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1.  INTRODUCTION 

Shellfish are considered one of the most sustain-
able mariculture products because they derive their 
food entirely from naturally occurring sources (Brown 
et al. 2020). However, shellfish farms are typically 
located in coastal ecosystems that also support nat-
ural populations of bivalves, and the addition of 
farmed shellfish risks exceeding the carrying capa -
city of coastal environments by depleting the avail-
able food (Dame & Prins 1997, Cranford et al. 2014). 
Bivalves consume a variety of complex organic 
compounds suspended in the water column that 
comprise the particulate organic matter (POM) pool, 
and bivalve diets can mirror variations in POM 

composition (Riera 2007, Xu et al. 2016). Stocking 
densities of farmed bivalves should be designed 
such that POM concentrations remain within the 
bounds of naturally occurring fluctuations in order 
to maintain energy flow and  food web structure in 
the recipient environment (Crowder & Norse 2008). 
A proposed solution to minimize the effects of 
farmed bivalves on both the POM pool and the 
local food web is to co-culture bivalves with macro-
algae, which also produce detritus that is exported 
to the surrounding environment (Xu et al. 2016). 
Despite the rapid expansion of the mariculture 
industry in the Northern Gulf of Alaska (NGA), the 
impact of such activities on coastal ecosystem pro-
cesses has received little attention. 
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The Pacific oyster Crassostrea gigas and the Paci-
fic  blue mussel Mytilus trossulus comprise half of 
Alaska’s mariculture industry revenue (Alaska Mari-
culture Task Force 2018). Wild M. trossulus dominate 
the intertidal zone and provide many ecosystem ser-
vices, such as stabilizing benthic substrate, transfer-
ring energy from primary producers to larger con-
sumers, and creating habitat for other organisms 
(Bodkin et al. 2018, Khalaman et al. 2021). Con-
versely, C. gigas is only found in farm settings, as cold 
high-latitude waters inhibit natural spawning events 
(Castaños et al. 2009). As selective feeders, C. gigas 
and M. trossulus reject particles of poor nutritive 
value in favor of higher quality foods (Levinton et al. 
2002). These bivalves consume marine phytoplankton 
(Cognie et al. 2001, Kasim & Mukai 2009), detrital 
macroalgae (Levinton et al. 2002, Emery et al. 2016), 
terrestrial organic matter (TOM; Christie & Bendell 
2009), and zooplankton (Dupuy et al. 1999, Lehane & 
Davenport 2006, Kamiyama 2011). The ctenidia and 
labial palps of C. gigas select for particles >5 μm 
using ciliary and mucous-based processes; however, 
selection does not necessarily always occur at both 
organs (Ward et al. 1998, Rahman et al. 2020). Labial 
palps are the main sorting structure in M. trossulus, 
which tends to consume smaller particles than C. 
gigas (2–20 μm) because of the finer mesh size of its 
gill sieve (Shumway et al. 1985, Ward et al. 1998, Rah-
man et al. 2020). These anatomical differences can 
lead to species-specific differences in the fraction of 
POM utilized. 

Co-culturing with macroalgae as a means of mini-
mizing the environmental impacts of bivalve farming 
(Xu et al. 2016, Chebil Ajjabi et al. 2018, Hargrave 
et  al. 2022) assumes that bivalves do, in fact, feed 
on  macroalgal detritus. Macroalgae are commonly 
viewed as a poor food resource for many marine inver-
tebrates due to the high content of relatively indigest-
ible materials, such as cellulose and lignin, leaving a 
small fraction of carbon available for assimilation 
(Crosby et al. 1989, Langdon & Newell 1990). However, 
recent evidence indicates macroalgal detritus is the 
dominant source of carbon assimilated by M. trossu-
lus in the NGA (Siegert et al. 2022, Corliss et al. 2024), 
although uptake by C. gigas has not been previously 
examined in this region. As se nescing macro algae 
decompose, the dissolved nitro gen released to the 
surrounding water is quickly assimilated by an asso-
ciated microbiome colonizing the detrital particles, 
increasing the nutritional value of macroalgal detri-
tus as a potential food source for invertebrates (Sosik 
& Simenstad 2013). Nonetheless, phytoplankton is 
still considered the primary food source of bivalves 

based on relatively low carbon-to-nitrogen ratios 
(Cranford & Grant 1990, Enríquez et al. 1993). 

Bulk stable isotope analysis is a powerful tool for 
resolving the sources of organic matter entering the 
food web (e.g. DeNiro & Epstein 1978, Xu & Yang 
2007, Kang et al. 2009, Christie & Bendell 2009, Emery 
et al. 2016). Fixed carbon derived from different pri-
mary producers (phytoplankton, macroalgae, and ter-
restrial plants) can be differentiated based on the δ13C 
values of each source, which are modified by the envi-
ronment and by distinct photosynthetic mechanisms, 
providing an opportunity to determine the relative 
contribution of each source to the total carbon assimi-
lated by a consumer. For example, some species of 
macroalgae and phytoplankton can utilize bicarbonate, 
which results in a higher δ13C value relative to carbon 
dioxide (Maberly et al. 1992). By contrast, nitrogen 
isotope values are enriched as organic matter passes 
through the food web, such that the δ15N value indi-
cates the trophic position of an organism because an 
organism retains the heavier nitrogen isotope, 15N, 
more readily than 14N when assimilating organic matter 
into body tissues (Peterson & Fry 1987, Post 2002). 

This study resolved the seasonal patterns in trophic 
resource use of C. gigas and M. trossulus in a produc-
tive bay in the NGA, where extreme seasonality re -
quires temporal sampling to capture the variability of 
natural systems (Miller & Kelley 2021). We determined 
the contribution of various carbon sources (phyto-
plankton, macroalgae, TOM, and zooplankton) to the 
pool of suspended POM and evaluated the assimila-
tion of organic matter derived from primary pro-
ducers and zooplankton by these bivalves in a mari-
culture setting using bulk stable isotope analysis. 
Understanding the relationship between farmed shell-
fish and POM will not only improve our understand-
ing of the ecology of these bivalves but will also 
inform sustainable practices in a state where the mari-
culture industry is rapidly expanding. 

2.  MATERIALS AND METHODS 

2.1.  Study area 

Jakolof Bay (59.5569°N, 151.5103°W) is located in 
the southern part of Kachemak Bay in Southeastern 
Cook Inlet, Alaska (Fig. 1). The bay experiences a 
maximum tidal range of 8 m during spring tides 
(Archer 2013) and a water residence time of less than 
1 d, which allows for high nutrient loading from off-
shore water and submarine groundwater discharge 
(Haag et al. 2023). As a result, productivity is elevated 
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compared to larger or deeper bays and supports 
dense beds of macroalgae covering much of the sea-
floor. Offshore water transport can also deliver a high 
abundance of zooplankton following the spring bloom 
(Stabeno et al. 2004, Strom et al. 2019), although 
the  zooplankton assemblage of Lower Cook Inlet 
reaches a maximum in June when it is mainly com-
posed of meroplanktonic larvae (McKinstry et al. 
2022). Given this high productivity as well as rel-
ative  accessibility, Jakolof Bay is home to at least 3 
active oyster farms, including Spinnaker Sea Farms 
(59.4603°N, 151.5190°W), a small-scale farm located 
in a protected cove approximately halfway into Jako-
lof Bay with a mean depth of 5.5 m at lower low tide 
(Fig. 1). 

Shellfish farmers first introduced C. gigas to Jakolof 
Bay in the early 1990s, housing them in lantern nets 
and metal cages suspended in the water column. This 
species cannot reproduce in southcentral Alaska’s 
cold waters, so it remains restricted to mariculture 
activities (Castaños et al. 2009). Spinnaker Sea Farms 
grows long lines of C. gigas, as well as sugar kelp Sac-
charina latissima and ribbon kelp Alaria marginata. 
The growing season for macroalgae extends from 
October to April; therefore, any contribution of macro-
algae to the POM pool outside of that timeframe may 
come from wild growth on the seafloor and biofouling 
on the mariculture structures. 

2.2.  Sample collection 

We obtained farmed adult C. gigas as well as natu-
rally occurring M. trossulus from the Spinnaker 
Sea Farms site on 21 April, 18 June, 19 August, and 
6  December 2023 to capture seasonal variability. A 
total of 30 individuals of M. trossulus from juvenile to 
adult were collected haphazardly from within 10 m of 
the farm by scraping the intertidal rocks and farm 
structures. Individuals of C. gigas (n = 7–30, depend-
ing on availability) were purchased from Spinnaker 
Sea Farms in each sampling period. The specimens 
were transported live to either the Kasitsna Bay Labo-
ratory or Kachemak Bay National Estuarine Research 
Reserve and cleaned to remove epifauna. Live ani-
mals were maintained in filtered seawater, facilitating 
the evacuation of fecal contents prior to tissue sam-
pling. Within 3 d of collection, we measured shell 
length, width, and height (mm) before dissecting the 
specimens to remove the adductor muscles for bulk 
carbon and nitrogen stable isotope analysis. The as -
similation time of this tissue is on the order of 1–2 wk 
(8.5 d for carbon and 14.5 d for nitrogen; Dubois et al. 
2007), ensuring that sufficient change in bulk stable 
isotopes can be observed through seasonal sam-
pling. For both bivalves, the adductor muscle lacks 
lipids (C:N ratio: 3.56 ± 0.38 and 3.31 ± 0.12 for 
C.  gigas and M. trossulus, respectively), allowing us 
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Fig. 1. Study area sampled during April, June, August, and December 2023. The Pacific oyster Crassostrea gigas cages at  
Spinnaker Sea Farms are located closer to the shoreline than the longlines of sugar kelp Saccharina latissima and ribbon kelp  

Alaria marginata
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to forgo lipid extraction, thus simplifying the process-
ing steps (Post et al. 2007, Yokoyama et al. 2008). 
Shells were oven-dried for 1 wk at 50°C and weighed. 
As all shell size metrics were highly correlated, only 
shell weight was used in further analyses (Fig. A1 in 
the Appendix). 

We identified 4 potentially important food source 
endmembers: phytoplankton, macroalgae, TOM, and 
zooplankton, and estimated the relative contribution 
of each of these to POM. In practice, bivalves ingest 
suspended POM that potentially comprises all these 
sources as well as bacteria, but they have the capacity 
to select desirable particles from this pool (Ward & 
Shumway 2004). Triplicate water samples for sus-
pended POM were collected at the farm site during 
each field collection to estimate the available contrib-
ution of each potential carbon source to the POM 
pool and the bivalves. Water samples (2 l) were first 
filtered through 153 μm mesh to eliminate large zoo-
plankton and then vacuum-filtered through a 0.47 μm 
GF/F Whatman filter to collect smaller particulates; 
the filters were subsequently oven-dried. 

We adopted the strategy of McMahon et al. (2021) 
for the phytoplankton endmember: using a 153 μm 
plankton net around the farm site, we collected indi-
vidual copepods of various taxa including Pseudo -
calanus spp. and Acartia spp. and applied a trophic 
discrimination factor to the copepod stable isotope 
values to calculate the isotope signature of their 
phytoplankton diet (Δ13C: 0.4‰; Δ15N: 3.4‰; Post 
2002). This strategy assumed that copepods selec-
tively feed on phytoplankton and therefore can be 
related to their phytoplankton diet by applying a dis-
crimination factor (Calbet & Landry 2004). In June, 
we also hand-picked chain-forming diatoms from the 
net-collected plankton to validate the stable isotope 
signature of the phytoplankton endmember that was 
calculated by applying the trophic discrimination fac-
tor to the copepod signature, as diatoms dominate the 
phytoplankton assemblage in the nearshore of this 
region throughout most of spring and summer (Strom 
et al. 2006). 

We also utilized the original copepod stable isotope 
values to represent the zooplankton endmembers. 
Zooplankton endmembers are not typically included 
in studies such as this (Dubois et al. 2007, Riera 2007, 
Emery et al. 2016, Park et al. 2021); however, the 
bivalve stable isotope data suggested feeding above 
the level of the primary producers, so the copepod 
endmember was included to represent a primary con-
sumer group as a possible bivalve food source. Zoo-
plankton samples were preserved in 70% isopropyl 
alcohol. Individual copepods were then selected using 

a dissecting microscope, rinsed in deionized water, 
and dried prior to analysis. 

We collected the dominant macroalgae and poten-
tial sources of TOM by hand in each season from the 
intertidal zone or from biofouling at the farm site. We 
sampled the blades of Fucus distichus and Ulva lac-
tuca in every season, S. latissima and Pylaiella lit-
toralis in June and August, A. marginata in every sea-
son but December, Nereocystis luekteana in August 
and December, and Halosaccion glandiforme in 
August. We collected Sitka spruce Picea sitchensis 
needles in every season, moss in every season but 
June, grass in every season but December, and Alnus 
sp. leaves in every season but April. We observed a 
massive deposition of P. sitchensis pollen in June that 
appeared as a slick on the sea surface in Jakolof Bay, 
as is common for this region. We thus included a 
pollen sample as an endmember for that sampling 
period, which was obtained by collecting triplicate 
100 ml surface-water samples where concentrated 
pollen was observed and filtering according to the 
protocol for POM samples. 

2.3.  Bulk stable isotope analysis 

Adductor muscle tissue samples from C. gigas and 
M. trossulus were frozen and stored at –80°C. No lipid 
extraction was performed, as lipid removal does not 
change the δ13C or δ15N values of muscle tissue (Yoko -
yama et al. 2008). All source endmember samples and 
POM samples were desiccated at 50°C for over 24 h. 
The copepod samples, diatom samples, and POM filters 
were exposed to HCl vapor for 24 h to remove inor-
ganic (carbonate) carbon (Harris et al. 2001). Samples 
were homogenized to a powder and measured at the 
Alaska Stable Isotope Facility at the University of 
Alaska Fairbanks using a Thermo Scientific Conflo 
IVTM interfaced with a Thermo Scientific DeltaVPlus 
Mass SpectrometerTM. Values are expressed in delta 
notation in parts per thousand (‰) using standards of 
Vienna Pee Dee Belemnite for δ13C and atmospheric 
N2 for δ15N. The instrument’s standard deviation was 
0.10‰ for δ13C and 0.16‰ for δ15N (n = 28). 

2.4.  Data analysis 

Statistical tests were performed in R (v.4.3.1). To 
test for seasonal variation in stable-isotope ratios of 
endmembers, POM, and bivalves, normality and 
homoscedasticity were first checked using Shapiro-
Wilk and Levene’s tests, respectively. If normality 
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was found, differences between groups were tested 
using ANOVA (α = 0.05) followed by a post-hoc 
Tukey honestly significant difference (HSD) test (α = 
0.05) with the Bonferroni correction. If normality was 
not found, a Kruskal-Wallis test (α = 0.05) was con-
ducted, followed by a post-hoc Dunn’s test (α = 0.05). 
To determine if seasonal differences in bulk stable 
isotopes were related to the size of the bivalves, we 
produced Pearson correlations (α = 0.05) between 
stable isotope values of the bivalves and shell dry 
weight. 

We determined the relative contributions of taxon -
omically similar pooled source endmembers of phyto-
plankton, macroalgae, TOM, and zooplankton as 
food sources for C. gigas and M. trossulus by perform-
ing a stable isotope mixing model under a Bayesian 
framework for each season (Stock et al. 2018). We ran 
MIXSIAR (v.3.1.12; Stock & Semmens 2016) in R using 
functional JAGS (www.sourceforge.net/projects/
mcmc-jags/files). No priors were used. Dubois et al. 
(2007) provided the trophic discrimination factors used 
in the model for both bivalves: Δ13C = 1.85 ± 0.19‰, 
Δ15N = 3.79 ± 0.19‰ for C. gigas; and Δ13C = 2.17 ± 
0.32‰, Δ15N = 3.78 ± 0.29‰ for M. trossulus. The 
model ran at 1 000 000 iterations (burn-in: 500 000; 
chains: 3) and results were diagnosed using the Gel-
man-Rubin Diagnostic and the Geweke Diagnostic. 
We used a Z-score (α = 0.05) to compare the propor-
tions of each endmember for C. gigas, M. trossulus, 
and POM. We adjusted the p-values of this test with 
the Bonferroni correction method. 

3.  RESULTS 

The endmembers were well separated in the δ13C 
and δ15N isotope space (Table 1, Fig. 2). Macroalgal 
δ13C values ranged from –22.54 to –14.59‰, and 
δ15N values ranged from 3.70 to 11.22‰ (Table 1). 
Mean macro algal δ13C values did not vary sea-
sonally (ANOVA, F = 0.6, df = 3, p = 0.625), whereas 
mean macroalgal δ15N was significantly different 
in December than in June and August (Tukey’s HSD, 
p < 0.0328). TOM sources exhibited the greatest vari-
ation in both stable isotopes, with δ13C values ranging 
from –32.29 to –23.49‰ and δ15N values ranging 
from –1.74 to 13.55‰ (Table 1), yet mean TOM stable 
isotope values did not differ among time points 
(Dunn’s test, p > 0.0603). The copepods (i.e. zoo-
plankton endmember) displayed δ13C values ranging 
from –24.74 to –17.64‰ and δ15N values ranging 
from 7.54 to 13.26‰ (Table 1). Copepod δ13C and δ15N 
values did not differ among seasons (δ13C-specific 
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Tukey’s HSD, p > 0.2097; δ15N-specific Kruskal-Wallis, 
p = 0.1580), except for copepod δ13C values between 
April and December (Tukey’s HSD, p = 0.0175). 

The δ13C copepod-derived phytoplankton end-
member was comparable to the lone phytoplankton 
sample (Table 1, Fig. 2). Applying a trophic discrim-
ination factor to the isotopic value for copepods 
yielded an estimated value for phytoplankton (δ13C: 
−20.25 ± 0.49‰; δ15N: 4.77 ± 0.88‰) that agreed 
well with the single sample of diatom chains collected 
in the same sampling period (δ13C: −20.13‰; δ15N: 
5.66‰), validating the use of this approach to esti-
mate the phytoplankton signature (Table 1). Given 
that phytoplankton values were calculated from the 
copepod values, the same seasonal pattern was ob -
served with differences in δ13C only between April 
and December (Tukey’s HSD, p = 0.0134). 

Isotope ratios for POM, C. gigas, and M. trossulus fell 
within the isotopic space of the endmembers (Fig. 2). 
The δ13C of POM differed among seasons (Tukey’s 
HSD, p < 0.024), except between August and December 
(Tukey’s HSD, p = 0.966), indicating that the compo-
sition of POM varied seasonally. The δ15N of POM 
remained consistent through most of the seasons 
(Tukey’s HSD, p > 0.088), although it was signifi-
cantly lower in December than in April or August 
(Tukey’s HSD, p < 0.027). The δ13C values for both 
bivalves were similar to each other at each time point 

(Dunn’s test, p > 0.079), and both differed between 
April/June and August/December, suggesting simi-
lar patterns of organic-matter consumption (Fig. 3). 
However, δ15N values were consistently higher in C. 
gigas than in M. trossulus across all sampling periods 
(Dunn’s test, p < 0.0001; Fig. 3), suggesting that 
C. gigas fed at a higher trophic level. The difference 
in δ15N between species ranged from 2.81 ± 0.56 to 
3.37 ± 0.86‰, roughly equivalent to one trophic level 
difference. No significant relationships existed be -
tween the stable isotope values for each bivalve and 
shell dry weight (Pearson correlation, F = 0.979–2.181, 
df = 92–118, p > 0.142) apart from mussel δ13C being 
poorly correlated with shell dry weight (R2 = –0.240, 
Pearson correlation, F = 7.19, df = 118, p = 0.008). 
The lack of relationship between bulk stable isotopes 
and shell weight suggests that seasonal differences in 
δ13C and δ15N values are attributable to differences in 
diet, not body size. 

Mixing model results also indicated seasonal differ-
ences in POM composition and in the resource use of 
C. gigas and M. trossulus (Table A1, Fig. 4). Phyto-
plankton was the largest contributor to POM com-
position in April, August, and December (Z-score, 
p < 0.012). Zooplankton comprised the largest propor-
tion of POM in June, followed closely by TOM (Z-score, 
p < 0.001). Macroalgae was the primary carbon source 
of both bivalves in August, even when the proportion of 

Fig. 2. δ13C–δ15N biplots for Crassostrea gigas and Mytilus trossulus on (A) 21 April 21, (B) 18 June, (C) 19 August, and (D) 6 De-
cember 2023 in Jakolof Bay. The potential food sources, which are taxonomically pooled (PP: phytoplankton; MA: macroalgae; 
TOM: terrestrial organic matter; ZP: zooplankton), and the particulate organic matter (POM) are represented by a mean and  

standard deviation. The bivalve values were adjusted for trophic discrimination using values from Dubois et al. (2007)
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macroalgae in POM was negligible (Z-score, p < 0.001). 
Phytoplankton was favored by M. trossulus in all other 
seasons (Z-score, p < 0.015), while C. gigas consumed 
predominantly macroalgae in April and August, zoo-
plankton in June, and phytoplankton in December 

(Z-score, p < 0.001). TOM played a neg-
ligible role in the resource use of 
C. gigas across all 4 time periods, and 
zooplankton was minimally consumed 
by M. trossulus (Fig. 4). 

4.  DISCUSSION 

In contrast to the common assump-
tion that marine invertebrates rely 
primarily on phytoplankton as a food 
source, we found that both the Pacific 
oyster Crassostrea gigas and the blue 
mussel Mytilus trossulus assimilated 
high proportions of macroalgal car-
bon into their tissues despite low pro -
portions of macroalgae in the bulk 
POM pool. Bulk stable isotopes also 
revealed that C. gigas systematically 
maintained a higher trophic position 
relative to M. trossulus across all sea-
sons. Zooplankton availability may 
thus provide a critical food resource 
for farmed shellfish, with potential food-
web impacts on ecosystems around 
farm sites. Macroalgae, whether na -

tural or farmed, could also provide an additional 
resource for farmed bivalves. The seasonal dynamics 
of zooplankton and macroalgal detritus may be 
important when determining appropriate locations 
for mariculture activities. 

71

Fig. 3. (A) δ13C and (B) δ15N signatures of Crassostrea gigas and Mytilus trossu-
lus from Jakolof Bay over 4 time periods in 2023. Bolded horizontal line: me-
dian; boxes: 25th–75th percentile range (IQR); whiskers: max./min. values 
≤1.5 × IQR above / below box; dots: outliers. Different lowercase letters indi-
cate significant differences according to Tukey’s HSD or Dunn’s test (α = 0.05)

Fig. 4. Proportion of endmember contributions to (A) the particulate organic matter (POM) pool and the resource use of (B)  
Crassostrea gigas and (C) Mytilus trossulus across the study period in Jakolof Bay. TOM: terrestrial organic matter
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Throughout the seasons, C. gigas and M. trossulus 
incorporated multiple food sources, including a dis-
proportionately larger macroalgal subsidy than was 
present in the POM throughout most time points 
(Fig.  4). Except for C. gigas in December, both bi -
valves exhibited higher proportions of macroalgal 
carbon in their adductor muscle tissues than was pre-
sent in the POM sample, suggesting that C. gigas and 
M. trossulus preferentially selected for detrital macro-
algae. Macroalgae is largely considered a less nutri-
tive source of food than phytoplankton, but its associ-
ated microbiome may increase its nutritional value 
(Sosik & Simenstad 2013, Both et al. 2020). Previous 
studies have shown that the diet of M. trossulus varies 
across the NGA, with macroalgal contributions rang-
ing from 38.0 to 96.3% (Siegert et al. 2022, Corliss et 
al. 2024), which roughly corresponds to the range re -
ported here (24.8–75.4%). The proportion was some-
what lower for C. gigas (4.0–57.8%), which is compa-
rable to values reported in other regions (5–56%; 
Dubois et al. 2007, Xu & Yang 2007, Emery et al. 2016). 
The macroalgal endmember used in this study in -
cluded live macroalgal tissue rather than the degraded 
material that would typically be digested by shellfish. 
With degradation, the δ13C and δ15N values of the 
macroalgae become more depleted (Hill & McQuaid 
2009). Thus, the detrital macroalgal endmember sig-
nature may move closer within isotopic space to 
aquatic animal tissues presented in our study (Fig. 2). 
As a result, our estimate of macroalgae diet consump-
tion for C. gigas and M. trossulus in this study may be 
an underestimate. In short, this study demonstrated 
the utilization of macroalgae by both C. gigas and M. 
trossulus throughout most of the year, indicating that 
the presence of farmed or natural macroalgae may 
contribute as a food subsidy for farmed shellfish. 

Co-culturing shellfish and macroalgae (i.e. inte-
grated multi-trophic aquaculture, IMTA) is suggested 
to enhance the productivity of each cultured species 
and alleviate any possible impacts of increased detri-
tus inputs to surrounding waters (Xu et al. 2016, Che-
bil Ajjabi et al. 2018, Hargrave et al. 2022). A basic 
assumption of IMTA including C. gigas is that shell-
fish consume macroalgae detritus, but this assump-
tion had yet to be tested in this region prior to this 
study. While farmed shellfish do appear to consume 
macroalgal carbon, other factors must also be consid-
ered in determining whether co-culturing could alle-
viate the potential pressures of farmed species on the 
natural POM pool. For example, shellfish remain in 
Alaskan waters year-round, whereas macroalgae like 
Saccharina latissima and Alaria marginata are out-
planted in the fall and early winter and are harvested 

in spring before biofouling occurs, which coincides 
with cold temperatures that decrease bivalve growth 
(Brown 1988, Stekoll et al. 2021). However, there are 
currently no estimates in the NGA for the residence 
time of detritus of farmed kelp in the POM pool or for 
the export of particulate material due to fragmenta-
tion of farmed kelp caused by physical disturbance 
such as storms and wave energy or bacterial degrada-
tion; it may be that detritus from farmed S. latissima 
and A. marginata remain in the water column long 
past harvest (Krumhansl & Scheibling 2012). Alter-
natively, interest in farming Macrocystis pyrifera has 
been growing in recent years. This macroalga achieved 
the most success when outplanted in February and 
harvested in August (Stekoll et al. 2021) and therefore 
may be a more suitable candidate to subsidize shell-
fish diet when grown in co-culture. This study did not 
provide clear evidence of the origin of the macroalgal 
detritus consumption by C. gigas and M. trossulus —
whether by farmed or natural sources — or investigate 
how different macroalgal species may differ in their 
nutritional content profiles or palatability. Further-
more, we did not identify the specific macroalgal spe-
cies consumed by C. gigas, although it is likely that 
the macroalgal detritus available in the water column 
is dominated by S. latissima, one of the farmed spe-
cies, given that a wild population covers the entire 
benthos of the bay. The dominant macroalgal spe-
cies  present during each timepoint represented the 
macroalgal endmember despite nutritional and slight 
isotopic differences amongst taxa (i.e. red, brown, 
and green; Corliss et al. 2024). However, the red, 
brown, and green macroalgae collected in this study 
grouped together in isotopic space, separate from the 
other primary producer endmembers (Table 1, Fig. 2), 
suggesting that this generalization is reasonable. 

The population of C. gigas and M. trossulus sampled 
in Jakolof Bay exhibited trophic niche partitioning, 
with C. gigas relying heavily on zooplankton, particu-
larly in June. Nitrogen isotope values indicated roughly 
one trophic level difference (~2.8–3.4‰) between 
the 2 bivalves (Table 1, Fig. 3), in contrast to previous 
studies that reported much smaller differences (<1‰; 
Dubois et al. 2007, Riera 2007, Park et al. 2021). Con-
sumption of zooplankton by C. gigas throughout the 
summer (Fig. 4) was not observed in M. trossulus, 
even though both bivalves are known to consume 
microzooplankton (Lehane & Davenport 2006, Kami-
yama 2011). Gut analyses of C. gigas in northern Japan 
indicate that C. gigas consumes various kinds of zoo-
plankton, typically microzooplankton including tin-
tinnid ciliates, Dinophysis spp., and metazoans (cope-
pods, copepod nauplii, and bivalve larvae) (Kamiyama 
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2011). However, stable isotope analysis cannot iden-
tify the specific species associated with the zooplank-
ton endmember, particularly given the seasonal shift 
in the zooplankton community in this region (Both et 
al. 2020, McKinstry et al. 2022). 

An additional caveat of the stable isotope method is 
acquiring a pure phytoplankton endmember. Most 
studies use POM samples obtained by filtering water 
onto a glass fiber filter as a phytoplankton end-
member (Siegert et al. 2022, Corliss et al. 2024), but 
this method likely captures a mixture of phytoplank-
ton as well as other detrital particles, bacteria, and 
even small zooplankton. Some studies argue that off-
shore POM samples represent a ‘clean’ phytoplank-
ton sample (Miller & Page 2012), but such samples are 
also not representative of the nearshore phytoplank-
ton assemblage. Cultured phytoplankton can be used 
(Duggins et al. 1989), but again it is difficult to repre-
sent the natural phytoplankton assemblage in the 
environment with the added issue of different sources 
of carbon (carbon dioxide and bicarbonate) and dif-
ferent availability of carbon isotope ratios. Due to 
the difficulty associated with isolating a pure phyto-
plankton endmember sample from other suspended 
particulates, we adopted the strategy of McMahon et 
al. (2021) to collect copepods and deduct one discrim-
ination factor from its stable isotope values under the 
assumption that copepods primarily consume phyto-
plankton (Calbet & Landry 2004), which introduces 
its own bias. The phytoplankton endmember, as well 
as the other endmembers included in the mixing 
models, are the best stable isotope estimates we can 
derive given our resources. 

The proportional assimilation of zooplankton in C. 
gigas over time mirrors the contribution of zooplank-
ton to the POM pool, although the assemblage of zoo-
plankton likely changed across sampling periods. 
The assimilation time of bulk stable isotopes into 
bivalve tissues can create a lag between resources in 
POM appearing in the bivalve adductor muscle on 
the order of 1–2 wk (Dubois et al. 2007). Still, the pro-
portion of zooplankton-derived carbon in C. gigas 
matched what was available in the POM pool in every 
sampling period except for June, when the propor-
tion exceeded that of POM, suggesting C. gigas 
actively selected for zooplankton in June. While 
there was no size difference in C. gigas across sam-
pling periods, they were larger than M. trossulus, indi-
cating that the disparity in zooplankton consumption 
was likely an artifact of gill sieve size (Shumway et al. 
1985, Ward et al. 1998, Rahman et al. 2020). The zoo-
plankton community in this region begins with a 
winter copepod assemblage, followed by forage fish 

ichthyoplankton and several large calanoid copepods 
emerging in March, shifting to mainly meroplankton 
in summer, and to gelatinous zooplankton and warm 
water copepods in fall (McKinstry et al. 2022). C. 
gigas may be selectively consuming zooplankton dur-
ing the period when meroplanktonic larvae dom-
inate, although future research should seek to iden-
tify the zooplankton species consumed by C. gigas. In 
Lima Bay, Croatia, the meroplanktonic larvae of the 
native flat oyster Ostea edulis contributed to 86.2% of 
the C. gigas diet, indicating that C. gigas is capable of 
larviphagy (Ezgeta-Balić et al. 2020). At the end of 
2023, the C. gigas inventory in Jakolof Bay was 
975 745 individuals, which included shellfish from 
seed to market size (Alaska Department of Fish and 
Game pers. comm.). Assuming the filtration rate of C. 
gigas varies from 0.2 to 8 l h–1 depending on size 
(Bougrier et al. 1995, Ren et al. 2000) and a bay vol-
ume of 989 000 000 l (Haag et al. 2023), 9.7% of the bay 
could be filtered daily by C. gigas. Monitoring the 
effect of C. gigas on local zooplankton communities, 
particularly the meroplanktonic larvae, may be cru-
cial to coastal management as mariculture efforts 
continue to grow in the NGA. 

5.  CONCLUSIONS 

Macroalgae provides a key source of organic car-
bon to Crassostrea gigas and Mytilus trossulus in a 
macroalgae-dominated bay in the NGA. As the mari-
culture industry in Alaska expands, so does the 
potential for farmed bivalves to reach carrying capac-
ity in recipient nearshore ecosystems. Therefore, 
including macroalgae in farming efforts conjoined 
with C. gigas and M. trossulus may reduce the pres-
sure of farmed shellfish on natural resources. Further-
more, the trophic level difference between the 
bivalves, combined with the dominance of zooplank-
ton in the diet of C. gigas, highlights the ecological 
novelty that farmed C. gigas brings to the region and 
demonstrates that zooplankton provide a link 
between primary production and an economically 
important shellfish. Future research should investi-
gate the dynamics between zooplankton and the 
expanding C. gigas industry through both the lens of 
aquatic farm site selection and coastal management 
of marine ecosystems. 
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Fig. A1. Shell metrics of (A) width vs. length, (B) height 
vs. length, and (C) weight vs. length for Crassostrea 
gigas (yellow) and Mytilus trossulus (purple) are highly  

correlated (Pearson’s correlation, p < 0.001)

Appendix.

                                  Endmember                               April                                   June                              August                         December 
 
C. gigas                   Macroalgae                       0.548 ± 0.069                   0.225 ± 0.048                0.578 ± 0.074                 0.040 ± 0.070 
                                  Phytoplankton                 0.289 ± 0.116                   0.000 ± 0.003                0.107 ± 0.122                 0.723 ± 0.158 
                                  TOM                                   0.008 ± 0.022                   0.000 ± 0.001                0.015 ± 0.029                 0.008 ± 0.023 
                                  Zooplankton                     0.154 ± 0.113                   0.775 ± 0.048                0.300 ± 0.085                 0.229 ± 0.150 
M. trossulus           Macroalgae                       0.432 ± 0.040                   0.248 ± 0.062                0.754 ± 0.038                 0.297 ± 0.166 
                                  Phytoplankton                 0.545 ± 0.044                   0.737 ± 0.079                0.012 ± 0.030                 0.457 ± 0.237 
                                  TOM                                   0.001 ± 0.004                   0.009 ± 0.023                0.228 ± 0.032                 0.246 ± 0.092 
                                  Zooplankton                     0.022 ± 0.025                   0.006 ± 0.016                0.007 ± 0.016                 0.000 ± 0.001 
POM                        Macroalgae                       0.103 ± 0.066                   0.007 ± 0.027                0.011 ± 0.026                 0.083 ± 0.098 
                                  Phytoplankton                 0.788 ± 0.132                   0.026 ± 0.067                0.731 ± 0.137                 0.377 ± 0.167 
                                  TOM                                   0.003 ± 0.016                   0.382 ± 0.119                0.002 ± 0.008                 0.348 ± 0.074 
                                  Zooplankton                     0.105 ± 0.124                   0.585 ± 0.134                0.256 ± 0.136                 0.192 ± 0.138

Table A1. Mean (±SD) proportional source contributions of each endmember to the resource use of Crassostrea gigas and My-
tilus trossulus and to the composition of seawater particulate organic matter (POM), separated by sampling month at Spinnaker 
Sea Farms in Jakolof Bay. The endmembers supplied to the MIXSIAR were macroalgae, phytoplankton, terrestrial organic  

matter (TOM), and zooplankton. Sampling months covered April, June, August, and December 2023
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