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Abstract Shellfish aquaculture is prominent in many coastal
and estuarine environments and has both ecological and economic impacts. Bahía San Quintín is a reverse estuary in Baja
California, Mexico, where Pacific oysters (Crassostrea gigas)
are cultivated. While oysters likely feed heavily on phytoplankton especially during upwelling periods, we hypothesized that other forms of organic matter such as seagrass
(Zostera marina) and macroalgae (Ulva spp.) must also be
used by the oysters, especially in the most inshore portions
of the bay. We measured the carbon and hydrogen stable isotope composition of oysters and their potential food resources
at upper, mid, and lower bay sites during upwelling and nonupwelling seasons and applied a Bayesian mixing model to
evaluate resource use. Hydrogen isotopes provided a large
separation between potential food resources. Although we
did not find any strong seasonal effects due to upwelling, there
was a strong spatial gradient in resource use. Phytoplankton
were most important at the lower (oceanic) site (median resource use for two sampling times, 68 and 79 %) and decreased up the estuary as macroalgae became more important
(43 and 56 % at the upper site). At all sites for both sampling
times, seagrass was an unimportant resource for oysters. The
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contrast between high phytoplankton use at the lower site and
increased macroalgal use at the upper site is likely due to
available resource biomass. Results indicate the adaptability
of oysters to varying resource availability and the possibility
of a higher system carrying capacity than that based on phytoplankton alone given multiple potential food sources. This
study also highlights the utility of hydrogen isotopes in estuarine food web research.
Keywords Shellfish aquaculture . Bayesian mixing model .
Crassostrea gigas . Carbon . Hydrogen . Stable isotopes

Introduction
Aquaculture is a rapidly growing industry providing seafood
production that is nearly half the amount of capture fisheries
(FAO 2014). In nearshore environments, such as estuaries and
coastal lagoons, aquaculture is largely of mollusks (Campbell
and Pauly 2013; Gallardi 2014). Filter-feeding bivalves remove suspended particles from the water column, and models
of resource use indicate that phytoplankton are generally their
primary food resource (Newell 1988; Riera 2007; Leal et al.
2008; Dame 2012; Guyondet et al. 2013; Filgueira et al. 2014;
Saurel et al. 2014). However, phytoplankton may not be the
sole or primary resource of aquacultured bivalves in locations
with low phytoplankton populations (Dubois et al. 2007;
Secrist 2013; Hondula and Pace 2014).
Resource use by consumers (e.g., oysters) can be highly
variable and is dependent on system characteristics including
food quantity and quality (Phillips et al. 2014) and also the
species’ food selectivity (Rosa et al. 2013). Stable isotope
analysis has the potential to provide quantitative estimates of
proportional resource use by aquatic consumers and to
identify important spatial and temporal gradients in feeding
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(Fertig et al. 2014; Middleburg 2014; Phillips et al. 2014).
These gradients may arise from several factors including spatial variation in system properties (Deegan and Garritt 1997;
Kanaya et al. 2007; Como et al. 2012; Marchais et al. 2013;
Kopp et al. 2014; Vinagre and Costa 2014) and seasonal
changes to resource availability and/or isotope values (Page
and Lastra 2003; Baeta et al. 2009; Soares et al. 2014).
However, the use of stable isotopes may also be complicated
because of spatial and temporal dynamics (Peterson 1999).
For example, seasonal coastal upwelling may alter nitrogen
inputs (Camacho-Ibar et al. 2003; Hernández-Ayón et al.
2004; Zertuche-González et al. 2009), leading to differences
in the isotopic composition of resources and consumers in
adjacent systems (Liu and Kaplan 1989; Sigman et al. 2005).
The use of δ13C and δ15N is a common approach in determining resource use in estuarine food webs (Bouillon et al.
2011). However, variability in nitrate supply due to upwelling
events (Camacho-Ibar et al. 2003), variable trophic fractionation (Post 2002), and internal processes of N-cycling such as
denitrification (Fourqurean et al. 1997) and nitrification
(Peterson and Fry 1987) may complicate the use of δ15N as
a tracer of resource use. An alternative method is to use hydrogen stable isotopes (δ2H) because trophic fractionation is
minimal and there are often large differences in 2H values
between autotrophic resources (Solomon et al. 2009; Cole
et al. 2011; Hondula et al. 2013; Wilkinson et al. 2013).
Hydrogen isotope values of primary producers are driven by
fractionation during photosynthesis and evapotranspiration.
During photosynthesis, the heavy isotope of water is discriminated against, hence the hydrogen isotopic composition of
tissue is depleted in deuterium relative to water. For submerged marine primary producers, water is not transpired as
in land plants; however, water may evaporate from intertidal
producers. This latter process may cause an enrichment of
deuterium (2H) in producer tissue. Consumer tissue isotope
values are representative of isotopic ratios in consumed food
plus the proportion of hydrogen in tissue derived directly from
water (Solomon et al. 2009; Wilkinson et al. 2015). While the
application of δ2H in the study of aquatic food webs is relatively common in freshwater ecosystems, its application in
estuarine ecosystem studies is scarce despite its potential utility (Hondula et al. 2013; Hondula and Pace 2014).
In this study, we quantified resource use of an aquacultured
bivalve, the Pacific oyster (Crassostrea gigas), in the reverse
estuary Bahía San Quintín. In this system, temperature and
salinity increase towards the upper bay due to high evaporation
and the absence of freshwater inputs, which also results in little
to no terrestrial organic matter inputs. Bahía San Quintín also
experiences wind-induced coastal upwelling which seasonally
affects nutrient availability. We estimated resource use with a
Bayesian mixing model using δ 2 H and δ 13 C for an
aquacultured oyster and three potential resources (phytoplankton, seagrass, macroalgae). We expected phytoplankton to be an

important resource because seasonal upwelling promotes phytoplankton growth. However, we hypothesized that the use of
phytoplankton by oysters would vary by location, with greater
use near the mouth of the bay and reduced use in the upper
reaches where seagrasses and macroalgae are more abundant.

Methods
Site Description
Bahía San Quintín is on the Pacific coast of Baja California,
Mexico (30°25′ N, 115°59′ W) (Fig. 1). It is classified as a
reverse estuary due to low annual precipitation and minimal
freshwater inputs causing the water temperature and salinity to
increase with distance away from the mouth of the estuary.
Annual water temperatures and salinity at the mouth of the
lagoon range from 11 to 22 °C (Alvarez-Borrego and AlvarezBorrego 1982) and 33.3–34.0 ppt (Camacho-Ibar et al. 2003),
respectively. There is a tidal range of up to 2.5 m in spring
tides at this site (Delgado-González et al. 2010), while
the average depth is 2 m below mean sea level. Off the northwestern Baja California coast, winds promote favorable upwelling conditions throughout the year, however, upwelling
events intensify from April to June (Zaitzev et al. 2003). The
dominant primary producers, apart from microalgae, include
the seagrass Zostera marina and the macroalga Ulva spp.
(Zertuche-González et al. 2009).
A large aquaculture industry that raises Pacific oysters
(C. gigas) operates in the western arm of this system
(Fig. 1). Oysters are suspended on ropes or in hard-plastic
mesh bags from the surface to generally 1 m deep. The conditions at all sites were similar with farms located in open
water and adjacent to seagrass meadows. As this oyster species was introduced for the purpose of aquaculture, there is no
wild-stock of oysters for comparison (Ruesink et al. 2005);
however, Hondula and Pace (2014) found no difference in
resource use between wild and cultured hard clams in
Virginia coastal lagoons.
Sample Collection and Analysis
Samples were collected in November 2013 and June 2014 to
include both non-upwelling and upwelling conditions, respectively. November samples were obtained at a lower site
(Lower) near the mouth of the bay and an upper site (Upper)
near the top of the western arm (Fig. 1). June samples were
obtained at the same Lower and Upper sites with the addition
of a central site (Mid) located between the other two sites
(Fig. 1). In November and June, 15 oysters (C. gigas) were
taken from each aquaculture site (lower, mid, and upper) and
pooled into five groups of three individuals for analysis. Each
site therefore had five replicates of oyster isotope values. The
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Fig. 1 Map of Bahía San Quintín
and the three oyster farm
locations (stars) used in this
study. U upper site, M mid site, L
lower site

adductor muscle from each oyster was removed and rinsed
with deionized water before drying at 60 °C for 48 h. Dried
muscle tissue was ground with a mortar and pestle to homogenize the sample and stored in 20-ml borosilicate vials prior to
analysis.
Macroalgae, seagrass, and phytoplankton, the dominant
primary producers of the system, were considered as potential
resources. Given that the oysters were suspended from the
surface to a depth of about 1 m and benthic chlorophyll concentrations are low (10 mg m−2; V. Camacho-Ibar, unpublished data), we did not include microphytobenthic algae
(MPB) as a potential resource. Suspension feeders are isotopically more similar to pelagic algae than MPB, which is more
often reflected in detrivores (Riera et al. 1999; Herman et al.
2000; Hsieh et al. 2000; Rossi et al. 2004; Riera 2007). In
addition, the extensive seagrass at this site strongly affects
the system hydrodynamics by enhancing the sedimentation
and reducing the resuspension of, for example, MPB (Koch
et al. 2006). Three replicates of seagrass and macroalgae were
collected as grab samples in November and June from each
site. The seagrass and macroalgae were cleared of epiphytic
material and rinsed with deionized water prior to drying at
60 °C for 48 h. Samples were then ground to homogenize
and stored in 20-ml borosilicate vials until isotopic analysis.
Stable isotope analysis for all solid samples (oysters, seagrass,
and macroalgae) was completed by the Colorado Plateau
Stable Isotope Laboratory (CPSIL, www.isotope.nau.edu)
following the procedures reported in Doucett et al. (2007).
Values are reported in per mil (‰) notation and are relative
to the international standards Vienna Pee Dee Belemnite
(VPDB) for δ13C and Vienna Standard Mean Ocean Water
(VSMOW) for δ2H.

A site-specific phytoplankton isotopic value was calculated
from measurements of inorganic substrates (water and dissolved inorganic carbon) measured at each site. Water samples
from each site were filtered using 47-mm-diameter cellulose
acetate membrane filters (nominal pore size 0.8 μm,
Whatman). Filtered water for hydrogen isotope analysis
(δ2Hwater) was stored in 20-ml borosilicate vials with no headspace and refrigerated. Analysis was completed at the
University of California Davis Stable Isotope Facility (www.
stableisotopefacility.ucdavis.edu). Filtered water for isotopic
analysis of dissolved inorganic carbon (δ13C-DIC) was
preserved with 1 ml mercuric chloride to halt biological
activity, stored in 40-ml amber borosilicate vials with black
butyl rubber septa and no headspace, and refrigerated until
analysis. November samples were analyzed at CPSIL and
June samples were analyzed at the Boston University Stable
Isotope Laboratory (www.bu.edu/sil). Seawater δ2H and
δ13C-DIC were analyzed at different laboratories, but values
were consistent with prior surface ocean measurements
(Bidigare et al. 1997; Lécuyer et al. 1998).
Calculation of Phytoplankton Isotopic Composition
The phytoplankton isotopic value was calculated using the
inorganic measurements from each site and discrimination
values for each isotope. The δ 13 C of phytoplankton
(δ13Cphyto) was calculated as:
δ13 C Phyto ¼ δ13 CO2 εC

ð1Þ

where δ13C of the aqueous CO2 (δ13CO2) was calculated from
the δ 13 C-DIC (Zhang et al. 1995) and a marine algae

Estuaries and Coasts

fractionation term εC =16.3±0.7‰ (Laws et al. 1995). Values
of εC can vary with environmental conditions and species
(Hinga et al. 1994). However, the mean εC value from Laws
et al. (1995) was based on samples taken in the equatorial
Pacific and is similar to values from other studies (Bidigare
et al. 1997; Popp et al. 1998). The δ2H of phytoplankton
(δ2Hphyto) was determined in a similar manner using Eq. 2:
δ2 HPhyto ¼ δ2 HWater −εH

ð2Þ

measured values of δ2Hwater and a fractionation term εH =157.5±
16.5‰ (Hondula and Pace 2014). Isotopic values of the other
resources (seagrass and macroalgae) used in the model came from
the direct measurements of those materials as described above.

Bayesian Mixing Model
A Bayesian mixing model written in R and JAGS (Just
Another Gibbs Sampler, http://mcmc-jags.sourceforge.
net/) was used to estimate resource fractions of
phytoplankton, macroalgae, and seagrass assimilated by
aquacultured oysters. The mixing model was run
independently for each site and sampling time using the
unique consumer and resource isotope values. The model
was checked for convergence. This mixing model,
modified from Wilkinson et al. (2013), incorporates all of
the isotope data, prior information, and uncertainty to
produce posterior estimates of resource fractions in the
following equations:




δ13 Coysters ¼ ϕz  δ13 Cz þ ϕma  δ13 Cma þ ϕphyto  δ13 Cphyto þ ΔC



δ2 Hoysters ¼ ϕz  δ2 Hz þ ϕma  δ2 Hma þ ϕphyto  δ2 Hphyto  ð1−ωÞ þ ω  δ2 Hwater
1 ¼ ϕz þ ϕma þ ϕphyto

ð3Þ

The water temperature range for all sites in November and
June was 18.4–21.6 °C, with warmer observations at the
Upper site. pH values did not vary and were 7.9–8.0 at all
sites. Salinity was also consistent between sampling times,
ranging from 33.7 to 34.4, with the lowest observation at the
Lower site and the highest at the Upper site.

−9.35 to −7.65‰ and were the most positive of the samples
collected (Supplementary Table 1). Seagrass mean values
of δ2H were more variable across sites and ranged from
−94.65 to −76.40‰ (Supplementary Table 1). Macroalgae
mean values of δ13C ranged from −13.86 to −11.68‰ and
of δ 2H from −206.12 to −174.16 ‰ (Supplementary
Table 1). DIC δ13C ranged from −0.68 to 1.34‰ and
δ2H from −2.30 to 0.00‰ (Supplementary Table 1). The
mean phytoplankton end member isotope values calculated
for each site ranged from −26.1 to −24.5‰ for δ13C and
from −159.8 to −157.5 ‰ for δ 2 H (Supplementary
Table 1).
Oyster mean δ13C values were more negative at the Lower
site than the Upper site in both November and June and also
differed by about 2–3‰ on both occasions, with a total range
of −20.32 to −17.36 ‰ across sites and seasons
(Supplementary Table 1). Uncorrected oyster mean δ2H
values did not vary substantially by site and fall within a small
range of −151.42 to −147.53‰ (Supplementary Table 1).
Prior to plotting, oyster carbon and hydrogen isotope values
were corrected for trophic fraction and environmental water,
respectively. Corrected oyster isotope values fell on or adjacent to the mixing line between the phytoplankton and
macroalgae end members for each sampling site and time
(Fig. 2).

Consumer and Resource Isotope Values

Mixing Model Results

The end members were well separated in δ13C and δ2H isotope space (Fig. 2). Seagrass mean δ13C values ranged from

As indicated by the triangles in Fig. 1, seagrass was not a
significant resource to oysters at any site in either November

In this system of equations, ϕ is the fraction each given end
member (z=seagrass, ma=macroalgae, and phyto=phytoplankton) contributed to the measured oyster isotope values.
Resource fractions are estimated in the model and given uninformed prior distributions that are center log ratiotransformed (Semmens et al. 2009; Solomon et al. 2011). In
Eq. 3, the term ΔC is the trophic fraction for carbon by the
oysters. A value of ΔC=1.05‰±0.75 was used from a similar
shellfish study using aquacultured hard clams (Mercenaria
mercenaria) (Hondula and Pace 2014). In Eq. 3, the ω term
accounts for the contribution of environmental water to oyster
organic matter and was set at ω=0.15±0.09 as determined by
Hondula and Pace (2014) for hard clams.

Results
Site Information
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Fig. 2 Consumer and end
member δ2H and δ13C isotope
values. Uncorrected oyster values
(gray) are initial isotope results,
whereas corrected oyster values
(black) have been adjusted for
trophic fractionation (carbon) and
dietary water (hydrogen) and are
the values used in the model.
Error bars represent standard
deviation. a Lower site November
2013. b Upper site November
2013. c Lower site June 2014. d
Mid site June 2014. e Upper site
June 2014

or June (Fig. 3). Posterior distributions were generally
unimodal, but for macroalgae at the lower site, there was a
notable component of the distribution near zero (Fig. 3). The

median values of the posterior distributions of resource use for
seagrass ranged from 0.03 to 0.07 (Fig. 3). While phytoplankton was the most important resource (medians 0.39–0.79) at

Fig. 3 Posterior distribution of the source fraction estimates from the
Bayesian mixing model. Width of violin plots represents frequency.
Median values are reported for each source considered. Box plots (white
areas within violins) display median, 25th, and 75th percentiles.

Phytoplankton are displayed in blue, macroalgae in red, and seagrass in
green. a Lower site November 2013. b Upper site November 2013. c
Lower site June 2014. d Mid site June 2014. e Upper site June 2014
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all but one site at one sampling time, its importance was diminished at the Upper site (Fig. 3). Phytoplankton resource
use decreased with increasing distance from the mouth of the
estuary. The use of macroalgae by the oysters increased from
0.13–0.24 at the Lower site to 0.43–0.56 at the Upper site
(Fig. 3).

amounts of structural tissue (Cabello-Pasini et al. 2004) than
phytoplankton and macroalgae, which could limit its trophic
role (Klumpp et al. 1992; Jaschinski et al. 2008; Ouisse et al.
2012). The same species of seagrass was also unimportant in
supporting Pacific oysters in Arcachon Bay, France (Schaal
et al. 2008) and hard clam aquaculture in the Virginia Coast
Reserve, USA (Hondula and Pace 2014).

Discussion

Seasonal Patterns of Resource Use

Spatial Patterns of Resource Use

Bahía San Quintín opens into the Eastern Pacific ocean and is
subject to seasonal coastal upwelling. Typically, this leads to
seasonal changes in nutrient inputs with enhanced primary
production occurring during the upwelling season (MillánNúñez et al. 1982; Camacho-Ibar et al. 2003; Ribas-Ribas
et al. 2011). The purpose of sampling during November and
June was to contrast resource use during non-upwelling and
upwelling conditions, respectively. Sampling occurred in the
months after peak upwelling and non-upwelling conditions to
ensure that tissue isotope values would be reflective of those
conditions given the longer turnover time of muscle tissue
(Yokoyama et al. 2005; Thomas and Crowther 2014).
However, upwelling conditions off Bahía San Quintín were
weaker than normal prior to June sampling with upwelling
indices 28–63 m3/s/100 m coastline below April and May
averages for 2011–2013 (NOAA 2014). Therefore, differences in environmental conditions between November and
June were likely small. An increase in phytoplankton availability and potential importance as a food item at all sites was
expected in June due to upwelling, but the opposite occurred
with macroalgae becoming a more important food source at
the Lower and Upper sites in June (Fig. 3). Ulva spp. also
respond to upwelling nutrient supply and its biomass tends
to peak in summer months in estuaries of the northeastern
Pacific region (Hessing-Lewis and Hacker 2013). Were stronger upwelling conditions present, there potentially would have
been a greater shift in resource use (Page and Lastra 2003).

Stable isotopes are often used to identify consumer resource
use. By using two isotopes that provided a large distinction
between possible end members (δ2H and δ13C), we were able
to discern the relative importance of various resources. Carbon
isotopic composition distinguished seagrass and phytoplankton, while hydrogen isotopic composition distinguished
seagrass, phytoplankton, and macroalgae. The hydrogen isotope is especially useful in estuarine food web research because of the large separation in end member values.
Aquacultured oysters at all sites in Bahía San Quintín assimilated multiple food resources. There was a strong contrast
in resource use within the estuary with phytoplankton and
macroalgae as the primary resources for oysters. At the
Lower site, phytoplankton were the primary resource for
aquacultured oysters, contributing 68–79 % (Fig. 3). Results
from the Mid site were similar with a median of 59 % and
overlapping distributions (Fig. 3). The Upper site, however,
was more variable, and the mixing model indicated lower use
of phytoplankton and greater use of macroalgae, with medians
ranging from 43 to 56 % (Fig. 3). Macroalgae were also important resources at the lower site, contributing 13–24 %
(Fig. 3). A similar trend in ocean-derived resource use was
observed by Ruesink et al. (2003) in Willapa Bay,
Washington, USA. Phytoplankton are abundant throughout
Bahía San Quintín (Millán-Núñez et al. 2004; GraciaEscobar et al. 2014) and are typically an important food source
to the aquacultured oysters. Ulva spp. are an important source
of organic matter and prior research indicated that this alga is
highly abundant in the western arm of the bay (ZertucheGonzález et al. 2009). Our results are also consistent with a
shift in the contributions of phytoplankton and Ulva spp. to
the sediment organic carbon pool in subtidal seagrass
meadows from 56 and 16 %, respectively, at a station in the
lower portion of the lagoon to 38 and 47 %, respectively, at a
station near our Upper site (Jorgensen 2006).
Seagrass was not important as a resource to oysters for any
of the sites or seasons sampled (Figs. 1 and 3) despite its
notable seasonal productivity patterns in Bahía San Quintín
(Cabello-Pasini et al. 2003). Although Z. marina is a significant component of the benthic and intertidal environments in
Bahía San Quintín (Ward et al. 2003), it contains higher

Summary and Implications
Consumer resource use in estuarine systems can shift both
spatially and temporally with resource availability (Vinagre
et al. 2012). Although we were unable to detect strong seasonal effects in oyster resource use due to a weak upwelling
event, there was a clear spatial gradient in resource use from
phytoplankton to macroalgae moving up the bay from the
mouth, which was present in both November and June
(Fig. 3). Generally, resource use by estuarine consumers varies
based on location due to freshwater/terrestrial inputs, changes
in primary producers, temperature and salinity, and other factors (Deegan and Garritt 1997; Doi et al. 2005; Oczkowski
et al. 2010; Como et al. 2012; Marchais et al. 2013; Kopp et al.
2014). Locally for Bahía San Quintín, this variation in
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resource use between the Lower and Upper sites was probably
controlled by resource availability. Phytoplankton production
and biomass decrease from the mouth of the estuary towards
the upper reaches (Millán-Núñez et al. 1982; Gracia-Escobar
et al. 2014), while Ulva spp. biomass and abundance increase,
especially in the western arm (Ward et al. 2003; ZertucheGonzález et al. 2009; Jorgensen et al. 2010).
Our isotope data and modelling interpretation for Bahía
San Quintín indicate that the aquacultured oysters did not rely
solely on phytoplankton. The hydrogen and carbon isotopes
clearly distinguished potential resources from one another.
Our model results are supported by the consumer data that fall
within the mixing polygon between the well-constrained phytoplankton and macroalgae end members and far from
seagrass. Thus, our results avoid several issues with isotope
mixing models highlighted by Fry (2013), such as little separation between sources in isotope space and unaccounted-for
sources in the mixing model. In addition, prior studies indicate
use of macroalgae by both cultured clams (Hondula and Pace
2014) and Pacific oysters (Dubois et al. 2007; Lefebvre et al.
2009). Interestingly, the dominant macroalgae in this study,
Ulva spp., is an important dietary resource to marine invertebrates, increasing productivity, reducing mortality, and stimulating feeding and protein intake when studied as a dietary
additive or intervention for cultured abalone and sea urchins
(Cyrus et al. 2014; Lange et al. 2014).
Our results indicated the importance of both phytoplankton
and macroalgae as resources to the cultured oysters. As the use
of coastal waters for bivalve aquaculture increases, so does the
potential for these systems to reach or exceed their carrying
capacity, estimates of which are generally based on phytoplankton or seston availability, the organisms’ filtration rate,
the residence time of water or estuarine hydrography, and the
amount and spatial distribution of the shellfish (Dame and
Prins 1998; Delgado-González et al. 2010; Guyondet et al.
2013; Filgueira et al. 2014; Saurel et al. 2014). The oysters
in Bahía San Quintín have two potential food sources in phytoplankton and macroalgae that contribute to the system’s carrying capacity and provide some resilience to changing conditions and resource availability. Stable isotope analyses of
resource supply can also be applicable to other aquaculture
species, systems, and means of culture.
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