.82 
B2155 Standard Untreated 1.38 5.87 13.63 
B2155 Standard Untreated 1.46 5.96 13.65 
B2155 Standard Untreated 1.42 5.99 13.70 
B2155 Standard Untreated 1.29 5.92 13.68 
B2155 Standard Untreated 1.10 5.91 13.64 
Blank Filter Untreated N/A Below 50mV Below 50mV 
Acetinalide 
Standard Untreated 0.91 -1.22 9.94 

Mercenaria 1 Pretreated N/A 8.16 N/A 
Mercenaria 2 Pretreated N/A 7.38 N/A 
Mercenaria 3 Pretreated N/A 7.77 N/A 
Mercenaria 4 Pretreated N/A 6.63 N/A 
Mercenaria 7 Pretreated N/A 7.68 N/A 
Acetinalide 
Standard Untreated 1.01 1.76 10.23 

Mercenaria 8 Pretreated N/A 7.70 N/A 
Mercenaria 9 Pretreated N/A 9.03 N/A 
Mercenaria 10 Pretreated N/A 7.81 N/A 
Mercenaria 12 Pretreated N/A 7.91 N/A 
Mercenaria 13 Pretreated N/A 6.66 N/A 
Mercenaria 6 Pretreated N/A 8.36 N/A 
Mercenaria 11 Pretreated N/A 7.58 N/A 
Mercenaria 14 Pretreated N/A 8.44 N/A 
Mercenaria 5 Pretreated N/A 7.72 N/A 
Acetinalide 
Standard Untreated 1.08 1.47 10.15 

Mercenaria 15 Pretreated N/A 8.70 N/A 
Blank Filter Untreated N/A Below 50mV Below 50mV 
C. virginica 2 Pretreated N/A 5.1 N/A 
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C. virginica 5 Pretreated N/A 8.7 N/A 
C. virginica 8 Pretreated N/A 8.63 N/A 
C. virginica 6 Pretreated N/A 9.01 N/A 
C. virginica 1 Pretreated N/A 5.41 N/A 
C. virginica 4 Pretreated N/A 6.95 N/A 
C. virginica 3 Pretreated N/A 6.68 N/A 
C. virginica 7 Pretreated N/A 8.97 N/A 
Blank Filter Untreated N/A Below 50mV Below 50mV 
Mercenaria 16 Pretreated N/A Lost N/A 
Mercenaria 17 Pretreated N/A 5.42 N/A 
Mercenaria 18 Pretreated N/A 9.13 N/A 
Mercenaria 19 Pretreated N/A 8.64 N/A 
Mercenaria 20 Pretreated N/A 9.72 N/A 
Mercenaria 21 Pretreated N/A 9.18 N/A 
New Run         
B2151 Standard Untreated 21.74 4.43 0.54 
B2151 Standard Untreated 25.58 4.38 0.48 
B2151 Standard Untreated 31.19 4.31 0.49 
B2151 Standard Untreated 24.44 4.44 0.51 
B2151 Standard Untreated 24.67 4.54 0.51 
B2151 Standard Untreated 6.79 4.34 0.43 
B2151 Standard Untreated 18.41 4.3 0.5 
B2151 Standard Untreated 11.79 4.37 0.48 
B2151 Standard Untreated 4.34 4.46 0.44 
Blank Untreated N/A Below 50mV Below 50mV 
Mercenaria 1 Untreated 34.60 6.91 0.04 
Mercenaria 2 Untreated 34.01 6.17 0.04 
Mercenaria 3 Untreated 34.11 7.32 0.05 
Mercenaria 4 Untreated 34.52 5.98 0.11 
Mercenaria 5 Untreated 34.13 7.54 0.06 
Mercenaria 6 Untreated 34.16 7.61 0.07 
Mercenaria 7 Untreated 34.08 7.56 0.1 
Mercenaria 8 Untreated 34.24 7.86 0.06 
Mercenaria 9 Untreated 34.86 8.53 0.07 
Mercenaria 10 Untreated 34.15 7 0.05 
Mercenaria 11 Untreated 34.36 8.74 0.07 
Mercenaria 12 Untreated 34.78 7.11 0.07 
Mercenaria 13 Untreated 33.87 6.01 0.08 
Mercenaria 14 Untreated 34.44 7.22 0.04 
Mercenaria 15 Untreated 34.27 8.52 0.07 
Blank Untreated N/A Below 50mV Below 50mV 



36 
 

Acetinalide 
Standard Untreated 1.13 1.32 11.03 

C. virginica 1 Untreated 34.75 5.49 0.24 
C. virginica 2 Untreated 33.86 5.46 0.29 
C. virginica 3 Untreated 34.09 6.61 0.27 
C. virginica 4 Untreated 34.54 6.66 0.26 
C. virginica 5 Untreated 34.17 8.38 0.33 
C. virginica 6 Untreated 34.18 8.75 0.31 
C. virginica 7 Untreated 34.88 8.9 0.27 
C. virginica 8 Untreated 33.55 8.52 0.25 
Mercenaria 16 Untreated 34.45 5.48 0.07 
Mercenaria 17 Untreated 34.35 4.6 0.06 
Mercenaria 18 Untreated 34.27 8 0.08 
Mercenaria 19 Untreated 34.01 8.77 0.05 
Mercenaria 20 Untreated 33.18 8.52 0.06 
Mercenaria 21 Untreated 34.52 9.23 0.07 
Blank Untreated N/A Below 50mV Below 50mV 
Acetinalide 
Standard Untreated 0.94 1.68 10.92 

New Run         
B2155 Standard Untreated 0.94 6.01 13.5 
B2155 Standard Untreated 0.99 6.01 14.11 
B2155 Standard Untreated 0.84 5.96 13.75 
B2155 Standard Untreated 0.87 6.07 13.82 
B2155 Standard Untreated 0.99 5.91 13.75 
B2155 Standard Untreated 0.84 5.93 13.91 
B2155 Standard Untreated 0.95 5.88 13.65 
B2155 Standard Untreated 0.86 5.79 14.15 
B2155 Standard Untreated 0.47 5 12.7 
B2155 Standard Untreated 0.45 5.28 12.21 
B2155 Standard Untreated 0.50 5.65 13.25 
B2155 Standard Untreated 0.43 6.5 12.13 
B2155 Standard Untreated 0.40 6.83 12.25 
B2155 Standard Untreated 0.40 5.68 12.2 
Acetinalide 
Standard Untreated 1.39 1.6 10.63 

M. edulis 6A Pretreated N/A 9.34 N/A 
M. edulis 5A Pretreated N/A 9.36 N/A 
M. edulis 4A Pretreated N/A 9.59 N/A 
M. edulis 3A Pretreated N/A 9.15 N/A 
M. edulis 2A Pretreated N/A 9.18 N/A 
M. edulis 1A Pretreated N/A 9.26 N/A 
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M. edulis 6C Pretreated N/A 8.77 N/A 
M. edulis 5C Pretreated N/A 9.51 N/A 
M. edulis 4C Pretreated N/A 9.12 N/A 
M. edulis 3C Pretreated N/A 9.1 N/A 
M. edulis 2C Pretreated N/A Lost N/A 
M. edulis 1C Pretreated N/A 9.12 N/A 
M. edulis 6A Untreated 35.08 8.14 0.1 
M. edulis 5A Untreated 35.13 9.46 0.1 
M. edulis 4A Untreated 34.83 7.86 0.08 
M. edulis 3A Untreated 35.81 8.43 0.09 
M. edulis 2A Untreated 33.60 8.62 0.09 
M. edulis 1A Untreated 34.21 8.44 0.1 
M. edulis 6C Untreated 35.28 8.28 0.18 
M. edulis 5C Untreated 33.68 8.91 0.15 
M. edulis 4C Untreated 34.74 8.63 0.21 
M. edulis 3C Untreated 34.13 8.7 0.15 
M. edulis 2C Untreated 34.35 8.31 0.2 
M. edulis 1C Untreated 34.79 8.8 0.2 
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Figure 1A. Profile of T. procerum analyzed for δ13C, δ18

 

O, organic content and radiocarbon. 
Photo from Andrus et al., 2005.  
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Figure 2A. T. procerum time series %N data on a shell analogous to the specimen analyzed for 
organic content. Note steady increase in %N after the onset of El Niño as indicated by the growth 
scar.  
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Figure 3A. T. procerum time series Raman spectra analysis showing Raman B peak area (organic 
phase) which correlates to organic content. Note decrease in organic content after the onset of El 
Niño as indicated by the growth scar. Figure adapted from Etayo-Cadavid, 2010.  
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