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ABSTRACT: Compound-specific isotope analysis of amino acids (CSI-AA) is increasingly used to
decouple trophic isotopic effects from isotopic composition at the base of food webs. The §'*C val-
ues of essential amino acids (EAAs) are particularly useful as recorders of primary production,
because animals cannot synthesize EAAs de novo, so diagnostic biosynthetic 8'3Cps, patterns
remain unchanged up food chains. To test the potential for 8'3C, , values to identify C source and
resource flow in complex littoral ecosystems, we measured bulk and §!3C 4, values of Mytilus cal-
ifornianus adductor muscle tissue in samples spanning >1700 km of coastline from San Diego,
California, to southern Oregon, USA. The average bulk 3°C value for the entire region clustered
around a relatively constant value (—15.7 = 0.9 %), with no latitudinal trend (R? = 0.022). §'3C 4,
patterns were highly consistent in all mussels, and §'*Cg,, patterns closely matched expectations
for marine phytoplankton, supporting the hypothesis that consumer EAA isotope values are
unchanged from primary production. While bulk §!3C values were ambiguous in terms of source,
application of a multivariate §'3Cgu  ‘fingerprinting’ approach clearly indicated microalgae as the
major source for all mussel EAAs. We hypothesize that integrated §'*C values of coastal phyto-
plankton production can therefore be directly derived from 8'Cpa, of filter feeders in coastal
regions. A correction derived from literature data for phytoplankton §'*Cgs, values yielded rea-
sonable 8'3C values for coastal production, supporting this idea. Together, our results suggest
813Cgaa as a new approach for constructing baseline §'3C isoscapes and may have important impli-
cations for ecosystem studies in both modern and paleo-environments.
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INTRODUCTION

Ecological studies have increasingly used stable
isotope values of carbon (C) in organisms, detrital
organic matter, and fossils to estimate trophic posi-
tion, study food web linkages, and understand basic
biogeochemical cycling (Burton et al. 1999, Sher-
wood et al. 2005, Newsome et al. 2007, Ruiz-Cooley
& Gerrodette 2012). Due to variation in both biosyn-
thetic pathways and CO, uptake mechanisms, §°C
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values can be useful for differentiating between
major C sources in the marine environment. These
include not only major potential endmember sources
of organic matter such as terrestrial plants, marine
micro algae, coastal macrophytes, or chemosynthetic
production (Altabet 1996), but similar sources from
different ocean regions (Rau et al. 1990, 1992, 2001,
Goericke & Fry 1994).

Over broad spatial scales, maps of variation in
baseline isotope values versus ocean region are
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termed ‘isoscapes,’ and they represent a growing
approach for identifying major ocean biogeochemi-
cal zones (Graham et al. 2010, Hobson et al. 2010,
Somes et al. 2010, McMahon et al. 2013). Accurate
isoscapes not only provide a quantitative mapping of
major biogeochemical provinces on an ecosystem-
wide scale, but they can also be used to understand
animal migration or trophic connections through
isotope values measured in specific organisms (Hans-
son et al. 1997, Aurioles et al. 2006, Newsome et
al. 2007).

However, all of these applications also have a num-
ber of inherent drawbacks in the common use of bulk
813C isotope values. First, trophic transfers impart a
variable, and relatively poorly constrained isotope
fractionation for bulk 8"C values. While trophic
enrichment factors (TEFs) for bulk 8°C values are
often assumed to be relatively small (0.5-1%0; e.g.
Fry & Sherr 1984, Peterson & Fry 1987), more recent
studies have shown that bulk §'3C values can in fact
be highly variable (-3 to +4 %.), depending on food
quality and the tissue type analyzed (Post 2002). Fur-
ther, differing environmental growth conditions can
also result in very different bulk 813C values, even for
the same primary producers. For example, tempera-
ture and possibly salinity are physical parameters
that are known to control *C fractionation in ocean
algae (Rau et al. 1992, Barnes et al. 2009), and in
coastal macrophyte species both growth depth and
seasonal period correspond with very large, charac-
teristic variations in §'C values (e.g. Simenstad et al.
1993, Kaehler et al. 2006, Page et al. 2008, Tallis
2009, Foley & Koch 2010). Such changes can greatly
complicate attempts to use bulk isotopes to under-
stand specific C sources and resource flows and can
be particularly problematic for producing represen-
tative isoscapes from necessarily limited sampling.

The need to integrate such seasonal and environ-
mental variation is one reason that isoscapes are
often constructed from measurements made on con-
sumers of well-known residency and diet (Olson et
al. 2010, McMahon et al. 2013). Filter-feeding mol-
lusks, such as mussels, are excellent candidates in
this regard, as they are sessile animals which contin-
uously integrate isotopic signatures of local suspen-
ded particulate food sources. Therefore, bulk d3C
values at a given site should reflect the relative distri-
bution of major food sources. However, for the rea-
sons noted above, measured bulk isotope 8'3C values
can be significantly decoupled from original primary
production values, and it is also often very difficult to
identify major sources with any confidence. This is a
particular problem in productive littoral systems,

where potential C sources are typically numerous
and complex, often consisting of both marine and ter-
restrial endmembers (Cloern et al. 2002, Larsen et al.
2012).

Compound-specific isotope analysis of amino acids
(CSI-AA) is a rapidly developing tool that can di-
rectly address many inherent issues with bulk iso-
tope data. CSI-AA work to date suggests that §'3C
AA patterns (8'°C,,) show great promise as a specific
tracer for C sources in food webs (e.g. McMahon et
al. 2011, Larsen et al. 2012) that can at the same time
remove uncertainty related to TEF values and tro-
phic transfer. The 8'°C of the non-essential AAs
(83 Cnaa), which have carbon skeletons that can be
synthesized de novo by animals, have been used to
infer detailed information about the isotopic routing
of a consumer's diet. In contrast, 8°C values of the
essential AAs (8'°Cpaa; phrasing consistent with
Larsen et al. 2009) are preserved unchanged up food
chains because most animals cannot synthesize these
C skeletons (O'Brien et al. 2002, Fogel & Tuross 2003,
Howland et al. 2003, Jim et al. 2006, McMahon et al.
2010, Newsome et al. 2011). This means that 8*Cgaa
relative to bulk or §'®Cya, values can potentially be
used to decouple 8"°C values of baseline sources (i.e.
primary production) from heterotrophic fractiona-
tion. Moreover, recent research has demonstrated
that 8'*Cga, patterns are diagnostic of phylogenetic
C sources (Larsen et al. 2009, 2013) and trace C flow
in ecosystems (McMahon et al. 2011). Together,
these aspects suggest great promise for §'*Cga, to
track C sources and baseline primary production
313C values through marine food webs and to create
truly integrated isoscapes of primary production §*C
values.

Here we examined for the first time §!3C 4, patterns
in littoral mussels, sampled over a wide geographic
range along the California (USA) coast. We sampled
mussels across 10 degrees of latitude in the coastal
zone of the California Upwelling Ecosystem (CUE).
The major goals of our study were as follows: first, to
compare EAA vs. NAA §'°C patterns between mus-
sels and primary producers to test the basic hypothe-
sis that 8'C values of EAAs in mussel tissue should
represent a direct isotopic record of composite source
primary production. Second, because the CUE is a
dynamic system with multiple possible food web C
sources, we also tested a CSI-AA ‘fingerprinting’
approach to assess whether major C sources can be
directly identified by CSI-AA, in the face of ambigu-
ous bulk 8'°C data. Finally, we used literature data on
phytoplankton §'*Cg,, patterns to propose a proxy
for direct estimation of §°C of primary production
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from 8'*Cp,, in heterotrophs. Our overarching hypo-
thesis is that by measuring 8'3Cgs, in long-lived
organisms (i.e. mussels), it will ultimately be possible
to directly estimate integrated values for '3C of local
primary production.

MATERIALS AND METHODS
Sample collection and preparation

California mussels Mytilus californianus were col-
lected from 28 different sites between Coos Bay,
Oregon (OR), and San Diego, California (CA), in the
winter of 2009/2010 (Table 1). Sites were chosen to
be approximately evenly distributed along the CA
coastline, with ~80 km geographic separation. Typi-
cally 5 mussels were collected from each site, all
between 30 and 40 mm maximum shell length, and

were immediately placed on dry ice until further
preparation. The adductor muscle of each individual
was dissected for analysis. This tissue was selected
because the isotopic value of adductor tissue in this
size class of mussel is considered to have a long
turnover time (Gorokhova & Hansson 1999). There-
fore, these samples should integrate approximately
annual variability in suspended food source isotopic
values. The adductor tissue was carefully dissected
from all other tissues, rinsed with deionized water,
refrozen, and then freeze-dried. Lipids were re-
moved following the methods of Dobush et al.
(1985), using petroleum ether in a Dionex Acceler-
ated Solvent Extractor. Finally, in preparation for
CSI-AA, composite samples were made for 11 col-
lection sites: 1 + 0.05 mg of lyophilized tissue was
weighed and combined for each individual mussel
(n = 5). Further CSI-AA preparation proceeded as
described below.

Table 1. Mytilus californianus. Collection site information and mean bulk §'*C

values. 8'°C values represent average values from 5 individual mussels in a

Bulk 3'3C analysis

narrow size range (see ‘Materials and methods') taken from each site + SD

Stable C isotope analyses were

Site Identifier Habitat Latitude Longitude 83%Cc  sSD conducted using standard proto-
(USA) type N) cols in the Stable Isotope Lab at
Humbug Mtn./ HMPO Rocky 42043 124°27 -163 o2 | € University of California, Santa

Port Orford, OR Cruz (UCSC-SIL; http://es.ucsc.
Meyer's Creek Beach, OR MCPR  Rocky 42°18' 124°24' -16.5 0.1 edu/~silab/index.php). Briefly, ho-
Pelican State Beach, CA PSB Rocky 41°59" 124°12' -16.0 0.1 mogenized muscle tissue of each
Lagoon Creek, CA LC Rocky 41°36" 124°06" -15.9 0.1 individual was weighed into tin
Humboldt Lagoon, CA HL Rocky 41°15' 124°05' -159 0.1 capsules and combusted. Isotope
Luffenholtz Beach, CA LB Rocky 41°02' 124°07' -16.1 0.4 values were determined on a Carlo
Point Cabrillo Light- PCL  Rocky 41°02' 123°49' -17.3 03

house, CA Erba 1108 elemental analyzer cou-
Schooner Gulch, CA SG Rocky 41°02' 123°39' -157 0.2 pled to a Thermo Finnigan Delta
Stillwater Cove Marine, CA SWC Rocky 41°02' 123°17° -14.5 0.1 Plus XP isotope ratio mass spec-
Bodega Bay, CA BB Rocky 41°02' 123°4' -15.1 0.2 trometer (EA-IRMS). Analytical er-
Pacifica, CA PAC  Rocky 41°02' 122°29' -153 0.1 ror associated with this measure-
Half Moon Bay, CA HMB  Jetty 41°02' 122°28' -157 0.1 ment was typically < +0.15. Stable
Davenport, CA DAV Rocky 41°02' 122°11' -16.3 0.2 ) ,
Santa Cruz, CA sc Rocky 41°02' 122°03' -13.5 0.9 isotopes are reported using stan-
Moss Landing, CA ML Jetty 41°02' 121°47 -13.9 0.9 dard delta (3) notation in parts per
Asilomar, CA ASI  Rocky 41°02' 121°56' -16.0 0.1 thousand (%o):
Rocky Point, CA RP Rocky 41°02' 121°54' -16.5 0.5 )
Mill Creek, CA MC  Rocky 41°02° 121°29' -156 0.4 3C = [(Ryampie/Rstandara) — 1] x 1000
Morro Bay, CA MB  Rocky 41°02° 120°52' -155 0.3 where R is the ratio of heavy to
Gaviota, CA GAV  Rocky 41°02' 120°12' -14.9 03 _ . .
Santa Barbara, CA SB Rocky 41°02° 119°42' 144 og | 1ght isotope, Rempe is from the
Ventura, CA VEN  Jetty 41°02' 119°16' -15.8 0.1 sample, and the Ryangara is Vienna
Malibu, CA MAL  Rocky 41°02' 118°48' -16.1 0.2 PeeDee Belemnite (PDB) for C, as
Topanga, CA TOP Rocky 41°02'" 118°34' -16.2 0.1 provided by pulses of calibrated
Venice Beach, CA VB Jetty 41°02" 118°28" -152 0.6 CO, reference gas. For details on
Zan Cl‘efllenéZCA gg}; JPI:EI ﬁ: 8; 13:2; _122 82 standard correction calculations,

ceanside, e - . B .
La Jolla, CA LAJ Rochy 41°02'  117°15 -15.1 0.4 r?ofer to the UCSC-SIL website

apove.
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Compound-specific stable C isotope analysis

Individual AA §'3C values were measured as trifluo-
roacetyl isopropyl ester (TFA-IP) AA derivatives, after
acid hydrolysis. Samples were hydrolyzed by adding
2.5 mg homogenized composite muscle tissue to 1 ml
of 6 N HC], and heating for 20 h at 110°C under nitro-
gen. After drying, AA isopropyl esters were prepared
with a 1:5 mixture of AcCl:2-propanol (110°C, 60 min)
and then acylated using a 1:3 mixture of dichloro-
methane (DCM) and trifluoroacetic anhydride (TFAA)
(100°C, 15 min). Derivatized AAs were dissolved in
DCM to a final ratio of approximately 2.5 mg of origi-
nal tissue to 250 nl DCM for injection on the gas chro-
matograph IRMS (GC-IRMS) system.

Isotopic analysis was conducted on a Thermo Trace
GC Ultra with inline oxidation and reduction fur-
naces, coupled to a Thermo Finnigan Delta Plus XP
IRMS, equipped with a CTC Analytics autosampler.
Derivatives (1 pl) were injected (250°C constant tem-
perature) onto an Agilent DB-5 column (50 m x
0.32 mm ID x 0.52 pm film thickness), with a He car-
rier flow rate of 2 ml min~! (constant flow). Separa-
tions were achieved with a 4-ramp oven program:
52°C, 2 min hold; ramp 1 = 15°C min™! to 75°C, hold
for 2 min; ramp 2 =4°C min~! to 185°C, hold for 2 min;
ramp 3 = 4°C min~! to 200°C; ramp 4 = 30°C min~' to
240°C, hold for 5 min. This method allowed for §°C
determination of the following AAs in mussel tissue:
non-essential AAs alanine (Ala), aspartic acid +
asparagine (Asp), glutamic acid + glutamine (Glu),
glycine (Gly), proline (Pro), serine (Ser), and tyrosine
(Tyr); and essential AAs leucine (Leu), isoleucine
(Ile), valine (Val), phenylalanine (Phe), and threonine
(Thr). Acid hydrolysis destroys tryptophan and cys-
tine, so these were not detected, and it also deami-
nates asparagine to aspartic acid, and glutamine to
glutamic acid. While the abbreviations Glx and Asx
are sometimes used to denote the combined GIln+Glu
and Asn+Asp peaks, in order to correspond better
with extant CSI-AA literature, we have elected to
simply use Asp and Glu abbreviations, as defined
above.

All samples were analyzed on the GC-IRMS in trip-
licate, and measured AA §'3C values were corrected
for the C added during derivatization, following the
approach of Silfer et al. (1991). Reproducibility for
tissue samples was typically less than <0.3%o. (n = 3).
The average mean deviation for all tissue sample
replicates was 0.4 %o.

Adductor muscle tissue AA molar percentages
(mol %) values were determined from underivatized
mussel hydrolysates, using an established high pres-

sure liquid chromatography - evaporative light scat-
tering detector (HPLC-ELSD) technique (Broek et al.
2013).

Statistical analysis and calculations

To assess similarities of §'°C,, patterns between
different samples, we normalized 8'3C values of each
measured AA to the mean value of all EAAs in the
sample:

513Cn = 813CAA-measured - 813C’EAA-avg (2)

where §'°C,, is the normalized value for a given AA,
8" Caa-measurea is the measured value, and 8" Craa-avg
is the average value of all EAAs within the same
sample. This normalization approach allows direct
assessment of biosynthetic signatures (i.e. §3Cyr,
patterns) by removing any variability associated with
changes in baseline §"*C between samples.

To predict the phylogenetic origins of essential
AAs in mussel tissue, we applied the linear discrimi-
nant function analysis (LDA) approach of Larsen et
al. (2009, 2012, 2013). Termed '8'*Cg,, fingerprint-
ing’' (Larsen et al. 2009), this approach uses LDA
coupled with a 'training set' of 8'3Cg, , data from evo-
lutionarily distinct groups of potential primary pro-
ducers, in order to predict likely group membership
based on measured §'*Cga 4 values. Our analysis used
previously published training set data for 3 main
potential C sources: eukaryotic marine microalgae,
axenically cultured bacteria (as a proxy for detrital
material), and brown macroalgae (Phaeophyceae)
(Larsen et al. 2013) to predict group membership
(Table S1; for inter-laboratory calibration of §!3C
values and trace outputs for LDA, see also Tables S3—
S8 and Fig. S1 in the Supplement at www.int-res.
com/articles/suppl/m504p059_supp.pdf). The ana-
lyses were performed in R version 2.12.1 (R Develop-
ment Core Team 2012) using RStudio interface ver-
sion 0.96.330 and R package MASS (Venables &
Ripley 2002). We used Pillai's trace (multivariate
ANOVA) to test the null hypothesis of no difference
in classification between the groups. All other statis-
tical analyses (e.g. hierarchical cluster analysis and
t-tests) were conducted using the JMP statistical soft-
ware package (SAS Version 10).

Finally, we propose a correction to derive §'*C val-
ues of average source primary production based on
813Cgaa measured in Mytilus californianus, coupled
with available data for §'3Cgy s patterns in eukaryotic
marine phytoplankton. While coupled bulk §“C
and 8'3Cgs4 plankton data are not yet extensive, we
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compiled several datasets to observe the correlation
across diverse cultured and environmental algal
samples (see Table S2 in the Supplement). We used
a regression approach between bulk §'3C of total
plankton biomass samples and the averaged 8°Cgau
(R?=0.922, p < 0.0001) values from the same samples
to predict 8'°C of average primary production from
which the EAA originated.

RESULTS
Bulk $'3C values
Bulk 8'*C values in Mytilus californianus adductor
muscle ranged between -18.0 and —13.0%o. at 28 sta-

tions spanning 11 degrees of latitude along the CA
coast (Fig. 1). Several sites in central CA (SC and ML;

see Table 1 for site abbreviations) stood out as having
the most enriched values (—13.4 %o, —13.9 %0, Tespec-
tively) followed by SB (-14.4%.). SC and ML were
also the 2 sites that had the greatest variability
among individuals (£0.9%,, n = 10; as opposed to
average variability of +0.3 %o for all sites). In contrast,
the 2 sites with the lowest §'*C values (PCL and SCL;
both —-17.3 %) were widely geographically separated
(PCL in northern CA, SLC in southern CA). Overall,
bulk 8!3C values did not display any correlation with
latitude (R%= 0.022; p > 0.05). When considered as a
whole, the average of Mytilus §'°C values over the
entire CA coast dataset in fact fell into a very narrow
range (—15.7 = 0.9%o; Table 1, Fig. 2).

This suggests that on the whole, Mytilus data are
recording a generally homogenous 3°C value for
CUE primary productivity, albeit marked by substan-
tial inter-site variation (Fig. 1). A hierarchical cluster
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Fig. 1. Mytilus californianus. Site-specific bulk §'*C values of mussels as a function of latitude in the context of a map of collec-
tion sites on the California coast, USA. (a) Filled circles indicate all sampling sites, and correspond directly to bulk analysis val-
ues in panel b; squares represent sites chosen for compound-specific isotope analysis. (b) Filled circles indicate average §'3C
for 5 individuals from each site; error bars indicate SD. While data indicate substantial (>4 %.) inter-site variability, linear
regression indicates no correlation of the §!3C of suspended particle food sources with latitude (R?= 0.02202, p > 0.05)
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Fig. 2. Mytilus californianus. Mean bulk §°C for major
coastal primary production sources vs. measured values for
adductor muscle tissue. Endmember §'3C values for coastal
kelp (Clementz & Koch 2001, Foley & Koch 2010) and near-
shore California, USA, upwelling zone phytoplankton pro-
duction (data compiled by Clementz & Koch 2001) are both
broad and overlapping. Degree of fractionation (€; indicated
by dashed double-ended arrow) for the trophic enrichment
factor (TEF) and specific tissue type are unknown

analysis also did not indicate that inter-site variability
was strongly related to at least the basic habitat types
we classified (e.g. rocky, sandy; see '‘Materials and
methods’ and Table 1). However, we found strong
location-specific variation in strength of local up-
welling, and associated water chemistry, along the
CA coast (Feely et al. 2008), as well as relative inten-
sity of primary production (e.g. Walker & McCarthy
2012). Therefore, it seems most likely that §!*C varia-
tion is related to variations in local oceanography,
primary productivity, and/or the relative contribution
of C sources at specific regions of the CA coastline.

AA 33C patterns in Mytilus californianus

Fig. 3 presents the first §'3C,, comprehensive data
for a littoral mussel population, from a subset of sam-
ple sites (n =11; Table 2) selected to encompass the
range of both isotopic variability and geographic
range. Normalized AA §'3C values are arranged first

40
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Fig. 3. Mytilus californianus. Patterns in §*C of amino acids (8'C,,) in mussels compared to those expected for marine

phytoplankton. Mussel amino acid values (filled diamonds, n = 11) are normalized to average essential amino acid §'*C

(8" AA-EAA-mean) to Teveal 8'3C 4, biosynthetic pattern, independent of site-specific bulk 8!3C variation. Filled triangles (n = 18)

represent similarly normalized 8'3C , , pattern for eukaryotic marine phytoplankton (see ‘Materials and methods' and Table S2

in the Supplement; www.int-res.com/articles/suppl/m504p059_supp.pdf). Amino acids are arranged first according to essen-

tial and non-essential groupings, and second by standard autotrophic biosynthetic families, with abbreviations as defined in
text (‘Compound-specific stable C isotope analysis'). TCA: tricarboxylic acid. Error bars indicate SD
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Table 2. Mytilus californianus. Mean 8'3C values of bulk and compound-specific amino acids in mussels from selected sampling locations (site codes as in Table 1),

grouped as essential and non-essential amino acids. For individual amino acid values, the mean + SE represents analytical variability (n = 3 injections) for a homo-

genized composite sample from all individuals sampled from each location; nd: no data

Non-essential amino acids

Essential amino acids

Thr

Bulk

Site

Gly

Ser

Ala

Pro

Glu

Asp

Val

Leu

Ile

Phe

-9.2+0.6
-50.6 £ 0.5

-12.2+0.1 -03x0.2

-17.6 £ 0.7

-17.7+0.5
-21.4+0.2

-19.0+0.4 -17.6 £ 0.2

-14.8+0.5 -28.8+0.5
-124+0.5 -29.5+0.2

-13.6 £0.3 -29.1 +1.3

-21.2+0.1

-242+0.9

-16.3
-16.5
-16.0
-17.3
-15.7
-16.3
-13.9
-15.6
-16.2
-16.7
-15.1

HMPO

0.3+0.6
0.8+0.3
23+0.2
-2.7+0.2

-18.5+0.7

-21.8+0.9

-16.6 0.4

-18.4 +0.5

-13.2+0.7

-252+04

MCPR
PSB

-27.7+0.5

-20.8+0.2 -207+02 -122+0.5

-17.8 £ 0.2

-20.8+0.1

-12.7+04

-23.1+0.5

-44.6 £ 0.7

-258+0.2 -207+0.5 -14.9+0.0

-21.0+0.2

-19.8 £ 0.2

-16.2+ 0.7 -30.1 +1.3

-17.1+0.7
-23.5+0.3

-27.0+0.5

PCL

-33.2+0.3

-14.5+04

-226+0.1

-20.5+0.2 -18.0+0.1

-13.4+0.8 -284+0.2
-14.4+0.1 -28.7=+0.1
-11.1+£0.3 -28.7+0.9
-15.7+0.2 -27.3+0.3
-146+04 -29.5+0.3
-15.0+0.1 -29.3+0.1
-14.1+0.1 -27.1x0.1

-253+0.6

HMB
DAV
ML

-255+0.1 -18.8+0.1 nd 1.7+02 -31.2+0.8
-179+04

-19.3+0.1

-19.1£0.2
-19.4+0.8

-13.2+0.1

-28.4+0.2

-18.5+0.4 1.5+03 -36.0+0.5
29+0.1
-3.1+0.0

-20.1+0.2

-154+0.3

-20.1+£0.5

-21.7+£0.7
-239+0.1

-21.9+0.9

-23.0+03 -176+0.1 -11.3+04
-17.7+0.1

-17.6 +£0.1

-17.2+0.3

-10.5+0.2

MC

-46.4+0.4

-22.3+0.5 nd
-19.3+0.1

-20.1+0.9

-17.7+0.3
-22.2+0.0

-19.1+04
-19.6 +0.3

-258=+1.0

TOP

-40.4+0.3

0.2+0.3
55+0.2

-11.7+0.0

-25.1+0.3
-251+0.2

-19.9+0.1

-26.4 +1.2

OCE
LAJ

-21.6+0.1

-9.3+0.3

-17.8+0.2

-17.2+0.3

-18.3+0.1

-13.8+0.1

-255+0.8

according to the EAA and NAA groupings, also indi-
cating the major autotrophic biosynthetic families of
AAs. The overall 8'3C,, patterns were highly consis-
tent for Mytilus californianus samples from all sites
(Fig. 3). The average standard deviations of the NAA
(excluding Gly) and EAA groups were +2.4 %0 and
2.1%o, respectively. These patterns thus represent a
common biosynthetic 8'C,, signature for Mytilus
populations along the entire CA coast. Overall, the
NAAs (Asp, Glu, Pro, Ala, Ser, and Gly) were signifi-
cantly heavier (mean NAA group: —17.6%.) than the
EAA group (Phe, Thr, Ile, Leu, Val; mean EAA group:
—20.7%o0). While GC-IRMS recovers most AAs, mole
percent data show that the AAs measured by IRMS
constituted 73 % of the total AAs measured using a
non-derivitized HPL approach (see Table S9 in the
Supplement). Because isotope mass balances were
close to 100%, this indicates that the AAs which
could not be measured by GC-IRMS must have aver-
age isotopic values near the bulk isotope values.

Specific Mytilus 8'3C 4 patterns also generally cor-
responded closely to the individual biosynthetic fami-
lies. For example, the anaplerotic AAs Glu and Asp,
originating directly from the tricarboxylic acid (TCA)
cycle, both had values that are within error of each
other (t-test: p > 0.05), and these have in the past been
used as proxies for TCA cycle C shuttle molecules
(Scott et al. 2006). Leu and Val, both in the pyruvate
group with closely related synthetic pathways (see
Fig. S2 in the Supplement), also had very similar val-
ues. Ile, however, was enriched by more than 10 %o
compared to Leu and Val, with values more similar to
Thr. While Ile and Val share 4 enzymes in common
(Buchanan et al. 2000), C of Ile is derived from Thr
rather than directly from pyruvate (Fig. S2). Proline
(Imino grouping) is synthesized from a glutamate pre-
cursor, and its value was also similar to Glu and Asp
813C values. Finally, the glycolytic AAs (Ala, Ser, and
Gly) had the most variable values among all samples,
which is most likely due to the fact that the C
skeletons of these short-chain AAs are rapidly recy-
cled in animal metabolism. In particular, Gly stood out
among all other AAs as having the greatest variation
in 8!3C values between sampling sites (SD *+ 12 %o ver-
sus 1-5%. for all other AAs). In contrast to Gly, most
other NAAs were not as strongly offset from expected
algal source patterns.

Comparison to phytoplankton §*C-AA patterns

For EAA, we observed close similarity of normal-
ized §'*Cga, patterns to those derived from disparate
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phytoplankton sources (Fig. 3). Data for 6
marine phytoplankton 8'°C,, patterns
was compiled from 2 recent studies
(Lehman 2009, Larsen et al. 2013) for
a range of cosmopolitan eukaryotic
and prokaryotic photosynthetic species
(see Table S2 in the Supplement).
The §'3Cga 4 patterns matched very well:
most values were not statistically differ-
ent for both Mytilus and the average
phytoplankton pattern (Fig. 3); t-tests
indicated no significant differences for
Phe, Thr, and Leu (p > 0.05); however,
Ile and Val both had offsets that were
significantly different (both p < 0.0001).

For phytoplankton, the collective vari-
ability versus the algal 8'3C,, pattern
was much larger for the NAA group
(Fig. 3, NAA and EAA mean SD: +9.6 -4
and 3.4 %o, respectively). Due possibly to
this increased variability, offsets from
the algal pattern for most of the NAAs

Second linear discriminant

> Mussels (literature)
0.5 % Mussels (this study)

Phaeophyceae

Bacteria

Microalgae

were not significant (Asp, Pro, Ala, and
Ser, p > 0.05); however, there were large
and significant differences for Glu (p <

-4 -2 0 2 4 6

First linear discriminant

0.05) and Gly (p < 0.001). Fig. 4. Linear discriminant analysis (LDA) plot based on §'°C values of 5 essen-
tial amino acids (EAAs: Ile, Leu, Phe, Thr, Val) from 3 categorical variables,
viz. marine microalgae (m, n = 16), bacteria (b, n = 12), and Phaeophyceae

LDA model results

(p, n = 12; including Macrocystis kelp), from Larsen et al. (2013) to predict

the biosynthetic origins of EAAs among mussels Mytilus californianus. Mus-

sel 8°Cgy 4 values originate from this study (n = 10, labels in capital letters)

Our LDA model based on the training  and Larsen et al. (2013) (n = 2, labels in lowercase letters). All mussels classi-
set from Larsen et al. (2013) predicted fied with an average of 96 % probability as microalgae except for MC, which

that marine microalgae were the most
likely protein source (probability 292 %)
for 10 out of 11 mussel samples (Fig. 4,
Table S1 in the Supplement); the remaining sample
had Phaeophyceae as the most likely protein source
(probability = 74%). None of 13 mussel samples
had bacterial 8> Cga, patterns, indicating that pro-
tein contributions from microbially re-worked detri-
tus were relatively small compared to the 2 algal
sources. We also included 2 mussel samples from
Larsen et al. (2013) in the LDA model to validate
the inter-laboratory calibration of §3Cgs, values,
and both samples had 8°Cp,, patterns resembling
microalgae (probability 298 %). Taken together with
the relatively low standard deviation values for
the inter-laboratory calibration (1.2%. on average;
Table S5 in the Supplement), this demonstrates that
our results are not tied to any specific 8'*C analytical
protocol. The inter-laboratory calibration approach
has also been tested successfully on samples from
sea turtles (Arthur et al. in press).

classified with 75% as Phaeophyceae. Sample site abbreviations are as
defined in Table 1 (mussels). See Table S1 in the Supplement for LDA output

DISCUSSION

Bulk 8!3C values: implications for major
Mytilus C sources

Possible main sources to the CUE-suspended par-
ticulate organic matter pool include local or laterally
advected phytoplankton and perhaps terrestrial ma-
terial or partially degraded marine detritus (Fig. 2).
The uniformly heavy mussel §3C values (Fig. 1)
would seem to preclude the possibility of significant
terrestrial detrital contribution, since §'3C signatures
of terrestrial C (C3 sources) are typically much
lighter (-26 and -28%o; e.g. Smith & Epstein 1971).
This is perhaps not surprising, given the relative
scarcity of riverine input into most regions sampled,
as well as the relatively degraded (i.e. low nutritive
value) nature of detrital humic materials delivered
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from soils (Simenstad & Wissmar 1985, Howarth et al.
1991, Rau et al. 2001).

In contrast, giant kelp Macrocystis pyrifera is the
dominant primary producer in littoral ecosystems
along the CA coast (Dayton 1985, Duggins et al.
1989, Graham et al. 2007) and is considered a food
source for many suspension feeders (Miller & Page
2012). In many locations, kelp also has very high §"°C
values, directly within the range of our measured
mussel values (e.g. Clementz & Koch 2001, Foley &
Koch 2010). Further, while offshore micro-agal pro-
duction typically has low §'C values (Rau et al. 1982,
Goericke & Fry 1994), the 8'*C values of marine
phytoplankton in highly productive upwelling re-
gions can be substantially isotopically heavier but
can in fact can also vary quite widely (e.g. —17.0 to
—22.0%0; Rau et al. 2001, Walker & McCarthy 2012).

Finally, trophic and tissue-specific isotope offsets
further complicate direct bulk 8'*C interpretation.
Measured §'3C values would first be expected to
have a TEF associated with a primary consumer;
such fractionations are often assumed to be small
(~0.7%0; DeNiro & Epstein 1978), but more recent
work has increasingly demonstrated that TEF can
in fact vary widely (between ~0.6 and 3.0%.; Gan-
nes et al. 1997, Vander Zanden & Rasmussen 2001,
McCutchan et al. 2003, Olive et al. 2003, McMahon
et al. 2010). In addition, a specific tissue of any organ-
ism has the potential for a tissue-specific fractiona-
tion, based on either isotopic routing or well-known
biochemical class differences (Jim et al. 2006). The
adductor muscle tissue is composed almost entirely
of protein, so would generally be expected to have
heavier 83C values versus total biomass (Vander
Zanden & Rasmussen 2001); however, without or-
ganism-specific data, the exact magnitude of such
offsets is impossible to predict.

Mpytilus californianus EAA versus
NAA §'3C patterns

The comparison of Mytilus §'°C,, patterns to those
in phytoplankton (Fig. 3) directly addresses the
hypothesis that EAA in filter-feeding consumers may
be useful both as new, more specific, source tracers,
and also as proxies for integrated §'*C values of pri-
mary production. Our results concerning the behav-
ior of EAAs are strongly consistent with direct, unal-
tered linkage to primary production sources. Overall,
this correspondence supports our basic hypothesis
that EAAs in these filter feeders directly record the
isotopic values of primary production from local pri-

mary production. 8'°N,, data also strongly support
that marine algae have essentially universal CSI-AA
signatures (e.g. Chikaraishi et al. 2009, McCarthy et
al. 2013), which indicates that 8'*C,, can also be
used as a baseline pattern to both trace sources and
understand heterotrophic transformation (Larsen et
al. 2009, 2012).

Results for the NAA groupings are less easy to in-
terpret but are also consistent with previous con-
trolled feeding studies, indicating that NAA fraction-
ation can be variable, based on both diet composition
and individual metabolism (e.g. McMahon et al.
2010). Large trophic fractionations have been ob-
served only in selected §!3Cyu4, coupled with little to
no fractionation in 8> Cga, (e.g. Howland et al. 2003,
Jim et al. 2006, McMahon et al. 2010). The most dra-
matic NAA §3C offset in our data set was the sub-
stantial depletion of Gly in Mytilus compared to
algae; this might at first seem unusual, based on typi-
cal expectations for isotope enrichment with trophic
fractionation. However, while Gly has been reported
with enriched AA values in some feeding studies, as
noted above this AA also typically has the highest
variability (Howland et al. 2003, Jim et al. 2006,
McMahon et al. 2010). In particular, light Gly 8§3C
values versus diet have also been documented in pre-
vious controlled studies (McMahon et al. 2010). This
has been interpreted to be due to catabolized dietary
lipids being used as a significant energy source (Post
et al. 2007) and thus providing a strongly *C-light C
pool for Gly synthesis (e.g. DeNiro & Epstein 1978,
McMahon et al. 2010). We find the idea of Gly as a
metabolic marker of food quality intriguing, but we
feel it is too speculative for application to field-
derived data such as ours, where *C-Gly values may
also be influenced by metabolic processes in both
mussels and their food sources. Plants use several
pathways to synthesize Gly (see Fig. S2 in the Sup-
plement), depending on the degree of photorespira-
tion. Animals can readily synthesize Gly, but rates are
likely controlled by protein synthetic needs (Jim et al.
2006). A carefully designed study with defined food
sources and treatments could help to investigate this
promising idea. For the other NAAs, while there is
clear evidence for resynthesis shown in the significant
offset between phytoplankton versus mussel Glu and
Gly 83C values (Fig. 3), our results generally suggest
that direct incorporation from diet seems to dominate
for most other NAAs in Mytilus. This would also be
consistent with a relatively protein-rich diet (e.g.
plankton), as direct incorporation is strongly ener-
getically favored versus de novo synthesis whenever
sufficient AAs are available (Jim et al. 2006).
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CSI-AA source fingerprinting

The strong correspondence of Mytilus 8'3Cya, pat-
terns to marine phytoplankton supports the use of
isotope fingerprinting to directly trace phylogeny of
main C sources. As noted above, mussel bulk §3C
values are ambiguous: most fall within §!°C ranges
typical for Macrocystis (Foley & Koch 2010); how-
ever, they could also be consistent with 13C-enriched
coastal algal production (Fry & Wainright 1991, Rau
et al. 1992, 2001, Hemminga & Mateo 1996). Further,
because bacterial degradation typically does not
greatly affect bulk 8'3C values (Fogel et al. 1989,
Benner et al. 1992, Fogel & Tuross 1999, McCarthy et
al. 2004), bulk isotope values cannot rule out sus-
pended detrital sources. The LDA results strongly
indicate that despite substantial variation in bulk
813C values (Fig. 2), mussels at almost all locations
examined along the CA coast feed mainly on phyto-
plankton, with only minimal food web connection to
kelp primary production and/or re-worked detritus.
To our knowledge, these results represent the first
comprehensive application of diagnostic §'*Cga pat-
terns to a geographically widely distributed popula-
tion in any species.

A conclusion of a dominant microalgal food source
for mussels is consistent with work on mussel ecology
(Widdows et al. 1979, Dame & Prins 1997, Bracken et
al. 2012), as well as reduction of phytoplankton bio-
mass over intertidal mussel beds (Asmus & Asmus
1991). However, the real importance of this result is
the clear demonstration that 8'*Cpss values can
address fundamental ambiguity in bulk §!*C values.
The ability of 8'3Cgaa patterns to clearly indicate a
dominant food source (which is also ecologically con-
sistent), strongly underscores the potential of CSI-AA
to detangle food web C sources in systems where
multiple sources of primary production are plausible.
This is also consistent with previous 83 Cga, finger-
printing results in other complex systems such as
mangroves (Larsen et al. 2012), pelagic, and fresh-
water ecosystems (Larsen et al. 2013). However, we
also note that the LDA is not suited for quantitative
accounting of relative contributions of mixed sources.
For quantitative applications from such data, Baye-
sian isotopic mixing models are required. Larsen et
al. (2013) recently demonstrated a CSI-AA Bayesian
isotopic mixing approach for Mytilus californianus,
suggesting that all specimens obtained about two-
thirds of their EAAs from microalgae, about a quar-
ter from kelp, and the remaining (small) fraction
from bacteria. Since most of our mussel samples
had §'Cgaa patterns that resemble those reported

by Larsen et al. (2013) (Fig. 4), we conclude that
while microalgae are the dominant source for M.
californianus, it is also possible that macroalgae and
microbial derived sources could make smaller
contributions.

Using 8!3Cg,, values to estimate integrated 8'3C
of primary production

The ability of isotope fingerprints to indicate major
sources, coupled with unaltered §'¥Cgss values
through food webs, suggests that 8'3Cga, in littoral
mussels constitutes a powerful new approach to
reconstruct integrated isotopic patterns of coastal pri-
mary production. The feasibility of this, however,
depends on several basic assumptions. First, EAAs
are assumed to be incorporated from reasonably
well-defined sources, with little microbial alteration.
As noted above, together the mussel §'3Cgy, finger-
printing data (Figs. 4 & 5), and the close match for
8Cgaa patterns with marine phytoplankton (Fig. 3),
strongly support a direct phytoplankton source for
these molecules. The §Cgs, in mussels therefore
likely represents average EAA from littoral/coastal
phytoplankton sources, integrated over turnover
times for the tissue type sampled (adductor muscle).
Finally, in order to directly 'back calculate’ a 8'*C
value for original primary production from measured
83C values, there must be a consistent offset be-
tween §13Cpaa and bulk §'3C in sources, so that a

5 -
-5
— y = 0.9274x + 0.0769
g\?; R? = 0.93022 ‘AA
o 191 p < 0.0001
(5]
w
=< 25
>
m
-35
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Fig. 5. Relationship between §'°C values of bulk vs. average

essential amino acids (EAAs: Phe, Thr, Leu, Ile, Val) in

photoautotrophs (n = 19). The strong correlation indicates a

consistent offset between bulk and EAAs §'°C values. The

equation of this relationship can potentially be used to pre-

dict source micro-algal production bulk values from a con-
sumer'’s average 83Cpya
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correction can be made. The strong linear correla-
tion that we found between bulk §°C and §Cgpa
phytoplankton across diverse cultured and environ-
mental algal samples (Fig. 5) strongly supports this
last condition.

We tested this overall idea by using the equation of
the line for the bulk versus §'*Cga, relationship in
algae to estimate bulk §'*C values for coastal phyto-
plankton primary production at the sites selected for
CSI-AA between southern Oregon (42°43'N) and
La Jolla, CA (32°51"N). The resulting values ranged
from -20.2 to —23.5%. (Table 2, Fig. 6), with an over-
all average of -21.9 + 1.2%.. A substantial enrich-
ment of §°C values in bulk adductor muscle relative
to the predicted average phytoplankton food 83C
values (~4 %o; Fig. 6) is consistent with several expec-
tations. First, protein has elevated §'*C values com-
pared to other compound classes (DeNiro & Epstein
1978), so the bulk adductor muscle tissue would
therefore be expected to have enriched bulk §3C
values versus the overall mussel biomass (not meas-
ured). Second, trophic transfer will cause further (but
as noted above, poorly defined) '*C enrichment in the
mussel compared to its algal food source. Finally, the
observation that the exact 8'3C offset between
adductor muscle tissue and estimated phytoplankton
bulk 8°C values (directly linked to 8'3Cga,) is not
exactly constant is also expected (R?= 0.1904), since
variable degrees of resynthesis in the NAA pool with
trophic transfer for different location/populations
should slightly decouple these values.

1 -<©- Mussel (adductor muscle tissue)
24 ) }
—a— Estimate micro-algal PP

Overall, our ‘reconstructed’ values for primary
production fall approximately within the range
expected for inshore phytoplankton 83C values in
the CUE, based on past work (e.g. Clementz &
Koch 2001; see Fig. 6), strongly supporting the
validity of this new approach. Further, while the
relative changes in projected phytoplankton §C
track those in bulk §3C values, the amplitude of
variation is also substantially greater for recon-
structed values (Fig. 6). Since 8'%Cgs values are
unaffected by variable AA resynthesis versus incor-
poration or routing, we hypothesize that the §1°C
record based on 83Cgs, more accurately reflects
actual spatial variation in phytoplankton 8'*C than
traditional bulk measurements. If our assumptions
about integration times for this mussel size class/
tissue type are accurate, then our CSI-AA based
record implies substantial variation in average
phytoplankton production 8'°C for specific zones
along the CA coast. This would be consistent with
zonal variations in coastal upwelling (Hickey 1998,
Pennington & Chavez 2000, Checkley & Barth
2009) and surface water pH (Feely et al. 2008),
as well as prior work documenting major region-
specific 83C variations noted above (Walker &
McCarthy 2012). If the variations we document are
confirmed by future sampling, 8'3Cga, in coastal
mussels represent a new, highly detailed, approach
to mapping both geographic and possibly inter-
annual variation in isotopic signatures of coastal
phytoplankton production.

SUMMARY

This study has presented the largest
813C 4 dataset for a common filter-feed-
ing mollusk, examining both details of
the 83C,, patterns and also specific
offsets between EAAS3C and NAASJC
values across a wide geographic range

32 33 34 35 36 37 38 39 40 4

Latitude (°N)

Fig. 6. Integrated yearly average §'3C value of California, USA, coastal pri-
mary production (PP) estimated from essential amino acids (EAA) (filled
squares; average —20.9%o), vs. measured §'3C values for bulk muscle tissue
samples (open diamonds; average —16.0%.). The shaded gray box is the ex-
pected average range of 3'3C values of coastal phytoplankton + SD (com-
piled by Clementz & Koch 2001). The enriched §'3C values in mussels rep-
resent the combined effects of trophic and tissue-specific fractionations,
demonstrating the potential for EAA §'°C values to directly indicate origi-
nal PP isotopic values. A moving average line shows the overall pattern
with latitude on the California coast; see the ‘Discussion’ for calibration

calculations of estimated PP

on the CA coastline. Our ultimate goal
has been to assess whether §'*C patterns
of the essential AA group in littoral mus-
sels Mytilus californianus can constitute
a new approach to determine integrated
stable isotope values for coastal primary
production.

Biosynthetic 8'C,, patterns (with the
exception of Gly) were essentially identi-
cal in all mussels sampled, with variation
in specific AA values determined by
bulk 83C offsets between sampling sites.

43 44
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Overall, the specific comparison to §3Cgs, patterns
from marine algae strongly supports the hypothesis
that EAAs are incorporated directly into mussel
tissue, with little to no isotopic alteration. The most
widespread application to date of multivariate §*Cgxa
source fingerprinting further indicated that the dom-
inant EAA source for all mussels was phytoplankton,
with no evidence for substantial EAA contributions
from either Macrocystis (or other local Phaeocystis
algae), or potentially microbially altered detrital
sources. Together, these results imply that for EAAs
in mussels along the CA coast, measured 813C values
dominantly reflect an integrated signature for coastal
phytoplankton production §'*C values at each sam-
pling location. We therefore used the strong linear
relationship observed between §'*Cgy 4 and bulk §'3C
values in currently available data for marine phyto-
plankton to determine the correlation between bulk
plankton and average EAA §C values. Using this
relationship, we show that §'C values for source pri-
mary production may be 'reconstructed’ from meas-
ured 8Cpgaa. Our resulting predictions fall within
reasonable ranges for CA coastal phytoplankton §'3C
values (Fig. 6).

Taken together, these observations may have wide-
spread implications for several key aspects of ecologi-
cal studies. First, we have shown that in a system in
which bulk 8C values are inherently ambiguous
with respect to multiple possible C sources, 8'3Cgaa
analysis can bypass both tissue-specific and trophic-
related fractions, to identify major primary production
C sources, suggesting wide applicability of §'3Cgaa
fingerprinting in other marine consumers, where a
complex mix of C sources are likely. Our results also
suggest a new approach for the construction of more
accurate and highly detailed ecosystem-wide §°C
isoscapes, with new potential to overcome many of
the inherent issues associated with bulk isotope
analysis in consumers (Graham et al. 2010). Isoscapes
inherently link the effects of broad geochemical pro-
cesses with marine ecological dynamics, so it is critical
to be able to decouple the effects of heterotrophic
fractionation from the signatures of baseline C source.
We suggest that compound-specific measurement of
813Cpaa will allow direct estimation of §°C values
from primary production. Use of a specific tissue in fil-
ter feeders (like mussels) further allows determination
of integrated baseline values which both average out
high-frequency variability and can be chosen based
on a turnover rate integrating yearly, seasonal, or pos-
sibly or even higher-resolution variability (Gorokhova
& Hansson 1999). Moreover, isoscapes constructed
using CSI-AA from mussels are not strictly limited to

coastlines. Mussels frequently attach to the base of
fixed moorings located offshore (e.g. www.mbari.org/
oasis/index.html), suggesting the potential to use this
approach for long-term average isoscapes in conjunc-
tion with detailed oceanographic data at well-studied
locations. Isotope fingerprints have also been used to
distinguish between pelagic and estuarine sources
among consumers migrating between both habitats
(Arthur et al. in press). We suggest that to fully apply
this approach, future work needs to focus on a more
precise determination of the linear 8'3C bulk to EAA
relationship for representative groups of marine pri-
mary producers. Finally, these results are also the first
widespread demonstration of the recently described
813Cgan source fingerprinting approach (Larsen et al.
2009, 2012, 2013).
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