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Abstract. A fundamental question in ecology is understanding how energy and nutrients move through
and between food webs, and which sources of production support consumers. In marine ecosystems, these
basic questions have been challenging to answer given the limitation of observational methods. Stable iso-
tope analysis of essential amino acids (EAA d13C) has great potential as a tool to quantify energy and nutri-
ent flow through marine food webs; however, it has been primarily utilized at large spatial scales. Here, we
used EAA d13C analysis to test for connectivity between adjacent subtidal and intertidal components of a
nearshore ecosystem in south central Alaska. We measured d13C of six EAA from four marine producer
groups: subtidal kelp (Laminaria sp.), offshore particulate organic matter (POM), and intertidal red (Neorhodo-
mela sp.) and green (Ulva sp.) algae. In addition, we sampled four intertidal invertebrate consumer species
spanning a range of trophic/functional groups: Mytilus sp., Strongylocentrotus droebachiensis, Nucella sp., and
Pycnopodia helianthoides. Using canonical analysis of principal coordinates (CAP) and isotope mixing models
(MixSIAR), we tested for differences among producer EAA d13C fingerprints and quantified the contribution
of producer EAA to consumers. We compared these results to previously published EAA d13C data on mar-
ine producers to examine the generality of this technique. We found the EAA d13C fingerprints of subtidal
kelps (Laminaria), Ulva, and Neorhodomelawere highly distinct from one another. Further, our measured EAA
d13C patterns for kelp and red algae matched those previously reported from other localities, suggesting
unique and universal EAA d13C signatures for these groups. However, CAP could not distinguish between
microalgae (POM) and Ulva, possibly due to similar biochemical pathways for the synthesis of EAA. Using
these producer fingerprints, we found upper trophic-level invertebrate consumers, Nucella and Pycnopodia,
derived more than 60% of their essential amino acids from subtidal kelps. In contrast, the sampled primary
consumers in the system, Mytilus and Strongylocentrotus, relied more heavily on Ulva and/or offshore POM.
Our results provide evidence for connectivity between two adjacent nearshore ecosystems and exemplify
EAA d13C as a powerful new tool in tracing energy and nutrient flow within and among marine food webs.
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INTRODUCTION

Understanding how energy and nutrients flow
through food webs is a persistent theme in ecol-
ogy. The types and timing of primary production

available for consumers can have strong impacts
on the length and stability of food chains, as well
as population and community dynamics (Polis
et al. 1996, Rooney et al. 2006). Quantifying link-
ages within and among food webs is thus critical
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for mitigation of future biodiversity loss. This is
especially topical for nearshore marine ecosys-
tems, which are experiencing rates of defauna-
tion and habitat alteration close to that seen in
the terrestrial realm during the industrial revolu-
tion (Jackson et al. 2001, McCauley et al. 2015).
This loss of trophic complexity likely makes mar-
ine communities more vulnerable to eutrophica-
tion, disease, and climate change (Jackson et al.
2001, Estes et al. 2011).

Among nearshore marine ecosystems, kelp for-
ests are some of the most biodiverse and the
most vulnerable (Dayton 1985, Steneck et al.
2002). Serving as foundation taxa, the extensive
biomass of kelps (order Laminariales) creates
complex and three-dimensional forest structures,
which serve as both physical habitat and a poten-
tially large, perennial resource for consumer
communities within or adjacent to these systems
(Mann 1973, Steneck et al. 2002). This kelp-
derived production can enter the food web
through direct grazing by primary consumers or,
as kelp blades senesce and decay, via detrital
material incorporated into particulate organic
matter (POM) that is subsequently consumed by
suspension feeders in subtidal or intertidal habi-
tats (Duggins et al. 1989). Nearshore food webs
can also be supported by seasonal or ephemeral
blooms of both phytoplankton and understory
macroalgae (Page et al. 2008, von Biela et al.
2016, Docmac et al. 2017). This mixture of (slow)
perennial kelp production and (fast) ephemeral
production likely adds stability to these ecosys-
tems as consumers can switch resources depend-
ing on shifts in availability (Rooney et al. 2006,
Rooney and McCann 2012). However, this com-
plexity also makes it challenging to study energy
and nutrient flow within kelp forests and their
connectivity to adjacent ecosystems. Conse-
quently, the importance of kelp production to
consumers is still debated (Docmac et al. 2017).

Isotope-based approaches are now standard
tools in ecological studies, especially in marine
ecosystems where observation-based methods
are limited (Newsome et al. 2010). Most isotope
studies take advantage of naturally occurring
variation in carbon (d13C) and nitrogen (d15N)
isotopes among primary producers, which can
act as biomarkers, allowing researchers to trace
energy and nutrient flow through food webs and
between ecosystems (Ben-David and Flaherty

2012). Traditionally, research has focused on bulk
d13C or d15N analyses of tissues or whole organ-
isms: However, the inferences that can be drawn
from bulk isotope analysis are limited by sub-
stantial spatiotemporal isotopic variation among
producers and consumers due to biotic and abi-
otic processes. Much of this variation is driven
by the fact that bulk tissue d13C values represent
a weighted average of the d13C of all macro-
molecules within the sample: carbohydrates,
lipids, and proteins (Wessels and Hahn 2010, Fox
2013). These molecules exhibit widely different
isotopic values and vary substantially in their
concentration within tissues (Fox 2013, Larsen
et al. 2013, 2015). For example, in California, a
10& increase in d13C was observed in rapidly
growing giant kelp (Macrocystis pyrifera) fronds
relative to mature blades, likely due to the
increased carbohydrate concentration in new tis-
sues (Fox 2013). Marine producer d13C values
can also vary substantially depending on the
availability and utilization of HCO3

� vs CO2

(Raven et al. 2002). In some cases, this variability
can lead to overlapping isotope values between
benthic and pelagic primary producers, limiting
the utility of isotopes as tracers in marine food
webs (Page et al. 2008). In addition to this base-
line variation, trophic discrimination factors
between consumers and food sources can vary
widely depending on consumer tissue type, life
history, diet, and physiological state (Ben-David
and Flaherty 2012). Combined, these factors
make it challenging to determine whether
changes in consumer bulk stable isotope values
are due to dietary, physiological, or baseline
shifts, especially in highly dynamic ecosystems
such as kelp forests.
Recent developments in compound-specific

stable isotope analysis provide a way of untan-
gling complex ecosystem dynamics, while avoid-
ing many of the pitfalls associated with bulk
isotope studies. The analysis of individual essen-
tial amino acids (EAA) is particularly useful for
food web research, as these macromolecules are
a major conduit of energy/nutrient flow between
trophic levels (Larsen et al. 2013). Recent studies
(Scott et al. 2006, Larsen et al. 2013) have demon-
strated that different producer taxa (e.g.,
macroalgae vs. terrestrial plants) have distinct
patterns of EAA d13C values depending on their
metabolic pathways and primary source of
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carbon. These unique combinations of individual
EAA d13C values associated with certain primary
producers act as fingerprints that can be detected
at higher trophic levels (Larsen et al. 2009, 2013).
Moreover, because only photoautotrophs and
microbes can synthesize EAA de novo, con-
sumers must acquire them via direct consump-
tion or through gut microbial activity when
dietary protein is limiting (Newsome et al. 2011).
As a result, producer EAA d13C fingerprints
remain largely intact as they move up food
chains, passing from prey to consumer with min-
imal isotopic alteration (Howland et al. 2003,
Larsen et al. 2013, McMahon et al. 2015). In
addition, studies of diatoms and the giant kelp
suggest that variable growth conditions do not
substantially alter the patterning between indi-
vidual EAA d13C values (i.e., the fingerprints) of
primary producers, even when bulk tissue d13C
values vary widely (Larsen et al. 2013, 2015). To
date, most publications reporting EAA d13C data
are global compilations of taxonomically diverse
samples collected from a wide range of ecosys-
tems and/or cultured in a laboratory (Scott et al.
2006, Larsen et al. 2009, 2013). To our knowl-
edge, no study has fully characterized the EAA
d13C fingerprints of primary producers at a local
scale, and few have done so at a regional level
(Larsen et al. 2012, McMahon et al. 2016).

Here, we use EAA d13C analysis to trace link-
ages between subtidal and intertidal habitats at a
site in south central Alaska. Specifically, we ask
whether subtidal/offshore-derived production in
the form of kelp and POM is important for inter-
tidal invertebrate consumers spanning a range of
trophic and functional groups. It would be rea-
sonable to expect that consumers are most reliant
on local sources of production. Thus, we initially
anticipated our sampled intertidal invertebrates
would rely more on intertidal red and green
algae rather than subtidal kelp and offshore
POM. Conversely, a large degree of kelp/POM-
derived EAA in intertidal consumers would sug-
gest a high degree of connectivity between the
adjacent subtidal and intertidal ecosystems. We
also compare our results to bulk tissue stable iso-
tope data from the same site and to previous
studies that reported EAA d13C data from similar
producers (Larsen et al. 2013) to examine the
generality between local and larger scale applica-
tions of this technique.

MATERIALS AND METHODS

Study site and sample collection
We sampled marine producers and macroin-

vertebrate consumers from Amalik Bay, Katmai
National Park, Alaska. Macroalgae and inverte-
brates were sampled in July 2012. Offshore par-
ticulate organic matter (POM) samples were
collected in July 2012 (n = 1) and July 2013
(n = 4) at locations between 0.5 and 2 km from
the coast, with the farthest being 40 km from
Amalik Bay. For the 2012 POM singleton, we
were only able to obtain bulk d13C and d15N val-
ues. For 2013 POM samples, we obtained bulk
d13C, d15N, and EAA d13C values.
We analyzed four dominant primary producer

groups and four of the most common inverte-
brate species spanning a range of trophic levels/
functional groups (Dean et al. 2014). We sampled
the following producers: perennial kelp (Laminar-
ia sp.), red algae (Neorhodomela sp.), fast-growing
green algae (Ulva sp.), and POM. Among inverte-
brate species, we sampled a filter feeder (Mytilus
sp.), a grazer/herbivore (Strongylocentrotus droe-
bachiensis), a carnivore (Nucella sp.), and an apex
echinoderm predator (Pycnopodia helianthoides;
Dean et al. 2014); henceforth, we refer to each
species by their genus. Sampling of intertidal red
and green macroalgae and sessile/low mobility
invertebrates was conducted along two vertical
strata placed at 0.5 and 1.5 m above mean lower
low water (MLLW); motile invertebrates (e.g.,
Pycnopodia) were sampled along transects paral-
lel to shore, with the lower boundary at MLLW.
Mature kelps were sampled subtidally via
SCUBA. POM samples were collected from the
water column; ~1–2 L of water was pumped
through pre-combusted 0.7-lm GF/F filters. After
collection, specimens were kept on ice for a per-
iod ranging from c. 24 to 72 h before being fro-
zen (�20°C). Specimens were then kept frozen
until processing for stable isotope analysis. Col-
lecting permits were issued to the US Geological
Survey and US National Park Service.

Bulk d13C and d15N analysis
For bulk analysis, macroalgae specimens were

rinsed with deionized water and lyophilized.
Dried macroalgae were roughly homogenized,
weighed out to ~5 mg, and sealed in tin capsules
for bulk isotope analysis. Pieces of filters
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containing POM were lyophilized, weighed out
to ~20 mg, and sealed in tin capsules. Mytilus,
Strongylocentrotus, and Nucella were shucked,
homogenized, and subsampled. For Pycnopodia,
proteinaceous tube feet were sampled. The
whole-body samples (Mytilus, Strongylocentrotus,
and Nucella), or tube feet (Pycnopodia), likely rep-
resent at least several months of dietary informa-
tion (Ebert 1968, Burrows and Hughes 1990,
Gooding et al. 2009). Invertebrate samples for
bulk isotope analysis were not lipid-extracted,
were weighed out to 0.5–0.6 mg, and were sealed
in tin capsules. We did not use a posterior d13C
lipid correction because current methods do not
work well for invertebrate taxa (Kiljunen et al.
2006). Bulk d13C and d15N isotope values, along
with mass percent [C] and [N], were measured
via EA-IRMS using a Costech elemental analyzer
(Costech, Valencia, California, USA) coupled to a
Thermo Scientific Delta V isotope ratio mass
spectrometer (Thermo Fisher Scientific, Bremen,
Germany). The within-run standard deviation of
reference materials was ≤0.2& for d13C and d15N
values.

Amino acid d13C analysis (EAA d13C)
We used the same macroalgae and inverte-

brate subsamples for bulk and EAA d13C
analysis, except for two Nucella individuals
(NUC-2012-06 and NUC-2012-08; Data S1). After
bulk preparation, these individuals did not have
material remaining, so two additional Nucella
(NUC-2012-02 and NUC-2012-04) were ana-
lyzed. For EAA d13C analysis, invertebrate sub-
samples were lipid-extracted via four ~24 h
soaks in petroleum ether, rinsed five times with
deionized water, and lyophilized. Approxi-
mately 5 and 10 mg of lipid-extracted inverte-
brate and macroalgae tissue, respectively, were
hydrolyzed to constituent amino acids in 1 mL
of 6 N hydrochloric acid (HCl) at 110°C for 20 h;
tubes were flushed with N2 to prevent oxidation
during hydrolysis. Whole silica filters containing
POM were hydrolyzed with 1.5 mL of 6 N HCl.
Hydrolyzed producer samples were passed
through a cation exchange resin column (Dowex
50WX8 100-200 mesh) to isolate amino acids
from other metabolites (Amelung and Zhang
2001). After hydrolysis/Dowex purification,
amino acids were derivatized to N-trifluoroacetic
acid isopropyl esters following established

protocols (O’Brien et al. 2002, Newsome et al.
2011, 2014). Samples were derivatized in batches
of 8–17 along with an in-house reference material
containing all amino acids we measured.
d13C values of individual derivatized amino

acids were measured using a GC-C-IRMS sys-
tem. Derivatized samples were injected into a 60-
m BPX5 gas chromatograph column for amino
acid separation (0.32 ID, 1.0 lm film thickness;
SGE Analytical Science, Ringwood, Victoria,
Australia) in a Thermo Scientific Trace 1300,
combusted into CO2 gas via a Thermo Scientific
GC IsoLink II, and analyzed with a Thermo Sci-
entific Delta V Plus isotope ratio mass spectrom-
eter. Samples were run in duplicate or triplicate
and bracketed with our reference material. Sam-
ples were re-run if any EAA exhibited standard
deviations > 0.7& across injections. The within-
run standard deviations of measured d13C values
among EAA in the in-house reference material
ranged from 0.2& (isoleucine) to 0.8& (lysine).
We reliably measured d13C values of six amino

acids considered essential for animals: isoleucine
(Ile), leucine (Leu), lysine (Lys), phenylalanine
(Phe), threonine (Thr), and valine (Val). For one
Laminaria and one Ulva sample, we were not able
to obtain reliable Phe d13C values (Data S1) and
instead used the mean phenylalanine d13C value
for their respective group. The reagents used
during derivatization add carbon to the side
chains of amino acids, and hence, raw d13C
values measured via GC-C-IRMS reflect a combi-
nation of the intrinsic amino acid carbon and
reagent carbon (Silfer et al. 1991). See Appen-
dix S1 for correction equations.

Statistical analyses
We used methods similar to Larsen et al.

(2013) to develop unique EAA d13C patterns (fin-
gerprints) of our sampled producers and used
these in concert with Bayesian mixing models
(MixSIAR; Stock and Semmens 2016) to identify
the most important source of production for con-
sumers. For EAA d13C statistical analyses, we
used the mean corrected d13C value across multi-
ple injections of a sample. We tested all data for
normality and homogeneity of variance (Tabach-
nick and Fidell 2013). To test for normality in our
producer and invertebrate datasets, we ran mul-
tivariate regressions using species as predictor of
either bulk d13C and d15N, or all EAA d13C
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values, and evaluated the normality of residuals
using fitted vs. residuals plots, Q-Q plots,
D’Agostino-Pearson’s test, and the Cramer-von
Mises test. We tested homogeneity of variance
via the Brown and Forsythe test. We used MAN-
OVA to test for differences in EAA d13C values
among macroalgae and invertebrate groups. We
used ANOVA and Tukey’s HSD for individual
essential amino acids and individual bulk iso-
topes to test for differences among producers
and consumers. We ran all statistical analyses,
except canonical analysis of principal coordinates
(CAP), in program R (v 3.3.1) with RStudio inter-
face (v 0.99.903). We ran CAP using PRIMER 7+
PERMANOVA (Anderson et al. 2008).

We used stable isotope mixing models of both
bulk and EAA d13C values (MixSIAR; Stock and
Semmens 2016) to assess the relative contribution
of marine producers to intertidal invertebrate
consumers. For the bulk model, we used d13C
and d15N from the four producer groups (Lami-
naria, Neorhodomela, POM, and Ulva) as source
inputs, and ran each invertebrate consumer spe-
cies separately. We assumed mean �SD trophic
discrimination factors of 1.0 � 0.5& and
3.0 � 0.5& for d13C and d15N, respectively, with
Mytilus/Strongylocentrotus at TL = 1, Nucella at
TL = 2, and Pycnopodia at TL = 3. Similarly, we
ran the model with raw EAA d13C values (cor-
rected for carbon added during derivatization)
from the producer groups as source inputs for
each invertebrate consumer species. We assumed
d13C values of EAA undergo minimal modifica-
tion through the food chain (Howland et al.
2003, McMahon et al. 2015) and thus used a
trophic discrimination factor of 0& for all EAA.
The model was run at length very long, at which
point diagnostics indicated the MCMC chains
had mostly converged (Stock and Semmens
2016). Because Ulva and POM EAA d13C values
were not well differentiated by CAP, we pooled
the contribution of these sources a posteriori.

To characterize producer EAA d13C finger-
prints and test for these in our consumers, we
used CAP (Anderson and Willis 2003), a robust,
distance-based alternative to the linear discrimi-
nant analysis (LDA) used previously to analyze
EAA d13C fingerprints (Larsen et al. 2013). LDA
is often advantageous in that it provides a proba-
bility of classification for each consumer based
on their LD scores. However, the utility of LDA

is limited by a set of assumptions (multivariate
normality, homogeneity of variance), it is sensi-
tive to small/unbalanced sample sizes and
requires more samples than variables (Tabach-
nick and Fidell 2013). The use of a distance-based
approach such as CAP removes the issue of bal-
ancing sample size with the number of variables
by reducing the number of dimensions, increas-
ing its utility in EAA d13C studies where sample
size is typically limited due to time and cost con-
siderations.
CAP was run using a Euclidian distance

matrix (data untransformed and un-normalized),
with 9999 permutations. We first used the EAA
d13C data of our primary producers to create a
training dataset. This included a leave-one-out
and cross-validation procedure to obtain an esti-
mate of error rate for our classifier samples. This
producer training dataset was then used to clas-
sify the EAA d13C values of each individual
invertebrate. In addition, we used CAP to com-
pare our producer data to marine producers pro-
vided by Larsen et al. (2013). We note that due to
the lack of a direct interlab calibration via shared
reference materials, this comparison is largely
descriptive in nature (i.e., comparing fingerprints
across broad taxonomic groups) rather than a
test of differences in measured EAA d13C values.
Specifically, we compared our data to macroal-
gae (Rhodophyta and Phaeophyceae) collected in
California, cultured/naturally collected microal-
gae, and terrestrial plant material from the North
Slope of Alaska (see Larsen et al. (2013) for raw
data and collection details). We ran the compar-
ison CAP model two ways: (1) using EAA d13C
values from Larsen et al. (2013) as a training
dataset to classify our producer samples, and (2)
grouping our local samples with appropriate
Larsen et al. (2013) producers—Laminaria with
Phaeophyceae, Neorhodomela with Rhodophyta,
and POM with Microalgae. Larsen et al. (2013)
did not report EAA d13C data from green
macroalgae, so we left our Ulva as a unique
group.

RESULTS

Bulk d13C and d15N values
Laminaria had the highest bulk d13C values

among producers with >5& separating this
group from other producers (Fig. 1). The other
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producers had overlapping d13C values and simi-
lar d15N values with the exception of Ulva and
POM (Fig. 1; Appendix S1: Table S1). The two
primary consumers Mytilus (filter feeder) and
Strongylocentrotus (grazer) had the lowest and
overlapping d13C and d15N values, and Pycnopo-
dia (higher carnivore) had the highest values
(Fig. 1; Appendix S1: Table S1). Invertebrate C:N
ratios ranged from 3.5 to 7.8 (Data S1), indicating
contribution of lipids to bulk d13C values
(Ambrose 1990).

EAA d13C values
MANOVA results indicated strong differences

in EAA d13C values both among producer (Pil-
lai’s trace = 1.77, F39,18 = 3.58, P = 0.0002) and
invertebrate groups (Pillai’s trace = 1.92, F72,18 =
7.07, P < 0.00001); see Appendix S1: Table S2 for
statistical output of all individual pairwise com-
parisons. Consistent with the patterns observed
in the bulk isotopes, Laminaria had the highest
d13C values for all six EAA that we mea-
sured (Fig. 2A; Appendix S1: Table S2). Among

consumers, Pycnopodia had the highest EAA d13C
values, and Mytilus and Strongylocentrotus had
the lowest (Fig. 2B; Appendix S1: Table S2).
Three invertebrate samples (two Strongylocentro-
tus and one Nucella) were outliers as shown by
residual versus fitted plots, and the failure of the
invertebrate dataset to pass normality when
these samples were included. However, running
ANOVAs with and without these samples
showed little difference in our results, and we
opted to include these samples in the remainder
of our analyses.

Mixing model results
The estimated proportion of kelp-derived

EAA carbon to consumers varied by putative
trophic level and functional group. Mytilus had
the lowest contribution from Laminaria (median
dietary proportion [95% credibility inter-
val] = 0.33 [0.24, 0.41]) and highest contribution
from Ulva/POM: 0.57 [0.29, 0.72] (Fig. 3;
Appendix S1: Table S3). Strongylocentrotus had
the second highest contribution from Ulva/POM

Fig. 1. Bulk d13C and d15N values (mean � SD) for marine producers and consumers collected from Amalik
Bay in Katmai National Park, Alaska. Samples were collected in 2012/2013, and all groups except Laminaria and
POM (offshore particulate organic matter) were sampled from the intertidal. Circles represent four dominant
producer taxa at the site, and open diamonds represent intertidal invertebrate consumer species from different
trophic levels/functional groups. Invertebrate symbols are labeled. For individual values, see Data S1.
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Fig. 2. Essential amino acid (EAA) d13C values (mean � SD) for Amalik producers and consumers. Lower
panel (A) shows EAA d13C values for producers. POM = offshore particulate organic matter. Upper panel (B)
shows EAA d13C for intertidal consumers. Abbreviations for essential amino acids are as follows: isoleucine (Ile),
leucine (Leu), lysine (Lys), phenylalanine (Phe), threonine (Thr), and valine (Val). All EAA d13C values have been
corrected for the carbon added during derivatization (see Appendix S1). Dotted lines are solely a visualization
tool to illustrate amino acid patterns among groups. For individual values, see Data S1.
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(0.51 [0.22, 0.63]; Fig. 3; Appendix S1: Table S3).
Pycnopodia had the highest proportion of kelp-
derived EAA carbon (0.79 [0.72, 0.87]), and
Nucella had the second highest proportion (0.66
[0.59, 0.73]; Fig. 3; Appendix S1: Table S3). Bulk
mixing model results showed similar patterns
but with larger credibility intervals (Appen-
dix S1: Table S5).

CAP results
CAP of Amalik Bay producer EAA d13C values

exhibited an overall successful reclassification
rate of 77% (Table 1; Appendix S1). CAP was
most successful at distinguishing kelp from other
groups: 100% of Laminaria individuals were cor-
rectly reclassified, and no Ulva, Neorhodomela, or
POM samples were incorrectly classified as kelp
(Fig. 4, Table 1). Similarly, all four Neorhodomela
samples were correctly reclassified. Sixty percent
of the Ulva samples were correctly reclassified,
with two samples misclassified as POM. Only
25% of the four POM samples were successfully

reclassified: Two were incorrectly classified as
Ulva and one as Neorhodomela (Fig. 4, Table 1).
Comparisons of our producer data with simi-

lar data from Larsen et al. (2013) showed that
kelp, red algae, and POM from the two studies
had similar EAA d13C fingerprints (Appendix S1:
Table S4 and Fig. S1). Eight of nine (89%) Lami-
naria samples classified correctly with Phaeo-
phyceae from California; one classified with
cultured microalgae (Appendix S1). Similarly, all
Neorhodomela samples (100%) were correctly clas-
sified with Rhodophyta. Three of four (75%)
Amalik POM samples were grouped with
microalgae, and one with Rhodophyta. All Ama-
lik Bay Ulva samples were classified as Microal-
gae (Appendix S1). When Amalik Bay producers
were combined with similar taxa from Larsen
et al. (2013), the model had a successful reclassi-
fication rate of 71% (Appendix S1). Respectively,
18/21 Phaeophyceae, 11/13 Rhodophyta, 18/31
Microalgae, and 3/5 Chlorophyta were reclassi-
fied correctly (Appendix S1: Table S4). None of

Fig. 3. Mixing model results (MixSIAR) showing the contribution of essential amino acids from different mar-
ine producers to Amalik consumers. Results are shown for different intertidal invertebrate species, arranged
from left to right in order of increasing trophic level: Mytilus, Strongylocentrotus, Nucella, and Pycnopodia. Circles
represent the median contribution of each producer group, to the consumer species, with surrounding 95% credi-
bility intervals (Appendix S1: Table S3). POM is offshore particulate organic matter.
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our samples were classified with terrestrial
plants from Larsen et al. (2013; data not shown).

The macroinvertebrate consumer taxa varied
in which producer fingerprint they exhibited
(Fig. 4, Table 1). Six Pycnopodia individuals (75%)
were classified with Laminaria, and two with
Ulva (Fig. 4D). Three Nucella (63%) classified
with Laminaria, and five (38%) with Ulva
(Fig. 4C). All Strongylocentrotus and Mytilus were
classified with Ulva (Figs. 4A, B). No sampled
macroinvertebrates were classified with Neorho-
domela or offshore POM.

DISCUSSION

Our study provides strong evidence for the
connectivity between two adjacent nearshore
ecosystems in south central Alaska—a subtidal
kelp forest and a rocky intertidal site. We find
that EAA d13C analysis improves on bulk tissue
isotope analysis and is well suited to quantifying
such linkages between kelp forests and adjacent
habitats; Laminaria, the dominant kelp at our site,
exhibited a highly distinct EAA d13C fingerprint
in comparison with all other locally abundant
producers that we sampled (Fig. 4, Table 1). Fur-
thermore, our results suggest that the degree of
this connectivity can in part be mediated by the
functional or trophic role of a species. Specifi-
cally, we find a large degree of subtidal kelp-
derived EAA in upper trophic-level intertidal

invertebrate consumers, whereas grazers and fil-
ter feeders likely rely more on local producer
groups. Given the widespread distribution of
kelp forests at temperature latitudes, our results
have implications in the study of a complex and
far-reaching suite of habitats (Dayton 1985, Ste-
neck et al. 2002).
EAA d13C fingerprinting allowed us to confi-

dently distinguish kelp-derived energy/nutrients
from other local sources of production. Canonical
analysis of principal coordinates (CAP) showed
Laminaria individuals significantly differed to the
other producer groups (Fig. 4); Laminaria individ-
uals were correctly reclassified 100% of the time
with no other producers incorrectly classified into
this group (Table 1). It is important here to distin-
guish EAA d13C fingerprints (as in Larsen et al.
2009) from raw EAA d13C values. Previous work
has found EAA d13C fingerprints are driven by
highly conserved differences in the biochemical
pathways used to synthesize amino acids de
novo. Such pathways are thought to be conserved
across variable environmental and physiological
conditions (Scott et al. 2006, Larsen et al. 2009,
2013, 2015). In support of this idea, our compar-
ison with the data of Larsen et al. (2013) found
consistency in EAA d13C fingerprints of kelps
across space and time. Seven of our eight sam-
pled Laminaria classified correctly into the Larsen
et al. (2013) Phaeophyceae group, a dataset com-
posed predominantly of samples from the iconic

Table 1. Canonical analysis of principal coordinates (CAP) classification table for Amalik Bay producers and
consumers.

Producers and consumers

CAP classification

Laminaria Neorhodomela POM Ulva Percent correct

Amalik producer
Laminaria 9 0 0 0 100
Neorhodomela 0 4 0 0 100
POM 0 1 1 2 25
Ulva 0 0 2 3 60

Amalik consumer
Mytilus 0 0 0 8 –
Strongylocentrotus 0 0 0 7 –
Nucella 3 0 0 5 –
Pycnopodia 6 0 0 2 –

Notes: Columns represent classification of a sample group as given by CAP. Rows represent the group being classified. For
the producer section (top half of table) the cross-diagonal (bold text), are correct reclassifications. Numbers falling off this diago-
nal indicate samples that were incorrectly reclassified by the model. Thus, the sum of the cross-diagonal divided by the total
number of samples equals the percent success of the model (77%). See Fig. 4 for a visual representation of these data, and see
Appendix S1 for raw CAP output. POM is offshore particulate organic matter. En dash signifies that “percent correct” is mean-
ingless for inverts.
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giant kelp, Macrocystis pyrifera (Appendix S1).
This agreement between EAA d13C fingerprints
of Alaskan and Californian kelps hints at a
unique EAA d13C signature for this group. We
note, however, that the lack of an interlab com-
parison between the two studies means this result
should be taken as suggestive rather than conclu-
sive. The high bulk d13C values of kelps are typi-
cally explained as due to their extremely fast
growth rates (2–3% per day; Reed et al. 2008),
which lead to decreased fractionation between
12C and 13C species of aqueous CO2 (Simenstad
et al. 1993), and their high utilization of HCO3

�

(Raven et al. 2002, Page et al. 2008). We suspect

the highly distinct EAA d13C fingerprint for kelps
is also reflective of these traits, although a mecha-
nistic understanding of EAA biosynthesis in
kelps is an avenue for future research.
Among the other three producer groups, there

was substantial overlap in EAA d13C finger-
prints, predominantly due to the high variance
among POM samples. Despite this, CAP could
distinguish the dominant local red algae (Neorho-
domela) from the local green algae (Ulva); no indi-
vidual from either group was misclassified with
the other, and these groups separated well along
both the first and second canonical axes (Fig. 4,
Table 1). These results are in stark contrast with

Fig. 4. Essential amino acid d13C fingerprinting of Amalik producers and consumers. Circles represent the
CAP (canonical analysis of principal coordinates) loading of individual producer samples, and stars represent
the centroid for each group. POM is offshore particulate organic matter. Open diamonds are CAP loadings for
consumer individuals. Panels are arranged from bottom to top in order of increasing trophic level: (A) Strongylo-
centrotus (grazer), (B) Mytilus (filter feeder), (C) Nucella (carnivore), and (D) Pycnopodia (apex invertebrate con-
sumer). Where a consumer plots in this space is a reflection of the predominant source of production they
ultimately derived their essential amino acids from: The color of each consumer individual represents which pro-
ducer group they were classified with (Table 1).
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bulk tissue isotope analysis, where Neorhodomela
and Ulva overlapped in d13C and d15N (Fig. 1),
highlighting the power of EAA d13C analysis rel-
ative to analysis of bulk tissues. In contrast, POM
samples displayed poor classification, with half
of the samples incorrectly classified as Ulva, and
one incorrectly classified as Neorhodomela
(Table 1). Consequently, we use caution in inter-
preting consumers classified with Ulva vs. POM
in this study.

This overlap between Ulva and POM EAA
d13C fingerprints was not unique to our study
site. Microalgae reported in Larsen et al. (2013)
and our POM overlapped substantially with
Ulva, and these groups had the lowest successful
reclassification rates of 58% and 60%, respec-
tively (Appendix S1: Table S4). This may reflect
similar and relatively simplistic biochemical
pathways for EAA synthesis among Ulva and
planktonic producers (Abbott et al. 1992). Alter-
natively, the large variability in POM EAA d13C
values reported in this study may reflect variabil-
ity among samples in suspended detrital mate-
rial. In our system, this may be driven by
terrestrial influences as Katmai National Park
has many large glaciers and rivers, and several
POM samples were collected near these features
(see Materials and Methods). Terrestrial plant
material tends to have lower bulk d13C values
than most phytoplankton or macroalgae (Page
et al. 2008). This pattern is suggested by our
POM data, as POM collected from Kukak Bay, an
area into which three large rivers empty, had the
lowest EAA d13C values of any sample we mea-
sured (Data S1). However, we found no evidence
that terrestrial material was a substantial compo-
nent of our POM samples when running a CAP
using Alaskan terrestrial plants (data not shown)
reported in Larsen et al. (2013). To better under-
stand the drivers of such isotopic variability,
future studies should focus on examining POM
EAA d13C fingerprints at a single locale with
more samples collected over seasons and years.

It is important to note that like linear discrimi-
nant analysis (LDA), the classification of con-
sumers by CAP will be sensitive to the producers
included in the model, and the variability of each
producer EAA d13C fingerprint. With CAP and
LDA, classification of a given consumer is strictly
by distance to the nearest producer centroid,
weighted for the proportion of variance explained

by each canonical axis (Tabachnick and Fidell
2013). This is a significant limitation, as models
will force a sample classification, and by defini-
tion, consumers cannot be a mix of different
sources. Thus, it is especially important to pair
classification analysis with other statistical
approaches, such as mixing models, which permit
consumers to be a mixture of different sources
and incorporate more ecological realism. Altho-
ugh EAA d13C fingerprinting is rapidly becoming
a powerful tool to study energy and nutrient flow
in food webs, like any tool it needs to be applied
appropriately and paired with ecological intu-
ition/ancillary information. For future studies, we
urge researchers to continue to sample and ana-
lyze local producers, as further work examining
the spatiotemporal consistency of EAA d13C
fingerprints will be crucial in the continuing
development and application of this technique.
EAA d13C fingerprints and mixing model anal-

ysis of species in Amalik Bay indicated a large
degree of subtidal kelp-derived carbon in inter-
tidal invertebrates. We found functional group to
be a strong determinant of whether a species was
utilizing this slow and perennial energy/nutrient
pathway. For the filter feeding bivalve (Mytilus)
and grazing sea urchin (Strongylocentrotus), CAP
and mixing model analysis indicated these spe-
cies derived ~30–40% of their EAA from kelp,
with the remainder predominantly from Ulva/
POM (Figs. 3, 4A, B, Table 1; Appendix S1:
Table S3). In contrast, kelp-derived amino acids
were the most important for the carnivorous
whelk (Nucella) and predatory sea star (Pycnopo-
dia), with ~65% and ~80% of their EAA derived
from kelp, respectively (Figs. 3, 4C, D, Table 1;
Appendix S1: Table S3). Interestingly, this pattern
of trophic-specific reliance on kelp has been pre-
viously documented. For example, using both
bulk tissue d13C and d15N and gut content analy-
sis, Koenigs et al. (2015) found a positive but
noisy relationship between the contribution of
kelp-derived energy and the trophic position of
fish species in a California kelp forest. Here, we
suspect that the greater degree of kelp-derived
EAA in the two upper trophic-level species is
related to their degree of motility. There are two
possible pathways by which subtidal kelps are
fueling intertidal Nucella and Pycnopodia: (1) Kelp
detritus washes into the intertidal and is incorpo-
rated by primary consumers that are in turn
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consumed by these carnivores, and (2) Nucella
and Pycnopodia spend a significant portion of
time in subtidal habitats foraging on consumers
that rely on kelp or kelp detritus. The relatively
low degree of kelp-derived EAA in our sampled
intertidal filter feeder, Mytilus (Figs. 3, 4, Table 1;
Appendix S1: Table S3), a potential prey species
for both Nucella and Pycnopodia (Burrows and
Hughes 1990, Dean et al. 2014), provides support
for the second pathway.

More broadly, our results lend support to a
growing body of literature demonstrating the high
degree of connectivity among nearshore marine
communities. We show that at our site, connectiv-
ity is mediated by the different energy/nutrient
pathways utilized by consumers—with subtidal
kelp-derived EAA predominant in the sunflower
star (Pycnopodia) and dog whelk (Nucella), and
intertidal Ulva/offshore POM most important to
the sea urchin (Strongylocentrotus) and mussel
(Mytilus; Figs. 3, 4, Table 1; Appendix S1:
Table S3). This coupling of adjacent ecosystems,
whether subtidal–intertidal, pelagic–benthic (von
Biela et al. 2016, Docmac et al. 2017), or marine–
terrestrial (Dunton et al. 2012), has strong implica-
tions for conservation efforts of these systems. Most
notably, it means that nearshore food webs must
be examined in a broader context that includes
potential benthic, offshore, and terrestrial sources
of energy and nutrients to consumers. Moreover,
the subsidies from each source may be influenced
by the trophic position or functional group of a
species (Koenigs et al. 2015, von Biela et al. 2016).
Here, we provide a case example of a tool—EAA
d13C fingerprinting—that can be employed to
quantitatively assess connectivity among ecosys-
tems, a task that will be crucial in this modern era
of intense and rapid global change.
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