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Knowledge about top predators’ trophic ecology is crucial for defining their role
in ecosystems, understanding habitat preferences, characterizing life stage-specific
feeding habits, and evaluating their interaction with fisheries. In the northeastern Pacific,
white sharks (Carcharodon carcharias) occupy coastal habitats during the early life
stages, including Bahía Sebastián Vizcaíno (BSV) in Mexico, which is a known nursery
area. Although BSV presumably provides high prey abundance, the trophic ecology of
immature white sharks is poorly understood. Carbon and nitrogen bulk stable isotope
analyses (SIA) were used to explore the trophic relationship of early life stages with
their potential prey and to infer dietary overlap with sympatric sharks, while SIA of
amino acids were used to estimate trophic position. Muscle samples from young white
sharks and inshore demersal prey commonly found in their stomach contents were
sampled. Demersal prey and literature-derived isotope ratios for pelagic and offshore
species were incorporated into mixing models with a Bayesian framework to estimate
their contribution to white shark tissues. Nearshore demersal prey had the highest
contribution for all life stages (between 35 and 47%), consistent with previous reports
based on gut content analysis. The contribution of pelagic (between 26 and 37%)
and offshore (between 14 and 32%) prey was smaller and suggests potential periodic
changes in foraging grounds and the presence of a maternal-derived isotopic signature.
A high contribution of demersal prey indicates a high level of interaction with local
fisheries that target those species and catch white sharks incidentally and is consistent
with immature shark movement patterns. Isotope ratios of two sympatric sharks,
smooth hammerhead Sphyrna zygaena and copper sharks Carcharhinus brachyurus,
were used to estimate the overlap in isotopic niche space. Immature white sharks
had the smallest isotopic niche, while the highest was for copper sharks. Overlap was
greatest between white sharks and hammerheads (∼45%), while overlap with copper
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sharks was limited (<20%), suggesting less potential for competition. Trophic position
estimates were similar to those previously reported for the species. These results
highlight the importance of coastal demersal prey heavily targeted by local fisheries for
the diet of young white sharks and support the importance of BSV as a nursery habitat.

Keywords: white shark, trophic ecology, stable isotope analyses, nursery area, demersal foraging, amino acids

INTRODUCTION

Most shark species are considered top predators occupying high
trophic levels and their presence or absence influences food
web structure (Cortés, 1999; Ferretti et al., 2010; Heupel et al.,
2014). Some species are highly migratory and move between
coastal and pelagic habitats, that are used throughout ontogeny
for nursery, feeding, mating, or parturition (Heupel et al., 2007;
Block et al., 2011; Domeier and Nasby-Lucas, 2013; Carlisle
et al., 2015a; Nasby-Lucas et al., 2019; Nosal et al., 2019).
Ontogenetic habitat changes are commonly accompanied by
switches in their diet (Malpica-Cruz et al., 2013; Carlisle et al.,
2015b; Estupiñán-Montaño et al., 2019; Matich et al., 2019).
So, characterizing the trophic relationships of sharks throughout
their life cycle is needed for understanding their ecological role in
each ecosystem they inhabit.

Adult white sharks (Carcharodon carcharias) are distributed
mostly in offshore pelagic waters, including oceanic islands
(Klimley et al., 1992; Domeier and Nasby-Lucas, 2007; Jorgensen
et al., 2010; Francis et al., 2015; Boldrocchi et al., 2017; Skomal
et al., 2017; Moro et al., 2020), while juveniles occupy coastal areas
as nurseries (Bruce and Bradford, 2012; Harasti et al., 2017; Curtis
et al., 2018; Bruce et al., 2019). In the northeast Pacific, newborn,
young of the year, and juvenile white shark occupy coastal areas
until they become sub-adults and can migrate between spatially
separate nurseries (Klimley et al., 1992; Dewar et al., 2004; Weng
et al., 2007, 2012; Lowe et al., 2012; Oñate-González et al., 2017;
White et al., 2019). Coastal nurseries harbor high food abundance
and provide shelter from predators, allowing young white sharks
to grow faster, which is crucial for their juvenile survival and
recruitment to adult population growth (Mollet and Cailliet,
2002; Heupel et al., 2007).

The white shark is a top predator that exhibits ontogenetic
changes in its feeding habits and habitat use (Estrada et al., 2006;
Carlisle et al., 2012; Kim et al., 2012; French et al., 2018). Whereas
the feeding preferences of adults have been more widely studied
(Estrada et al., 2006; Hussey et al., 2012), dietary information for
the early life stages is more limited and suggest a more benthic-
oriented foraging (Santana-Morales et al., 2012; Grainger et al.,
2020). Juveniles shift their diet from feeding on smaller bony
fishes and elasmobranchs (mainly rays) to larger fishes as they
grow. After becoming sub-adults, white sharks start to expand
their diet to include marine mammals (Tricas and McCosker,
1984; Estrada et al., 2006; Hussey et al., 2012; Malpica-Cruz et al.,
2013). In the northeast Pacific, adult white sharks spend between
six and eight months of the year in offshore areas (Domeier and
Nasby-Lucas, 2008; Jorgensen et al., 2010) where their feeding
habits are poorly understood.

Bahía Sebastián Vizcaíno (BSV) bay is located on the western
coast of the Baja California Peninsula, Mexico. BSV is a natal
nursery area for white sharks born locally as well as young
sharks born in the Southern California Bight, United States, that
migrate south covering approximately 600 km (Oñate-González
et al., 2017; White et al., 2019). In Mexican waters, the species
has been under protection since 2007 and the targeted catch is
prohibited (DOF, 2007, 2010, 2014). However, they are caught
incidentally in the nearshore areas of BSV as well as within Ojo
de Liebre Lagoon (OLL), a semi-enclosed hypersaline shallow
estuary located within the bay system (García-Rodríguez and
Sosa-Nishizaki, 2020). These catches occur when local artisanal
fishers target high-value species that are part of the white shark’s
diet (Santana-Morales et al., 2012; García-Rodríguez and Sosa-
Nishizaki, 2020).

In addition to the direct mortality caused by incidental
catches, the potential competition between artisanal fisheries and
young white sharks (and other shark species) for prey could
have a negative effect on regional conservation efforts. For top
predators like turtles, birds, and marine mammals, it has been
well documented that competition could have adverse effects on
their abundance by limiting prey’s spatial availability (Huss et al.,
2014; Hilborn et al., 2017; Hansson et al., 2018). For example,
a switch in the diet resulting from prey overfishing has been
reported for the spiny dogfish Squalus acanthias (Koen Alonso
et al., 2002). Also, high overlap between target fishery species and
shark prey has been documented for the spiny dogfish (Lucifora
et al., 2009). In sand tiger sharks (Carcharias taurus), spatial
overlap between prey and fisheries increased their vulnerability
to overfishing (Gračan et al., 2017). Changes in prey availability
due to spatial overlap with fisheries in nursery areas could
decrease the benefits these provide for the early life stages of
sharks, potentially changing their diets, limiting their growth, and
affecting juvenile survival.

Limitation in prey availability due to fisheries could increase
the competition between shark species with similar dietary
preferences. Interspecific competition between young white
sharks and sympatric shark species that inhabit BSV, like
smooth hammerheads (Sphyrna zygaena) or Carcharhinids, is
possible. Previous studies have reported resource partitioning
in communal areas to reduce interspecific competition, which
could be associated with changes in the distribution and habitat
use of sympatric shark species with high dietary overlap (Bethea
et al., 2004; Papastamatiou et al., 2006; Kinney et al., 2011). The
description of the trophic relationships between immature white
sharks, their prey, and the level of dietary overlap with sympatric
species that may compete for feeding resources lend insight into
their ecological role in the nursery habitat provided by BSV.
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Quantitative diet composition estimates are based on stomach
content analysis, providing a basis for understanding a species’
prey spectrum and its overall trophic ecology, including trophic
level (Cortés, 1999; Bizzarro et al., 2017). While it can provide
a snapshot of what a shark has eaten most recently, stomach
content analysis has several constraints, including that it is labor-
intensive and highly invasive or lethal, soft-bodied prey can be
under-represented in the analysis due to the digestive process,
and the results can have limited spatial resolution unless extensive
sampling efforts are implemented. It can, however, provide a
snapshot of what a shark has eaten most recently. This approach
often requires a very high sample size to quantify diet variation
across a population and still can lead to a limited interpretation
of their trophic ecology (Hussey et al., 2012; Munroe et al., 2018).

Bulk stable isotope analysis (SIA) of soft tissues provides
information that complements that obtained through stomach
content analysis by providing integrated spatial-temporal insight
into trophic relationships and energy fluxes in marine ecosystems
(Michener and Kaufman, 2007; Boecklen et al., 2011). Isotopic
ratios can also be used to characterize the isotopic niche, which
is reflective of a consumer’s trophic niche and can be used to
estimate the overlap in prey resources between populations, life
stages, or species (Jackson et al., 2011; Hette-Tronquart, 2019;
Marshall et al., 2019).

Isotope turnover rates should be considered when interpreting
SIA ratios in sharks (Kim et al., 2012; Malpica-Cruz et al., 2012).
Soft, metabolically active tissues reflect the isotopic composition
of the prey consumed over time; tissues with higher isotope
turnover rates (i.e., blood) reflect a shorter feeding period
than those with lower turnover rates (i.e., muscle) (Logan
and Lutcavage, 2010; Hussey et al., 2012; Malpica-Cruz et al.,
2012). Isotopic equilibrium between the isotopic composition
of muscle tissue in sharks is reached after several months or
even years, with younger, faster growing individuals reaching
equilibrium faster, after about a threefold biomass gain (Logan
and Lutcavage, 2010; Kim et al., 2012; Malpica-Cruz et al.,
2012).δ13C values provide information regarding the dominant
sources of primary production, which vary among habitat types,
for example between benthic and pelagic food webs. Thus, they
can be used to trace shark habitat shifts, particularly between
coastal and oceanic ecosystems, as well as to distinguish between
benthic vs. pelagic feeding (Finlay and Kendall, 2007; Munroe
et al., 2018). Due to a consistent enrichment in 15N between a
consumer and its assimilated diet, δ15N values have been used to
characterize ontogenetic shifts in trophic level (Peterson and Fry,
1987; Post, 2002). Given prior knowledge regarding a consumer’s
feeding habits and adequate characterization of the spatial and
temporal variability in the isotopic baseline (Phillips et al., 2014),
SIA are also useful for estimating the contribution of different
sources to a consumer’s diet (Parnell et al., 2013). However,
characterization of the isotopic baseline can be challenging,
particularly for highly migratory species.

Recently, the use of compound-specific stable isotope
analysis of amino acids (CSIA-AA) has been proposed as a
complementary method to bulk SIA. “Source” AAs do not exhibit
a substantial enrichment in 15N between consumers and their
foods, and thus reflect the isotopic baseline, while “trophic” AA

exhibit a high and consistent enrichment that is conductive to
estimate trophic level (Chikaraishi et al., 2009; O’Connell, 2017).
CSIA-AA are advantageous because a single tissue contains both
kinds of AA, allowing for the calculation of trophic position
and inferring of foraging patterns without the need for an
independent characterization of an isotopic baseline (Chikaraishi
et al., 2010; Hoen et al., 2014; Munroe et al., 2018). The canonical
source and trophic AAs are phenylalanine (Phe) and glutamic
acid (Glu), respectively (McMahon and McCarthy, 2016).

To understand the trophic ecology of the early life stages
of white sharks in the BSV-OLL nursery, we used bulk SIA of
shark muscle and putative prey items to estimate the contribution
of different prey groups to their diet and assess ontogenetic
dietary shifts related to movements between habitats. CSIA of the
canonical source and trophic AA were used to estimate trophic
level. We also evaluate the level of dietary overlap with sympatric
shark species that feed within the system, which provides insight
into the potential for competition with local fisheries and
sympatric species for local prey. The study provides information
that can improve the environmentally sound management and
conservation strategies in the area.

METHODS

Sample Collection
Muscle samples (1 cm3) from the dorsal area of white
sharks were collected between 2013 to 2017, either within
BSV or off the northwestern coast of the Baja California
peninsula, termed outside of BSV (OBSV) hereafter (Figure 1,
Table 1 and Supplementary Material). Samples were obtained
opportunistically from white sharks caught incidentally by
artisanal fisheries and from individuals tagged within BSV.
Artisanal fisheries operate in coastal areas, so incidental catches
of white sharks occur near landing sites (Figure 1). Individuals
tagged within BSV were sampled along the southern coast of the
Bay and near the mouth of the Ojo de Liebre lagoon (Figure 1).
For all sharks sampled inside BSV, total length (TL) and sex were
recorded. Based on their size, sharks were divided into three
life stages: newborn (NB; less than 150 cm TL), young of the
year (YOY; between 151 and 175 cm TL), and juveniles (JUV;
larger than 175 cm TL). Although sharks sampled OBSV were not
measured because local fishers provided samples, they estimated
their size >200 cm TL and were therefore categorized as juveniles.

Based on the analysis of small white sharks captured
incidentally in BSV, Malpica-Cruz et al. (2013) inferred that
blood and muscle tissues were in isotopic equilibrium with local
prey given the similarity in isotope ratios between tissues. Our
interpretation of the stable isotope ratios of immature white
sharks sampled in BSV is based on this assumption. Larger
sharks sampled outside BSV move along the west coast of the
Baja California peninsula (Weng et al., 2012), and may exhibit
a different isotopic composition than those from BSV, reflecting
distinct food sources or isotopic baselines.

Muscle tissue (1 cm3) from demersal fish and rays (n = 72)
previously reported as prey for juvenile white sharks in BSV
by Santana-Morales et al. (2012) were collected from fishing

Frontiers in Marine Science | www.frontiersin.org 3 August 2021 | Volume 8 | Article 687738

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-687738 August 5, 2021 Time: 12:53 # 4

García-Rodríguez et al. Immature White Sharks Trophic Ecology

FIGURE 1 | Areas of the Baja California peninsula where white shark muscle samples were collected. BSV, Bahía Sebastián Vizcaíno; OBSV, Outside Bahía
Sebastián Vizcaíno. Red points indicate landing sites where white sharks incidentally caught were sampled. Pointed area refers to the places where white sharks
were collected inside BSV. The blue area indicates regions where prey inside BSV were collected. Prey samples from Tamburin et al. (2019, 2020) where collected in
the pointed area.

activities during the summer of 2016. Potential prey were
caught near the mouth of OLL and along BSVs southern coast
(Figure 1), and included white seabass (Atractoscion nobilis),
California halibut (Paralichthys californicus), California bat
ray (Myliobatis californica), California butterfly ray (Gymnura
marmorata), diamond stingray (Hypanus dipterururs), and
shovelnose guitarfish (Pseudobatos productus) (Table 2).
Shovelnose guitarfish was selected because it is the most

TABLE 1 | Isotopic values for different life stages of immature white sharks
collected in Bahía Sebastián Vizcaíno and the northern part of the Baja California
peninsula (OBSV: Outside Bahía Sebastián Vizcaíno).

Life stage n Total length (cm) δ13C (h) δ15N (h)

Mean SD Mean SD

Newborn 12 138–150 −17.1* 0.6 17.3* 0.3

Young of the year 13 152–170 −16.6 0.7 17.4* 0.7

Juvenile 6 173–201 −16.2 0.2 18.1 0.3

Juvenile OBSV 8 176–300 −16.5 0.6 17.9 1.1

*Indicates significant differences between life stages tested with one-way ANOVA
and Tukey post hoc test. Differences between juveniles inside BSV and OBSV were
tested with the Kruskal-Wallis test. The significance level is 0.01.

abundant demersal elasmobranch in the area, as well as potential
prey for white sharks. Muscle tissue from smooth hammerheads
(S. zygaena) and copper sharks (Carcharhinus brachyurus) was
also collected opportunistically in BSV during the summer of
2016 to examine the level of niche overlap with white sharks.

Sample Preparation for Bulk Isotope and
CSIA-AA Analysis
All samples were lipid and urea extracted (white seabass and
halibut were only lipid extracted) as previously recommended
for bulk SIA (Li et al., 2016; Carlisle et al., 2017) by following
the methods of Kim and Koch (2012) and Carlisle et al. (2017).
Briefly, tissue samples were soaked in petroleum ether and mixed
with a vortex mixer. After letting the samples dry uncapped for
8 h, they were centrifuged for 10 min, rinsed in 10 ml of DIW
and mixed again. Samples were then centrifuged after 30 min
and were dried in an oven at 60◦C for 24 h. Subsequently,
0.8–1.2 mg were ground to a fine powder and placed in tin
capsules for shipment to the Stable Isotope Facility at the
University of California Davis (SIA-UCD) using a PDZ Europa
ANCA-GSL elemental analyzer interfaced to a PDZ Europa
20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire,
United Kingdom). Analytical precision for laboratory internal
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standards, bovine liver, glutamic acid, enriched alanine and nylon
6, was 0.06, 0.06, 0.06, and 0.05h for δ15N, respectively, and 0.06,
0.10, 0.07, and 0.08h for δ13C, respectively.

For CSIA-AA analysis, white shark samples were dried in an
oven for 24 h at 60◦ as recommended by Hoen et al. (2014).
Between 7 and 10 mg of ground dry sample was weighed
and stored in pre-combusted 5 ml glass vials. Samples were
analyzed at SIF-UCD with a Trace Ultra GC gas chromatography
coupled to Thermo Delta V Plus through a GC IsoLink, following
protocols described by Yarnes and Herszage (2017). Each sample
was analyzed in triplicate. Precision for Phe and Glu were 0.30
and 0.40h respectively.

Stable isotope values are expressed in standard delta notation
(δ). For δ15N values, atmospheric nitrogen was used as a standard,
while the Vienna Pee Dee Belemnite (VPDB) standard was used
for δ13C. Units are in parts per thousand (h):

δ15N
(
h

)
=

([
Rsample − Rstandard

]
− 1

)
× 103

where R is the isotope ratio (15N:14N or 13C:12C).

Differences in mean δ15N and δ13C between life stages (NB vs.
YOY vs. Juveniles) were tested using one-way ANOVA analysis
with a Tukey post-hoc test, the data met the assumptions of
normality and homogeneity of variances Differences in isotopic
composition of juvenile white sharks sampled inside and outside
of BSV were examined using a Kruskal-Wallis test because the
assumption of normality was not met, as determined with a
Shapiro-Wilk test.

Trophic Relationships Between White
Sharks and Potential Prey
To estimate the relative contribution of potential prey caught
inside BSV to the diet of immature white sharks sampled within
the system, prey were categorized into three groups of species
depending on their predominant habitat: demersal, pelagic, and
offshore. The potential prey sampled in this study (see Section
“Sample Collection”) were categorized to a demersal habitat
(Table 2). All these species are caught with bottom-set gillnets
in BSV, supporting their use of demersal habitats in the region
(García-Rodríguez and Sosa-Nishizaki, 2020). In addition, the

TABLE 2 | Isotope ratios of potential prey of immature white sharks.

Habitat Common name Species n TL (cm) δ13C (SD) δ15N (SD)

Demersal Bat ray Myliobatis californica 10 56–74** −16.4 (0.7) 14.4 (2.8)

Butterfly ray Gymnura marmorata 10 76–94** −15.4 (0.6) 14.7 (1.7)

Diamond stingray Hypanus dipterururs 10 66–78** −16.2 (1.1) 16.1 (1.6)

Shovelnose guitarfish Pseudobatos productus 22 76–96 −16.6 (1.3) 15.3 (2.0)

California halibut Paralichthys californicus 10 53–78 −15.2 (2.2) 13.6 (2.1)

White seabass Atractoscion nobilis 10 49–85 −16.6 (0.6) 16.5 (1.9)

Average of demersal prey −16.8 (0.8) 15.8 (0.8)

Pelagic Pacific mackerel* Scomber japonicus n/a −17.8 (0.6) 15.7 (0.9)

Corvinas* Cynoscion spp. n/a −16.3 (0.7) 16.3 (1.0)

Needlefish* Tylosurus spp. n/a −18.0 (0.1) 18.3 (0.1)

Sea robins* Prionotus spp. n/a −18.0 (1.5) 15.5 (0.8)

Dolphinfishes* Coryphaena spp. n/a −18.6 (0) 13.4 (0)

Squid* Unid. spp. n/a −17.7 (1.3) 12.7 (2.5)

Average of pelagic prey −17.6 (0.3) 16.0 (0.7)

Offshore Pacific saury* Cololabis saira n/a −19.7 (0.5) 10.7 (1.5)

Lanternfish* Myctophidae n/a −20.1 (0.5) 12.2 (0.7)

Pacific mackerel* Scomber japonicus n/a −18.6 (0.1) 14.6 (0.2)

Jack mackerel* Trachurus symmetricus n/a −19.4 (0) 12.2 (0)

Halfbeak* Hyporhampus naos n/a −19.2 (0.2) 8.6 (0.3)

Pelagic triggerfish* Canthidermis spp. n/a −20.1 (0) 11.1 (0)

Flyingfish* Exocoetidae n/a −20.1 (0) 12.4 (0)

Humboldt squid* Dosidicus gigas n/a −19.4 (0.2) 13.1 (0.6)

Pelagic octopus* Ocythoe tuberculata n/a −19.3 (0.9) 13.7 (1.9)

Pelagic red crab* Pleuroncodes planipes n/a −19.0 (0.9) 11.6 (0.9)

Sardine* Sardinops sagax n/a −19.8 (0.2) 13.6 (0.6)

Average of offshore prey −19.3 (0.7) 12.1 (1.5)

Prey were grouped based on their habitat type and used as endpoints in mixing models.
Values are means ± one standard deviation (SD).
n/a, not available.
*Values taken from Tamburin et al. (2019, 2020).
**Disc width (cm).
All isotopic values are in h.
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stable isotope ratios of the six species were very similar, and thus
similar prey were grouped for mixing models, as recommended
by Parnell et al. (2013) and Phillips et al. (2014). For the pelagic
and offshore habitats, we used the δ13C and δ15N values published
by Tamburin et al. (2019, 2020) for potential prey of immature
white sharks sampled in the BSV region (Table 2). White shark
samples from Tamburin et al. (2019, 2020) were collected between
2015 and 2017, and we assume their prey samples were also
collected during those years. Overall means± standard deviation
(SD) for each habitat category were used as inputs for the
isotope mixing models.

Bayesian mixing models (Parnell et al., 2013) were used to
estimate the contribution of each prey category to the diet
of immature white sharks. Analyses were performed using the
simmr package (Parnell, 2016) in R. Models were run with
uninformed priors, four Markov Chain Monte Carlo (MCMC)
chains, with 1,000 burn-in and 10,000 iterations. We used the
empirically derived trophic enrichment factors (TEF) reported
for shark muscle estimated in controlled feeding experiments by
Kim et al. (2012) and Malpica-Cruz et al. (2012). TEF values from
those studies were averaged for their use in mixing models (1
δ13C = 1.3 ± 0.5h; 1 δ15N = 3.0 ± 0.9h). Prey contributions
were estimated separately for each life stage (newborns, young
of the year, and juveniles). Results are reported as the percent
contribution of each prey group with 97.5% credibility intervals.

Isotopic Niche Overlap With Sympatric
Species
The isotopic niche was estimated as the standard ellipse
area (SEAc; Jackson et al., 2011). Smooth hammerheads were
categorized based on their size (Table 3). Size categories were
selected to match the sizes of the immature white sharks:
newborns (60–85 cm TL), small juvenile (103–147 cm TL) that
have similar sizes to newborn white sharks, and large juveniles
(151–183 cm TL), which overlap with YOY white sharks. The
isotopic niche overlap between the life stages of white sharks
(newborn, YOY, and juvenile caught inside and outside BSV)
and between sympatric shark species was estimated using the
SIBER package in R.

Estimates of Trophic Position
Trophic position was estimated using CSIA-AA and the equation
proposed by Hoen et al. (2014). This equation uses a trophic
enrichment factor (TEF, the trophic discrimination per trophic
level between trophic and source AA calculated based on

TABLE 3 | Mean isotopic values for size classes of hammerheads and copper
sharks on Bahía Sebastián Vizcaíno.

Species n Total length (cm) 13C (h) 15N (h)

Mean SD Mean SD

Newborn hammerhead 13 60–85 −16.3 0.7 17.2 0.4

Small juvenile hammerhead 29 103–147 −16.9 0.8 17.4 0.8

Large juvenile hammerhead 21 151–183 −17.3 0.3 18.9 0.9

Copper shark 17 102–304 −15.2 0.8 18.3 1.0

the isotope discrimination of Glu and Phe) that accounts for
differences in AA isotope discrimination between grazers and
carnivores, which is relevant for high trophic level sharks:

TP =

(
δ15Nglu − δ15Nphe

)
− β− TEFherbivore

TEFcarnivore
+ 2

Where δ15Nglu (the canonical trophic AA) and δ15Nphe (the
canonical source AA) are the isotopic compositions of Glu and
Phe in the consumer tissues. β is the difference between the
δ15N values of trophic and source AAs in primary producers
(3.4 ± 0.9h, Chikaraishi et al., 2009), TEFherbivore is equal to
7.6h and the TEFcarnivore is equal to 2.8h, as reported for sharks
in controlled experiments (Hoen et al., 2014).

RESULTS

Muscle tissue samples from 31 immature white sharks were
collected inside BSV. Based on their size, 12 were categorized
as newborns, 13 as YOY, and six as juveniles. Eight additional
samples were collected from juveniles outside BSV. Isotope ratios
for white sharks sampled in BSV ranged from −17.8 to −15.5h
for δ13C (−16.7 ± 0.6h mean ± SD) and from 16.4 to 18.7h
for δ15N (17.5± 0.6h). Muscle samples from YOY and juveniles
had slightly higher δ13C (0.5 and 0.8h) and δ15N values (0.2 and
0.8h) compared with those of NB (Figure 2 and Table 1). There
were significant differences in mean δ15N values between NB
and YOY compared with juveniles (one-way ANOVA, p = 0.02,
and p = 0.03) but not between NB and YOY (p = 0.91). There
were significant differences in mean δ13C values between NB
and the other life stages (p = 0.01). We did not find significant
differences in the mean C or N isotopic composition for juveniles
caught within and outside BSV (Kruskal-Wallis, p = 0.2 and
p = 0.7, respectively).

FIGURE 2 | Mean carbon and nitrogen stable isotope ratios (±SD) measured
in the muscle tissues of immature white sharks sampled in Bahía Sebastián
Vizcaíno and the northern part of the Baja California peninsula. Isotopic values
are reported as a function of life stage: newborn (<150 cm TL), young of the
year (between 151 and 170 cm TL), and juveniles (<171 cm TL). TL, total
length.
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The overall variability in prey from the demersal habitat was
small (SD = 0.8h for both δ15N and δ13C); Table 2). Muscle
tissue from demersal prey showed intraspecific variability in
δ15N and δ13C values. White seabass and diamond stingray
had higher δ15N values (0.3 and 2.9h more enriched in
15N) than the other demersal species sampled (Table 2). The
mean isotopic composition of the prey from the demersal
habitat was enriched in 13C (0.8h) compared with those from
the pelagic habitat. However, prey from the pelagic habitat
were slightly enriched in 15N compared with demersal prey
(0.2h). Compared to prey from the offshore habitat, demersal
species were enriched in both 13C and 15N (2.46 and 3.75h;
Table 2).

Bayesian mixing models indicate that demersal prey species
provide the highest percentage contribution to muscle in NB
(35.2%; CI: 7.0–64.7%), YOY (47.1%; CI: 10.1–75.15%), and
juvenile white sharks (47.5%; CI: 10.8–81.0%) (Figure 3),
followed by prey from offshore habitat in NB (32.6%; CI: 5.9–
62.6%) and YOY (26.7%; CI: 9.6–41.9%) and by the pelagic
habitat in juveniles (37.8%; CI: 6.7–75.3%).

Isotopic niche analysis showed that juveniles from OBSV had
the broadest isotopic niche (SEAc = 2.45) of all white shark
groups, followed by BSV YOY (SEAc = 1.51), NB (SEAc = 0.65),
and juveniles (SEAc = 0.38; Figure 4). The highest overlap
between isotopic niches was between YOY and juveniles OBSV
(57.4%), while juveniles sampled in BSV had the smallest overlap
with the other groups (<25%) (Figure 4).

Regarding sympatric shark species, in smooth hammerheads,
δ15N values ranged from 14.9 to 20.1h and δ13C values from
−14.2 to −18.0h (Table 3). Mean δ15N values from larger
hammerheads were higher compared with conspecific newborns
(1.7h) and small juveniles (1.5h). For δ13C, mean values from
larger hammerheads were slightly lower than for the other groups
(1.0h and 0.4h) (Figure 5 and Table 3). For copper sharks,
δ15N values ranged from 16.5 to 20.4h and δ13C between −17.1
to −14.4h (Table 3). Muscle tissue from copper sharks had
higher δ13C values compared with hammerheads (by 1.1 to
2.1h). For δ15N values, copper sharks also had higher values,
except for large hammerheads that were slightly higher (0.6h)
than copper sharks.

SIBER results showed that immature white sharks had the
smallest isotopic niche of all sympatric shark species, while
copper sharks had the largest. The overlap between immature
white sharks and hammerheads was higher (45.27%) than
with copper sharks (15.92%). A higher overlap was found
when comparing life stages. The most extensive overlap was
estimated between YOY and newborn hammerheads (55.17%),
followed by the overlap between YOY and small juvenile
hammerheads (54.69%) and the overlap between NB and
newborn hammerheads (48.48%). The overlap with copper
sharks was higher for YOY (27.55%) than for NB and juveniles
from BSV (8.92 and 12.03%, respectively) (Figure 6).

Ten sharks were sampled for CSIA-AA of δ15N inside (n = 7)
and outside (n = 3) of BSV. Glutamic acid values ranged from 25.5
to 31.0h, and phenylalanine ranged from 9.2 to 12.8h (Table 4).
The trophic position estimated was higher for sharks outside BSV
(5.3) than for the ones sampled within the Bay (4.3; Table 4).

DISCUSSION

Differences in δ15N values found between immature white shark
life stages indicate a size-based shift in feeding, and the and
δ13C values of NB likely reflect the maternal contribution. In
the northeastern Pacific, adult white sharks are known to feed in
offshore areas, including oceanic islands like Guadalupe island
(Jorgensen et al., 2010; Hoyos-Padilla et al., 2016), where the
isotopic baseline is depleted in 13C relative to coastal and benthic
habitats (Carlisle et al., 2012; Malpica-Cruz et al., 2013). Pregnant
females move from these offshore areas to parturition grounds
in coastal areas in Mexico and the US (Domeier and Nasby-
Lucas, 2013; Oñate-González et al., 2015), which are enriched
in 13C due to the predominance of benthic production (Carlisle
et al., 2012; Allen et al., 2013; Tamburin et al., 2020) and
higher δ13C phytoplankton in coastal areas compared to offshore
waters (Vokhshoori et al., 2014). Our results show that newborn
shark muscle tissue was depleted in 13C compared with the
following life stages. Given that very young white sharks are
known to feed on benthic prey (Tricas and McCosker, 1984;
Grainger et al., 2020), these results suggest the prevalence of 13C-
depleted maternal signature transferred to embryos during their
gestation, as reported for other shark species with matrotrophic
reproductive strategies (Estrada et al., 2006; McMeans et al., 2009;
Olin et al., 2011, 2018). By the time sharks reached the YOY
stage in our study, this maternal influence seems to have been
diluted through the incorporation of new tissues during growth,
leading to isotopic values similar to those of juveniles (Malpica-
Cruz et al., 2013; Tamburin et al., 2020). For tissues of rapidly
growing young sharks, exogenous feeding is reflected faster than
in older sharks due to rapid growth and a threefold gain in mass
(Malpica-Cruz et al., 2012). In immature white sharks, the change
in isotopic composition that reflects active foraging has been
reported to occur, for muscle tissue, at sizes between 150 and
170 cm TL (Malpica-Cruz et al., 2013), like our data indicate.

Immature white sharks are known to primarily use coastal
habitats, sometimes covering long distances (hundreds of
kilometers) between nurseries (Dewar et al., 2004; Harasti et al.,
2017; Curtis et al., 2018; Bruce et al., 2019; Anderson et al.,
2021). We did not find significant differences in the mean δ13C
or δ15N between juvenile sharks caught inside and outside BSV.
These results suggest that immature white sharks, born in BSV or
migrating from southern California, United States toward BSV
(Weng et al., 2007, 2012; White et al., 2019), are feeding on prey
with similar isotopic values along the western coast of the Baja
California peninsula. However, considerable variability in δ15N
was observed for sharks outside BSV. This variability is due to an
enrichment in 15N in larger juveniles (around 300 cm TL), which
could be related to a shift in diet to feed on larger prey in coastal
areas, like large bony fishes and marine mammals, as has been
previously reported for the species (Carlisle et al., 2012; Hussey
et al., 2012).

Results from mixing models indicated that white shark muscle
reflected demersal prey as the main contributor for all life stages.
These results are similar to what has been reported for the diet of
juvenile white sharks based on stomach contents analysis (Tricas
and McCosker, 1984; Grainger et al., 2020), including samples
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FIGURE 3 | Contribution of prey from different habitats to the isotopic composition of the muscle tissue of immature white sharks sampled in Bahía Sebastián
Vizcaíno. (A) Newborn, (B) young of the year (C) juvenile white sharks.
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FIGURE 4 | Standardized ellipse of isotopic niches of immature white sharks sampled along the western coast of the Baja California peninsula. NB, newborn; YOY,
young of the year; JUV, juvenile collected within Bahía Sebastián Vizcaíno; OBSV, juveniles outside Bahía Sebastián Vizcaíno. Points indicate individual values from
immature white sharks sampled.

from BSV where the most common items usually found are
rays (mostly bat rays; Santana-Morales et al., 2012; pers. obs.).
However, the relative contribution of demersal prey changed
between life stages.

For juvenile white sharks, the contribution of pelagic prey
(37.8%) was higher than for newborns and YOY (32.2 and 26.2%,
respectively). Although previous feeding studies of immature
white sharks report a diet dominated by demersal species,
they also report the presence of pelagic prey like sardines,
mackerel, pelagic sharks, and cephalopods, which become more
important in juveniles larger than 185 cm TL (Tricas and
McCosker, 1984; Hussey et al., 2012). In BSV, pelagic prey like
mackerel Scomber japonicus and squid (order Teuthoidea) have
been found in the stomach contents of immature white sharks
(Santana-Morales et al., 2012).

BSV is a critical feeding and nursery region for a large
variety of pelagic and demersal species (Hernández-Rivas et al.,
2000), suggesting that it could sustain high prey availability
for immature white sharks. Preliminary tagging results in BSV
show that immature white sharks move from very nearshore
areas (including the Ojo de Liebre Lagoon) to areas farther
from the coastline but still within BSV, where they might feed
on those pelagic species (García-Rodíguez, 2020). In addition,
pelagic prey could move to inshore areas seasonally, where
their availability to immature white sharks may be higher. The
higher contribution of demersal and pelagic prey to the isotopic
composition of immature white sharks confirms the function
of BSV as a nursery for this species, which provides important
feeding grounds.

A higher contribution of prey from offshore habitats for
neonates (32.6%) and YOY (26.2%) than for juveniles (14.9%)
was also estimated, suggesting that the maternal isotopic
composition may still have been detectable in some of these
smaller sharks but diluted by the time sharks are juveniles, as
biomass gain dilutes the maternal signature present at birth

and metabolic turnover accelerates the rate at which isotopic
equilibrium is reached (Herzka, 2005). Based on mass-length
relationships reported for immature white sharks (Logan et al.,
2018), immature white sharks born at 138 cm TL double
their mass by the time they reach 160–165 cm TL. Previous
studies have reported that immature white sharks in the region
reflect exogenous feeding in muscle tissues between 150 and
170 cm TL (Malpica-Cruz et al., 2013). A three-fold increase
in weight, which is necessary for approximating equilibrium
following a dietary shift, would be reached at 190 cm. Hence,
juveniles should reflect little or none of the maternally derived
isotopic composition.

This smaller contribution of offshore prey estimated for
juveniles could be related to movements and foraging in offshore
areas. According to satellite telemetry, in the Northeast Pacific,
juvenile white sharks commonly select very nearshore habitats
(<30 km from the coast; White et al., 2019); however, a few
individuals have been shown to move occasionally to offshore
areas as far as 1,350 km from the mainland coast in the
United States and Mexico (Weng et al., 2012; White et al., 2019).

Although mixing models provide insight into feeding habitats
and ontogenetic shifts in feeding, in our study SIA was not useful
for discriminating between specific prey that contribute to the
diet of immature white sharks. Given the protected status of
this species, direct sampling of sharks for stomach contents is

TABLE 4 | Trophic position (TP) for immature white sharks from Bahía Sebastián
Vizcaíno and the northern part of the Baja California peninsula.

Area δ15N Glx (h) δ15N Phe (h) TP ± SD

BSV 27.2 ± 1.2 SD 10.8 ± 1.2 SD 4.3 0.6

OBSV 29.6 ± 2.3 SD 10.9 ± 0.6 SD 5.3 0.8

TEF, trophic enrichment factors; SD, standard deviation.
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FIGURE 5 | Mean carbon and nitrogen stable isotope ratios (±SD) measured
in the muscle of immature white sharks, smooth hammerheads and copper
sharks from Bahía Sebastián Vizcaíno and the northern part of the Baja
California peninsula. NB = newborn white sharks, YOY = young of the year
white sharks, JUV = juvenile white sharks, HNB = newborn hammerheads,
HSJUV = small juvenile hammerheads, HLJUV = large juvenile hammerheads
and CS = copper shark.

not feasible, although gut content analysis of incidental captures
could provide some insight into their feeding preferences, as it
has in the past (Santana-Morales et al., 2012).

One caveat in our study is the temporal mismatch between
white shark and prey samples. Ideally, consumer and sources

should be collected at the same time to limit temporal variability
(Phillips et al., 2014). As is the case for other top predators,
white sharks are not abundant (Huveneers et al., 2018), so sample
collection is mostly opportunistic. Due to the small sample size,
we could not control for year and life stage in our statistical
analyses. However, isotopic values for white sharks were similar
to those previously reported for the species within BSV (Malpica-
Cruz et al., 2013), suggesting that temporal variability is limited
in younger sharks.

Tamburin et al. (2020) sampled muscle tissue (n = 12)
for bulk SIA from immature white sharks in OLL and other
areas inside BSV between 2015 and 2018. They also sampled
potential prey representing different habitats where these sharks
could be foraging (including prey from Guadalupe Island).
These authors found a higher contribution of offshore prey
to the isotopic muscle composition from neonates and YOY.
They associate it with the prevalence of a maternally derived
isotopic signature. They also estimated higher proportional
contribution of inshore pelagic species to tissues of juvenile white
sharks, and suggested that these prey were a more important
dietary component than reported in previous studies (Santana-
Morales et al., 2012; Malpica-Cruz et al., 2013). In contrast,
we found a higher contribution from demersal prey to the
isotopic composition of immature white sharks, consistent with
the more benthic foraging previously reported (Tricas and
McCosker, 1984; Hussey et al., 2012; Grainger et al., 2020).
Their demersal prey species differed from those analyzed in
our study. They did not include batoids other than the bat
ray, nor demersal bony fishes like white seabass and halibut,
which are the target species of fisheries where immature white
sharks are incidentally caught and which have been reported in

FIGURE 6 | Isotopic niches of different life stages of different size classes of immature white sharks, smooth hammerhead sharks and copper sharks sampled in
Bahía Sebastián Vizcaíno. NB, newborn white sharks; YOY, young of the year white sharks; JUV, juvenile white sharks; HNB, newborn hammerheads; HSJUV, small
juvenile hammerheads; HLJUV, large juvenile hammerheads; CS, copper shark.
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their stomach contents (Santana-Morales et al., 2012; García-
Rodríguez and Sosa-Nishizaki, 2020). Hence, demersal prey may
not have been fully representative of the shark’s food sources.
Also, differences in the trophic discrimination factors could
contribute to the differences between studies (Phillips et al.,
2014). Tamburin et al. (2020) used the values reported by
Kim et al. (1 δ13C = 1.7 ± 0.5h; 1 δ15N = 3.7 ± 0.4h;
2012) while we averaged those values with the ones reported
by Malpica-Cruz et al. (1 δ13C = 1.0h; 1 δ15N = 2.3h;
2012). The TDFs from both studies are based on controlled
feeding experiments on young leopard sharks and should be
considered valid. In addition, many of the samples collected
by Tamburin et al. (2020) were from white sharks sampled
inside the Ojo de Liebre lagoon during March. According to
preliminary acoustic telemetry data, March is when juveniles
(larger than 175 cm TL) enter into this habitat (García-
Rodíguez, 2020). These juvenile white sharks could be migrating
between the Southern California Bight and BSV and could
be feeding on coastal pelagic species with different isotopic
compositions during these habitat transitions, as the higher
variability in the isotopic composition of sharks caught outside
of BSV suggests.

In our study, all of the demersal prey samples were collected
near the Ojo de Liebre Lagoon’s mouth, which is a high-intensity
fishing area where most of the incidental catches of immature
white sharks occur (García-Rodríguez and Sosa-Nishizaki, 2020).
Based on information from satellite transmitters, White et al.
(2019) predicted that juvenile individuals select shallow areas
(>1,000 m deep), close to the shore (<30 km from the
coast) and surface waters between 14 and 24◦C. Based on
their characterization of the habitat characteristics suitable for
juveniles, BSV, including the Ojo de Liebre lagoon, is suitable
year-round for immature white sharks. Other coastal areas along
the western coast of the Baja California peninsula also appear to
provide suitable habitats during parts of the year. Coastal habitats
near lagoons like San Ignacio and San Quintin Bay are suitable
mostly during summer and summer-fall, respectively (White
et al., 2019), and incidental catches of immature white sharks have
been reported. Rochín-Alamillo (2011) documented incidental
catches during summer in San Ignacio lagoon, and a juvenile
white shark tagged in BSV with a satellite transmitter moved near
the San Quintin Bay, where it was incidentally caught during
summer (Benson et al., 2018). Some immature white sharks seem
to enter these lagoon and estuary habitats to take advantage of
seasonal prey availability (Harasti et al., 2017). Coastal lagoons
along the Baja California peninsula and their inlet areas present
a high abundance of known prey (Danemann and de la Cruz-
Agüero, 1993; De la Cruz-Agüero et al., 1994; Rosales-Casián,
1996) and seasonal environmental suitability (White et al., 2019)
for immature white sharks. This suitability and the confirmed
presence of white sharks incidentally caught when fishers target
their prey (Rochín-Alamillo, 2011), suggest that these coastal
lagoons and their inlet areas could provide benefits commonly
associated with the known nursery areas from the Southern
California Bight and BSV.

Anecdotal knowledge gathered from artisanal fishers indicates
that demersal prey sampled in this study, like shovelnose

guitarfishes and diamond stingray, are found in BSV waters
throughout the year, while California bat rays, butterfly rays, and
demersal bony fishes like California halibut and white seabass are
present seasonally (García-Rodríguez and Sosa-Nishizaki, 2020).
The availability of potential prey throughout the year supports
the importance of BSV as a nursery habitat.

Some of the demersal prey species are targeted by the local
artisanal fishery in BSV during summer, when most immature
white sharks are caught (Santana-Morales et al., 2012; Oñate-
González et al., 2017; García-Rodríguez and Sosa-Nishizaki,
2020). Landings of California halibut, white seabass, and rays
represent around 30% of the total yearly landings from bony
fishes in the area (CONAPESCA, 2018), and are therefore an
important component of local fisheries. Changes in fishing
effort directed at these demersal species might change the white
shark’s susceptibility to being incidentally caught. In addition,
intense fishing activities could influence immature white sharks
behavior, such as their feeding habits, movement patterns, and
habitat shifts. Hence, future studies should monitor potential
prey distribution, fishing effort, and white sharks.

The comparison of SEAc between life stages showed that
juveniles outside BSV have a broader isotopic niche, which is
likely due to feeding during their movements between California
and Baja California (Weng et al., 2007, 2012; White et al., 2019).
YOY and NB likely have smaller isotopic niches because their
activities are restricted to BSV. Surprisingly, juveniles inside BSV
had the narrowest isotopic niche, although this could be due to
the small sample size (n = 6; Jackson et al., 2011), which may
not be sufficiently representative of this life stage. The smaller
sample size we obtained from juvenile white sharks is mostly
due to the lower susceptibility of this life stage to be incidentally
caught in demersal bottom nets compared with newborns and
YOYs (Oñate-González et al., 2017; García-Rodríguez and Sosa-
Nishizaki, 2020). While there was partial overlap in the isotopic
niche between all life stages, the highest was between juveniles
caught OBSV and YOY from BSV. Sharks sampled outside BSV
could have been born in BSV or in the Southern California
Bight. However, as they increase in size, they can move between
nurseries and spend some months of the year in BSV, where
they could feed on similar habitats or on resources with similar
isotopic composition of the YOY.

Comparisons of the isotopic niches between sympatric species
showed that immature white sharks and smooth hammerheads
had a 45% overlap. This overlap was higher for YOY white sharks
and small juvenile hammerheads (103–147 cm), suggesting they
feed on prey with similar isotopic composition. Juvenile smooth
hammerheads feed mostly on squid, small pelagic fishes like
scombrids and benthic bony fishes (Smale, 1991; Ochoa-Díaz,
2009), which are also prey for juvenile white sharks collected in
BSV (Santana-Morales et al., 2012).

In contrast, there was a limited (15%) isotopic niche overlap
between white sharks and copper sharks. Based on what has
been reported for other regions, copper sharks in BSV may be
feeding on many of the same pelagic species consumed by white
sharks, like sardines, mackerels, skipjacks, and tunas (Smale,
1991; Santana-Morales et al., 2012). However, copper sharks
are only caught in late spring and summer, when immature
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white sharks are caught incidentally (Oñate-González et al.,
2017; García-Rodríguez and Sosa-Nishizaki, 2020). The temporal
overlap between species is thus limited. In addition, copper
sharks have a more tropical distribution than white sharks. Some
of the copper sharks we sampled were also larger than white
sharks and spanned the adult stages, which could contribute to
a broader isotopic niche.

A partial overlap in the isotopic niche was reported between
juvenile white sharks and juvenile shortfin makos Isurus
oxyrinchus in BSV (Tamburin et al., 2019). However, makos have
been reported to feed on more pelagic prey like Pacific saury
Cololabis saira and jumbo squid Dosidicus gigas off the California
coast (Preti et al., 2012). The partial overlap with makos and
the higher overlap between the smaller life stages of immature
white sharks and juvenile smooth hammerheads found in this
study does not necessarily mean that they are competing for
resources, since resource partitioning and spatial segregation
could avoid competition (Bethea et al., 2004; Kinney et al., 2011).
The potential for competition for resources among sympatric
species highlights the importance of monitoring the population
trends of prey in addition to those of sympatric sharks.

The trophic position calculated for sharks sampled in BSV
(4.3) was similar to those previously reported for white sharks
of similar sizes based on stomach content or bulk stable isotope
analysis (Cortés, 1999; Estrada et al., 2006; Hussey et al., 2012).
The trophic position estimated for white sharks caught OBSV
was higher than that for BSV (5.3 vs 4.3), and higher than
reported previously for the species. White sharks caught OBSV
are likely moving between different habitats and could be feeding
on prey with a higher TP than those in BSV, or on a different
isotopic baseline. Alternatively, this could indicate that Hoen
et al.’s (2014) TEF is unsuitable for large sharks due to size-related
changes in the nutritional characteristics of the prey (such as
protein or lipid content and quality; Nuche-Pascual et al., 2021).
Some of the OBSV sharks were large juveniles (∼300 cm TL),
and nearing the size when a shift in diet occurs and individuals
start feeding on bigger prey, like marine mammals. These results
highlight the importance of empirical studies examining the
factors influencing AA TEFs for shark tissues.

CONCLUSION

Stable isotope analysis provided new information about the
trophic ecology and complexity of immature white sharks in
the northeastern Pacific and new insights into how their trophic
habits are related to habitat shifts through their ontogeny. Our
results support the importance of BSV as a nursery and foraging
ground for sharks born within BSV and California and indicate
that they may be sharing prey with sympatric species. We
found that the most important prey for white sharks caught
within BSV are those heavily targeted by coastal fisheries, which
likely increases their susceptibility to being incidentally caught.
However, SIA could not reveal the specific prey that white sharks
are feeding in the region, so complementary methods should be
used in the future. Also, research should focus on comprehending
predator-prey relationships between white sharks and their prey

to understand how changes in prey abundance and distribution
could influence the early life stages of white sharks.
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