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Organic Phases in Bivalve (Arctica Islandica) Shells: Their
Bulk and Amino Acid Nitrogen Stable Isotope Compositions

Qian Huang! (©/, Oluwatoosin B. A. Agbaje? (), Martina Conti’ ), and Bernd R. Schone!

nstitute of Geosciences, University of Mainz, Mainz, Germany, *Section for GeoGenetics, Faculty of Health and Medical
Sciences, Globe Institute, Copenhagen University, Kgbenhavn, Denmark, *Department of Chemistry, University of York,
York, UK

Abstract The stable nitrogen isotope composition of bivalve shell organics serves as a proxy for nitrogen
fluxes in modern and past ecosystems. An essential prerequisite to reconstruct environmental variables from
85N values of bivalve shells is to understand if pristine isotope signals can be retrieved from shell organics
after sample pretreatment. "N analyses of fossil shells should be limited to the intra-crystalline organic matrix
(intra-OM), which is trapped within biomineral units and less likely contaminated or diagenetically overprinted
than inter-crystalline organics (inter-OM). However, it remains unclear whether the different shell organic
phases (insoluble/soluble inter-OM, intra-OM) are isotopically distinct and whether 8'5N values of intra-OM
agree with those of bulk organic matter. These questions were tackled by applying different solvents (H,O,
HCI, H,0,, NaOCl) to homogenized shell powder of a modern Arctica islandica. Milli-Q water did not alter
bulk 85N values indicating the dissolution of the inter-OM was negligible. Acid-extracted intra-OM exhibited
a larger isotope variation within replicates and showed a minor but significant fractionation in bulk §'>N values
related to the loss of acid-soluble components. Compared to H,0,, NaOCI oxidative treatment was more
effective in cleaning inter-OM and produced reliable bulk and amino acid (AA)-specific 8'°N data of intra-OM.
Furthermore, differences in the relative abundance and 85N values of individual AAs suggested that the N
isotope composition is not uniform within shells, and the N-bearing content and AA composition differ between
organic phases. Future studies should test the capability of bulk and CSIA-AA 8'5N proxies in fossil shells as
paleoenvironmental archives.

Plain Language Summary The nitrogen isotope ratio (*N/*N) of organics embedded in bivalve
shells can be used to understand biogeochemical processes in the environment. When applying chemical
solvents to clean the shells, some organic phases are inevitably lost. To evaluate the potential effects of
chemical cleanings on nitrogen isotope composition (5'°N) in shell organics, we applied various solvents to
modern shell samples. Most of the shell organic phases carry specific distinct amino acid (AA) compositions
and therefore have different nitrogen isotope compositions. These results imply that the nitrogen-bearing
contents (such as AA) and their isotope compositions are not uniform within shells. Specifically, we compared
the organics entrapped inside crystals (intra-OM) with the total shell organics (raw-OM). The offsets in

bulk 5!°N data between the two phases were mainly driven by the difference in AA proportions, while little
differences were observed in 8'°N values of AA. Technically, using raw shells without chemical pretreatment
and using a bleaching protocol is suitable for raw-OM and intra-OM, respectively, to obtain the bulk and
AA-specific §°N data. These findings indicate that raw-OM is sufficient for bulk and AA-specific 8N
analyses in modern bivalve shells for environmental reconstructions and provide a framework to study the fossil
shells.

1. Introduction

Bivalve shells are a powerful biogenic archive for reconstructing past environmental and ecological conditions
in aquatic settings (Rhoads & Lutz, 1980; Richardson, 2001; Steinhardt et al., 2016). Many bivalves are sessile
residents that filter particulate organic matter (OM) from the ambient water and integrate such resources into their
soft tissues and shell (Newell, 2004; O’Donnell et al., 2003). Unlike the soft tissues, shell OM is not continuously
renewed and turned over by the metabolism but preserves temporally constrained information on changes in the
food sources (Graniero et al., 2016; O’Donnell et al., 2003; Vokhshoori et al., 2022), that is, digested algae and
bacteria as well as organic detritus deriving from decayed organisms belonging to higher trophic positions. Stable
nitrogen isotope (§'°N) values of bulk tissues (bulk stable isotope analysis, BSIA) [BSIA-6'°N] can provide
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important insights into the nitrogen sources (dissolved inorganic nitrogen, DIN) and the trophic position (TP) of
organisms (Fry, 2006) with the underlying principals that (a) SN,y values are reflected in primary producers
(the so-called nitrogen isotope baseline) (Post, 2002) and (b) an average increase of 3—4 %o occurs during each
trophic transfer (Deniro & Epstein, 1981; Minagawa & Wada, 1984). BSIA-8'°N values of shell OM extracted
from whole valves, shell fragments or individual annual growth increments can provide information on natural
variations of the nitrogen isotope baseline in time and space (e.g., Graniero et al., 2021; Schone & Huang, 2021;
Vokhshoori et al., 2022) as well as nutrient and pollutant loadings affecting the aquatic biogeochemistry (e.g.,
Black et al., 2017; Kovacs et al., 2010; Oczkowski et al., 2016).

Compound-specific stable isotope analysis (CSIA) of individual amino acids (AAs) [CSIA-8'°N,,] is a tech-
nique that provides much more detailed information on the consumer physiology (Fantle et al., 1999; McClelland
& Montoya, 2002; Popp et al., 2007). This method is based on the observation that AAs are metabolized in
different ways associated with differences in nitrogen isotope fractionation. From resources to consumers, the
so-called source AAs experience only little nitrogen isotopic change (Chikaraishi et al., 2007; Fantle et al., 1999;
McClelland & Montoya, 2002), but trophic AAs become enriched in *N (Chikaraishi et al., 2007; Macko
et al., 1986; McClelland & Montoya, 2002) leading to higher 85N values. While BSIA-§'°N have limitations in
the food web reconstruction, for instance, the large variability in isotope values of primary producers (e.g., Vizzini
& Mazzola, 2003) and isotopic fractionations through the trophic transfer (e.g., Caut et al., 2009), CSIA-8N, ,
enables more precise estimates of the nitrogen isotope baseline and the TP (see review by Ohkouchi et al. (2017)).
Although CSIA-8'5N,, of shell organics is still in its infancy, vast potential has been revealed by using this
technique to reconstruct organic sources and the nitrogen isotope baseline back in time (Ellis, 2012; Misarti
et al., 2017; Vokhshoori et al., 2022) at an unprecedented temporal resolution (Huang, Wu, & Schone, 2023).

An essential prerequisite to reliably reconstruct environmental variables from 8N values (both BSIA and
CSIA-AA) of bivalve shells is to understand if pristine isotope signals can be retrieved from shell organics
after sample preparation. To obtain such data often requires several cleaning and pretreatment steps prior to the
measurements. For example, the low nitrogen content in shells, even in modern and diagenetically unaltered
bivalves, hampers the reliability of BSIA-8'SN data (Carmichael et al., 2008; Darrow et al., 2017), given that the
overwhelmingly abundant carbonate matrix can cause an incomplete combustion and can overload the isotope
ratio mass spectrometer (IRMS). Particular instrumental settings of the nano-EA (elemental analyzer) are hence
required, for example, auto-sampler evacuation, reduction of quartz reactors, and potentially, a special CO, trap-
ping system (Polissar et al., 2009; Schone & Huang, 2021; Versteegh et al., 2011), which can be practically
challenging and cost higher analytically. As an alternative, the shell can be dissolved in acid (usually diluted HCI)
and the acid-insoluble remainder can be collected (“acid washing” procedure e.g., Kovacs et al., 2010; Oczkowski
et al., 2016; Watanabe et al., 2009). However, acid washing can (Carmichael et al., 2008; Das et al., 2021) or may
not (Darrow et al., 2017; Pape et al., 2018) influence the nitrogen isotope compositions of shell organics, or in a
broader sense, samples with high content of carbonates (see review by Schlacher & Connolly, 2014). The issue
has been long recognized by ecologists, yet the discussion has been equivocal - the fractionation is at times posi-
tive or negative and inconsistent in magnitude and direction, calling for the understanding of causes (Schlacher
& Connolly, 2014). In case of shells, multiple different processes can induce changes of the isotope composition,
for example, the loss of soluble components, kinetic fractionation in the insoluble phases, or volatilization of
nitrogenous compounds, which remains to be identified. Similar to acid washing, the procedure of rinsing shells
in MilliQ water combined with ultrasonication, which was sometimes used to remove potential contaminants
during the sample handling (e.g., Milano et al., 2020), can likewise be problematic as it can remove the interstitial
soluble substances.

Shell organics (raw-OM) consist of inter- and intra-crystalline fractions (inter- and intra-OM). The inter-crystalline
phase (i.e., organics located in interstitial spaces between individual biomineral units) forms a framework for
the deposition of calcium carbonate, while the intra-crystalline phase becomes entrapped within the individ-
ual biomineral units during the shell formation (Mann, 2001; Marin et al., 2007; Meldrum & Cblfen, 2008).
Given that inter- and intra-OM differ by formation pathways (Addadi et al., 2006), these two organic pools
can vary fundamentally in their macromolecular composition, for example, protein species and hence the rela-
tive abundance of AAs (Nudelman et al., 2007). For instance, distinct AA compositions were found between
intra-OM and raw-OM in some bivalves with nacroprismatic shells, with a higher proportion of acidic hydro-
philic moieties (e.g., enriched in aspartic acid) occurring in the intra-crystalline phase (Marin & Luquet, 2004;
Penkman et al., 2008; Pereira-Mouries et al., 2002). The AA composition of the organic pool can influence its
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nitrogen isotope value because 8'°N values vary greatly among different AAs (Hare et al., 1991; McClelland &
Montoya, 2002). As such, the nitrogen-bearing component and 8'N composition of shell organic pools are asso-
ciated with the shell biomineralization processes, but knowledge on the shell biomineralization is largely limited
to nacroprismatic shells (Addadi et al., 2006; Nudelman et al., 2007). Furthermore, in contrast to the inter-OM
that is more susceptible to leaching and contamination, the intra-OM of shells is well protected by the biomin-
erals and less prone to diagenesis (Penkman et al., 2008; Sykes et al., 1995), and, as such, could be a more ideal
candidate for paleoenvironmental reconstructions. These observations call for the study of potential isotope and
compositional differences between shell intra-OM and raw-OM pools in order to explore the full potential of
different shell OM substrates as archives for isotope-based geochemical proxies. To extract shell intra-OM, the
weakly bound inter-OM needs to be removed by applying an oxidation reagent, such as NaOCl or H,0, (Penkman
et al., 2008). Penkman et al. (2008) reported a more effective oxidation of inter-OM by NaOCI than by H,0,,
although it remains untested to what extent the different oxidation reagents (i.e., NaOCl and H,0,) affect the §'°N
values of extracted organics.

As the difference in bulk and AA-specific 8N values between shell organic pools and the potential influence
of preparation techniques are poorly understood, these uncertainties can lead to significant isotope biases that
affect environmental reconstructions and can hinder comparisons among studies. Here, such issues were tack-
led by testing how different preparation techniques affect the 8N values of raw-OM and intra-OM. To this
end, homogenized modern shell powder was used from the long-lived bivalve, Arctica islandica, a species that
has been extensively exploited in sclerochronological studies (Schone, 2013). Specifically, this study addresses
the following aspects. Firstly, to determine the necessity of washing steps for BSIA-8'°N of shell raw-OM, we
assessed if, to which extend, and how acid washing and Milli-Q water washing influence the isotope composition
of raw-OM (note, this was not tested for CSIA-8'°N, ,, because the pretreatment effects on AA-specific 8'°N of
A. islandica shells have been examined by Huang, Wu, and Schone (2023)). Secondly, to obtain reliable 8N
data from intra-OM (BSIA-8'"N and CSIA-8'°N, ,), the effects of two oxidation reagents (H,0,, NaOCl) were
explored. Thirdly, the potential differences in bulk and individual AA isotope compositions as well as the rela-
tive abundance of AAs between raw-OM and intra-OM pools were examined in order to provide insights into
the potential archive substrate and shell biomineralization. The results of the present study can help to improve
nitrogen isotope-based environmental reconstructions based on bivalve shells.

2. Materials and Methods
2.1. Sample Material

Three shells of A. islandica (ICE12-05-A14, ICE12-05-A13 and ICE12-05-A04, which hereafter are referred
to as Shell A, Shell B and Shell C, respectively) were randomly selected from specimens collected alive in NE
Iceland (Pistilfjordur, Pérshofn) in August 2012. Shell height and shell length were measured with a caliper (shell
morphology measurement is shown in Data Set S1). Soft tissues were removed immediately after collection and
the shells were cleaned and stored in a dark and dry environment. The right valves of the selected shells were
physically cleaned with 150 pm Al O, powder in a “sandblaster” to remove the periostracum, placed in a ziplock
bag and crushed with a hammer. Afterward, the shell was rinsed with Milli-Q (MQ) water and dried in an oven
at 50°C overnight. The dried shell fragments were ground in a CryoMill (Retsch GmbH Germany) for 10 min,
generating homogenized shell powders (>90 wt % of grains with a size of less than 500 pm). All solvents and
reagents for sample processing in this study were at or above HPLC grade and all glassware was thoroughly
washed in MQ water and combusted at 450°C for 4 hr.

2.2. Extraction of Organic Phases With Different Solvents

One aliquot of the homogenized powder of each valve was used for BSIA-8'5N and the other aliquot was prepared
for AA composition measurements. Each aliquot was assigned to the following treatments: the Control group (no
treatment) and powders treated with acid (HCl), MQ water, and oxidation reagents (H,O, or NaOCl). Each of
these treatments produced different phases of shell organic matrices (Figure 1). Prior to these treatments, each
aliquot was further divided into three sub-aliquots that served as replicates for each treatment group. The proto-
cols for each of the three sub-aliquots are as follows:

1. The Control group consisted of the raw organic matrix (raw-OM) from which the shell powders were taken
directly for further analyses.
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Figure 1. Scheme to illustrate the sample treatment procedure to isolate different phases of shell organic matrices (in blue

font). The control group of shell powder underwent no treatment so that the organic matter (OM) was not modified (raw-

OM). Shell powders were immersed in different solvents including acid (HCI), MilliQ (MQ) water and two oxidation reagents

(H,0,, NaOCl). The remaining fractions after centrifugation comprised acid-insoluble OM, MQ-insoluble inter-crystalline

organic matter (inter-OM) and intra-crystalline organic matter (intra-OM), respectively. These organic phases were analyzed

for bulk stable nitrogen isotope composition (BSIA-8'3N), nitrogen (N) content and amino acid (AA) composition. In
addition, raw-OM and intra-OM were measured for the protein AA-specific nitrogen isotope composition (CSIA-8'°N,, ).

2. The HCI group comprised an acid-insoluble shell matrix. The homogenized shell powders (approx. 250 mg
in each sub-aliquot) were weighed into 15 mL polypropylene tubes. 1 mL of 1 N HCI was added slowly to
each tube with gentle agitation, and the samples were left to react at room temperature for 5-10 min. This
procedure was repeated three times until the bubbling ceased. Then, the samples were centrifuged at 4,500
rpm for 10 min. The supernatant was decanted and the remainders (acid-insoluble phase of OM) were rinsed
three times with MQ water, oven-dried at 50°C overnight and stored in a desiccator until further analyses.

3. The MQ group was treated by immersing shell powders (approx. 2,500 mg) in 45 mL polypropylene tubes
with approx. 35 mL MQ water, treated with ultrasound for 10 min, and left on a shaking table for 48 hr. The
samples were then centrifuged at 4,500 rpm for 10 min, and the supernatant was removed by decantation. The
remainders, that is, a combination of MQ water-insoluble inter-crystalline and total intra-crystalline organic
phases, were oven-dried and stored in a desiccator.

4. To further analyze the intra-crystalline OM, powders (approx. 900 mg in each sub-aliquot) from (3) were
immersed in the excessive amount of 12 vol% NaOCI (50 pL per mg of sample) for 48 hr on a shaking table
to remove inter-OM from target sample. The NaOCl solution was then discarded after centrifugation (4,500
rpm for 10 min). The remainders were rinsed six times with MQ water, dried at 50°C overnight and stored in
a desiccator (the NaOCl group).

5. To compare the effect of different oxidization reagents (NaOCl, H,O,), approximately 900 mg of shell
powders from (3) were treated with excessive 30 vol% H,0, (50 pL per mg of sample) (Penkman et al., 2008).
The following extraction steps were the same as for (4) (the H,O, group).

2.3. Bulk Stable Nitrogen Isotope Analysis, BSIA-5!°N

The powder samples (Control and MQ washed: approx. 3.8 mg; H,0, and NaOCl-treated: approx. 17 mg) and

HCl-treated samples were weighted into tin capsules for nano-elemental analyzer - isotope ratio mass spec-

trometry (nano-EA-IRMS). These samples for BSIA-5'SN were measured using a Thermo Scientific MAT 253

continuous-flow IRMS coupled to a Thermo Scientific Flash EA 2000 with a small-volume setup (see more

instrumental details in Schone & Huang, 2021) at the Institute of Geosciences, University of Mainz, Germany.
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The m/z 28 signal intensities were at least 5 times higher than the background signals (Data Set S1). A two-point
correction method was applied using USGS40 (8N = —4.52%0) and USGS41a (8"°N = 47.55%0), with m/z
28 signal intensities in the range of the measured samples. Calibration batches of two standards were placed at
the beginning and at the end of each measuring sequence, and were also inserted after each 21st to 24th sample.
Triplicate USGS43 (8'°N = 8.44%0; N = 27) samples were blindly measured along with the samples as quality
control standards, generating an accuracy of 0.11 + 0.06%. and a precision of 0.08 & 0.08%o. Due to the limited
number of shell powders, a triplicate run within each sub-aliquot sample was not always possible. Given that
the average value was calculated from multiple measurements of the same sample, we consider the variance of
sub-aliquots by propagating the respective error following Schone and Huang (2021). The nitrogen concentration
was computed based on various amounts of L-glutamic acid that was also processed in the IRMS. The shell
nitrogen content was calculated by scaling the measured nitrogen content (organic fraction of the samples) up to
the mass of shell powder that was originally analyzed.

2.4. Pretreatment for and Measurement of AA Compositions

The sub-aliquots of powders (Control and MQ washed: 30-50 mg; H,0, and NaOCI treated: 70-100 mg) or
HCl-treated samples from each treatment group were transferred into 40 mL glass tubes equipped with a poly-
propylene cap and unbonded septa (Thermo Fisher, USA). 1 mL of HCI (1 N) was added to the tubes with gentle
shaking to gradually dissolve the calcium carbonate, which was repeated until the bubbling completely ceased.
AAs were extracted by hydrolysis in HCI with a final concentration of 6 N at 110°C for 24 hr. The samples were
dried at 50°C in a vacuum concentrator (SPD140DDA, Thermo Fisher, USA). The dried hydrolysates then went
through a demineralization procedure to remove Ca>* and other interfering matrices using a cation exchange resin
(Dowex AG 50W-X8 resin), following the procedure of Takano et al. (2010) with slight modifications (Huang,
Wu, & Schone, 2023). Briefly, a 5 g Dowex AG S0W-X8 hydrogen form resin (200400 mesh; Acros Organics,
Thermo Fisher Scientific, Geel, Belgium) was packed in a glass pipette column and plugged with pre-combusted
glass wool. The resin was conditioned with 1 N HCI (X3 volumes of resin, i.e., three bed-volumes) and rinsed
with four bed-volumes of MQ water. Hydrolyzed samples were redissolved in 3 mL of 0.1 N HCI and then loaded
into the glass pipette column, followed by flushing with three bed-volume of MQ water. The AA fraction was
eluted and collected by rinsing with three bed-volumes of 10 vol% NH, in H,O, dried using a vacuum concentra-
tor and stored in 1 mL of 0.1 N HCI until measurement.

The samples were filtered through 0.22 pm polytetrafluoroethylene membrane filters, and their AA abundances
were quantified by a high-performance liquid chromatograph (HPLC; Agilent 1260 infinity II) equipped with a
guard column (5 mm X 4.6 mmi.d. X 2.7 pm particle size, Agilent Technologies, USA) and an Agilent AdvanceBi-
0AAA column (100 mm X 4.6 mm i.d. X 2.7 pm particle size, Agilent Technologies, USA). An online pre-column
derivatization with 9-fluorenylmethyloxycarbonyl (FMOC) and o-phthalaldehyde (OPA) was conducted in the
HPLC system using a multi-injection method. Separation of AAs was performed using two mobile phases, that is,
mobile phase A (10 mM Na,HPO, and 10 mM Na,B,0, decahydrate, pH = 8.2) and mobile phase B (acetonitrile,
methanol and H,0, 45:45:10, v:v:v), at a flow rate of 1.5 mL min~' following a gradient program: 0-0.35 min,
2% B, 0.35-13.4 min, 57% B, 13.4-13.5 min, 100% B, 13.5-15.7 min, 100% B, 15.7-15.8 min, 2% B, and
15.8-18.0 min, 2% B. The diode array detector was set at wavelengths of 338 and 262 nm to detect OPA and
FMOC-derivatized AAs, respectively. The individual AAs were identified by comparing the retention times with
that of an AA standard mix (1 nmol pL~!in 0.1 N HCI; Agilent Technologies, USA) and quantified by using the
calibration equations generated by the standard mix for each AA. Note that hydrolysis during pretreatment turned
glutamin (GlIn) to glutamic acid (Glu) and asparagine (Asn) to aspartic acid (Asp), resulting in the measurement
of Gln + Glu and Asn + Asp, which are noted as Glx and Asx in this study. The above protocol recovered 15 AAs:
Glx, Asx, alanine (Ala), leucine (Leu), isoleucine (Ile), proline (Pro), valine (Val), glycine (Gly), serine (Ser),
lysin (Lys), phenylalanine (Phe), tyrosine (Tyr), histidine (His), arginine (Arg), and threonine (Thr). After meas-
uring the AA concentrations, the results were converted to molar percentages, that is, the AA relative abundances.

2.5. Nitrogen Isotope Analysis of AAs, CSIA-§°N, ,

To determine the nitrogen isotope composition of individual AA (§'°N, ,) of shell organics, additional aliquots
(three sub-aliquots each) were taken from two of the studied specimens (Shell B and Shell C). Shell A was
not sampled here because the remaining sample amount was not enough for CSIA-6'°N,,. All samples were
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hydrolyzed, demineralized and derivatized using methods described in Huang, Wu, and Schone (2023), prior
to CSIA-8'°N,, ,. Briefly, this entailed the hydrolysis of individual aliquots of dried shell powder undergone the
experimental treatments (approximately 100-120 mg for Control, 500-700 mg for H,O, and NaOCl groups) with
norvaline as an internal standard (50 pg mL~"), followed by demineralization and isolation of the AA fraction
by means of ion exchange chromatography described in Section 2.4. The purified AAs were then derivatized
to N-acetyl-i-propyl (NAIP) esters after Styring et al. (2012) with slight modifications (for details, see Huang,
Wu, & Schone, 2023). The derivatives were stored in a GC vial with an insert in 100 pL ethyl acetate and stored
at —20°C prior to analysis. 8'°N,, values were determined by gas chromatography-combustion-isotope ratio
mass spectrometry (GC-C-IRMS) using a Thermo Trace GC Ultragas chromatograph, fitted with an Agilent
DB-35 GC column (60 m x 0.32 mm i.d. X 0.5 pm film thickness, Agilent, USA), coupled to a Delta V plus
IRMS via a GC IsoLink I combustion interface. The GC oven was set as follows: 40°C (hold 5 min) to 120°C at
15°C min~!, to 180°C at 3°C min~!, to 210°C at 1.5°C min~', and to 280°C at 3.5°C min~! (hold 8 min). Pulses
of reference gas (N,) were introduced into the IRMS during the analysis giving rise to peaks with known §'°N
values (1N:1*N ratio relative to air N,) and were used to calculate the analyte peaks in each chromatogram. Iden-
tification of the derivatized AAs was conducted by matching the peak retention times with those from a mixed
AA standard (derivatized). Samples were injected in triplicate and bracketed by standards and blanks. Sample
85N values were corrected in four steps described by Huang, Wu, and Schone (2023) based on (a) the effect of
low 85N, , signal areas, (b) AA-specific 8'°N, , drift during analytical sequences, (c) the use of internal standard
material, and (d) scale-normalization. The long-term precision computed from the mixed AA standard data that
were processed along with the samples was better than 1%o, except for Ala, Leu and Val (1-1.5%0). All samples
were treated, derivatized and measured at the Institute of Geosciences, University of Mainz, Germany.

2.6. Mass Balance Calculation

To address the potential offset in bulk 8'°N values between intra-OM and raw-OM pools, it was considered that both
pools contained nitrogen derived from the total hydrolyzable amino acids (THAA) and the rest of OM (rest-OM).
The contributions from the two fractions (THAA and rest-OM) to bulk §'°N values were further calculated. For the
fraction of THAA, 8'°N,, , values were firstly weighted by their molar percentage of each AA (mol %, ,):

8" Nueighieaaa = 6" Naa X mol %aa. €))

The estimated 8'°N values of THAA (8'3N;;,,) Was calculated using a mass balance equation that summed up
all 8N iuneq aa Values in Equation 1, yielding

5'5NTHAA = 2(515NAA X mol %aa). 2)

The contribution from the THAA fraction (8"°N uieq tran) to bulk 8°N values was calculated using 8"* Ny, o
weighted by their relative nitrogen content:

5
8" Nyeighedaa = 6 Nruaa X friaas 3)

where fr,;,, Was the nitrogen content of THAA (N %qy, ) relative to the bulk nitrogen content (N %,,,,) of the
studied organic pool. N %y, Was computed from the measured AA concentrations via HPLC, while N %, ,, was
measured via EA-IRMS. In turn, the contributions from the rest-OM to bulk 85N values (8N __, ou X frecom OF
8N, ighied reston) @nd their nitrogen isotope compositions (8'°N, o)) can be further computed by a combination
of Equations 4 and 5:

515Nrcst—OM X frest—oM = 515Nbulk—5lsNTHAA X fTHAA, 4

_ N %pu—N %rHaa
fresl—OM - N %bulk 5 (5)

where f,., o\ stands for the nitrogen content of rest-OM in the studied organic pool relative to the bulk nitrogen
content.

2.7. Statistics

The effect of cleaning treatments on bulk §!°N values was tested by mixed models considering the three indi-
vidual shells as a random factor. Statistical differences in AA composition among treatments were tested by
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Figure 2. Pretreatment effects on §'°N values (mean + 1o) of three Arctica islandica shells. The control group stands

for “no treatment.” Shell powders were immersed in different solvents including acid (HCI), MilliQ (MQ) water and two
oxidation reagents (H,0,, NaOCI). Error bars = 1o propagated error estimated on the basis of the standard deviation of three
sub-aliquots (i.e., replicates for each treatment group) and repeated measurements within one sub-aliquot.

permutational multivariate analysis (PERMANOVA), considering the treatment group as a fixed factor and the
individual shell as a random factor. PERMANOVA was run on a resemblance matrix based on Euclidean distance
measures and with 999 permutations (Anderson & Braak, 2003). The relative abundance data of AAs from three
specimens were then pooled for the analyses because the patterns were nearly invariant between specimens (Data
Set S1). The groupings in terms of AA composition among treatments were visualized by principal components
analysis (PCA) based on the Euclidean distance matrix of relative AA abundance profiles. AAs were further
categorized as trophic (Ala, Asx, Glx, Ile, Leu, Pro, and Val), source (Lys, Tyr, Phe, Met, Gly, and Ser) and
metabolic (Thr) groups according to previous studies (Germain et al., 2013; Popp et al., 2007) and statistically
significant differences among treatment groups were tested by the analysis of variance (ANOVA) following
Tukey's HSD test. The effect of different oxidation reagents on 8'°N,, , values was evaluated using non-parametric
Kruskal-Wallis tests due to the violation of data normality (Shapiro's test) or homoscedasticity (Levene's test).
These statistical analyses were conducted using the R software (R Core Team, 2021) with packages Ime4 (Bates
et al., 2015) and ImerTest (Kuznetsova et al., 2017) for mixed models, Factoextra (Kassambara & Mundt, 2017)
for PCA, vegan (Oksanen et al., 2018) and pairwiseAdonis R (Martinez Arbizu, 2019) for PERMANOVAs, and
car (Fox & Weisberg, 2019) for ANOVA and Kruskal-Wallis tests.

3. Results
3.1. Bulk 8!°N Values and Nitrogen Contents After Different Treatments

There was a significant effect of cleaning techniques on BSIA-8'SN values of the treated shell powders
(F, 5, = 58.39, P < 0.05). The bulk 85N values of the shell organics differed among treatments, except for
the comparison between the Control group and powders treated with MQ water (P = 0.87). The shell organics
extracted by HCI (i.e., the acid-insoluble fraction) showed the lowest §'N values and were, on average, 0.4%o
lower than the Control group (P < 0.05), while 8'°N values of “intra-OM” extracted by H,0, and NaOClI were
higher than those of the other groups (P < 0.05; Figure 2). Specifically, the NaOCl group was most enriched
in °N and, on average, 0.6 and 0.4%o higher than those of the Control and H,0, groups, respectively (P < 0.05).
In addition, a significant §'°N difference was observed between individual specimens (P < 0.05), with Shell C
showing the lowest values compared with the other two specimens (Figure 2). This difference was generally
found in all groups, but the large variation between replicates within the HCI treatment diminished this difference
(Figure 2).

The nitrogen content of the original shell powder (Control group) equaled 46.5 + 0.4 to 50.7 + 0.2 nmol mg~!
(Figure S1 in Supporting Information S1). When scaling up the data from the mass of shell OM to the original
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PC2 (16.6 %)

PC1(35.4 %)

Figure 3. Multivariate separation of measured amino acid (AA) composition of shell organic matrices of Arctica islandica
extracted with different solvents, visualized using a principal component analysis (PCA) with 95% ellipses for each

group. The treatment groups included the control group (no treatment) and shell powders treated with acid (HCI), MilliQ
(MQ) water and oxidation reagents (H,0,, NaOCl). Arrows show the direction and magnitude of the eigenvectors of the AA
correlating >70% with the first two PC axes.

mass of shell powders prior to any treatment, the powders that underwent the HCI treatment had the lowest
amount of nitrogen ranging from 4.1 + 2.4 to 10.6 + 2.4 nmol mg~! (Figure S1 in Supporting Information S1)
and the least nitrogen recovery (9%—21%) of all treatments. On the contrary, powders washed exclusively with
MQ water yielded 91%-94% of nitrogen with a nitrogen content of 42.4 + 2.4 t0 45.9 + 1.0 nmol mg~! (Figure S1
in Supporting Information S1). For the extracted “intra-OM,” the nitrogen content of the NaOCl-treated samples
(10.2 £ 0.6 to 10.6 + 0.4 nmol mg~!) was three times lower than those treated with H,0, (Figure S1 in Supporting
Information S1), recovering only 21%—23% of nitrogen from the original shell powder.

3.2. AA Molar Abundance and Composition Between Treatments

Among the 15 AAs that were confidently measured, Asx, Gly, Glx, Pro, and Ala were the most abundant in all
shell organic phases, each of which constituted more than 9 wt% of the total AAs (Figure S3 and Table S1 in
Supporting Information S1). The AA composition based on Mol% showed differences between treatments, which
were revealed by PCA (Figure 3) and confirmed by PERMANOVA (F, ,, = 7.831, P < 0.05). The AA compo-
sition of the NaOCI group was distinct from the Control, MQ and HCI groups based on non-overlapping 95%
confidence ellipses (Figure 3) and significant differences detected by PERMANOVA tests (pairwise P < 0.05).
Significantly higher percentages of Pro, Phe and Arg as well as lower percentages of Gly, Ser, and Thr were
detected in the NaOCl group (Figure S3 and Table S1 in Supporting Information S1), consistent with the iden-
tified AAs that contributed substantially to the separation by PCA loadings (Figure 3). The AA composition
between the H,O, group and other groups was also visually distinct with slight overlaps of the 95% confidence
ellipses (Figure 3) where significant differences in AA composition were detected (PERMANOVA test: pairwise
P < 0.05). Most of the AA mol % in the H,O, group ranged between values of the Control and NaOCI groups
(Figure S3 and Table S1 in Supporting Information S1). Samples of the Control group showed extensive overlap
in AA composition with those of the MQ group (Figure 3), without significant differences in AA composition
(PERMANOVA pairwise P < 0.05) and AA mol %. Despite a large overlap, the AA composition of the HC1
group differed significantly from the Control group (PERMANOVA pairwise P < 0.05; Figure 3). The most
noticeable AA mol% difference compared to the Control group was found in Arg, which was 3.5 times higher
in the HCI group (Figure S3 and Table S1 in Supporting Information S1). Furthermore, after pooling AAs into
trophic, source and metabolic categories, the HCI group showed a larger proportion of source AAs than other
treatments, while higher proportions in trophic AAs were observed in the H,0, and NaOCl groups (Figure S4
in Supporting Information S1). Metabolic AAs were the rarest in the NaOCl group (Figure S4 in Supporting
Information S1).
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Consistent with the observations in bulk nitrogen content, the total AA number of shell powders treated with HCI
was low (only 13-27 wt% of AAs remained in the extracted organics), while the majority of AAs (85-94 wt%)
were still present after rinsing with MQ water (Figure S2 in Supporting Information S1). The two treatments used
to isolate intra-OM produced significantly different total AA amounts (Figure S2 in Supporting Information S1).
NaOCl-extracted intra-OM contained particularly small amounts of total AA (19-24 wt% of the original shell AA
amount) compared to samples treated with H,0, (63—-80 wt%).

3.3. AA Nitrogen Isotope Values and Offsets

A consistent 8N, , pattern was observed in all measured shell samples, that is, trophic AAs showed higher §'N
values than source AAs, and metabolic AAs were most depleted in N (Figure S5 in Supporting Information S1).
The 8'°N, , differences between Shell B and Shell C were significant, which is consistent with the observation
of their bulk nitrogen isotope compositions, and such differences were greater than those caused by sample treat-
ments. Therefore, CSIA-8'°N, , data for the two shells were presented separately. Samples treated with H,0, or
NaOCl (used to oxidate inter-OM and isolate intra-OM) only showed significantly different §'°N values in a few
AAs, that is, GIx, Asx, and Gly in Shell C (statistics in Data Set S1), but the offset 8'°N,j,0, nuocr Values were
relatively small (—1.3%o, —1.6%o0, and —1.2%o, respectively).

Compared to the nitrogen isotope compositions of AAs of the Control group, most AAs showed similar §°N
values in Control and treatment groups and located close to the 1:1 line (Figure S6 in Supporting Information S1,
Figure 4). The 8N offset values (H,0, vs. Control or NaOCl vs. Control) were small and typically remained
within the range of the analytical errors, except that Glx, Asx, and Ala sometimes showed large offsets which
were not always consistent between the two studied shells (Figure 4, Figure S6 in Supporting Information S1). For
further comparison, the organics measured in the NaOCI group are henceforth referred to as intra-OM because
NaOCl protocol appears to be capable of extracting the pristine intra-OM (see Section 4.2), while organics in the
Control group are referred to as raw-OM. It is important to note that the nitrogen isotope offset of Glx between
the Control group (raw-OM) and the NaOCl treatment (intra-OM) was relatively large, approximately three times
the long-term analytical precision of '°N;, , and such an offset was consistently observed in the two tested shells.

3.4. Mass Balance 8'°N of AA-Derived and Other Nitrogen

85Ny, and bulk 81N differed by less than 1% (Table 1). Intra-OM contained slightly larger proportions of
total AA-derived nitrogen relative to bulk nitrogen (fi;,, on average 59 wt%) than that of the raw-OM pool
(fruaa> ON average, 55 wt%). Considering the relative nitrogen amounts, the fraction of AA-derived nitrogen
(8" N, eighiea taa = 8" Nigap X frias) €qualed approx. 65 and 57 wt% of the bulk 8'°N values in the intra-OM
and raw-OM pools, respectively. The total AA contribution to bulk 8'*N values (8N, iueq tan) also reflected
nitrogen isotope differences between intra-OM and raw-OM in a similar manner as observed by the bulk analysis
(see the intra-OM to raw-OM offsets in Table 2), although this total AA-derived fraction showed a slightly more
pronounced offset (measured bulk approach: 0.6 and 0.5%c in Shell B and Shell C; calculated THAA fraction: 1.0
and 0.8%o in Shell B and Shell C). To compute the balance, the rest-OM fraction contributed negatively (—0.4%o
and —0.3%o in Shell B and Shell C; Table 2) to the observed positive offset values of bulk 85N values because
bulk 8'SN values represented the sum of contributions from THAA and rest-OM. Accounting for the relative
abundance, Pro showed markedly higher 615NWeigmed aa Values in the intra-OM than the raw-OM (difference of
approx. 1.0%o), while this difference did not exceed 0.3%o for all other AAs (Table 2).

4. Discussion

As demonstrated, firstly, a very minor nitrogen isotope fractionation occurred after acid washing, one of the
most common pretreatments to obtain the shell organics for BSIA-5'°N. However, this solvent generated varia-
bility of 8'°N values within replicates. Secondly, the two studied oxidation reagents (NaOCl and H,0,) used to
extract the intra-crystalline phase of shell organics showed differences in both BSIA- and CSIA-8'°N, , values.
Furthermore, the isotope offsets (both bulk and AA-specific) between intra-OM and raw-OM pools of the studied
bivalve shells were assessed. Both the AA composition and 8'°N, , values varied between shell OM pools and
together explained the observed offsets in bulk 8'°N values between intra-OM and raw-OM. These results are of
critical relevance (a) to determine the nitrogen isotope compositions of raw-OM and intra-OM of bivalve shells
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Figure 4. Comparison of individual amino acid (AA) 8'°N values (mean + 16) of the intra-crystalline organic fraction (intra-OM) isolated with NaOCI and raw
organics (raw-OM; Control group) in studied Arctica islandica specimens. (a) Shell B and (b) Shell C and their average nitrogen isotope offsets (c). In (a) and (b), the
solid line represents a 1:1 correlation (line of unity) between 8'>N values in intra-OM and raw-OM. Black lines around circles emphasize phenylalanine (Phe) and
glutamic acid (GIx), which are commonly used to calculate the trophic position of consumers. The gray areas in (c) represent the long-term precision (1) computed
from AA standards measured along with the samples.
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Mean
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0.3
1.5
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5.2
2.9

Mean
2.1
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0.5
0.7

Mean
4.6
3.3

o
1.4

Mean
5.8
NA

°
1.9

NA
2.3

Mean
4.3

Table 1
Continued
(B) Raw-OM
Lys

Met

0.0
0.3

0.0 0.1

0.2

0.1

3.6 0.5

10.3

0.4
2.9

0.7

2.6

0.2

Phe

0.9

0.9

0.7

8.9

NA

0.3

10.2

2.4
0.6

8.5
8.4

9.1

Pro

NA
-2.0

8.0
8.5
3.0

4.6

Ser
Thr

-3.6 0.3 -0.2 0.0 -0.3 0.0
NA

0.4

0.6

0.2

NA

15.1

0.2

0.3

32
4.8

Tyr
Val

0.1

0.6
7.4

0.1

0.7

0.6

12.3

0.4

0.8

0.9

0.5

0.6

8.2

Calculated 8Ny, 5 (%0)

1.1 58.2 7.6

51.5

fTHAA

0.6
0.2

43

0.3

4.2

Calculated 8N, ;1eq tas (%o0)
Measured bulk 8N (%0)

7.3

0.2
0.6
0.3

7.6
6.9

14
0.7

7.2
3.0

Calculated 8N, o (%0)

34

Calculated 8N, 1icd rest.om (%0)

Note. “NA” denotes the undetectable AAs.

and (b) to unravel the mechanisms causing isotope offsets between different
OM pools. This information is crucial for employing shell organic phases
to infer details on the nitrogen biogeochemistry of aquatic environments.

4.1. Acid Washing Affects the Nitrogen Isotope Composition of Shell
Organics

In this study, acid washing caused a very small but significant depletion
in SN (within 0.5%o) of shell samples. While other studies on bivalve shells
rather found the acid effect insignificant (Carmichael et al., 2008; Darrow
et al., 2017), the result herein is in agreement with a study that showed a
small deviation existed in bulk §'°N values of acid-extracted shell organics
(4+0.7%0; Pape et al., 2018). As discussed in more detail below, the possi-
ble mechanism causing the observed minor fractionation is the removal of
the soluble organic matrix during decantation. It was shown that washing
with MQ water alone did not result in any statistically noticeable changes in
the bulk nitrogen isotope composition (Figure 2). The relative abundances
and compositions of AAs remained similar between the control and MQ
washing groups (Figure 3 and Figure S3 in Supporting Information S1),
suggesting that the AA-derived (mostly protein-derived) organics were also
not altered after MQ washing. After all, the interstitial soluble fraction of
shell biomolecules represents only a small amount (Almeida et al., 2000;
Marin et al., 2007; Pereira-Mouries et al., 2002) and typically comprises
less than 10 wt% nitrogen of the raw-OM (Figure S1 in Supporting Infor-
mation S1). In comparison, the HCl-treated remainders exhibited rela-
tively low recovery rates in bulk nitrogen content (9-21 wt%; Figure S1 in
Supporting Information S1) and total AA concentration (13-23 wt%; Figure
S2 in Supporting Information S1), suggesting that more than 79 wt% bulk
nitrogen and more than 77 wt% AAs were lost during acid washing. This
is likely because the soluble organic moieties which were cast away during
acid washing contained a completely different organic composition than
organics soluble in MQ water. Firstly, the acid washing dissolved calcium
carbonate and released the intra-crystalline organic matrix trapped within
the biominerals. This caused a severe loss of soluble materials. Secondly,
the acid treatment altered the pH conditions, that is, the pH decreased to
<1 during the HCI extraction, which changed the solubility of proteins
(Ries-kautt & Ducruix, 1997; Tseng et al., 2009). Compared with the
raw-OM, the HCI extracts showed a different AA composition, indicating
the lost nitrogenous materials consisted of at least a different set of proteins
that were possibly rich in Ser and Glx and low in Arg (Figure 3 and Figure
S3 in Supporting Information S1). The significant differences in the propor-
tions of AA groups categorized by nitrogen isotopic fractionation, that is, a
lower proportion of trophic AAs with elevated >N content in combination
with a higher proportion of source AAs which barely fractionate during
the trophic transfer (Chikaraishi et al., 2009), suggest that this fraction of
soluble proteins has higher 8N values. In addition, up to 55 wt% of the
nitrogen loss during acid treatment can largely be attributed to nitrogen
deriving from protein-AAs (Data Set S1). This observation suggests that,
apart from proteins, the lost soluble fraction during acid extraction also
comprised other nitrogen-bearing compounds, for example, glycosamino-
glycans, amino sugars, or nucleic acids/bases (Agbaje et al., 2019; Ferreira
et al., 2020; Marxen & Becker, 1997). The loss of this portion during the
decantation could also have contributed to the deviation of the BSIA-8°N
values of shell organics. Future studies should therefore target non-AA
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Table 2

Differences (or Offset Values) Between Intra-Crystalline and Raw Shell Organic Pools (Intra-OM and Raw-OM) in Molar

Percentage (Mol %) of Amino Acid (AA), Individual AA 5N Values (5N, ,) and Their Corresponding 6N, oea 14 Valttes

(Weighted by Mol %)

Offset values between intra-OM and raw-OM
Mol % 81N, 4 (%o) S]SNweigh(ed an (%0) = mol (%) X 85N, , (%o)

AA Shell B Shell C Shell B Shell C Shell B Shell C

Ala -1.4 -0.3 1.3 0.3 -0.1 0.0

Arg 22 1.6 NA NA

Asx -1.7 -1.3 0.1 0.9 -0.2 -0.1

Glx =33 -1.0 1.7 1.4 -0.3 0.0

Gly —6.7 =25 0.0 0.7 —0.1 0.0

His —0.1 0.1 NA NA

Ile -0.4 —0.1 NA NA

Leu —0.8 -0.5 0.0 0.8 -0.1 0.0

Lys -0.3 =1.7 -0.7 0.3 0.0 -0.1

Met NA NA -0.5 0.6

Phe 4.5 0.9 —0.4 —0.6 0.1 0.0

Pro 14.9 10.7 0.0 0.5 1.5 1.0

Ser =3.1 -2.0 NA NA

Thr —4.1 =315 0.2 0.7 0.1 0.2

Tyr —0.6 -03 NA NA

Val 0.6 -0.2 0.5 -0.4 0.1 0.0

Intra-OM to raw-OM offset of measured bulk 5N (%o): 0.6 0.5

Intra-OM to raw-OM offset of 8N, ;. eq tan (%0): 1.0 0.8

Intra-OM to raw-OM offset of 8N, .t ed rest-om (%0): -0.4 -0.3

Note. This yielded the intra-OM to raw-OM offset values from fractions of the total hydrolyzable amino acids (THAA) and

the rest of organic matter (rest-OM) to bulk 8'°N values, noted as 8"*N| .ionicatraa 304 8N it e rest.oms that considered their

relative nitrogen content to the bulk nitrogen content (see Table 1). “NA” denotes the undetectable AAs.
nitrogen. It has been speculated that isotopic fractionation could occur during the hydrolysis of proteinaceous
compounds, for example, by the break-up of the peptide bonds of proteins and subsequent loss in discarded
solutions (Brault et al., 2014; Mateo et al., 2008; Schlacher & Connolly, 2014). However, given the preferential
hydrolysis of '>C-'“N bonds, this process would rather lead to enrichment in >N in the remaining unhydrolyzed
protein (Bada et al., 1989; Silfer et al., 1992), which contradicts the results herein. The same line of reasoning
applies to the third possible process that might have affected the nitrogen isotope composition of the extracted
shell organics, that is, volatilization of nitrogenous compounds (such as chloramine), which would rather cause
enrichment of "N in the remainders instead of depletion.
The present study also revealed inter-specimen variations in BSIA-8'°N values of original shell organics (i.e.,
raw-OM of the Control group), that is, Shell C showed lower §'°N values than the other two shells. As bivalves
mainly filter phytoplankton from the water (Newell, 2004), 8'5N values in primary producers (i.e., nitrogen
isotope baseline) that register changes in environmental nitrogen sources influence the §'°N values in both soft
and hard tissues of bivalves (e.g., Graniero et al., 2021; Vokhshoori et al., 2022). Given that we have measured the
homogenized whole valve of each specimen, the inter-specimen variation in shell nitrogen isotope compositions
could be attributed to differences in the time intervals during which the shells formed. Unfortunately, the ontoge-
netic ages of the studied specimens have not been determined, but they may be inferred from the size of the shells
and previous analyses of specimens from the same study site (Marali et al., 2017). Shell C was slightly larger than
Shell A and Shell B, indicating that it was older and lived during somewhat different calendar years and hence
recorded another set of dietary and environmental nitrogen information. In addition, it is also possible that the
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diet slightly varied within specimens of the same population resulting from microhabitat differences, for example,
the “patchiness” of microphytobenthos (Seuront & Spilmont, 2002). However, this inter-specific 8'°N variation
was not observed in the HCI group, possibly because of the unavoidable loss of shell powder during the repetitive
centrifugation and decantation that introduced errors to the results. This observation indicates that acid washing
can introduce variability of the nitrogen isotope data between experimental replicates, which in turn might blur
the real differences in real differences in nitrogen isotope compositions between specimens.

4.2. Oxidation Reagents Affect the Nitrogen Isotope Composition of Intra-Crystalline Organics

Given the vigorous oxidation capability, NaOClI is widely used in the protocols to effectively remove weakly
bound inter-OM of gastropods (Demarchi et al., 2013; Penkman et al., 2008), corals (Wang et al., 2015), fish
otoliths (Lueders-Dumont et al., 2018) and tooth enamel (Martinez-Garcia et al., 2022). This pretreatment step is
necessary prior to studying the intra-OM, but less work has been focused on bivalve shells (Penkman et al., 2008;
Sykes et al., 1995). Previous studies on shells of several mollusk species showed that the individual AA concen-
trations sharply decreased with NaOCl oxidation time, suggesting that 48 hr of NaOCl treatment is sufficient for
subsequent analysis of intra-OM (Demarchi et al., 2013, 2015; Ortiz et al., 2015; Penkman et al., 2008). The grain
size of the samples can potentially also affect the NaOCI oxidation efficiency, given that the oxidation reagent
may have difficulties in reaching individual biomineral units. For Patella vulgata, particle sizes of 500-1,000 pm
were small enough to recover the amount of intra-crystalline AA after 48 hr of bleaching, but larger variability
of the recovery rate was observed compared to the smaller grain sizes (Demarchi et al., 2013). Smaller grain
sizes were less variable in 8N values due to a higher level of homogeneity, although insignificant differences
in nitrogen content and BSIA-8'N data of otolith powder were shown between three grain sizes (>425, 50-425,
and 38-150 pm) (Lueders-Dumont et al., 2018). As the predominant portion (>90%) of the shell powder in the
present study remained below a grainsize of 500 pm, most of inter-OM should have been efficiently eliminated.
Based on the outlined arguments, that is, effective oxidation using the reagent, sufficient time of reaction and
the optimal grain size of the samples, the NaOCl-treated shell powders in this study likely contained only the
OM entrapped within the biominerals, that is, the intra-OM. Moreover, the use of NaOCl results in a “cleaner”
chromatogram for CSIA-8'5N, ,, which overcomes concerns that the Cl-containing by-products may interfere
with the combustion and reduction process during the GC-C-IRMS procedure. However, this protocol requires
more thorough rinsing with MQ water to wash NaOCl out. Here, at least 4 times of rinsing was necessary to
neutralize the samples.

Furthermore, the nitrogen content and total AA content in H,O,-extracted organics were at least three times
higher than those in the NaOCI group (Figure S1 in Supporting Information S1), suggesting that the removal
of inter-OM via immersion in H,0O, for 48 hr is incomplete. This is supported by the AA composition and
the BSIA-8°N data. Firstly, AA compositions were statistically distinct between “intra-OM” extracted by these
two oxidation treatments, with the H,O, extract showing an AA composition that resembled that of raw-OM
(Figure 3). Secondly, the bulk 8N values of H,O,-extracted organics lay between those of the Control and
NaOCl groups (Figure 2), suggesting that the isotope signatures of H,O,-extracted “intra-OM” came from a
portion of the raw-OM, that is, the inter-OM. Furthermore, after the H,O, treatment, a few AAs (Glx, Asx and
Gly) differed in CSIA-8'N,, from either the NaOCI or Control treatment (Figures S5 and S6 in Supporting
Information S1). For these AAs, whenever a significant difference in 8'°N, , values occurred between the H,0,
and NaOCl (presumably intra-OM) or Control (raw-OM, or inter- + intra-OM) treatments, the 8'N, , values
of shell powders oxidized with H,O, always agreed with one of the other groups instead of differing from both
groups (i.e., 8"Ng,, i ana iy Values in Shell C: H,0, = Control but H,0, < NaOCl and 8 "N, values in Shell
B: H,0, = NaOCl but H,O, > Control). This indicates that a portion of the inter-OM that carried a different
set of isotope signals in AAs (See Section 4.3) sometimes remained in the H,O, extract. Notably, the change
of 8N, values is not consistent between the two studied shells (e.g., 8'""N,, values in Shell B and Shell C
showing Control < H,0, = NaOClI and Control = H,0, < NaOClI, respectively), which could be explained by the
inter-specimen variations (see last paragraph of Section 4.1). The results are in line with the suggestions of previ-
ous studies, according to which H,0, is less effective in oxidizing the inter-OM than NaOCI, especially when
CaCO, is present (Gaffey & Bronnimann, 1993; Marie et al., 2013; Penkman et al., 2008). H,O, can be thermo-
dynamically unstable, resulting in oxygen bubbling out (Pardieck et al., 1992). Given the acidic nature of H,O, (a
pH of 4-5 was measured in this study), minor dissolution of CaCOj, could also have contributed to the bubbling.
Small bubbles attached to grain surfaces of shell powder (even at constant shaking) largely prevent the oxidation
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reagent from accessing the surface of the crystals where the inter-OM is located, which, therefore, influence the
BSIA-8"°N and CSIA- 8§°N, . Although a longer exposure interval in H,0, may help with the dissolution of
the bubbles, considering the oxidation efficiency, NaOCl (specifically at least 48 hr exposure; e.g., Penkman
et al., 2008) should be used for the extraction of shell intra-OM, especially for BSIA-5!5N and CSIA- 3N, ,.

4.3. Differences in Bulk §'N Values, AA Composition and §'5N, , Values of Intra-OM and Raw-OM

Given that inter-OM can be efficiently cleaned after NaOCl treatment as discussed above, hereafter the samples
treated by NaOCl are considered to be the intra-crystalline OM (intra-OM). The isotopic composition of intra-OM
was found to be more enriched in PN, with an average difference of 0.6%0 compared to raw OM (raw-OM). In
contrast, Pape et al. (2018) observed consistently lower §'°N values in the intra-OM than in raw-OM of Myti-
lus edulis, Ruditapes decussatus and Cerastoderma edule. The different 8N, . offsets could result from
the different nature of shell biomolecules, given that shell ultrastructures vary largely among bivalve species
(Carter, 1990; Currey & Taylor, 1974). For instance, distinct prismatic ultrastructures are present in shells of M.
edulis (Meenakshi et al., 1973), R. decussatus (Popov, 1986), and C. edule (Carter, 1990; Denis, 1972), but not in
A. islandica (Ropes et al., 1984). The chemical composition of shell organics plays a significant role in controlling
the growth, size, and shape of biominerals (Gilbert et al., 2022; Hovden et al., 2015; Weiner & Addadi, 1997),
producing different ultrastructure types and biomineral unit morphologies at the nanometer scale (Li et al., 2015).
As such, the chemistry of the intra-OM may widely differ among and within bivale species (Deng et al., 2022;
Okumura et al., 2013). Importantly, distinguishable nitrogen isotope compositions were observed between the
intra- and raw organic pools of modern shells in the very few existing BSIA-8"°N studies (Pape et al., 2018; this
study). Such observations imply a different nitrogen isotopic signature in the removed inter-OM given that the
raw-OM pool comprises both the inter- and intra-OM fractions. One concern is that the inter-OM can be suscep-
tible to diagenesis, potentially changing the pristine nitrogen isotope composition (Meckler et al., 2008; Robinson
et al., 2012; Schubert & Calvert, 2001), but diagenesis is less likely to occur in modern materials that have not
undergone extreme thermal degradation (Lueders-Dumont et al., 2018; Martinez-Garcia et al., 2022). The reason-
able abundance of Gly and the relative concentration of Ser and Ala (indicators of protein degradation in fossil
materials; e.g., Bada et al., 1978; Penkman, 2009) in modern A. islandica shells (Agbaje et al., 2017; this study)
suggest that the organic degradation process, if present, was negligible. Therefore, we consider the inter-OM as
endogenous to the studied bivalve shells.

The organic components that comprise intra-OM and inter-OM can be fundamentally different as a result of
different forming procedures during biomineralization (Nudelman et al., 2007). Comparison of the chemistry
between OM pools provides clues for this complex process. Biomineral composites of A. islandica showed
higher amounts of inter-OM than intra-OM (at least 3 times higher in terms of the content of total nitrogen and
AAs; Table S2 in Supporting Information S1), which is in agreement with the prismatic layers of Atrina rigida
(Nudelman et al., 2007). However, the proportions of AA-derived nitrogen were slightly higher in the intra-OM
than in the raw-OM pool (Table 1), suggesting that other nitrogen-bearing components, such as polysaccha-
rides, should be richer in the inter-OM. For example, chitin is considered the most abundant compound of the
inter-crystalline spaces, forming a scaffolding onto which the acidic proteins and in some cases, a hydrophobic
silk gel, will attach for nucleation of CaCO, (Addadi & Weiner, 1985; Addadi et al., 2006; Gotliv et al., 2003).
Yet, this hypothesis is challenged by the results from prismatic shell layers of A. rigida, revealing that chitin only
resides within calcitic prisms as an intra-crystalline fibrous network (Nudelman et al., 2007). On the other hand,
a larger fraction of saccharides in combination with the small amount of chitin in the raw-OM pool of A. island-
ica (Agbaje et al., 2018) calls for a more detailed analysis of other glycosylated polymers between shell organic
pools in the future. Moreover, as indicated by the proportion of nitrogen originating from AAs (f;, in Table 1),
proteinaceous materials represent an abundant component of shell organic pools (above 50%), consistent with
the previous studies (Addadi & Weiner, 1985; Gotliv et al., 2003; Nudelman et al., 2007). Comparison of AA
compositions showed that inter-OM and intra-OM differ in AA compositions (Figure 5), suggesting that different
protein species may be present in intra-OM. In previous studies, Ala and Gly, comprising the silk-like and/or
gel-like proteins for the crystallization framework (Addadi et al., 2006; Bowen & Tang, 1996; Pereira-Mouries
et al., 2002), were found to be much more abundant in the inter-crystalline space of nacroprismatic shells (e.g.,
Nudelman et al., 2007). In contrast, Asx and Glx were enriched in the intra-crystalline proteins (e.g., Nudelman
et al., 2007; Okumura et al., 2013) given that the acidic and negatively charged features of these AAs allow
to bind Ca?* during biomineralization (Addadi & Weiner, 1985; Borukhin et al., 2012; Gotliv et al., 2003).
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Figure 5. Relative molar percentage (mean + 1o) of amino acids (AAs) between inter- and intra-crystalline organic
matrices (inter- and intra-OM) of Arctica islandica shells. As raw-OM (i.e., the total shell organic matrix) is considered

to be the sum of intra-OM and inter-OM, the theoretical concentration of inter-OM was computed by subtracting the
measured concentrations of AAs in intra-OM from those in the raw-OM, and the theoretical molar percentages of AAs in
inter-OM were further computed. Data were pooled from the three studied shells (Shells A, B, and C) given the insignificant
inter-specimen variation.

However, only the relative amount of Gly differed largely between inter- and intra-OM in A. islandica shells
(Figure 5) and we did not observe any predominance of Asx or Glx in the intra-OM (Figure 5), for example,
<14% of Asx in A. islandica (this study) but >50% in A. rigida (Nudelman et al., 2007). These results suggest a
different biomineralization mechanism in A. islandica, which predominantly consists of crossed-acicular ultras-
tructures accompanied by homogeneous, fine complex-crossed lamellar and irregular prismatic/spherulitic ultra-
structures depending on the shell layer (Schone, 2013). Recent findings on the secondary structure of the organic
matrix and chemical analyses of bivalve shells revealed a collagen-like material in A. islandica shells (Agbaje
et al., 2017, 2018). These authors suggested that, instead of using chitin or silk-like proteins to form a p-sheet
framework in nacroprismatic shells, a collagen-like proteinaceous material along with polysaccharides including
low abundance of chitin can provide scaffolding for the calcium deposition in A. islandica shells. Furthermore,
we found the hydrophobic and non-polar AA residues, especially Pro and Phe, to be higher in the intra-OM of A.
islandica shells (Figure 5, Table 2). This agrees with the hypothesis that Ca-binding proteins of A. islandica are
not limited to acidic proteins, for example, Asx and Glx (Agbaje et al., 2017), but may also relate to the glyco-
sylated proteins that contain large number of hydrophobic AA residues (Fichtner et al., 2017). Another candi-
date to facilitate the nucleation process would be sulfated macromolecules (Arias & Fernandez, 2008; Giuffre
et al., 2013; Michenfelder et al., 2003). For instance, sulfated glycoproteins or sugars, as sulfate groups, were
found to be enriched at the nucleation sites of Unio pictorum (Marie et al., 2007); however, little knowledge of
sulfated macromolecules is available for A. islandica shells. It should also be noted that the AA composition
of inter-OM was computed from the measured AA concentration data of raw-OM (i.e., inter- + intra-OM) and
intra-OM, as it is challenging to completely extract and directly measure inter-OM. Although the NaOCl cleaning
approach used in this study can extract the pool of intra-OM that is well-protected by the biominerals (Penkman
et al., 2008), it remains uncertain and needs to be tested if the cleaning procedure would remove a small fraction
of the intra-OM that may bias the computation of inter-OM.

In addition, we contend that the observed 8'°N difference between intra-OM and raw-OM pools is mainly due to
the combined influence of relative proportions of individual AA and their 8N values. The offset between the
intra-OM and raw-OM regarding the AA-derived 8"N (8" Nyyx. X fryas) contributed by more than 70 wt% to
the observed offset of bulk values (Table 2). This suggests that nitrogen derived from AAs (isotope composition
and quantity) largely influenced the small but significant difference in BSIA-8'°N between the two shell OM
pools. It should be mentioned that cysteine, tryptophan and methionine could not be measured with the HPLC
method of this study, which may have led to a slight underestimation of AA-derived nitrogen proportions (fiya)-
Also, 8N values of a few AAs, that is, Arg, His, Ile and Tyr, could not be determined and not included in the
mass balance calculation, potentially resulting in an underestimation of the §'*N.,;, , values. However, such an
underestimation should be negligible as most of these AAs are source AAs with depleted >N content and their
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relative abundances were also low. A close examination of CSIA-8'°N,,, results showed that §'°N, , values are
almost identical between the raw- and intra-OM pools (Figures 4a and 4b) and the offset between these two
OM pools were rather small and overshadowed by measurement uncertainties (Figure 4c). Only Glx showed
higher values in the intra-OM pool. Since inter- and intra-OM pools are concurrently formed and integrated
within or wrapped around the biomineral units, we can exclude potential differences in isotopic turnover rates
which cover the consumers' diet input at certain time intervals (Hebert et al., 2016; Valladares & Planas, 2012).
We consider that the Glx (Gln + Glu) pool is derived either directly from the diet (unmetabolized fraction) or
from the product that has gone through the metabolic procedure (metabolized fraction), for example, undergone
exchange with other AAs, as Glx is known as the central product in the transamination and deamination of the
rest of AAs (Cammarata & Cohen, 1950; O’Connell, 2017). The metabolized portion of Glx fractionates substan-
tially, leading to a more enriched N content in the residual Glx pool. However, it is difficult to attribute such
a small offset in GIx to a specific metabolic process because the intrinsic fractionation and mass flux between
Glx and other products (e.g., AAs) are unknown. Furthermore, relating the OM-pool-specific differences in §'°N
values to the relative AA amounts, it becomes clear that the large differences in the individual AA pool sizes can
exaggerate the differences in their nitrogen isotope signatures. For example, Pro with a little offset in 8N, .
values (up to 0.5%o) differed substantially in quantity (by more than 10 wt%) between the two studied OM pools,

resulting in the largest contribution to the difference in BSIA-8'°N values (8N ) between intra- and

weighted A
raw-OM pools. However, providing a biological interpretation for this observation is ihallenging and beyond the
scope of this study. Furthermore, although to a lesser extent (less than 30 wt%), the non-AA derived nitrogen
sources, for example, glycosaminoglycans, amino sugars or nucleic acids/bases (Agbaje et al., 2019; Ferreira
et al., 2020; Marxen & Becker, 1997), also contributed to the offset of §!°N values between the raw- and intra-OM

pools, which is of interest to quality and quantify the specific chemical components in future studies.

4.4. Future Studies

The differences in bulk and AA nitrogen isotope compositions between intra-OM and raw-OM pools of shell
materials raise the question of which organic interface of bivalve shells is suitable for the reconstruction of trophic
interactions among the lower positions of the food web and environmental nitrogen baseline for the modern
and past oceans. Since small isotopic deviations can lead to different estimation of consumers' food sources
(Michener & Kaufman, 2007), the offset of BSIA-5'SN between OM pools should be considered for accurate
data interpretation. For CSIA-8'°N, ,, substantially identical nitrogen isotope composition of source AAs (espe-
cially Phe) suggests the equivalent usability of both OM pools as archives to reconstruct the environmental 5°N

baseline. Furthermore, small differences in 8'5NG values lead to small deviations of TP estimates calculated

Ix
from 85N values of Glx and Phe with the TP, . -, being ca. 0.6 higher than TP, ., (Figure S7 in Supporting
Information S1). However, this TP difference did not exceed the propagated errors (1o ranged from 0.4-0.6),
which considered the analytical variability of "N, p,. values and the uncertainties of trophic coefficients (§
values and the trophic enrichment factors of Glx and Phe) (Bradley et al., 2015; Chikaraishi et al., 2009). Since
the extraction of shell intra-OM would add enormous efforts to the already labor-intensive CSIA-8'°N, , proce-
dure, these results approve the application of raw-OM at least in modern bivalve shells, which would simplify
the number of sample preparation steps. Such a recommendation might not be suitable for fossil shells given the
effect of diagenesis (Pérez-Huerta et al., 2020). Future studies on fossil shells using BSIA-8'5N and CSIA-8'°N,, ,
are needed to test the potential influences of diagenesis on the magnitude of isotopic offsets between shell OM
pools. In addition, as the properties of the shell organic chemistry are linked to various factors, for example, the
physiology of the bivalves and shell formation, further studies are required for an in-depth understanding of the
observed isotope offsets among shell portions formed during different stages of life, between shell layers and
among different bivalve species. Finally, we hope the results reported here inspire future studies to consider rele-
vant biological processes and fundamental biomolecules when calibrating geochemical proxies of environmental
variables.

5. Conclusions

The acid washing (1 N HCI) procedure for preparing shell samples (here, focusing on modern A. islandica shells)
resulted in a loss of the '*N-enriched organic component, half of which was derived from AAs that generally
contained a higher proportion of trophic AAs and a lower proportion of source AAs, respectively. This led to
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significantly lower BSIA-8'°N values, but the decrease was very small (<0.5%o). On the other hand, acid washing
produced more variable 8'°N data that obscured the naturally occurring isotopic distinctions between specimens.
In addition, rinsing shell powders with MQ water did not alter the shell materials isotopically or chemically,
showing indistinguishable BSIA-8'SN values and AA compositions between the untreated shell powders and
those washed with MQ water. Nevertheless, direct combustion of shell powders (<4 mg) should be preferably
chosen for BSIA-8'5N analysis. To extract shell intra-OM, H,0, was less efficient than NaOCL. Organics extracted
with H,0, still contained isotope signals (both bulk and AA-specific §!°N) from the inter-OM. In comparison, the
NaOCl oxidative cleaning protocol effectively removed the weakly bound inter-OM and generated robust bulk
and AA-specific §'°N data from 17 mg in case of BSIA-8'SN and 500 mg of shell powder in case of CSIA-§ N,
respectively. Furthermore, the proportion of individual AAs differed markedly between inter- and intra-OM
pools, potentially due to different formation procedures during biomineralization. This resulted in the differences
in AA proportions of intra-OM and raw-OM pools, associated with different §'°N values (which, however, did not
differ strongly). These differences explained most of the small (ca. 0.6%o) variation of BSIA-5'°N values between
intra-OM and raw-OM pools. Offsets between intra-OM and raw-OM in 8'°N;, values were ca. 1.6%o leading
to slightly higher TP estimates in the intra-OM, but this increase was overprinted by the theoretically propagated
uncertainties from the analytical methods and trophic coefficients. Balancing between the accuracy of data and
the preparation efforts of samples, the raw-OM pool is sufficient for bulk and AA-specific nitrogen isotope anal-
yses in modern bivalve shells for the purpose of reconstructing organic sources and the nitrogen isotope baseline.
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All the data generated in this study are available in the Supporting Information and are also archived via Huang,
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